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Abstract 

Photoactive Nitric Oxide Delivery Systems based on Metal Nitrosyl-
Biomaterial Composites 

 
Brandon James Heilman 

Gaseous NO has been recognized as a potent antibiotic even against highly 

drug-resistant pathogens such as methicillin-resistant Staphylococcus aureus (MRSA) 

in both animal and human studies. However, difficulties in the delivery of the toxic 

(and reactive) gas demands innovative techniques to deliver NO in a controlled manner 

to malignant sites throughout the body. Metal nitrosyls reported by our group have 

demonstrated rapid NO release under the complete control of visible and NIR light. 

Careful incorporation of these photoactive nitrosyls into polymer matrices has afforded 

a set of nitrosyl–polymer composites in order to localize the NO-donors at a targeted 

site, ensure reliable NO release kinetics in vivo, and prevent potentially cytotoxic 

interactions of the metal nitrosyl or its reaction-products with the treatment site. The 

work presented in this thesis was pursued to derive clinically relevant NO-delivery 

systems and demonstrate their utility for the treatment of infection. 

In chapter 2, an NO-releasing polyurethane film (PUX-NO) is described with 

dispersed xerogel particles containing up to 3 mol% of [Mn(PaPy3)(NO)](ClO4) 

entrapped in a silica matrix and swelled with excess moisture. The polyurethane based 

xerogel-nitrosyl (PUX-NO) films demonstrated rapid NO photorelease upon 

illumination with low-power visible light which was sufficient to eradicate clinically 

relevant loads (105 CFU mL-1) of several gram-positive and gram-negative pathogenic 

xviii 
 



bacteria, including a strain of methicillin-resistant of S. aureus. The results of this study 

suggest that PUX-NO films are suitable for use as a NO-releasing occlusive film for 

the treatment of skin and soft-tissue infections or chronic, non-healing wounds. Since 

the NO-release rate from the films can be modulated by simple adjustment of the 

intensity of the light source, the films could be used to first clear the microbial burden 

from the wound site using high fluxes of NO, and then, provide a moderate, sustained 

flux of NO in order to accelerate the wound healing process and mitigate the potential 

for recurrent infections.  

Chapter 3 details the incorporation of a photoactive Mn nitrosyl in the 

mesopores of a MCM-41 type silicate to afford {Mn-NO}@MCM-41. To increase the 

interaction between the nitrosyl and the MCM-41 pore walls, an aluminosilicate-based 

material (Al-MCM-41) was used with 3 mol% AlIII substituted for tetrahedral SiIV sites, 

which introduced negative point charges capable of electrostatically binding the 

cationic nitrosyl. Homegenous loading of the Mn nitrosyl (up to 25 wt.%) throughout 

the hexagonally packed, uni-dimensional mesopores of the Al-MCM-41 particles was 

determined using various analytical techniques including ICP-MS, FAAS, PXRD, N2 

sorption isometry, UV-vis DRS, FTIR, and SEM-EDX. Exposure of {Mn-NO}@Al-

MCM-41 to visible light of similar intensity to sunlight on a bright day (100 mW cm-

2) released high fluxes of NO that effectively eradicated a multi-drug resistant strain of 

Acinetobacter baumannii.  

In another study, described in Chapter 4, the powdery material was used to 

demonstrate the effect of NO on the dimorphic fungal pathogen, Candida albicans. 
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Since the virulence of C. albicans is dependent on the ability of the fungus to switch 

growth from an ovoid yeast form to an elongated hyphal form, careful studies of the 

dose-dependent effect of NO released from {Mn-NO}@Al-MCM-41 on 

morphologically pure cultures of C. albicans in the yeast and hyphal forms have 

revealed that the hyphal form is more susceptible to NO. Results of this work suggest 

that photo-activated NO-donating materials of this type could prevent commensal 

populations of C. albicans from invading vulnerable tissue by blocking the over-growth 

of the tissue penetrating hyphal form of the fungus.  
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1.1 Nitric Oxide in Mammalian Biology 

The unique physicochemical properties and versatile reactivity of the free 

radical, nitric oxide (NO), allow this simple diatomic molecule to regulate an 

impressive number of physiological and pathophysiological processes. Since the nearly 

simultaneous discoveries of Louis J. Ignarro and Salvador Moncada in 1987 identifying 

NO as the endogenously produced endothelium derived relaxation factor (EDRF), the 

list of physiological processes regulated by NO has expanded considerably.1,2 

Paradoxically, the proposed function of NO as an endogenously produced regulatory 

molecule was preceded by the establishment of NO as a side product of fossil fuel 

combustion and precursor to the toxic pollutants, NO2 (smog) and HNO3 (acid rain).3 

Yet, under physiological conditions, NO proves to be remarkably adept for transient 

paracrine and autocrine signaling. The lipophilicity and Stokes’ radius of NO are 

comparable to those of O2 and CO, permitting the rapid diffusion of NO across cellular 

and tissue membranes independent of transport proteins or channels.4 Furthermore, the 

slight dipole of NO greatly enhances its diffusion and solubility in water compared to 

O2 and CO. Thus, NO is able to iso-topically diffuse from its point of biosynthesis, 

suffering minimal inhibition from inter- or intracellular barriers, and rapidly activate 

nearby receptors. With a diffusion coefficient of 3 x 10-5 cm2 s-1 at 37°C (rat cerebral 

cortex) and a half-life of ~5 s, NO production from a single source will effectively 

transmit a paracrine signal over a range of 100 um, an area encompassing nearly 105 

cells.5 Contrary to conventional bio-signaling molecules that activate specific receptor 

molecules through structurally determined intermolecular forces, the biological effects 
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of NO manifest through chemical reactions with target molecules. The chemical 

reactivity of NO in biological systems is concentration dependent with a marked 

distinction between the direct reaction of NO with target molecules which dominant at 

sub-micromolar concentrations of NO, and the indirect reaction of NO with target 

molecules following redox processing to form a reactive nitrogen species (RNS) 

observed extensively when [NO] > 1 µM.6  

1.1.1 Enzymatic NO production by Nitric Oxide Synthase 

The kinetically relevant, direct reactions of NO at sub-micromolar 

concentrations are limited by the radical nature of NO and involve substrates with an 

unpaired electron, namely the nitrosylation of transition metal centers and radical-

radical combination reactions.7 The primary biological target of NO at nM 

concentrations is also the primary effector of NO-based signaling pathways, the Fe(II) 

heme-center of soluble guanylate cyclase (sGC).8 sGC activity is regulated by 

Figure 1.1. Nitric oxide synthases produce NO by catalyzing a five-electron 

oxidation of a guanidino nitrogen of L-arginine (L-Arg), producing Nω-hydroxy-L-

arginine (NOHLA) as an intermediate, and consuming 2 mol of O2 and 1.5 mol of 

NADPH per mole of NO formed. 
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enzymatically derived NO produced by nitric oxide synthase (NOS) isoforms 

expressed predominantly by neuronal (nNOS) and endothelial (eNOS) cells. The NOS 

enzymes catalyze a five electron oxidation of the guanidine group of L-arginine 

producing just one equivalent of NO and L-citrulline while consuming two equivalents 

of O2 and 1.5 equivalents of NADPH (Figure 1.1).9 The catalytic cycle of NOS involves 

two successive monoxygenation reactions producing Nω-hydroxy-L-arginine 

(NOHLA) as an intermediate after the consumption of one equivalent of O2 and 

NADPH. The rate of NO production by eNOS and nNOS is regulated by the Ca2+-

dependent binding of calmodulin (CaM) to an inter-domain “latch” which holds the 

oxygenase and NADPH-binding reductase domains in electronic contact. Thus, 

intracellular [Ca2+] serves as a primary regulator of eNOS and nNOS activity, and thus, 

NO-dependent signaling processes. The increased CaM binding affinity of the inter-

domain latch of nNOS (2 nM CaM) compared to that of eNOS (4 nM CaM) translates 

into a nearly two-fold increase in the rate of NO production by nNOS compared to 

eNOS.10 A third, inducibly expressed NOS isoform (iNOS), binds CaM irreversibly 

(0.1 nM CaM) and has full catalytic activity under all physiologically relevant [Ca2+]. 

iNOS expression is primarily induced by immunostimulants originating endogenously 

(e.g. interferon-γ) or exogenously (e.g. lipopolysaccharides, a component of bacterial 

cell walls) and is the greatest in phagocytic cells (although expression has been 

observed in nearly all nucleated mammalian cells).11  

1.1.2 NO Production by eNOS and nNOS 
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NO production by eNOS within the epithelium sustains a basal concentration 

of ~1 nM NO in the blood plasma. 12 Even at such low concentrations, the primary 

effector of NO-signaling, soluble guanylate cyclase (sGC), is sufficiently nitrosylated 

(activated) to regulate vascular smooth muscle contractility and inhibit blood platelet 

adhesion. In response to physiological signals, eNOS can also generate much greater 

pulses of NO (>100 nM [NO]) as observed upon the rapid release of intracellular Ca2+ 

stores by epithelial cells in response to the shear stress exerted by turbulent flowing 

blood at constricted sites in the vasculature. During such events, NO acts as a rapid 

secondary messenger and amplifies the signal initiated at the point of shear stress on 

the epithelium in order to locally integrate the dilatory response of the surrounding 

smooth muscle, preventing catastrophic outcomes such as vessel failure or myocardial 

infarction. Although eNOS regulates vascular tone throughout most of the body, eNOS 

is not found in the peripheral blood vessels; instead, vascular tone is controlled by NO 

released from nNOS located within neural cells that have innervated the vascular 

smooth muscle membrane.13 In the cerebral tissue, NO production by nNOS not only 

contributes to the control of blood flow but also functions in a variety of physiological 

processes including neurotransmission, neurogenesis, and antioxidant buffering. 

During high frequency neurotransmission, nNOS activity can alter neural plasticity by 

modulating long-term potentiation through the activation of sGC/PKG pathways in the 

hippocampus and regulating catecholamine release (such as dopamine) in the 

striatum.14 In contrast to the low nM [NO] required for physiological signaling by 

eNOS, the activation of certain dopamine releasing pathways requires [NO] > 200 nM, 
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likely to prevent the un-regulated release of dopamine by distal sources of NO. Since 

nNOS can generate NO levels 100 times higher than those associated with eNOS 

activity, the location and the microenvironment in the vicinity of nNOS are vital to 

inhibit the diffusion of high concentrations of NO to sensitive components of the 

cerebrum. The failure of such NO buffering systems in the cerebrum has been 

implicated in the neurodegenerative effects associated with nNOS activity. 

Pharmacological efforts to mitigate the cytotoxic components of nNOS activity are 

complicated by the often conflicting pathophysiological roles of nNOS activity, c.f. the 

ability of NO to both attenuate and potentiate brain damage during 

ischemia/reperfussion.15 In addition, the dysregulation or malfunction of nNOS have 

been identified as potential etiological factors of certain neurodegenerative conditions 

such as Parkinson’s disease. 

1.1.3 NO Production by iNOS 

The genes encoding iNOS are induced by various factors including, products of 

gram-negative and gram-positive bacteria, interferon-gamma (IFN-γ), interleukin-l 

(IL-1), and tumor necrosis factor (TNF).16 Different combinations of these agents have 

shown synergism in their ability to induce iNOS activity at the transcriptional level. 

For example, the amount of NO detected from macrophages activated with IFN-γ + 

(TNF or IL-1β) was 10 times less than that of IFN-γ + LPS activated macrophages 

despite similar amounts of iNOS expression.17 This observation has been attributed to 

the influence of the activator on the translocation of iNOS to different subcellular 
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compartments since cytokine activation results in the translocation of iNOS to mostly 

cytosolic regions while LPS activation results in the translocation of iNOS almost 

exclusively to the hydrophobic interior of the cellular membrane where O2 levels are 

highest (an often limiting substrate of NOS activity. The Km of O2 is one of the major 

differences between the NOS isoforms and provides insight into the physiological role 

of each isoform.d The Km for nNOS is 350 μM ,iNOS is 135 μM, and eNOS is 23 μM, 

reflecting the increased rate of co-precipitation of the NOS isoforms with the cellular 

membrane (with eNOS being the only integral transmembrane isoform, where O2 levels 

are highest) during fractionation.18 The seemingly trivial decrease in the distance 

between the source of NO and the targeted site as a result of the translocation of iNOS 

to the cellular membrane can actually have a significant impact on the effective [NO] 

at the targeted location since NO diffusing from a single source dilutes within a 

spherical space defined by the cube of its radius such that at a distance of one cell length 

there is an 8-fold dilution in [NO] and at two lengths a 27-fold dilution.19 Since the 

phosphorylation and activation of the tumor suppressor protein p53 requires several 

hours of exposure to [NO] > 400 nM, the proximity of iNOS within activated 

leukocytes to the nucleus of genetically compromised cells targeted for apoptosis is 

critical during the anti-tumor reponse.20 Simarily, when leukocytes surround a targeted 

pathogen, the orientation of iNOS within each cell can determine the intersectional area 

of NO fluxes, and thus, determine [NO] felt by the microbial target.21  

1.1.4 The Direct Effects of NO  
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The important substrates for direct reaction with free-radical NO are limited to 

some metal complexes and other free radicals. The range of metal-centered biological 

molecules targed by NO can be easily identified by considering the similarities between 

NO, CO and O2, thus, any heme-enzyme that reacts with oxygen or CO will be a 

potential target for NO binding as well.22 This criterion dictates that the high spin 5-

coordinate heme-enzyme that bind and/or activate O2, such as cytochrome oxidase, the 

cytochrome P-450 superfamily and hemoglobin/myoglobin; while, the corollary 

suggests that 6-coordinate low spin heme-proteins (e.g. cytochromes b and c) that in 

general react poorly with oxygen will not be potential substrates for NO binding (and 

therefore CO).23 The activation of sGC by NO occurs through the rapid nitrosylation 

of the low-spin Fe(II) center of the enzyme’s heme prosthetic group.24 Although the 

EC50 of NO binding to sGC is ~100 nM, the affinity of NO for the enzyme’s heme iron-

center results in appreciable sGC activation at [NO] < 1 nM. The strong donation of 

electron density from the singly occupied molecular orbital of NO (SOMO) through a 

σ-bonding interaction (p*NO+dz2) with the Fe(II) center of the active state enzyme 

weakens the σ-bond of the trans-coordinated His ligand.25 The subsequent dissociation 

of the distal His ligand (which maybe catalyzed by an additional NO molecule under 

elevated [NO]) invokes favorable changes in the structure of the enzyme’s N-terminus 

cyclase domain, increasing the enzymatic activity by nearly 200-fold.  While 

dissociation of NO from the five-coordinate species is biologically irreversible (koff 104- 

s-1), the binding of GTP in the presence of Mg2+ (a cofactor for catalytic activity) 

appears to reposition the His ligand for re-ligation to the distal binding site, markedly 
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increasing koff of NO (0.05 s-1). 26 Catalytically active sGC catalyzes the cyclization of 

guanosine triphosphate (GTP) forming the secondary messenger, cyclic-guanosine 

monophosphate (cGMP). The production of cGMP regulates the activity of cGMP-

dependent protein kinases (cGMP-PK) which exert their biological influence through 

the phosphorylation of certain contractile proteins or by regulating gene expression.27 

The downstream effects of cGMP-PK activation control a variety of vital physiological 

processes including vascular tone, platelet function, neurotransmission, cellular 

differentiation, and apoptosis. The binding of NO by sGC can be inhibited during 

periods of oxidative stress as a result of the oxidation of Fe(II)-sGC to the ferric enzyme 

with a concomitant distortion of the heme unit from the expected coplanar geometry.28 

Reaction of ferric sGC with NO through a reductive nitrosylation mechanism restores 

the Fe(II) center with attendant flattening of the heme ring. The increased affinity of 

NO for ferrous over ferric centers is reflected in both a faster on rate and a slower off 

rate; in some cases the dissociation rate is so slow (<10−5 s−1) that structural 

modifications within the heme-pocket of certain ferrous hemeproteins, such as 

cytochrome oxidase, may have evolved to accelerate NO dissociation.29 There is clear 

evidence that even physiological [NO] (low nM) can inhibit respiration by rapid 

binding to cytochrome c oxidase, the terminal enzyme in the mitochondrial 

respiratory electron transport chain.30 The binuclear heme-copper active site of the 

oxygen reduction domain of cytochrome c oxidase shows an increased affinity for NO 

binding compared to similar hemeproteins. For example, the rate of NO binding to the 

heme-center of the family of cytochrome P450s is reduced nearly 10 fold compared to 
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cytochrome c oxidase and is similar to that of the NOS isoforms. This difference can 

be explained by the trans-effect of the distal ligand on the coordination of the proximal 

site by NO.31 Since trans-coordinated ligands occupying the distal and proximal axial 

sites form σ-bonding interactions with the same Fe(II)-centered AO (3dz2), the 

coordination of strong σ-donor NO to the proximal site is inhibited by the occupation 

of the Fe(3dz2) orbital by strong σ-donors in the distal coordination site (such as Cys- 

in cytochrome P450s and NOSs) while NO binding at the proximal site can cause a 

significant decrease in the σ-bonding interactions between Fe(II) and weak σ-donors 

occupying the distal site (such as His in cytochrome c oxidase and sGC) resulting in 

trans-labilization of the distal ligand.32  

Cell-free hemoglobin (Hb-Fe(II)) containing a distal Cys- ligand shows similar 

NO-binding kinetics to other Cys- ligated hemeproteins with a rapid on rate (kon = 1.8 

× 107 s-1) but a considerably slower off rate (koff = 1.8 x 10-5 s-1), allowing nitrosylation 

to kinetically outcompete O2 for binding to HbFe(II).33 However, under physiological 

conditions with [O2] > [NO], the irreversible oxidation of NO by oxyhemoglobin 

(HbFe(II)-O2, R-state) producing met-Hb (ferric, inactive) and NO3
−   

HbFe(II)-O2 + NO. → Fe(III) + NO3
- k = 3 x 107 M-1 s-1  (1) 

is the dominant reaction of NO with cell-free oxyhemoglobin. In most tissue, cells are 

within 50–300 μm (between 1 to 30 cell lengths) from a blood vessel.34 Since NO 

diffuses as much as 5–10 cell lengths in 1s, the rapid diffusion of NO to a blood vessel 

has been postulated as a kinetic determinant of the life-time of NO by rapid 
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consumption following Eq. (1), especially in the presence of high levels of cell-free 

hemoglobin as occurs in pathologies caused by the transfusion of improperly 

stored/aged blood or the lysis of erythrocytes by the protozoa, Plasmodium (aka malaria 

parasite).35 The accumulation of met-Hb (inactive form) in the presence of elevated 

[NO] as a result of improper therapeutic administration of NO or pathological NO 

production by iNOS associated with inflammation can result in a fatal condition known 

as methemoglobemia due to the inability of metHb to function in O2 transport. 

However, the localization of eNOS to the intercellular junction between the 

endothelium and the vascular smooth muscle, distal to the lumen, favors diffusion of 

NO to the smooth muscle resulting in sGC activation over Hb-mediated consumption. 

In addition, several physiological mechanisms attenuate the rate of Eq. (1) with 

intracellular hemoglobin in flowing blood by nearly 100 to 600-fold compared to the 

rate of Eq. (1) determined with cell-free Hb in static solutions, and reduce the influence 

of blood vessels on the local concentration and diffusion of NO.36 These include 

diffusional boundaries around the erythrocyte, the lack of red blood cells in the fluid 

boundary-layer along the endothelial wall in laminar flowing blood, and competing 

reactions which lead to the formation of nitrosothiols (RSNO) and/or nitrite within the 

structure of hemoglobin. The discovery of RSNO in hemoglobin isolated from 

mammalian erythrocytes has led most investigators to accept a revised model to 

describe the influence of NO on blood-tissue oxygenation which postulates a critical 

role for RSNO as an allosteric modulator of O2 binding and release by Hb through the 

following process: (a) the flow oxygenated blood to areas of low tissue PO2 promotes 
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the release O2 from oxyhemoglobin and generates deoxyhemoglobin which is readily 

nitrosylated producing HbFe(II)-NO: 

HbFe(II) + NO. → HbFe(II)-NO k = 2 x 107 M-1 s-1  (2) 

 (b) the return of the deoxygenated blood to the lungs where high PO2 drives the 

conversion of HbFe(II)-NO in the 'tense' T state to S-nitroso-HbFe(II)-O2 in the 

'relaxed' R state, and (c) the oxygenated blood again flows to sites of low PO2 (such as 

peripheral tissue) causing the dissociation of O2 from S-nitroso-HbFe(II)-O2 and 

subsequent decomposition of RSNO producing HbFe(II)-NO which prevents O2 

recombination with HbFe(II) thus increasing tissue oxygenation and generates free NO 

which functions as an EDRF to increase the flow of oxygenated blood to sites of low 

PO2.37  

The upper limit of NO flux released from iNOS can generate local [NO] in the 

micromolar range and produce significant levels of the biomarkers that result from the 

indirect chemistry mediated by RNS.38 Through various levels of regulation including 

post-translational modifications, lower fluxes are also observed from iNOS associated 

with [NO] in the 100’s of nM. These concentrations of NO can promote a mixture of 

direct and indirect effects. The direct reactions of NO in the lower concentration range 

generated by leukocytes perform a variety of proliferative and cytoprotective functions 

that can actually mitigate the damage caused by chronic inflammation.39 Matrix 

metalloproteinases (MMPs) excreted by macrophages are important mediators of 

inflammation, angiogenesis, wound response, and cancer metastasis. Exposure of 
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purified latent MMP-9 to activated macrophages resulted in a [NO]-dependent (> 500 

nM) increase in enzymatic activity through the activation of translational regulatory 

pathways functioning at the mRNA level; while, an irreversible inactivation of the 

enzyme was observed at higher [NO] (> 1 μM) as a result of RNS mediated protein 

modifications similar to those produced by HOCl.40 While NO does not directly modify 

organic substrates at an appreciable rate, NO can be transformed into an efficient 

nitrosative species through the reductive nitrosylation of Fe(III)-centers to form Fe(II)-

NO+, a nitrosonium (NO+) adduct.41 NO demonstrates a variable affinity for Fe(III) 

centers, dependent on the metal’s ligand sphere and can approach 107 M-1 s-1 when the 

distal coordination site is free as in catalase.41 In addition to the nitrosylation of ferric 

and ferrous iron, NO rapidly reacts with metallo-oxo species (especially hypervalent 

iron) formed by the oxidation of metal centers with strong oxidants such as H2O2,
42  

Fe(II) + H2O2 → Fe(IV)=O + NO → Fe(II) + NO2
-  (3) 

Fe(III) + H2O2 → Fe(V)=O + NO → Fe(III) + NO2
-  (4) 

Many of the cytotoxic reactions of peroxides occur through the oxidation of metal 

centers through Eqs. (3) and (4) producing hypervalent metals which either directly 

oxidize substrates or decompose releasing intracellular free metals which can cause 

considerable cellular damage  through their ability to promote hydroxyl radical 

formation through Fenton chemistry. Thus, the scavenging of hypervalent metals by 

NO can greatly attenuate peroxide-mediated cellular damage.43 NO can also provide 

cytoprotection from the oxidative damage associated with lipid peroxidation 
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(specifically polyunsaturated fatty acids) catalyzed by the non-heme Fe(III)-center of 

lipoxygenase.44 While NO binding to the active Fe(III) form of lipoxygenase occurs 

rather slowly, NO can effectively regulate the activity of lipoxygenase by stabilizing 

the reduced form of the enzyme through direct nitrosylation of the Fe(II) center forming 

the stabile, inactive Fe(II)-NO species. NO may also mitigate peroxidative damage by 

terminating uncontrolled lipid-radical chain reactions through a radical-radical 

combination reaction that proceeds at a diffusion-limited rate.45 The formation of lipid 

radicals (L.) is initiated by the abstraction of an allylic hydrogen by oxidizing free-

radicals, namely hydroxyl radical (.OH). Subsequent addition of 3O2 produces a 

peroxyl-lipid (LOO.) which is capable of intra- or inter-molecular hydrogen-

abstraction, propagating the radical process.46 Peroxyl-lipids can also form as a side-

product of lipoxygenase activity and are able to severely damage and destabilize 

cellular membranes in the absence of chain-breaking antioxidants such as a-tocopherol 

(vitamin E) or NO. The formation of peroxyl-radical by lipoxygenase has been shown 

to alter the fluidity and permeability of the mitochondrial membrane leading to the 

formation of pore-like structures which dissipate the mitochondrial potential and allow 

cytochrome c release.1,47 Interestingly, the release of cytochrome c from the 

mitochondria is a very strong pro-apoptotic signal which is also promoted by sustained, 

high fluxes of NO.  Due to the relatively low redox potential of NO (Eo = -0.8 V for 

the NO./3NO- couple and -0.35 V for the NO./1NO- couple), it requires oxidative 

processing to a more strongly oxidizing species in order to alter the permeability of the 

mitochondrial membrane. In this regard, NO is unique amongst free-radicals, such as 
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the highly oxidative free-radicals, NO2, F., Cl., and .OH with Eo = 1.04, 3.6, 2.41, and 

1.9 V, respectively.48   

1.1.5 The Indirect Effects of NO 

The indirect effects of NO in biology proceed through a two-step process 

involving: (1) the oxidative processing of NO by (a) O2 or (b) O2
- forming reactive 

nitrogen species (RNS) and (2) the reaction of RNS with biological targets resulting in 

nitrosative (addition of NO+) or oxidatitive modifications.49 Oxidative modifications of 

biological targets by RNS usually involve electron transfer, hydrogen atom abstraction, 

and oxygen atom-transfer (oxygen atom insertion, addition, transfer, or hydroxylation). 

Based on inaccuracies or misinterpretation of experimental data, it had been previously 

postulated that the nitroxyl anion, NO-, played a significant role in NO-dependent 

processes and was formed through the following one-electron reduction: 

NO. + e- → 3NO– E° = − 0.8 V vs NHE, pH 7  (5) 

A revision of the reduction potential from the historical value of +0.39 V established 

that NO is generally not a good oxidant considering the typical biological reducing 

agents.48 Thus, NO- production (present as HNO pKa 11.4 ± 3.4) is not likely to occur 

at an appreciable rate and neither HNO or 3NO- (triplet ground state, similar to O2) have 

been observed in vivo. In contrast, the autoxidation of NO by O2 is physiologically 

relevant and produces nitrite as a stable end product in aqueous solutions, however, the 
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rate-limiting step of this process produces the radical oxidant NO2 according to Eq. 

(6).50 

2NO. + O2 → 2NO2  (6) 

Since (6) is second order with respect to NO and first with respect to O2, this reaction 

proceeds at a negligible rate, except in the presence of high concentrations of NO in a 

well oxygenated medium. Due to the hydrophobicity of both NO and O2, they tend to 

accumulate in the lipid fraction of a cell producing concentrations that are up to 10 

times higher than those in the aqueous phase.51 Thus, a considerable acceleration of (6) 

is observed in lipophilic environments such as the interior of lipid membranes where 

the hydrophobic product, nitrogen dioxide (NO2), must rapidly diffuse to avoid 

scavenging by additional NO through the rapid radical-radical combination reaction:  

NO. + NO2 → N2O3  (7) 

The diffusion limited rate of (7) at > 109 M-1 s-1, in addition to the high concentration 

of NO required to facilitate NO autoxidation through (6), greatly decrease the life-time 

of NO2 and its contributions to the cytotoxic effects exhibited by RNS.52 Current 

experimental evidence suggests that N2O3, dinitrogen trioxide, is the predominant RNS 

formed from the autoxidation of NO in biological systems.53 The balance between 

reactions 2 and 3 is a critical determinant of the ability of RNS to transform biological 

molecules through oxidation (NO2, Eo = 1.04 V) or nitrosation (N2O3, Eo = 0.8 V).54 

While NO2 is able to diffuse several cell lengths after formation, N2O3 is a transient 

species that readily decomposes upon contact with aqueous solutions (τ1/2 ~ 1 ms) 

forming nitrite,52  

16 
 



N2O3 + H2O → NO2
- + 2H+ (8) 

However, RNS formation through NO autoxidation by O2 is mostly confined to 

hydrophobic compartments where the reduced availability of water greatly increases 

the lifetime of N2O3. For example, typical production of 1 μM [NO] in the aqueous 

phase surrounding an activated macrophage would result in membrane [NO] as high as 

10 μM where 1-5% of the total NO produced by the macrophage would undergo 

autoxidation reaction.55 

Another route for the oxidation of NO to form RNS, occurs through the rapid 

reaction of NO with the free-radical anion, superoxide O2
-, at the diffusion-controlled 

rate of 6.2 x 109 M-1 s-1,52 according to : 

O2
- + NO. → ONOO-  (9) 

The remarkable speed of this reaction allows NO to effectively compete with copper, 

zinc superoxide dismutase (SOD, predominant mammalian isoform except in the 

mitochondria) which catalyzes the disproportionation of O2
- at half the rate of Eq. (9). 

However, the intracellular concentration of SOD is sufficient (3-15 µM) to inhibit the 

reaction between O2
- and NO by > 50% and limit the interference of Eq. (9) with NO-

based signaling processes when [NO] < 1 µM.56 At sites of pathogen invasion, 

inflammatory signals trigger the activation of NADPH oxidase in phagocytic cells to 

catalyze the reduction of O2 to O2
-.57 The co-localization of this enzyme with iNOS at 

the cellular membrane and within the phagosome enhances peroxynitrite formation 

during inflammation. Since O2
- is anionic, peroxynitrite formation from the reaction of 
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NO and O2
- occurs exclusively in aqueous environments where it forms stabilizing 

intramolecular bonds that increase the lifetime of peroxynitrite by preventing its 

protonation to form peroxynitrous acid which rapidly decomposes to radical species 

(Eq. (10), 30%) or nitrate (Eq (11), 70%).58 

HONOO → HO. + NO2   (10) 

HONOO → (isomerization) → H+ + NO3- (11) 

However, the major pathway for peroxynitrite scavenging is through its reaction with 

CO2 forming the anion ONOOCO2
- which decomposes within 15 ms to a radical 

complex, NO2/CO3.-.    

ONOO- + CO2 → ONOOCO2-  (12) 

ONOOCO2- → NO2/CO3.-   (13) 

NO2/CO3.- + NO. + H2O → HCO3
- + HNO2 + NO2 (14) 

Eq. (14) shows how high fluxes of NO can alter peroxynitrite chemistry towards a 

nitrosative form through NO2 formation which can then react with another molecule of 

NO to form N2O3 according to Eq. (7). Thus, high fluxes of NO can shift the redox 

balance and the indirect effects of NO from oxidative (NO2 and ONOO-) to nitrosative 

(N2O3). In addition, an imbalance between NO and O2
- fluxes leading to higher local 

[O2
-] can also deplete peroxynitrite levels through: 

HOONO + O2- + H+ → O2 + NO2 + H2O  (15) 
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The NO2
 produced through Eq. (15) rapidly diffuses through the intramembrane space 

where elevated [NO] can drive N2O3 formation Eq. (7) and tip the balance towards 

nitrosative stress.  

1.2 Cytotoxic Effects of Elevated NO 

 While elevated NO can have a direct cytotoxic effect on cells by disrupting the 

activity of hemoproteins, the cytotoxic potential of NO mostly arises through its 

reaction with O2
- or O2 to form RNS.59 Conversion to various oxidative (NO2 and 

ONOO−) and nitrosative (N2O3) congeners confers on NO the potential to invoke a 

broad range of reversible and irreversible modifications of various cellular targets. 

Owing to the high level of reactive oxygen species at sites of infection and neoplasm 

from the activation of macrophage NADPH oxidase and the high metabolic activity of 

the replicating cells, the production of elevated [NO] (in the range of 1-5 μM) by iNOS 

results in significant RNS-mediated damage of DNA, the mitochondria and iron-

centered enzymes; activation of pro-apoptotic proteins, including PARP and p53; and 

disruption of energy metabolism and Ca2+ homeostasis.60 Prolonged exposure to 

elevated [NO] can overwhelm cellular repair pathways by directly inhibiting/damaging 

repair enzymes, or by depleting cellular energy levels through the activation of energy 

intensive NO-detoxification and repair systems and the inhibition of metabolic 

pathways. The eventual failure of cellular repair systems during continued exposure to 

elevated [NO] results in the rapid accumulation of cellular damage which activates 

apoptotic or necrotic pathways leading to cell death. Cell death is described using two 
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distinct pathways: apoptosis, in which cells deliberately activate a built-in death 

program, and necrosis, which describes the uncontrolled and rapid death of the cell. 

The actual process by which cell death occurs is perhaps best described as a continuum 

between necrosis and apoptosis with the contribution of each extreme determined by 

the extent of cellular damage. If the damage is moderate, a cell might be able to repair 

itself during growth arrest induced by activated p53 in the nucleus, but if not, p53 is 

likely to induce apoptosis. If NO-induced stress sufficiently depletes ATP or inactivates 

pro-apoptotic caspases, cellular resources will be insufficient to carry out apoptosis and 

the cell will die by necrosis. Single celled organisms are not likely to initiate cell-death 

under the criteria outlined for apoptosis since they do not have the same obligations of 

cells in a multi-cellular organism.61 However, because of vital differences in biological 

processes, prokaryotes exhibit increased sensitivity to NO and undergo cell-death more 

rapidly compared to mammalian cells exposed to the same [NO]. The enhanced 

sensitivity of prokaryotes to NO and RNS can be explained by their relatively higher 

abundance of Fe/S clusters, which can be degraded by reaction with NO or RNS 

resulting in mobilization of free iron. The released iron can then bind, oxidize and 

fragment (through OH production) microbial DNA in the cytosol. 

1.2.1 Inhibition of Mitochondrial Function by NO 

The targeting of mitochondrial components by NO and its oxidation products 

greatly impairs energy production through various mechanisms including the 

nitrosylation of heme-a3 and inhibition of cytochrome c oxidase; the oxidation and 

degradation of Fe-S centers in respiratory chain complexes I, II and III, and citric acid 
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cycle enzymes such as aconitase; S-nitrosylation of GAPDH which impairs glycolysis; 

and the oxidation of mitochondrial thiols and NAD(P)H inducing Ca2+ efflux from the 

mitochondria and initiating a mitochondrial permeability transition (PT).63 PT is a 

process that forms 2-3 nm in diameter pores through the mitochondrial membrane and 

dissipates the membrane potential. Furthermore, ONOO- has been shown to inactivate 

mitochondrial Mn-SOD, increasing local O2
- availability and driving ONOO- 

production causing further oxidative damage to mitochondrial components.64 The rapid 

oxidation of mitochondrial components by ONOO- can also drive PT. The critical 

depletion of ATP stores by repair pathways and the impairment of ATP production as 

a result of PT can significantly impair Ca2+-ATPase function and effectively eliminate 

the ability of the mitochondria to maintain a transmembrane calcium gradient. The 

inability of the damaged mitochondria to regulate cytoplasmic [Ca2+] is exacerbated by 

the rapid efflux of Ca2+ stores from the permeated mitochondria following PT, resulting 

in a severe disruption of intracellular Ca2+ homeostasis.65 Such rapid degradation of 

cellular function often results in cell-death through necrosis due to the impairment of 

apoptotic machinery or the depletion of ATP levels below the threshold necessary to 

carry out apoptosis.  

1.2.2 NO-mediated Targeting of DNA and Induction of Apoptosis 

NO and related RNS at high levels can cause DNA damage, including 

alkylation and subsequent deamination, which can lead to GC to AT, GC to CG, and 

GC to TA mutations. The deamination of DNA base-pairs and single strand breaks that 

result from nitrosative damage of DNA activates intensive DNA repair pathways that 
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also produces a heavy strain on cellular energy levels which works concertedly with 

mitochondrial inhibition to stress cells. DNA damage by NO can increase the amount 

of the apoptosis mediator, p53, in the nucleus by activating kinases that phosphorylate 

p53 and inhibit the protein’s otherwise rapid proteolysis.66 The accumulation of a 

certain level of p53 activity in the nucleus permits the enzyme to block the G1/S 

transition in the cell cycle and provide adequate time for the repair of damaged DNA 

before replication recommences; however, severe DNA damage that surpasses the 

capacity of repair pathways, without posing an imminent risk of necrosis, will prompt 

p53 to activate apoptotic pathways and commit the cell to apoptosis.67 In both cases, 

p53 functions primarily at the transcriptional level, increasing the expression of 

proteins involved in DNA repair or apoptosis. As outlined above, DNA repair is an 

energy intensive process and requires the concerted activity of several enzymes to carry 

out a single function.68 DNA repair enzymes are actively targeted by NO at different 

levels and through various mechanisms, e.g. the inhibition of ribonucleotide reductase 

by the combination of NO with a critical tyrosyl radical at the active site which blocks 

the supply of deoxyribonucleotides necessary for the replacement of damaged DNA.69  

Other key DNA repair proteins, such as AGT, Ogg1, APE1, and DNA-PKcs, are targets 

of S-nitrosylation by RNS, with modulation their activity, stability, and localization.  

1.3 NO, ROS, and RNS Detoxification  

1.3.1 Microbial Stress Responses to NO 

22 
 



Since NO demonstrates cytotoxicity at high (μM) concentrations, mechanisms to 

detoxify NO are crucial to many biological systems.70 In mammals, the elimination of 

excess NO is accomplished predominantly through oxidation by oxyhemoglobin.71 

However, this system can be overwhelmed leading to a toxic accumulation of 

methemoglobin. Denitrifying bacteria and fungi are known to reduce NO to N2O during 

denitrification, where nitrate is reduced in a multistep process to either N2 (bacteria) or 

N2O (fungi), as shown: 72  

NO3
- → NO2

- → NO → N2O (fungi) → N2 (bacteria) (16) 

Although the reduction of NO3
- provides a means of anaerobic respiration for fungi and 

bacteria, the reduction of NO during denitrification does not contribute to the proton 

gradient or ATP production, but rather, serves only to prevent the accumulation of toxic 

levels of NO. The reduction of NO is catalyzed by a class of enzymes called nitric oxide 

reductases (NOR), through the following:  

2NO + 2e- + 2H+ → N2O + H2O   (17) 

Two structurally distinct NORs - norV, a flavodiiron protein, and norBC, a dinuclear 

iron-heme/non-heme protein – have been identified in anaerobically respiring 

bacteria.73 Recently, the genome of the enterohemorrhagic Escherichia coli (EHEC) 

strain responsible for a 2011 outbreak in Germany, which resulted in the highest 

incidence of hemolytic-uremic syndrome on record, was reported to contain a 

functional norV gene which was required full virulence.74 In aerobically respiring 
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bacteria, NO detoxification is commonly achieved by conserved flavohemoglobins 

which catalyze the oxidation of NO to NO3
-.75 Common mechanisms by which 

anaerobically and aerobically respiring  bacteria  detoxify NO/RNS are shown in Figure 

1.2. Stevanin and colleagues found that a mutant strain of Salmonella typhimurium 

defective for the gene encoding the flavohemoglobin, hmp with NO dioxygenase 

activity, had reduced survival time when co-cultured with human macrophages 

Figure 1.2. Bacterial NO and RNS detoxification systems. 
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compared to wild-type.76 Recently, a similar effect was shown in vivo with Δhmp S. 

typhimurium suffering attenuated virulence in a mouse model while iNOS inhibition 

restored the mutants virulence.77 Using an experimentally derived and confirmed 

kinetic model of NO consumption pathways in a liquid culture of E. coli, the computer 

simulated fate of 8-10 μM NO showed that dioxygenation of NO by hmp accounted for 

98% of intracellular consumption of NO by aerobically cultured wild-type and ΔnorV 

strains while the reduction of NO by norV consumed 93% of intracellular NO upon the 

loss of hmp function by anaerobically cultured wild-type strains compared to a 14% 

contribution from norV for Δhmp cultured under aerobic conditions.78 Exposure of 

pathogenic organisms to NO can result in the up-regulation of a variety of genes that 

do not provide direct detoxification of NO but rather confer resistance to NO through 

metabolic or repair activity. A screen of the genes up-regulated under NO-induced 

stress using a genetic library of M. tuberculosis found that deletion of proteasome 

components (mpa and pafA) or a nucleotide excision repair (uvrB) gene increased the 

sensitivity of the mutant strains to NO in vitro and reduced their virulence in mouse 

infection models.79 The proteasome components where shown to function in the 

metabolic processing of damaged proteins. In addition to enzymatic defense 

mechanisms, microbes are also known to produce low-molecular-weight thiols in order 

to sequester NO in a stable nitrosothiol form. A variety of low-molecular-weight thiols 

have been identified in the cytoplasmic fraction of enteric pathogens and provide 

effective NO sequestration when present at high intracellular concentrations, such as 

trypanosothione (excreted by trypanosomes and leishmania), pyocyanin (a pigment of 
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P. aeruginosa), and homocysteine.80 While exposure of liquid cultures containing 105 

cfu mL-1 to 200 ppm of NO for 2-6 h was sufficient to eradicate Staphylococcus sp., 

Pseudomonas aeruginosa, Serratia sp., Klebsiella sp. strains, Enterobacter sp., 

Acinetobacter sp., E. coli, Group B Streptoccocus, and Candida albicans, the high 

intracellular concentration of mycothiol present in M. smegmatis, a model organism for 

the causative agent of tuberculosis, provided effective NO sequestration to the same 4 

h, 200 ppm dose but was ineffective when the exposure time was double (10 h).81 

Although NO-detoxifying enzymes can provide an effective defense even if the 

exposure time is increased, rapid saturation of NO-detoxification enzymes can be 

achieved by increasing the rate of NO delivery and [NO] in the surrounding media. For 

example, increasing the rate of NO delivery in the above described model of E. coli 

dramatically decreased the rate of NO dioxygenation by hmp from 78.1% in the 

presence of 9 μM NO to 8.4% in the presence of 34 μM NO due to the competitive 

inhibition of O2 binding to the heme active site by NO.79 The inhibition of hmp activity 

resulted in a 15-fold increase in the amount of NO consumed by reaction with Fe-S 

clusters which became the major cellular target in the absence of hmp activity. Since 

the reported simulations did not include an exogenous source of superoxide, the 

production of O2
- by activated leukocytes at O2-deficient sites of infection could further 

reduce NO consumption by hmp through the oxidation of NO to RNS and the potential 

inhibition of hmp by RNS-mediated damage.82 In light of the importance of NO 

detoxification systems to the virulence of clinically relevant pathogens, pharmaceutical 

approaches to inhibit such systems are a plausible alternative to antibiotic therapies for 
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the treatment of infection in immunocompotent patients or as an adjunct to exogenous 

NO-delivery in order to sensitize resilient infections.83 

1.3.2 NO and Oxidative Stress 

Experimental evidence suggests that NOS activity maybe up-regulated to 

provide antioxidant defense against endogenously produced ROS during certain 

pathological conditions.84 In order for NO to function as a cytoprotectant during 

oxidative stress, the RNS generated from the reaction between NO and O2
-, namely 

ONOO- and its derived products, must be less perturbing or cytotoxic to the organism 

than the direct reaction of O2
- or alternative ROS derived from it, such as hydroxyl 

radical-related Fe-H2O2 complexes, hypochlorous acid, and chloroamines. Another 

determinant to consider is the cellular resources consumed during the metabolic 

processing of excess NO and its reaction products, and the impact that will have on the 

capacity of NADPH-dependent repair and glutathione-dependent antioxidant systems 

which provide important ROS defense.84 The glutathione redox buffer centers on the 

oxidation of the reduced tri-peptide (GSH) by damaging ROS/RNS forming a disulfide 

(GSSG), according to:85  

2GSH + [O] → GSSG + 2e-   (18) 

The glutathione redox buffer is one of the most important mammalian defenses against 

oxidative stress caused by ROS and RNS and comprises a considerable portion of the 

total antioxidant capacity (TAOC) of mammalian cells.86 The TOAC provided by the 
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glutathione redox system can be approximated by only considering the contributions 

of the free-thiol (Ehc = GSSG, 2H+/2GSH, where Ehc is the half-cell potential for the 

couple) and the glutathione reducing enzyme, thioredoxin reductase, as a function of 

its reducing cofactor, NADPH (Ehc = NADP+, H+/NADPH). Following the calculations 

of Schafer and Buettner,87 the Nerst equation gives Ehc (GSSG/2GSH) = −240 mV and 

Ehc (NADP+, H+/NADPH) = −370 mV, and considering a typical cell that contains 

[GSH] ≈ 5 mM and [NADPH] ≈ 0.1 mM, the TOAC is approximately: 

TOAC = (5 mM x -240 mV) + (0.1 mM x -370 mV)  (19) 

Thus, the total half-cell potential of the glutathione redox buffer in a static cell will be 

-1240 mV mM. It should be noted that this value does not account for the influence of 

catabolic processes to restore [NADPH], the ability of thioredoxin to increase 

GSH/GSSG through thiol-disulfide exchange with proteins, and the synthesis of new 

GSH by glutathione synthase. However, this value was useful for establishing a 

correlation between the potential and fate of leukemia cells after exposure to different 

[H2O2] in order to achieve Ehc ~ 240 mV and promote proliferation; Ehc ~ 200 mV and 

differentiation; and Ehc ~ 170 mV and death (using [H2O2] = 9-30 μM to induce a +72 

mV change with subsequent apoptosis while [H2O2] ≥ 100 μM caused rapid necrosis). 

Since oxidative RNS, such as NO2 and ONOO-, are known to increase cellular [GSSG], 

similar to H2O2, the ability of NO to promote the proliferation and differentiation of 

keratinocytes, while at the same concentration, eradicating microbial pathogens (which 

have a lower TOAC), maybe mediated by changes in the cellular potential of these 
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organisms. The lower TOAC of microbial cells (compared to mammalian cells) results 

in increased sensitivity to elevated NO and provides a firm basis for reducing the 

microbial burden of infected wounds by the targeted delivery of a controlled dose of 

NO.88 

1.4 Therapeutic Intervention in NO-pathways 

NO-releasing drugs are pharmacologically active compounds that have the 

potential to treat pathological conditions resulting from a quantitative or functional NO 

deficiency.89 NO insufficiency may result from a net deficit of NO in the tissue, 

impaired NO availability, altered NOS activity, or the inhibition of NO mediated 

responses.90 In such cases, a decrease in effective [NO] diminishes the regulatory 

influence of NO-based signaling or weakens the immune response to the detriment of 

cellular and/or tissue function. The decreased [NO] that results from the dysregulation 

or malfunction of eNOS has been implicated in the underlying pathophysiology of 

cardiovascular diseases while the impaired function of iNOS is associated with 

immunodeficient or autoimmune disorders.91,92 In such cases, the modulation of NO 

bioactivity has been achieved by the administration of NO donors which function as 

sources or surrogates of NO in order to restore the regulatory effects of NO.89 

Pharmaceutical agents that modulate NO-dependent pathways have also been utilized 

to both restore vascular function and decrease the harmful effects of NO over-

production. NO production by eNOS and iNOS (under pathological conditions) can 

function as a beneficial vasodilatory agent as well as a cytoprotective/anti-
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inflammatory agent to inhibit the adhesion of activated neutrophils to endothelial walls 

and preventing the subsequent release of cytotoxic ROS.90 Conversely, an unregulated 

increase in plasma or tissue [NO] also has pro-inflammatory effects which include 

hyper-vasodilation, cellular edema, cytotoxic damage, and the release of cytokines.93 

Consideration of the multifaceted effects of NO in cardiovascular and immunological 

health is necessary to properly guide current administration of available NO-releasing 

drugs and to instruct future choices in the development of new pharmaceutical agents.94  

1.4.1 NO Donors as Biophysiological Tools in the Indentification of EDRF 

The therapeutic use of exogenous NO was first reported in 1867 by Thomas 

Lauder Bruton, who noted that insufflation of amyl nitrate caused rapid relief of angina 

pectoris in ischemic patients.95 Although the vasodilatory property of alkyl nitrates was 

thought to play a role in the observed effects, the exact pharmacological effect of 

nitrovasodilators (a misnomer) wasn’t identified until nearly a century later following 

two paramount discoveries. The first breakthrough came in 1977, when Ferid Murad 

and co-workers reported that free NO was produced duing the decomposition of several 

commonly used nitrovasodilators under physiologically relevant conditions along with 

the nearly identical vasodilatory properties of the NO-releasing nitrovasodilators and 

NO(g).96 In the next decade, the work of Luis Ignarro and Robert Furchgott 

demonstrated that the vasodilatory property of NO(g) result from the nitrosylation and 

activation of sGC to initiate a signal cascade leading to relaxation of the vascular 

smooth muscle and dilation of the blood vessel.97 The identification of NO as a 

regulatory molecule stimulated further investigation eventually establishing the 
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biological effects of NO in blood pressure regulation, neurotransmission, cellular 

protection, innate immune response, and cellular apoptosis.98 It is now evident that NO 

is enzymatically produced as part of the evolutionary choice for the armamentarium of 

our body’s own defenses against infection and neoplastic proliferation.99 This 

knowledge has inspired researchers to emulate the natural immune response at 

malignant sites through the targeted delivery of cytotoxic doses of NO from molecular 

stores under controlled conditions.100  

1.4.2 Calcium Channel Blockers 

1,4-Dihydropyridine calcium channel blockers (CCBs) have been used for 

many years to relieve chronic angina pectoris and hypertension and include the FDA 

labeled drugs nifedipine, nitrendipine, and lacidipine.101 1,4-Dihydropyridine CCBs 

function at the level of intracellular Ca2+ in the vascular smooth muscle by inhibiting 

the flow of current at L-type calcium channels, reducing intracellular [Ca2+] thereby 

inducing smooth muscle relaxation. This effect is also supplemented by the ability of 

1,4-Dihydropyridine CCBs to induce NO release from the vascular endothelium.102 

This class of compounds can also restore impaired endothelium-derived vasodilatory 

pathways by increasing NO availability through an antioxidant effect that prevents NO-

scavenging by ROS.103 While 1,4-dihydropyridine CCBs function primarily by 

inhibiting L-type calcium current in the vascular smooth muscle to promote 

vasorelaxation, CCBs are also believed to promote vasorelaxation through a secondary, 

indirect mechanism that functions by inducing NO release from the vascular 

endothelium.104  
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1.4.3 ACE-Inhibitors  

Angiotensin-converting enzyme "ACE" converts angiotensin I (ANGI) to 

angiotensin II (ANGII), and degrades Bradykinin. ANGII is a peptide-based 

hormone that promotes vasoconstriction and a subsequent increase in blood pressure.105 

Bradykinin is another peptide hormone that stimulates endothelial cells to release 

vasodilating substances, in particular, NO. Due to the decrease in ANGII and the 

increase in brandykinin that results from blocking ACE activity, drugs known as ACE 

inhibitors are used to lower blood pressure and promote the release of endothelial 

NO.106 Additionally, ACE inhibitors increase the bioavailability of NO through an 

indirect antioxidant effect involving the inhibition of ANGII synthesis which is known 

to stimulate superoxide production.107 The ability of ACE inhibitors to modulate NO-

production via bradykinin are still not fully understood but possible mechanisms 

include: (a) inhibition of ACE catalyzed catabolism of kinins; (b) interference in kinin 

degradation pathways activated by ANG-derivatives and (c) direct potentiation of kinin 

receptor response on bradykinin stimulation. 

1.4.4 L-Arginine Supplementation 

Oxidative modification of LDL (oxLDL) can disturb vasorelaxation or act 

directly against vasodilating substances.108 OxLDL may impair the uptake of L-

arginine and, along with native LDL, uncouple eNOS activated pathways.109 

Interestingly, physiological differences can affect arterial segments from different 

regions. NO produced by iNOS may inhibit the oxidation of LDL and, thus, have a 
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protective role during LDL oxidation.108 L-arginine administration partially restores 

endothelium-dependent vasodilation in cases of hypercholesterolemia and dilates 

coronary stenosis in patients with chronic hypertensive disorder (CHD).110 L-arginine 

supplementation for six months also improves the function of coronary small-vessels 

and is associated with a significant improvement in symptoms. Therefore, L-arginine 

administration could be a therapeutic option for patients with endothelial dysfunction 

and non-obstructive CHD. L-arginine supplementation has been shown to provide 

significant clinical improvement in the dilation of diseased arteries in more than 70% 

of treated patients with CHD.111  

1.5 Exogenous NO Donors 

The desire to modulate NO concentrations at targeted locations through 

activation of exogenously derived, stable sources of NO has inspired research in the 

area of designed molecules that release NO on demand (NO donors).112 A variety of 

molecular structures are known to decompose and release free NO, following activation 

by oxidants, thiols heat, pH, light, or enzymatic processing. A few of those compounds 

with favorable NO release properties have been developed for clinical application, 

including alkyl nitrates, S-nitrosothiols, N-diazeniumdiolates (NONOates) and metal 

nitrosyls. The delivery of NO to a specific biological target requires the ability to 

localize a sufficient concentration of the NO donor at a specific site and initiate NO-

release in a controlled or at least predictable manner. Although control over enzymatic 

pathways or biological conditions such as heat, pH, or redox state in the body is 
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extremely difficult, light provides a particularly convenient trigger to activate NO 

release from molecular stores.113 Over the past few years, a variety of photoactived NO 

donors have been synthesized and their NO delivery capacities have been reported.114 

In order to localize NO-donors within a specific site, they have been incorporated into 

biocompatible matrices, yielding NO–donating composite materials.115 Such 

composites have shown utility as a coating for implantable medical devices to prevent 

biofouling, and are promising antineoplastic and anti-microbial agents, as demonstrate 

by results obtained in vitro and in animal models. Photoactivated NO-donating 

composite materials are especially well-suited for the controlled delivery of high doses 

of NO to malignant sites of microbial infection and neoplasia while retaining the 

photoproducts within the host matrix.116 

1.5.1 Organic Nitrite and Nitrate Esters  

Organic nitrate esters, such as nitroglycerin, pentaerithrityl tetranitrate, 

isosorbide triinitrate, and nicorandil, represent the prototypical class of 

nitrovasodilators and have been used for many years to regulate blood pressure in the 

treatment of cardiovascular diseases.117 Organic nitrite esters, such as amyl nitrite and 

isobutyl nitrite, are a similar class of compounds that induce rapid vasodilation upon 

inhalation. Organic nitrate esters are pro-drugs requiring enzymatic reduction and 

denitration by mitochondrial aldehyde dehydrogenase to generate bioactive NO. 

Complications during therapeutic administration of organic nitrate esters are common 

and include potentially adverse hemodynamic effects, drug tolerance, lack of 

selectivity, and limited bioavailability.118 The contraindications of nitrates limit their 
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therapeutic utility with extra consideration given to the development of cross-tolerance 

to endothelium-derived NO that may involve increased oxidative inactivation of 

endogenously produced NO and the “uncoupling” of eNOS activity with vasorelaxing 

pathways.118b Low-molecular-weight thiols, ascorbate, L-arginine, tetrahydrobiopterin, 

hydralazine, angiotensin converting enzyme (ACE) inhibitors, and folate have been 

successfully used to reverse or prevent nitrate tolerance.119 

1.5.2 N-Diazeniumdiolates 

N-diazeniumdiolate (NONOates) functionalities spontaneously decompose 

generating two equivalents of NO under physiological conditions.112c The NO releasing 

dissociation reaction follows a simple pseudo-first-order rate laws, but in some cases 

the rate can be markedly effected by the formation of bimolecular complexes at higher 

concentrations and by the presence of metal ions.  Although a variety of nucleophiles 

including sulfur, oxygen, aromatic and aliphatic carbon, and nitrogen centers can be 

modified with the [N(O)NO]- group, N-Diazeniumdiolates prepared by the reaction of 

primary or secondary amines with NO at elevated pressure are of particular interest due 

Figure 1.3. Schematic representation of the mechanism of NO-release from 

diethylamino-N-diazeniumdiolate following hydration, and the mechanism by 

which N-diazeniumdiolates are converted to carcinogenic N-nitrosamines, in 

aqueous solutions.  
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to their ability to spontaneously release NO. The N-bound [N(O)NO]- derivative of 

diethylamine, (Z)-1-(N,N-diethylamino)-diazen-1-ium-1,2-diolate (DEA/NO), 

prepared by Drago and co-workers in 1960 was the first reported N-diazeniumdiolate 

to spontaneously release free NO in aqueous solutions.120 By varying the nature of the 

R groups attached to the amine, it is possible to modulate the rate and duration of NO 

release from the resulting N-diazeniumdiolates with half-lives ranging from 1.8 s for 

proline-N-diazeniumdiolate (PROLI/ NO) to 20 h for bis(2-amino-ethyl)-amine-N-

diazeniumdiolate (DETA/NO), as determined at 37oC in pH 7.4 PBS.112c NMR studies 

have revealed that the NO released from N-diazeniumdiolates can be autoxidized to the 

nitrosating agent, N2O3, which can then recombine with the free amine to 

form potentially carcinogenic N-nitroso species, according to the pathway shown in 

Figure 1.3.121 In light of the known carcinogenicity of certain secondary N-

nitrosoamines, researchers have focused on developing N-diazeniumdiolates whose 

corresponding N-nitroso derivatives are considered non-carcinogenic, for example 

PROLI/NO whose potential metabolite N-nitrosoproline is a normal constituent of 

human urine, or by covalently attaching the N-diazeniumdiolate functionality to 

insoluble matrices that limit the limit the release of any byproducts, including nitrosated 

species. Examples from the literature of NO-donating materials functionalized with N-

diazeniumdiolate groups are presented below.  

1.5.3 S-Nitrosothiols  

S-nitrosothiols (RSNO) are a class of naturally occurring and synthetic NO-

donating compounds that are synthesized by the nitrosation of reduced thiols. 
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Commonly used NO donors from this class of compounds include S-nitroso-

glutathione, S-nitroso-N-acetylpenicillamine, and S-nitroso-albumin.122 In some cases, 

investigators have chosen to modify existing pharmacological agents with S- 

nitrosothiol groups in an effort to exploit the properties of the parent compound. 

Through appropriate selection of the R group, the stability of S-nitrosothiols can be 

modified to promote NO release upon stimulation with heat, pH, light, transition metal 

ions, and other thiols.123 S-nitrosothiols also donate NO by a trans-nitrosation 

mechanism involving the transfer of NO to another free thiol, if a more stable 

Figure 1.4. Decomposition pathways of the S-nitrosothiol, S-nitrosoglutathione. 

Free NO is released in the presence of light, heat, and transition metal ions, 

producing a thiyl radical that rapidly combines with a nearby S-nitrosothiol 

producing free NO and a disulfide bond. S-nitrosothiols also donate NO to another 

free thiol through a trans-nitrosation reaction, provided more stable compounds are 

produced. 
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compound is produced (Figure 1.4).124 S- nitrosothiols have potential clinical utility as 

NO donors, distinct from current NO-donating therapeutics, based on their ability to 

gain access to the intracellular compartment by the catalytic action of plasma 

membrane-bound protein disulfide isomerase and associated trans-nitrosation 

reactions. Additional advantages of S-nitrosothiols, over existing NO donors, are their 

limited potential for inducing oxidant stress and NO-tolerance in vascular cells, which 

are common side-effects associated with the long-term administration of organic 

nitrates and SNP.125 Initial small clinical studies suggest potential benefits from S-

nitrosothiol administration in a variety of cardiovascular disorders.126  

1.6 Metal Nitrosyls as NO Donors  

Metal complexes are well-suited for pro-drug approaches for therapeutic 

applications since the metal center can bind and carry drug molecules as ligands and 

release them under controlled conditions.113,127  Despite the enormous success of cis-

platin (cis-[PtCl2(NH3)2]) as an anticancer drug and sodium nitroprusside as a 

vasodilatory agent, metal complexes have not been widely exploited by the 

pharmaceutical research community.128 Metal nitrosyls are formed by the binding of 

NO to transition metal centers through two distinct binding modes depending on the 

oxidation state of the metal.129 With metals in a low oxidation state, NO forms nitrosyls 

with a bent M-N-O bond angle (140o). Formally, NO is considered as a one-electron 

donor in such cases. In the case of metals in a higher oxidation state, NO transfers its 

unpaired electron to the partially empty out-of-plane d orbital of the metal along with 
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a lone pair to form a linear M-N-O bond (usually 170-180o) between the metal and the 

nitrogen atom (linear M-NO bond). In such cases, NO is considered as a three-electron 

donor in such cases and acts more as an NO+ unit. The variability of the electron density 

transferred from NO to the metal center can make it difficult to assign the oxidation 

states of both NO and the metal center in linear metal nitrosyls. A special notation was 

devised in 1974 by Enemark and Feltham to denote a metal–NO bond, {M-NO}n, 

where n is.the total number of electrons in the metal d plus the NO π* orbital.130 For 

example, {Ru-NO}6 could represent one of the two possible combinations of formal 

oxidation states of the metal center and NO, namely, Ru(III)-NO or Ru(II)-NO+.  

Depending on the nature of the metal nitrosyl bond, NO lability can be stimulated by 

light through photo-excitation of a MLCT band that transfers electron density from 

metal centered orbitals to low-energy excited state MOs with strong metal-NO anti-

bonding character.114 The energy required to activate such behavior can be varied by 

smart selection of the ligand sphere. 

1.6.1 Sodium Nitroprusside 

The {Fe-NO}6 nitrosyl, sodium nitroprusside (Na2[Fe(CN)5(NO)], SNP), 

contains a Fe(III) coordinated nitrosyl group with a near linear Fe-N-O bond angle 

which completes an octahedral ligand set with five other strong, σ-donating CN- 

ligands.115,131 The mechanism of in vivo NO release is a two-step process beginning 

with a one-electron reduction of the Fe(III) center by endogenous reductants, namely 

thiols like glutathione, to afford a semistable ferrous species that readily loses the trans-

coordinated CN- ligand to relieve excess negative charge at the metal center.133 The 
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pentacoordinated intermediate [Fe(CN)4(NO)]2- eventually decomposes to afford free 

NO. SNP has been in clinical use as a vasodilatory drug (Nitropress) for quite some 

time (FDA approval in 1974), and remains an effective, reliable, and commonly used 

drug for the rapid reduction of significant arterial hypertension regardless of the 

etiology.132 It is one of the most commonly used vasodilators for intraoperative control 

of blood pressure. The utility of SNP is limited by the need to administer it parenterally, 

its ability to induce NO tolerance in the vascular smooth muscle, and the potential for 

the development of thiocyanate toxicity with prolonged administration (especially in 

rhodanase-deficient individuals).134 Severe toxicity due to the loss of CN- co-ligands 

has been observed in patients with compromised liver and renal function.135 Careful 

attention to infusion rates, particularly in patients at risk for depleted thiosulfate stores, 

is mandatory, and the use of other drugs in conjunction with or instead of SNP must is 

always considered. Despite its toxicity, SNP is popular because it is often the most 

effective drug in certain clinical cases, most notably to relieve cranial pressure during 

traumatic brain injury.136 

NO photo-release from SNP is observed following absorption of 420 nm light 

with an efficient quantum yield of NO release, 420 = 0.201 ± 0.007.137 Excitation of a 

MLCT photoband results in the formal transfer of an electron to NO+ producing an 

intermediate Fe(III)-NO species that rapidly releases free NO in solution.138 The 

solvent-assisted decomposition of the [Fe(CN)5]2- photo-product results in the release 

of free CN- and produces the Fe(II)-Fe(III) pigment, Prussian blue. Thus, loss of 
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ancillary CN- following both the “dark” and the “light-assisted” modes of NO release 

complicates the clinical administration of SNP. 

1.6.2 Iron-sulfur-nitrosyl Complexes 

Synthetic iron–sulfur cluster nitrosyl complexes like Roussin’s red salt (RRS, 

[Fe2S2(NO)4]2-), Roussin’s black salt (RBS, [Fe4S3(NO)7]-), and tetranitrosyltetra-m3-

sulfido-tetrairon ([(Fe(NO)S)4]-) are analogous to the protein iron–sulfur clusters that 

function as electron “transformers” to mediate electron transfer between donor and 

acceptor groups during enzymatic redox catalysis.139 These complexes have bright 

colors in solution due to strong absorption bands in the visible region. NO photorelease 

from Fe-S cluster nitrosyl complexes has been studied extensively by Ford et al.140 

Irradiation of RRS with 546 nm light in aerobic aqueous solution results in NO release 

(quantum yield values φ546 = 0.14–0.40) and the quantitative production of RBS. The 

less-photoactive RBS (φ546 = 0.001–0.004) undergoes photodecomposition to give 

mixed Fe(III) precipitates and free NO. Irradiation of RBS and [(Fe(NO)S)4]- with a 

low-power laser at 515 nm (and 458 nm) resulted in the release of sufficient NO to 

induce vasorelaxation in rat aorta muscle rings during tissue bath experiments.139 In 

addition, photo-delivery of NO from RRS greatly sensitized hypoxic cultures of 

Chinese hamster V79 cells to γ-radiation-induced damage.141 However, further 

investigation of the potential utility of Fe-S cluster nitrosyl complexes as biologically 

acceptable NO donors in radiation oncology had limited success due to the severe 

toxicity observed with these complexes. 
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1.6.3 Photoactive Metal Nitrosyls Derived from Ligands with Carboxamido-N 

Donors 

Although the photolability of NO from transition metal nitrosyls has been 

demonstrated in a variety of systems, our laboratory has focused on the synthesis of 

physiologically stable transition metal nitrosyls that demonstrate rapid NO 

photorelease upon stimulation with low-power light (in the mW range) of selected 

wavelengths.142,143 During the past few years, we have developed a series of designed 

ligands with peripheral functionalities that could be systematically altered using 

theoretical predictions based on DFT calculations to tune the photoactivity of the metal 

nitrosyls and progressively red-shift the photoband (electronic transition that leads to 

NO release) across the UV, visible and near-infrared (NIR) regions from 350 to 1000 

nm.144 Our synthetic efforts have focused on two sets of ligand scaffolds, namely those 

derived from the pentadentate ligand frame, PaPy3H, containing a single carboxamido-

N donor and the tetradentate ligand frame, H2bpb, containing two carboxamido-N 

donors (H’s are dissociable carboxamide protons). The pentadentate ligand design 

provides enhanced chelation to substitutionally labile metal centers which has allowed 

the synthesis of stable Mn nitrosyls  with remarkably high quantum yields and 

photoactivity in the visible and NIR region up to 1000 nm. The tetradentate ligand 

design has been used to isolate highly stable Ru nitrosyls that are capable of tightly 

binding a functional ligand at the open sixth coordinate site trans to NO. Thus far, we 

have utilized the open sixth site to coordinate ligands functionalized with a vinyl group 

that copolymerizes with chain forming monomers to provide a covalent tether between 
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the metal nitrosyl and the polymer chains, and photosensitizing fluorescent dyes that 

absorb light and transfer the harvested photo-energy to the M-NO unit in order to 

enhance the quantum efficiency and sensitivity to lower energy light of NO 

photorelease.  As described below, the fluorescence of the dye-sensitized metal 

nitrosyls allows easy tracking of the NO-donor in the cellular matrix and provides an 

on/off signal for NO release. Metal nitrosyls derived from bpb2- and PaPy3
--, as well as 

composite materials containing these NO donors, have been successfully employed for 

the light-controlled delivery of cytotoxic doses of NO to cancer cells and microbial 

pathogens in several in vitro experiments.115 

1.6.4 Metal Nitrosyls Derived from the Pentadentate Ligand, PaPy3H 

The pentadentate ligand, PaPy3H (N,N-bis(2-pyridylmethyl)amine-N-ethyl-2-

pyridine-2-carboxamide), was the first designed ligand used in our laboratory for the 

successful synthesis of metal nitrosyls that release NO under the control of low-power 

visible light.145 This ligand includes features observed in the metal-chelating locus of 

the microbial enzyme nitrile hydratase (Fe-NHase), which exhibits rapid photorelease 

of NO from its Fe(III) centre upon exposure to visible light (sunlight in Nature) to 

initiate diurnal activity.146 These features include (i) a  unique deprotonated 

carboxamido-N donor group that serves to stabilize the Fe(III) oxidation state observed 

in the natural enzyme and (ii) a negatively charged donor (thiolate in the case of Fe-

NHase) trans to NO which could promote photorelease through the trans-labilization 

effect. Upon reaction with NO(g), the Fe(III) complex derived from the deprotonated 

PaPy3
- ligand afforded [Fe(PaPy3)(NO)]2+ (1, Figure 1.5), which was the first reported 
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metal nitrosyl to readily release NO upon illumination with low-power visible light 

(φ500 = 0.185).145 Although the results of this study demonstrated the capability of the 

PaPy3H ligand to afford a photoactive metal nitrosyl, the iron nitrosyl 1 showed limited 

stability in aqueous solutions. Replacement of the Fe-center of 1 with its more stable, 

second row congener, Ru, afforded the {Ru-NO}6 nitrosyl, [Ru(PaPy3)(NO)]2+ (2, 

Figure 1.5), which demonstrated excellent stability under biological conditions and 

released NO upon illumination with low-power UV light (5–20mW).147 The structural 

integrity of 2 permitted its use in biological assays including the delivery NO to 

myoglobin and reduced cytochrome c oxidase (74), papain (a cysteine protease) (75), 

and sGC (76) in rat aorta muscle rings to promote vasorelaxation in tissue bath 

experiments.148 Therapeutic development of this nitrosyl was not pursued, however, 

due to the detrimental effects of UV light to biological systems. The isoelectronic 

Mn(II) nitrosyl, [Mn(PaPy3)(NO)]+ (3, Figure 1.5), demonstrated more covalent 

binding of NO as a result of the lower oxidation state of the group 7 metal center.149 

Thus, 3 is very stable in biological media, yet, demonstrates visible light photoactivity 

due to the lower energy electronic transitions of first row transition metals. Further red-

shift of the NO-releasing photoband was achieved by extending the conjugation of the 

ligand frame through substitution of the pyridine donor (Py) with a quinoline ring (Q), 

as in the Mn(II) nitrosyl [Mn(PaPy2Q)(NO)]+ (4, Figure 1.5).150 4 was the first reported 

metal nitrosyl to demonstrate stability under biological conditions and low-power NIR 

light (2mW) activation up to 900 nm. The efficient photorelease of NO from the {M-

NO}6 complexes of the PaPy3
-/PaPy2Q- ligands upon exposure to visible light (φ550 = 
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0.38 and 0.70 for 3 and 4, respectively) and NIR-light (4) are quite in contrast to the 

modest photoactivity of the corresponding {Ru-NO}6 complex (2) that is limited to the 

UV region. Density functional theory (DFT) and time-dependent DFT (TD–DFT) 

studies on the [M(PaPy3)(NO)]n+ (M=Fe, Ru, Mn) series of nitrosyls indicate that 

irradiation of these {M-NO}6 species with 350–500 nm light activates NO photorelease 

through a direct mechanism involving excitation of symmetry-allowed electronic 

electronic transition(s) originating in dπ(M)-π*(NO) bonding orbital with partial 

carboxamide character and populate orbitals with dπ(M)-π*(NO) anti-bonding 

character.144 In the case of the Mn nitrosyls, an additional indirect method for NO 

photorelease occurs by visible and NIR light excitation of an initial low-energy, 

symmetry-allowed MLCT transition originating in the non-bonding dxy(Mn) orbital 

and populating orbitals with predominantly equatorial ligand, Py/Q(π), character. 

These orbitals are energetically matched with a triplet excited-state with dπ(M)-π*(NO) 

anti-bonding character which permits intersystem crossing and population of NO 

dissociating states that are inaccessible through direct photo-excitation due to their 

Figure 1.5. Schematic of metal nitrosyls with PaPy3
- type ligands. 
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symmetry-forbidden nature.151  The intimate involvement of ligand-centered orbitals 

in the indirect mechanism of NO photorelease from these Mn nitrosyls allows 

adjustment of the photoactivity to the desired wavelength of light through judicious 

modification of the ligand frame.143 For example, we have now synthesized Schiff base 

ligands with imine-N donors conjugated to a Py (SBPy3) or a Q (SBPy2Q) donor. The 

metal nitrosyls derived from these designed Schiff base ligands, namely 

[Mn(SBPy3)(NO)]2+ (5) and [Mn(SBPy2Q)(NO)]2+ (6), demonstrate enhanced NO 

photorelease kinetics in comparison with the carboxamide-based nitrosyls 1–4 and 

sensitivity to low-power (5–20 mW) light up to 1000 nm.152 However, the low stability 

of the Schiff base Mn-nitrosyls in aqueous solutions has limited investigations to 

organic solvents thus far.  

1.6.5 Metal Nitrosyls Derived from the Tetradentate Ligand, H2bpb 

The tetradentate ligand frame, 1,2-bis(pyridine-2-carboxamido)-benzene 

(H2bpb2-, Figure 1.6) and its derivates have been used in the synthesis of stable Ru 

nitrosyls with an open coordination site that can bind a third, functional ligand trans to 

NO.153 Deprotonated bpb2− coordinates metal centers in a planar fashion, similar to 

naturally occurring porphyrins with four N-donor atoms and two delocalized electrons 

across a conjugated set of aromatic rings. Ru nitrosyls derived from bpb2− and related 

ligands containing systematic peripheral substitutions have shown that a progressive 

red-shift of the λmax of the photoband can be achieved by careful selection of the  
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substituents. Attachment of electron-donating groups of increasing donor strength (H 

< Me < OMe) to the phenyl ring of the phenylenedicarboxamide (PDA) region of the  

ligand frame causes a red-shift of the π(Ru–NO) → π*(Ru–NO) transition.153,154 This 

transition can be further red-shifted by extending electron conjugation in the ligand 

frame through the substitution of pyridine donors with quinoline (Q) or isoquinoline 

(IQ1) groups.154 The appropriate combination(s) of substituents lowers the energy of 

NO releasing electronic transitions by the contribution of ligand character into the 

ground state (π(Ru–NO)) and excited state (π*(Ru–NO)). 143 Although early attempts 

to alter the equatorial ligand frame of Ru nitrosyls successfully lowered the energy of 

the photoband into the visible region, the impact on the quantum efficiency of NO 

release was quite modest (φ500 =0.01–0.05), and hence the designed nitrosyls  w  ere 

Figure 1.6. Structure of bpb2- type ligands 
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not effective for the delivery of the high doses of NO that are necessary to induce 

cytotoxic effects in malignant cells and pathogens. Additional photosensitization was 

achieved by the direct coordination of dye chromophores (as light-harvesting antennae) 

to the metal center of the Ru nitrosyls.155 For example, when the fluorescent dye, 

resorufin (Resf; ε600 =105 000 M−1 cm−1), was directly attached to the Ru center of the 

metal nitrosyls, enhanced NO photorelease was observed with a quantum yield at 

500nm (φ500) in the range of 0.20–0.30.156 The enhanced photoactivty of dye-sensitized 

nitrosyls results from the effective intermixing of strong Resf π → π* transition(s) with 

metal nitrosyl transitions responsible for NO photorelease. The utility of the dye-

tethered Ru nitrosyls in combating malignancy was demonstrated in vitro. When MDA-

MB-231 human breast cancer cells were incubated with the Resf-tethered Ru nitrosyl 

[(Me2bpb)Ru(NO)(Resf)] (7), uptake of the NO donor was visualized by the red 

fluorescence of the diamagnetic NO-bound nitrosyl. No loss of viability was observed 

when these cells were kept in the dark. However, exposure of the cells to visible light 

(300mW) for 1 min was followed by the immediate release of NO from 7 and the 

eventual apoptosis of the cells after 6 h (as indicated by DNA fragmentation and cell 

wall blebbing). Complete loss of viability was noted within 24 h. These results 

demonstrate that selective NO delivery to malignant sites can be achieved with 

designed metal nitrosyls under the complete control of light. Another advantage of the 

dye-tethered nitrosyls is the ability to track their bio-distribution of down to the cellular 

level and monitor NO photorelease by the loss of the fluorescent signal. Upon NO 

photorelease, the diamagnetic Ru nitrosyl is converted into a paramagnetic Ru(III) 
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photoproduct that quenches the fluorescence of the attached Resf. We have recently 

reported an improved system that demonstrates ‘turn on’ fluorescence following NO 

photorelease from [Ru(Me2bpb)(FlEt)(NO)] (8, Figure 1.7) in aqueous media due to 

solvent assisted-displacement of the weakly bound dye, fluorescein ethyl ester (FlEt), 

from the aquated Ru(III) photoproduct.157 The free FlEt fluorophore demonstrates a 

dramatic rise in fluorescence compared to the dye conjugated nitrosyl, 8, providing a   

‘turn on’ signal for NO photorelease in aqueous (biological) solutions. 

1.7 NO-Delivery Systems 

There has been considerable long-term interest in the development of NO-

delivery systems that can be used to localize NO-donors to a targeted site, modulate 

the kinetics of NO release from molecular stores, and minimize potentially cytotoxic 

interactions between NO-donors or their reaction-products and the treatment site.115,158 

Since NO is short lived, highly reactive and diffuses only a short distance in vivo, NO-

Figure 1.7. “Turn on” fluorescence upon NO photorelase from 

[Ru(Me2bpb)(FlEt)(NO)] (8) in aqueous media. 
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donors have been incorporated into various biocompatible matrices that can be applied 

directly to the treatment site and localize the desired amount of the NO-donor in 

proximity of the downstream target(s). Numerous NO-donating composite materials 

have been reported using a range of biocompatible scaffolds, including fabricated 

biomolecules, dendrimers, liposomes, inorganic and organic nanoparticles, 

semiconductor quantum dots, carbon nanotubes, and mesoporous ordered 

materials.115,116 Biological molecules, such as fibrin and herapin, have been 

functionalized with NO-donating groups and processed to afford an NO-releasing 

material that that can be coated onto implantable medical devices in order to prevent 

biofouling.159 The appendage of N-diazeniumdiolate groups to cross-linked 

polyetheleneimine microspheres was reported to extend the half-life of NO-release to 

51 hours.160 Application of the microspheres to vascular grafts prevented thrombosis 

and restenosis formation in animal models. Similarly, bovine serum albumin (BSA) can 

be covalently modified to bear multiple RSNO groups, which possess vasodilatory and 

anti-adhesive properties.161 The advantages of this material include the avidity of the 

sub-endothelial matrix for albumin, a long half-life in vivo, and the ability of S-

nitrosothiols to serve as a local depot of NO via trans-nitrosation reactions mediated by 

low-molecular-weight S-nitrosothiol intermediates. Sol-gel chemistry provides a 

convenient route for the incorporation of S-nitrosothiol and N-diazeniumdiolate NO-

releasing groups into a readily cast silica matrix for the coating of implanted devices 

and sensors.162 Sol-gel derived from the co-condensation of an amine functionalized 

silane, N-(6-aminohexyl)-N-aminopropyltrimethoxysilane, and an 
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alkyltrimethoxysilane, isobutyltrimethoxysilane, was used to coat medical-grade 

stainless steel  implants with a thin layer of silica containing covalently tethered 

primary amines.163 Following curing and drying, the free amine were exposed to NO(g) 

forming NO-releasing N-diazeniumdiolate groups. The tissue surrounding the N-

diazeniumdiolate functionalized implants demonstrated reduced foreign body response 

and improved vascularization in a rat model.164 Although the NO released from such 

coatings has been reported to reduce biofouling of indwelling devices, the brittleness 

of dehydrated sol-gels can result in potentially fatal fragmentation making such 

coatings inappropriate for vascular implants.115 However, it may be possible to improve 

the durability of sol-gels by blending or coating them with appropriate biocompatible 

materials, such as polyurethane (described in Chapter 2).165  

Porous materials, such as silicate-based molecular sieves and aluminosilicate-

based zeolites, are an attractive option as carriers for NO-donors since the 

silicate/aluminosilicate matrices are chemically and biologically inert and exhibit no 

toxicity in the body.166 One of the first NO-donating porous materials was described by 

Wheatley and co-workers in 2006 and was constructed by the coordination of NO to 

Co- or Zn-exchanged sites in a zeolite-A framework.167 The Zn-substituted zeolite-A 

had a NO adsorption capacity of 1 mmol of NO per gram of zeolite-A and demonstrated 

quantitative release of the adsorbed NO over a period of ∼40 min from the hydrolysis 

of the metal-NO bond in the presence of moisture-rich air. Unfortunately, the 

inexorable release of NO from this material under biological conditions is not suitable 

for the delivery of cytotoxic doses of NO in the treatment of infection and neoplasia. 
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Since the biological effects of NO are strictly dependent on the site, rate, and duration 

of NO-release, NO-delivery systems that are responsive to stimulation by 

extracorporeal sources, such as electromagnetic fields, light, or ultrasound, are well 

suited for the therapeutic delivery of NO to diseased sites throughout the body.115 

Furthermore, the stable microenvironment provided by the material scaffold ensures 

that the photochemical release of NO will proceed in a predictable manner with 

reliable, sustained pharmacokinetics that are unaffected by physiological parameters 

such as temperature, pH and ionic strength.168 In particular, light provides a convenient, 

orthogonal stimulus for activating matrix confined therapeutic agents with excellent 

spatiotemporal control.169 

1.7.1 NO-releasing Iron-oxide Magnetic Nanoparticles  

Magnetic iron-oxide nanoparticles (MNPs) are often used as smart drug 

delivery vehicles to carry and deliver surface attached ligands or pharmaceutical agents 

embedded within the iron-oxide matrix for certain biomedical applications.170 Magnetic 

nanoparticles can potentially be guided to a targeted site within the body using a 

focused magnetic field in order to deliver bioactive agents directly to the desired site. 

Seabra et al. have recently reported an iron-oxide nanoparticle-based device as a new 

strategy for the targeted delivery of NO for biomedical applications (Figure 1.8).171 A 

co-precipitation technique with ferric and ferrous chlorides under alkaline conditions 

was used for the synthesis of Fe3O4 MNPs. The washed MNPs were then suspended in 

oleic acid which coated the surface of the particles, and later, exchanged with two 
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different thiol-containing dicarboxylic acid ligands: mercaptosuccinic acid (MSA) or 

2,3-dimercaptosuccinic acid (DMSA) in a 1:40 solution of MNP:SA, producing stable 

aqueous dispersions of thiolated nanoparticles (SH-MNPs). Nitration of the free thiol 

(SH) groups by the way of nitrous acid produced S-nitrosothiol modified dicarboxylate 

ligands on the surface of MNPs. The NO-releasing MNPs demonstrated room-

Figure 1.8. Schematic of mercaptosuccinic acid (MSA) or dimercaptosuccinic acid 

(DMSA) functionalization of Fe3O4 nanoparticles. The thiolated nanoparticles were 

then S-nitrosated by incubation in acidic sodium nitrite, forming NO-donating S-

nitroso-MSA or S-nitroso-DMSA-Fe3O4 nanoparticles. Localization of the 

nanoparticles in a culture of human lymphocytes was achieved using a focused 

magnetic field and demonstratied site specific cytotoxicity with the NO-donating 

formulation.171  
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temperature superparamagnetism and produced 160 mmol L-1 of NO in aqueous 

solution at 25oC which can be enhanced in the presence of visible light. The 

cytotoxicity of SH-MNPs and NO-releasing MNPs were evaluated against human 

lymphocytes by 1 h incubation in solutions containing 0.1 mg mL-1 MNPs and 

produced a 20-30% inhibition of cellular growth. The results of this work indicate that 

NO-releasing MNPs may provide a useful platform for NO-delivery in biomedical 

applications, such as a radio-sensitizer for the treatment of neoplasia. 

1.7.2 NO releasing Gold Nanoparticles 

The use of gold nanoparticles (GNPs) as drug delivery vehicles relies on of the 

enhanced permeation and retention (EPR) effect to localize and then release therapeutic 

molecules within neoplastic tissue.172 Due to the rapid growth of certain tumor masses, 

the vascularization of the tumor body takes place in a rapid uncontrolled fashion and 

demonstrates enhanced permeation compared to healthy vasculature. GNPs that meet 

the minimal biomedical requirements of small size, water solubility, and stability are 

expected to permeate through the leaky vasculature of tumor masses and be retained 

within the tumor tissue where they can release their drug payload. The high surface to 

volume ratio and water solubility of GNPs provides an efficient light harvesting center 

for the transfer of photo-energy to surface functionalized ligands. Sudhesh et al. have 

recently reported the photoactivated release of NO from gold nanoparticles (GNPs) 

containing surface-bound 2-mercapto-5-nitro benzimidazole (MNBI) ligands (Figure 

1.9).173 An alkaline solution containing tetrachloroauric acid stabilized with 2-
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mercapto-5-nitro benzimidazole was rapidly stirred for 1 h, and then, reduced by the 

addition of NaBH4, in order to precipitate MNBI-GNP. Surface-attached 

benzimidazoles act as bridging ligands between the light-harvesting gold core (7 nm) 

and appended nitro groups facilitating nitro-to-nitrite photo-rearrangement and O-NO 

bond rupture to produce a phenoxy radical and release NO. The absorption spectra of 

MNBI-GNPs demonstrated a decrease in intensity in a photoband centered at 350 nm 

after continuous illumination with visible light, indicating that the photochemical 

transformation of the NO2 group resulted from the transfer of photo-energy from the 

gold core. The concentration of NO released from 0.5 ml MNBI-GNP (4 µg mL-1) 

Figure 1.9. 2-mercapto-5-nitro benzimidazole functionalized gold nanoparticles 

released NO upon visible-light irradiation. Increased cytotoxicity was observed in a 

culture of human cervical cancer cells upon illumination of the NO-releasing 

GNPs.173  
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under irradiation with a 40 W fluorescent lamp was 22 µM NO, as measured using the 

Griess reagent. The 95% cytotoxic dose of MNBI-GNP under irradiation with a 40 W 

fluorescent lamp against human cervical cancer cells was 80% lower (by weight) than 

that of the common cancer drug cisplatin. Of note, the 95% cytotoxic dose of MNBI-

GNP also demonstrated 60% cytotoxicity in the absence of light indicating an inherent 

toxicity of MNBI-GNP independent of NO release. Ramla et.al have reported the anti-

tumor effects of benzimidazole compounds and concluded that the cytotoxic effect is 

mainly due to interactions with the nitro group.174 

1.7.3 NIR Activated Up-Converting Nanocrystals 

Although considerable interest exists in the development of photoactivated NO-

delivery methods, there are relatively few photochemical NO precursors with sufficient 

adsorptivity in the visible to NIR region (where tissue penetration is the greatest) to 

drive NO-releasing photoreactions at an adequate rate.175 In order to enhance the rate 

of photoactivated NO-release, strongly absorbing molecular and supramolecular 

assemblies can be conjugated to photochemical NO-precursors to function as light 

harvesting antennae and provide the necessary photo-energy to drive NO-release.176 

Semiconductor quantum dots (QDs) have been used for such purposes due to their high 

adsorptivity in the ‘phototherapeutic window’ (600-1000 nm), large two-photon 

absorption cross-sections, tunable spectral properties, and readily functionalized 

surfaces for the binding of targeting and passivating ligands.177 Ford and co-workers 

have conjugated a cationic, dinitrito Cr(III) complex, trans-[Cr(cyclam)(NO2)2](BF4) 

(9), to a water soluble CdSe/ZnS core/shell QD by exploiting electrostatic interactions 
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with the negatively charged QD surface (Figure 1.10).178 Although the Cr(III) complex 

is only weakly absorbing in the near-UV and visible light regions, the photo-release of 

NO from 9 upon illumination with < 460 nm light increased 15-fold after conjugation 

to the semiconducting QDs. The enhanced NO release from 9 was attributed to energy 

transfer through a FRET type mechanism from the conduction band of optically excited 

QDs to a slightly lower energy band corresponding to the excited quartet state of the 

ion-paired Cr(III) complex. Then, internal conversion to the lowest-energy, reactive 

9 

Figure 1.10. A cationic Cr(III) nitro complex (9) was electro-statically absorbed 

onto the anionic surface of dihydrolipoic acid functionalized CdSe/ZnS core/shell 

quantum dots (QDs). The photo-luminescent QDs functioned as a light-harvesting 

antennae that transferred sufficient visible-light photo-energy to the Cr(III) complex 

to promote a NO-releasing photoreaction.178 
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doublet state results in the labilization of NO from the Cr(III) complex. This proof-of-

concept study provides a useful technique for sensitizing NO photo-donors using QDs 

as light-harvesting antennas.  

The quest for NIR promoted NO-delivery techniques in recent years has 

recruited innovative modes of photoexcitation, in addition to new materials. Ford and 

Zhang et al. have reported on NaYF4 nanocrystals doped with lanthanide cations that 

up-convert 980-nm laser light (from a NIR diode laser) into the UV and visible range.179 

These up-converting nanocrystals (UPNCs) were first coated with silica, then 

functionalized with terminal amines, and finally conjugated to RBS to afford 

UPNCs@SiO2-RBS, a composite material that releases NO upon irradiation with 980-

nm NIR light in aqueous solution (pH 5). A modification of this NO-donating system 

has recently been reported by the same workers. The system consists of a 

polydimethylsiloxane disk containing UPNCs that have been infused with RBC to 

afford NO releasing PD_UPNC_RBS. 180 An unique experimental setup employing a 

light filter composed of porcine tissue was used to determine the ability of 

PD_UPNC_RBS to release physiological relevant doses of NO at subcutaneous 

locations upon irradiation with an extracorpeal source of NIR light.  Irradiation of the 

disks with 980 nm light for 10 to 80 s through the tissue filter generated 18 to 4,200 

pmol NO, demonstrating the utility of the device as a subcutaneous photo-controlled 

NO-delivery system. Taken together, these results indicate that novel composite 

materials with incorporated metal nitrosyls combined with innovative techniques for 
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photo-activation could provide breakthrough treatment modalities for the photo-

controlled delivery of NO. 

1.7.4 NO-donating Material Composites with Incorporated Metal Nitrosyl 

Although a variety of compounds exhibit accelerated NO-release under visisble 

light, many of these compounds are sensitive to other biological stimuli preventing 

their use as light-controlled reservoirs for NO-delivery systems.115 Metal nitrosyls have 

been reported by our group and others, especially {Mn-NO}6 and {Ru-NO}6 

complexes, that stably bind NO as a ligand under physiological conditions, until 

excitation by visible and NIR light.114 The encapsulation of these metal nitrosyls in 

various biocompatible matrices has afforded composite materials capable of delivering 

NO to a targeted site under the strict control of light.116,181 For example, Borovik and 

co-workers functionalized the phenolato ring of a salen ligand coordinated to 

[Ru(Cl)(P-salen)(NO)] (10) with an ether-linked styryloxy unit containing a terminal 

vinyl group.182 Copolymerization of the vinyl group of 10 with methacrylate monomers 

formed a covalent tether between the Ru nitrosyl and the polymerized methacyralate 

matrix, affording P-10 (Figure 1.10). Although the encapsulation technique resulted in 

slightly slower NO release kinetics, the composite material, P-10 does not exhibit 

recombination of the released NO even in coordinating solvents (e.g., MeCN or H2O). 

In phosphate buffer, P-10 readily delivers NO to reduced myoglobin upon exposure to 

visible light. Gomes and coworkers reported the encapsulation of trans-

[Ru(NO)(NH3)4(py)](BF4)3 (11) in PLGA particles via a double emulsion process, 

which, unfortunately, suffered from a low encapsulation efficiency (maximum 30%) 
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and a polydisperse particle size (avg. diameter of 1.6 mm).183 Schiller and co-workers 

reported the incorporation of a {Ru-NO}6 complex, [RuCl(impb)(NO)] (12),  

containing a N-methyl imidazole derivative of H2bpb into poly(L-lactide-co-D,L-

lactide) nanofibers with the aid of electrospinning.184 Non-woven scaffolds derived 

from such fibers release NO upon illumination with UV light (366 nm) and exhibit low 

toxicity against 3T3 mouse fibroblasts.  

1.7.5 Site-specific Delivery of Photo-controlled NO  

In order to deliver NO in a site-specific manner, we have incorporated our 

designed photoactive metal nitrosyls into various polymer matrices to produce 

nitrosyl–polymer composites.169 Optically transparent and NO permeable materials 

were selected as hosts to minimize inhibition of the quantum efficiency and rate of NO 

Figure 1.10. Copolymerization of the vinyl group of [RuCl(P-salen)(NO)] (10) in a 

methacyralate matrix afforded the photoactive NO-donating material P-10. 

60 
 



release from the incorporated metal nitrosyls. Furthermore, to ensure the therapeutic 

utility of the nitrosyl composites, the host matrices were limited to those with known 

biocompatibility. The mild reaction conditions of sol-gel chemistry and the ability to 

control important properties, such as the optical transparency, biocompatibility, 

chemical and thermal stability, and morphology, was used for the encapsulation of the 

highly efficient NO donors [Mn(PaPy3)(NO)](ClO4) 3 and [Mn(PaPy2Q)(NO)](ClO4) 

4, in an inert silica matrix (Figure 1.11).150,185 The transparent and flexible green 3.SG 

and maroon 4.SG patches were coated with a layer of polyurethane, a biocompatible 

and NO permeable polymer, to inhibit leaching of the incorporated nitrosyls and their 

photoproduct(s) while permitting NO(g) diffusion. Precise spatial control of NO-release 

from the composite materials was evident when a photomask was placed in between  

Figure 1.11. (a) Change of colour due to photorelease of NO upon exposure of 3 • 

SG to visible light (10 mW). (b) Spatial control on light-triggered NO release shown 

with a patch of 3 • SG using a shamrock photo-mask placed between the patch and 

the light source. 
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the light source and the sol–gel patch. Sol–gel encapsulation of the nitrosyl resulted in 

only modest inhibition of the quantum yield of NO release for both nitrosyls. For 

example, irradiation of aqueous solutions containing thin disks of the composite 

materials with low-power (10mW) visible light resulted in rapid NO-release with 

quantum efficiencies of φ532  = 0.25 for 3.SG and 0.55 for 4.SG, comparable to those of 

the free nitrosyls, φ550 = 0.38 and 0.69 for 3 and 4, respectively (measured in H2O, 

10mW of 550 nm light).150 Exposure of 4.SG to 40 mW of 780 nm monochromatic 

light readily nitrosylated reduced myoglobin in physiological buffer, while 3.SG 

demonstrated a considerable reduction in NO-release rates in the NIR region. The {Mn-

NO}6 sol-gel composite, 4.SG, represents the first reported example of an NO-releasing 

material derived from a photoactive metal nitrosyl that could be activated with NIR 

light.  

Although NO exhibits strong antimicrobial activity in the treatment of chronic 

infections by Gram-positive, Gram-negative, and antibiotic-resistant bacteria, photo-

activation is generally not amendable to the treatment of microbial infections in deep 

tissue and body cavities, especially in cases of pneumonia and UTI.186 Av-Gay and co-

workers have reported the extended release of high doses (5 mM to 166 μM) of NO(g) 

from NO-impregnated Foley urinary catheters which was sufficient to prevent bacterial 

colonization and biofilm formation on the catheter surfaces, and inhibit the growth of 

E. coli in the surrounding media.187 In order to target NO-release to remote sites under 

the complete control of light, an endoscopic device was constructed by casting a small 

(4 mm in diameter and 5 mm in length) cone-shaped, sol-gel monolith containing 
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embedded [Mn(PaPy3)(NO)](ClO4) (3) on the polished end of fiber-optic line, and then, 

coating the monolith with a thin layer of polyurethane.188 When the free end of the 

fiber-optic line was coupled to a light source, light was guided through the line to the 

sol-gel tip and activated NO-release from the embedded {Mn-NO}6 complex. When 

the endoscope was immersed in narrow tubes containing bacterial cultures, and 

illuminated with light guided through the fiber optic line, a high dose (5 μM)  of NO 

was released from the sol-gel tip for 10 min causing almost complete eradication of 

clinically significant (105 CFU mL-1) loads of S. aureus, P. aeruginosa, and E. coli. 

These results demonstrate the utility of this modality of remote NO-delivery for the 

treatment of infections by Gram-positive and Gram-negative bacteria in subcutaneous 

and deep tissue (such as infected body cavities in ventilator-related infections), while 

avoiding common issues that can arise during the administration of NO(g). 

Hydrogels based on poly(2-hydroxyethyl methacrylate) (pHEMA) are widely 

used in biomedical applications, especially as dressings for tissue burns, owing to their 

excellent oxygen permeability, as well as their capacity to adsorb wound exudate and 

retain moisture in the wound bed. 166 In addition to the beneficial effects provided by 

pHEMA dressings, the delivery of NO directly to the wound site has been shown to 

accelerate the healing process by accelerating angiogenesis and increasing the 

production of extracellular matrix, in addition to its antimicrobial properties.189 In order 

to combine the beneficial effects of NO and pHEMA dressings on the wound healing 

process, the photoactive Mn nitrosyl, [Mn(PaPy3)(NO)](ClO4) 3, has been incorporated 

into a pHEMA matrix along with methylene blue (MB; a light-activated singlet oxygen 
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generating photosensitizer). The composite material was cut into thin disks to afford 

3MB·pHEMA.190 Upon illumination with visible light, 3MB·pHEMA released a 

combination of NO and singlet oxygen, which is thought to rapidly form RNS, with 

potent antibiotic activity against liquid cultures of P. aeruginosa and E. coli. Although 

patches of 3MB·pHEMA provide an effective NO-releasing wound dressing, the 

composite material required a coating of polyurethane to retain the metal nitrosyl and 

its photoproduct(s) within the porous hydrogel matrix. This requirement was 

circumvented in another approach to incorporate the photoactive {Ru-NO}6 nitrosyl, 

[(Me2bpb)Ru(NO)(4-vpy)](BF4) (11) containing the tetradentate ligand frame 

Me2bpb2-and 4-vinylpyridine (4-vpy) as the sixth ligand, trans to NO. 191 The stable, 

NO-donating material, 11·pHEMA, was formed by the radical-induced 

copolymerization of the 4-vpy ligand of 11 with HEMA and 

ethyleneglycoldimethacrylate (a cross-linker), which covalently attached the nitrosyl 

to the cross-linked polymer backbone. The nearly transparent 11·pHEMA composite 

readily released NO upon exposure to low-power UV light (5mW) while securely 

retaining the NO-donor and its photoproduct to the polymer backbone. Since NO is 

known to accelerate wound healing, the pHEMA–nitrosyl composites could serve as 

excellent wound dressings with strong wound-healing properties, in addition to light-

controlled antibiotic properties. 
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1.7 Thesis Outline 

A variety of nitrosyl–material conjugates have been reported by our group that 

demonstrate light-controlled NO-release and stability under physiologically relevant 

conditions. Based on early results of the antimicrobial properties of such materials 

demonstrating their antimicrobial activity against pathogenic bacteria, the work 

presented in this thesis was aimed towards further improving and demonstrating the 

biomedical utility of NO-donating composite materials containing photoactive 

nitrosyls for the light-controlled delivery of NO to sites of infection. In the first set of 

materials reported by our group, sol–gel (SG) chemistry (employing silicon alkoxides) 

was utilized for entrapping photo-active nitrosyls. Evaporation of solvent from the 

pores of SG materials (e.g. 3·SG or 4·SG) affords a brittle, glass-like silica xerogel that 

is highly susceptible to fragmentation. In chapter 2, a method is described for utilizing 

the solvent-evaporated xerogels to prepare NO-donating polyurethane films with 

dispersed xerogel particles containing up to 3 mol% of 3 entrapped in a silica matrix 

and swelled with excess moisture.  The uncured viscous mixture of polyurethane and 

xerogel particles was spin-cast onto glass slides forming a thin layer that was allowed 

to cure for 16 h, and then, dip-coated with an outer, passive layer of polyurethane. The 

resulting flexible green film (PUX-NO) rapidly releases NO under irradiation with 

visible light (300 mW cm2). When PUX–NO films containing various concentrations 

of 3 were placed over nutrient-rich agar plates inoculated with 105 CFU mL-1 of various 

bacterial pathogens common to skin and soft-tissue infections (including a strain of 
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methicillin-resistant S. aureus) and then illuminated for 1–2 h, a dose-dependent 

decrease in bacterial colonies was observed.  

Mesoporous silicates are an attractive option for immobilizing photo-active 

nitrosyls for NO administration since the silicate matrix is chemically inert and does 

not react with gaseous free radicals. Chapter 3 details the incorporation of a photoactive 

Mn nitrosyl (3) in the mesopores of a MCM-41 type silicate. To increase the interaction 

between 3 and the MCM-41 pore walls, an aluminosilicate-based material (Al-MCM-

41) was used with 3 mol% AlIII substituted for tetrahedral SiIV sites, which introduced 

negative point charges that electrostatically interact with the cationic nitrosyl. 

Homegenous loading of 25 wt.% 3 throughout the hexagonally packed, uni-

dimensional pores of Al-MCM-41 was determined using various analytical techniqus 

including ICP-MS, FAAS, PXRD, N2 sorption isometry, UV-vis DRS, FTIR, and 

SEM-EDX. Exposure of 3@Al-MCM-41 to visible light of similar intensity to sunlight 

on a bright day (100 mW cm-2) released high fluxes of NO that effectively eradicated 

a multi-drug resistant strain of Acinetobacter baumannii. In another study, described in 

Chapter 4, the powdery material was used to demonstrate the effect of NO on the 

dimorphic fungal pathogen, Candida albicans. Since the virulence of C. albicans is 

dependent on the ability of the fungus to switch growth from an ovoid yeast form to an 

elongated hyphal form, careful studies on the dose-dependent effect of NO released 

from 3@Al-MCM-41 on morphologically pure cultures of C. albicans in the yeast and 

hyphal forms have revealed that the hyphal form is more susceptible to NO. Results of 

this work suggest that photo-activated NO-donating materials of this type could prevent 
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commensal populations of C. albicans from invading vulnerable tissue by blocking the 

over-growth of the tissue penetrating hyphal form of the fungus.  
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2.1 Background  

Skin and soft-tissue infections (SSTI) can be extremely problematic in open 

cutaneous wounds arosomg from traumatic injury or surgical procedures.1 Such 

wounds compromise the integrity of the epidermis and serve as an open portal for the 

colonization of the underlying cutaneous and soft-tissue layers by pathogenic microbes. 

Although the presence of colonizing microbes usually has no immediate clinical 

significance on the outcome of the wound, their unabated growth can severely disrupt 

the wound healing process causing abnormal tissue repair such as aberrant scarring, 

non-healing chronic wounds, or tissue necrosis.2 The ability of a microbial population 

to progress from colonization to infection is dependent on the inoculum size and 

virulence but inhibited by the competency of the local and systemic host defenses.3 

However, in certain cases of skin and soft-tissue injury such as those that present certain 

anatomical deficiencies (e.g. avascular tissue burns or neuropathic diabetic ulcers) or a 

concurrent health condition (e.g. immunodeficiency or peripheral vascular disease), the 

limited potential for a sufficient immune response often necessitates clinical 

intervention to mitigate the almost certain onset of infection.  

One of the most important aspects of wound care is the expeditious and proper 

dressing of the wound, which can facilitate rapid hemostasis and protect the open 

wound site from further contamination or trauma.4 Although wound dressings were 

initially designed to act solely as a protective barrier against further damage and 

infection, their passive role in wound care rapidly transformed following a seminal 

report by Winter in 1962.5 In order to assess the effects of moisture retention on the 
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healing process of open cutaneous wounds, he observed the progress of two superficial 

incisions on the back of a porcine model, one covered with a moisture impermeable 

polyethylene film and the other left uncovered. In addition to providing protection from 

external contaminates, the polyethylene films dramatically decreased the moisture 

vapor transmission rate (MVTR) from the wound bed which caused a significant 

change in the physiology of the healing process compared to the exposed wound. 

Histological examination of the incisions 24 h post-wounding demonstrated that the 

exposed wound underwent severe dehydration of the wound bed and several layers of 

the dermis while the occlusive film retained a high level of moisture in the wound bed 

and maintained the viability of the underlying tissue including a healthy population of 

basal cells attached to an intact basement membrane. The high moisture content of the 

occlusively dressed wound greatly enhanced the degradation of the collagen bundles 

by matrix metalloproteinases secreted during the advancement of autolytic leukocytes 

through the granular tissue and facilitated the subsequent migration of keratinocytes. 

In order to restore the epidermis, basal cells detach from the basement membrane and 

differentiate into a migratory keratinocyte cell type which follow the leukocytic front 

towards the surface of the wound. Upon reaching the last layer of granular tissue with 

adequate moisture to support re-epithelialization, keratinocytes differentiate and form 

cellular contacts characteristic of a healthy epidermis. The regeneration of the 

epidermis at the wound surface accelerates maturation of the underlying granular tissue 

through the activity of autolytic macrophages and migratory keratinocytes which 

transform the randomly oriented ‘mat’ of type-III collagen granules into an organized 
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matrix of cross-linked type-I collagen fibrils that are aligned with the tension lines of 

the peripheral tissue. This new extracellular matrix will eventually support a cellular 

population similar to the surrounding tissue and reach a tensile strength of >80% of the 

pre-wound site.6 Such processes are inhibited in the exposed wound as a result of the 

thick, rigid granular layer formed by the dehydration of the wound bed and several 

layers of the underlying dermis. Since the dehydrated incision lacks a viable basement 

Figure 2.1 – Wound re-epithelialization under moist conditions produced by an 

occlusive film dressing was 99% complete after 3 days post-wounding (left), while 

re-epithelialization under dry conditions resulting from the exposure of the wound 

to the air was only 41% complete after 3 days post-wounding (right). The depictions 

illustrate the observations reported by Winter on the enhanced re-epithelialization 

of superficial wounds in a procine model as a result of wound occlusion using a 

polyethylene film. Adapted from Ref 5. 
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membrane, re-epithelialization occurs through the lateral migration of keratinocytes 

from the perphieral tissue through the outer layer of hydrated dermis across the 

epidermal gap. As the keratinocytes migrate underneath the impenetrable scab covering 

the wound bed they must degrade the ECM of the healthy tissue to prepare a wound 

bed that will support the repair process, resulting in a considerable delay of re-

epithelialization compared to that of the hydrated wound (Figure 2.1). The enhanced 

mobility of keratinocytes at the surface of occluded wounds increases the rate of re-

epithelialization nearly two-fold. Recent clinical evidence has shown that the increased 

moisture content of occluded wounds poses no significant risk of infection, in contrast 

to previous assumptions which discouraged the use of occlusive films for nearly two 

decades after Winter’s report.  

Since the first report by Winter on the ability of occlusive film dressings to 

retain moisture in the wound bed and increase the rate of re-epithelialization in Porcine 

models, numerous clinical studies using human patients have produced similar results 

with the preponderance of current evidence demonstrating that occlusive dressing of 

acute wounds increases the rate of re-epithelialization by ~40%.7 However, a lack of 

evidence from well executed and unbiased clinical trials have prevented a reliable 

analysis of the benefits and risk of occlusive dressings for chronic, non-healing 

wounds.3 One well designed, moderate sized clinical study found that occlusive 

dressing of venous leg ulcers enhanced the formation of healthy granular tissue in the 

wound bed by 81% while only 46% (19 out of 36) of patients treated with occlusive 

dressings demonstrated enhanced ulcer re-epithelialization.8 These results suggest that 
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occlusive dressing of chronic wounds may be beneficial in promoting tissue granulation 

and remodeling, but less effective for promoting re-epithelialization. This could result 

from the accumulation of senescent fibroblasts (common cellular phenotype in chronic 

wounds that is unable to replicate and shows altered functionality) that produce 

dramatically lower levels of epidermal growth factors (EGF), effectively halting 

keratinocyte proliferation despite the presence of a well granulated wound bed.9 

In order to induce re-epithelialization in such wounds, the impregnation of EGF 

and other growth factors (GFs) into primary dressings that exchange fluids with the 

wound bed in combination with a secondary occlusive film dressing may be a 

promising method for inducing re-epithelialization in chronic wounds that fail to heal 

under moist conditions alone.10 However, the clinical use of GF-based therapy in 

wound care is still limited by an inadequate understanding of the cellular and molecular 

abnormalities that occur in chronic, non-healing wound, as well as the limitations of 

current delivery methods which lack the ability to deliver a precise dose of GFs to the 

desired target.  and targeting of exogenous GFs to the desired receptor and/or cell 

type.10 Some of the major technical hurdles in developing a successful delivery 

platform for GFs include the degradation of GFs by proteolytic enzymes that are 

present in high concentrations in the exudant of chronic, non-healing wounds, the 

required in situ activation of GFs by matrix metalloproteinases and/or hetero/homo-

dimerization with protein activators such as herapin, and the multiple receptors and/or 

cell types that are responsive to a single GF.11 A thorough understanding of the 

temporal and sequential requirements of single or, preferably, multiple GF therapies is 
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also needed as many GFs can generate signal cascades that affect multiple downstream 

cellular processes when appropriate feedback is not provided.12 Most clinical 

investigators agree that the GF therapy is a promising treatment for restoring normal 

cellular function in chronic, non-healing wounds,13 but they also agree that it should be 

pursued with the utmost care since many of the same growth factors required for proper 

wound healing are also implicated in carcinogenesis.14 Therefore, future work should 

focus on identifying wound healing–specific pathways and the development of GF 

delivery methods capable of the precise activation of those pathways.15 

Another signaling molecule with a complex role in nearly all phases of wound 

healing is nitric oxide (NO). The central role of NO in the re-epithelialization process 

has been demonstrated by the following observations: (a) keratinocyte proliferation is 

iNOS-dependent (inducible nitric oxide synthase) as revealed by the limited replication 

of keratinocytes following L-NAME supplementation (L-NG-Nitroarginine methyl 

ester, an iNOS inhibitor),16 (b) exogenous NO induces keratinocyte proliferation and 

differentiation to a locomotive phenotype,17 and (c) wound re-epithelialization 

proceeds at an [NO] dependent rate (with potential mediation through downstream 

vascular endothelial growth factor (VEGF) signaling).18 Clinical evidence for the 

ability of NO to induce re-epithelialization in humans was demonstrated, anecdotally, 

by a case study that investigated the effect of NO therapy to treat a non-healing venous 

leg ulcer that had shown no response to 2 years of prior, best available treatment.19 

Healthy granular tissue was observed on the surface of the ulcer after just 3 days of NO 

therapy delivered over eight separate one hour treatment courses involving enclosure 
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of the wounded leg in an inflatable plastic boot which was flushed at a rate of 1.0 L 

min-1 with 200 ppm NO(g). On day 14, the wound became almost completely re-

epithelialized at which point treatment was discontinued. However, the wound 

continued to progress and was declared clinically healed 26 weeks after the start of NO 

therapy (normal healing times are much longer for similar sized chronic wounds). In 

addition to its effect on epidermal regeneration, NO is also a vital signaling molecule 

for coordinating the production of extracellular matrix by fibroblasts and has been 

shown to induce collagen synthesis and promote an overall increase in the rate of 

extracellular matrix production through various signaling pathways.20 Another 

important phase of wound healing, contraction, which reduces the size of the epidermal 

gap that must be closed by keratinocyte proliferation and migration, is also NO-

dependent as demonstrated by the delayed contraction of excisional wounds in iNOS 

knockout murine models.21 In light of the multi-faceted role of NO in the wound 

healing process, the measurement of decreased levels of NO metabolites in the exudant 

of non-healing diabetic wounds (compared to properly healing wounds) strongly 

indicates an association at some level between disrupted NO signaling and the delayed 

healing process observed in chronic wounds.22 This association is further substantiated 

by the ability to partially restore the healing capacity of non-healing diabetic wounds 

through an increase in dietary L-arginine (substrate for NO synthesis by NOS).23 

Together these observations indicate a vital role for NO signaling in nearly all phases 

of the wound healing process, and suggest that exogenous NO therapy could be an 

effective treatment to induce healing in chronic wounds or to increase the rate of 
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healing in open wounds that present a significant health-risk due to their potential for 

severe infection or other complications.24  

Similar to the role of growth factors in the wound healing process, NO signaling 

during inflammation and healing is complex and requires precise temporal regulation 

to properly induce the correct sequence of cellular functions involved in wound 

healing.25 Given that disruption in the sequence of wound healing phases can 

precipitate a cycle of dysfunctional cellular activity similar to cellular dysfunction in 

non-healing wounds, it seems possible that unregulated delivery of exogenous NO to 

the wound site (a powerful mediator of cellular function involved all phases of wound 

healing) could produce a similar state of cellular dysfunction.26 In order to address such 

concerns, methods for delivering a precise dose of NO in a temporally and spatially 

controlled manner are required to provide investigators the necessary tools to establish 

a thorough understanding of the cellular and mechanistic effects of exogenous NO on 

the wound healing process.25 Such knowledge is vital for the establishment of safe and 

effective treatment parameters for the development of future NO-based therapies for 

the treatment of SSTI and non healing wounds. Recognizing the lack of NO-delivery 

systems capable of achieving such rigorous demands, the Mascharak lab has performed 

extensive research over the last few years to develop advanced NO-delivery methods 

through the incorporation of photoactive transition metal nitrosyls into stable, 

biocompatible matrices to afford NO-releasing composite materials capable of rapidly 

delivering the desired dose of NO to the targeted site by stimulation with low-power 

visible light.27  
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Through the rational design of multidentate metal chelating ligands, our lab has 

synthesized the stable {Mn-NO}6 nitrosyls, [Mn(PaPy3)(NO)](ClO4)28 and 

[Mn(PaPy2Q)(NO)](ClO4)29, which rapidly release NO upon irradiation with low 

power visible and infrared light, respectively. The incorporation of these nitrosyls in 

optically transparent and NO-permeable matrices has afforded composite materials that 

are well-suited for the site specific, rapid delivery of high doses of NO under the 

complete control of light. In addition, we have utilized robust encapsulating matrices 

to serve as physical barriers to minimize any negative interactions between the 

application site and the metal based complex. Due to the mild reaction conditions of 

sol-gel based chemistry using alkoxysilicates, our laboratory has made extensive use 

of sol-gel chemistry for the encapsulation of photoactive metal nitrosyls within a highly 

stable and biologically inert silica matrix.27 The encapsulation of 

[Mn(PaPy3)(NO)](ClO4) and [Mn(PaPy2Q)(NO)](ClO4) within a silica-gel matrix was 

achieved without degradation of the encapsulated nitrosyl by dissolving the nitrosyls 

in a pre-polymerized solution of tetraethoxysilicate in ethanol and water followed by 

the addition of a mild acid catalyst to promote polymerization of the silicate monomers 

into a sol-gel.30, 29 After gelation the solution, the resulting nitrosyl-gel composites were 

cut into disks and coated with a thin, transparent layer of medical grade polyurethane 

to prevent leaching of the nitrosyl from the sol-gel pores. The sol-gel based 

encapsulation method used for these materials resulted in only modest attenuation of 

the quantum yield values of NO release in comparison to the free nitorysls owing to 

the highly transparent and NO permeable nature of the silica-gel matrix.27 Sol-gel 
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chemistry was also utilized to encapsulate [Mn(PaPy3)(NO)](ClO4) within a sol-gel 

monolith cast on the polished end of a fiber optic line that permitted remote activation 

of the nitrosyl by the transmission of light from the opposite end of the fiber optic line 

to the sol-gel tip.31 To demonstrate the utility of this platform for the treatment of 

infection in internal sites (e.g. urinary tract infections), the nitrosyl-gel tip was 

submerged in a narrow Eppendorf tube containing liquid culture with different 

pathogens which had been grown to the clinically defined confluencey of infection 

(>105 CFU mL-1) and illuminated by a remote light to activitate NO release for ~10 

min. The treated cultures were swabbed onto agar plates along with negative controls 

and incubated for 16 h. The plates were then visually assessed for microbial clearing 

which demonstrated the ability of the photoreleaseed NO to cause complete eradication 

of P. aeruginosa bacterial loads, near eradication of Escherichia coli and methicillin 

susceptible S. aureus, and a significant reduction in methicillin-resistant S. aereus 

(MRSA).  

Although the aforementioned nitrosyl-gel composites demonstrated efficient 

release of NO from functionally well-designed materials, the tendency of the solvent 

to evaporate from the silica-gel interior of the composites during handling resulted in 

the formation of a brittle glass-like material that was highly susceptible to 

fragmentation.29-31 The potential fragmentation of these materials during therapeutic 

application could be detrimental and severely limits the shelf life of the composite 

materials. To address such concerns, we now report a flexible, polyurethane (PU) based 

film containing a dispersion of silica xerogel particles (~100 µm) incorporated with 3 
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mol% of the photoactive Mn-nitrosyl [Mn(PaPy3)(NO)](ClO4) (henceforth abbreviated 

{Mn-NO}6).32 The polyurethane based xerogel-nitrosyl films (PUX-NO) demonstrated 

rapid NO photorelease upon exposure to low-power visible light which was able to 

cause complete eradication of several gram-positive and gram-negative pathogenic 

bacteria including a strain of methicillin-resistant of S. aureus. As described in the 

following sections, the properties of the PUX-NO films serve as a proof of concept to 

demonstrate their utility as a NO-releasing occlusive film for the treatment of SSTI or 

chronic, non-healing wounds. Since the NO-release rate from the films can be 

modulated by simple adjustment of the intensity of the light source, the films could be 

used to first clear the microbial burden from the wound site using high fluxes of NO 

and then provide a moderate, sustained flux of NO through modulation of the 

illumination intensity in order to accelerate the initial phases of the wound healing 

process to induce rapid re-epithelialization and mitigate the potential for recurrent 

infections.10   

Since the desired outcome of wound care is not only the prevention or clearance 

of infection but also complete healing of the wound, methods to deliver antimicrobial 

agents, such as NO, to the wound site should not abate the healing process (unless the 

risk for severe infection is eminent and its clearance must be prioritized). Although NO 

therapy alone aids the wound healing process independent of other treatment factors, 

the maximum benefit to the outcome of the wound will be achieved by merging NO-

delivery systems with clinical standards of wound care, which focus heavily on 

optimizing the wound bed to facilitate and promote re-epithelialization. In discussing 
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the importance of wound bed management in conjunction with the topical 

administration of biological factors, Sibbald et al. stated that:  

“A single biologic factor in a fixed concentration without the ideal local 

wound bed properties will often fail…”33  

In this proof of concept study we focused solely on the synthesis and characterization 

of a single layer polyurethane film that could be used as a primary dressing for low 

exudant, superficial to partial thickness wounds, or as a secondary backing for an 

absorbent, primary dressing. Since the onset of SSTI often results in an abrupt increase 

in wound exudant due to the overexpression of pro-inflammatory cytokines,34 

occlusive dressings for infected wounds usually consist of a primary dressing to absorb 

excess exudant which otherwise could cause peri-wound tissue maceration due to the 

presence of soluble bacterial toxins. To extend the wear time of the primary dressing 

and promote wound occlusion, a secondary polyurethane film backing with an 

appropriately adjusted moisture vapor transmission rate (MVTR) to wick absorbed 

moisture from the wound contacting, primary dressing is often used. 35 The reduced 

frequency of dressing changes limits the exposure of the wound to infectious agents 

and mitigates damage to newly formed wound tissue that often adheres to the primary 

layer. OPSITE® Post-Op Visible is a commercially available, transparent dressing 

manufactured by Smith & Nephew consisting of a polyurethane film backing with an 

adhered lattice structured, absorbent foam pad that allows monitoring of the wound site 

and absorption of moderate exudant over an extended period of time, reducing the 

frequency of dressing changes by 60% compared to standard gauze.36 The use of the 
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PUX-NO formulation for the polyurethane backing of such films could be easily 

achieved allowing for SSTI treatment regimens in which wound and infection progress 

could be monitored before and after NO exposure without disturbing the wound bed.  

 

2.2 Synthesis and Optimization of PUX-NO films 

2.2.1 Encapsulation of [Mn(PaPy3)(NO)](ClO4) in Silica-Xerogel Particles 

The incorporation of [Mn(PaPy3)(NO)](ClO4) ({Mn-NO}6) into a polyurethane 

(PU) film was first attempted without encapsulating the compound into a silica matrix. 

This was pursued by dissolving the nitrosyl in a liquid PU solution, casting the film, 

and allowing it to cure overnight (12 h). The cured films were immediately checked for 

their ability to retain the incorporated nitrosyl within the PU matrix by submersion of 

the film in water which resulted in immediate leaching of the compound from the 

polymer film. In the next phase, the nitrosyl was first entrapped in silica particles that 

were of adequate size for immobilization within the PU matix. A visual schematic of 

the step by step assembly process is shown in Figure 2.3. Assembly of PUX-NO films 

was achieved by first dissolving the desired mass of {Mn-NO}6 (2-18 mg) into an 

aqueous sol of tetramethylorthosilicate (1.15 mL) that had been rapidly stirred until 

homogenized.  The nitrosl-sol mixture was allowed to gelate and the nitrosyl-gel 

composite was then allowed to dry at room-temperature until most of the solvent had 

evaporated to form a brittle glass-like xerogel (48-72 h, depending on the concentration 

of {Mn-NO}6). Next, the green xerogel glass was crushed in a mortar and pestle to 

obtain silica particles ranging from 1–100 µm in diameter. Tecoflex® SG-80A 
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thermoplastic polyurethane (PU) beads composed of alternating soft and hard segments 

of macromolecular tetramethyleneglycol chains (soft) and 4,4-methylenedicyclohexyl 

diisocyanate condensed with 1,4-butanediol (hard) (Figure 2.2) were dissolved in 

tetrahydrofuran (THF) (1g PU to 10 mL, 10%) with stirring until a homogenous, 

viscous liquid was obtained. The silica particles with embedded {Mn-NO}6 were 

finally dispersed into a solution  of 10% PU in THF at ratio of 1:4 by mass 

(xerogel:10% PU in THF) and an aliquot of 400 mg of the final solution was spin-

coated onto round glass slides (22 mm ø). The films were allowed to cure in the dark 

overnight (~12 h) at room temperature affording a flexible polyurethane film. To ensure 

that surface exposed silica particles did not become dislodged from the films or leach 

the nitrosyl to the contacting media during application, the films were dip-coated with 

a thin formulation of 5% PU in THF to passivate the films with an outer layer of non-

medicated polyurethane. The PUX-NO films thus produced are quite flexible and were 

readily cut with a razor blade to any shape. Cross sections of the film were visually 

inspected using bright field microscopy to demonstrate an even dispersion of the silica 

Figure 2.2 – Chemical formula of Tecoflex ® SG-80A thermoplastic polyurethane 

chains, where n is 1 for 1,4-butandiol or macromolecular for the glycol chains. 
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particles throughout the films (Figure 2.3(F), inset). In repeated preparations using the 

above outlined procedure, we obtained ~200 µm thick films although films of greater 

thickness can be assembled. 

 

Figure 2.3 - Schematic of the synthesis of PUX-NO films. (A) [Mn(PaPy3)(NO)]+ 

{Mn-NO}6; (B) {Mn-NO}6 -incorporated into silica xerogel; (C) Crushed xerogel. 

Inset: 100x magnification of crushed silica particles. Scale bar is 40 µm.; (D) Pre-

swelled solution of polyurethane in THF; (E) Crushed xerogel dispersed in 

polyurethane solution; (F) Cured polyurethane disks of PUX-NO on glass support 

containing various amounts of {Mn-NO}6. Inset: 20x magnification of the surface 

of a PUX-NO film showing dispersion of silica particles. Red arrows show 

embedded silica particles. Scale bar is 200 µm. 
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2.2.2 Optimization of the Moisture Content of PUX-NO Films to Achieve 

Maximum NO Release 

In determining the optimal procedure for preparing the PUX-NO films, 

accelerated curing of the films was attempted by baking the freshly cast films in an 

80oC oven for 1 h. The resulting films were notably dry during handling and no 

significant moisture content (q%, section 2.8.2) was measured in the films. 

Additionally, illumination of the dry films with 300 mW of visible light over a period 

of 1 h produced no photorelease of NO as monitored by an NO-sensitive electrode. The 

lack of photoactivity from the dry films can be explained by the role of an outer sphere 

solvent molecule in the {Mn-NO}6 photoreaction. Following photoexcitation of {Mn-

NO}6 in the ground state to an Mn-NO antibonding excited state, an outer sphere 

solvent molecule displaces NO from the inner coordination sphere of the excited state 

complex which rapidly oxidizes in the presence of oxygen to form the Mn(III) 

photoproduct [Mn(PaPy)3(solv)]2+, according to eq (1):28 

[Mn(PaPy)3(NO)]+ + solv + hv  [Mn(PaPy)3(solv)]2+ + NO. (1) 

This observation suggests that the moisture content of the PUX-NO films has a 

significant influence on the NO photorelease capability of the entrapped nitrosyl. 

Therefore, pre-swelling of the polyurethane films was pursued by the addition of 1 mL 

of water into 10 mL of 10% PU in THF with stirring until homogenous followed by the 

addition of the nitrosyl-silica particles. The pre-swelled films were cured overnight by 

storage in the dark at room temperature (~12 h) and then dip-coated in a solution of 5% 

PU in THF. The moisture content (q%) of the pre-swelled films approached 30 wt% 

O2 → 
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while the moisture content of the films prepared without pre-swelling stayed within a 

range of 10–20 wt%.  

The effect of the moisture content from the pre-swelling step on the NO photo-

release capability of the PUX-NO films was monitored using a NO-specific electrode 

(Figure 2.4(A)). The curve labeled ‘‘with water’’ (film pre-swelled with water) reaches 

a steady state of [NO] within 10 min of illumination which is sustained for > 2 h, while 

the curve labeled ‘‘no water’’ (no pre-swelling of film) never reaches a steady state of 

[NO] but instead peaks after 20 min of illumination and then drops off approaching 

baseline after 1 h. We hypothesize that the use of THF (a dehydrating solvent) 37 in the 

fabrication of the PUX-NO film dehydrates the silica particles and reduces the 

hydration shell of the embedded Mn nitrosyl to the determinant of the solvent-

dependent, NO-releasing photoreaction (1). In contrast, pre-swelling of the PU films, 

with saturation of the water adsorption capacity of the hydrophilic silica-xerogel 

particles (> 30 wt% during storage in a moisture saturated atmosphere (100% RH)) 38, 

appears to adequately hydrate the embedded Mn nitrosyl and ensure quantitative NO 

release.39 Additionally, pre-swelling of the polyurethane matrix with water has an effect 

on the rate of NO release from PUX-NO films by altering the permeability of the 

medium to NO. Meyerhoff and coworkers have reported the diffusion coefficient of 

NO (DNO)  in various media.40 For Tecoflex SG-80A solvent cast polyurethane films, 

DNO was found to be 2.74 x 106 cm2 s-1 while for water DNO was 4.8 x 106 cm2 s-1, 

suggesting that films with a higher water content should exhibit enhanced NO 

permeability. Thus, all further preparations of PUX-NO films included the pre-swelling 
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step and all remaining measurements were performed using films prepared with the 

pre-swelling step.  

 

2.3 Light-activated NO release from PUX-NO films 

2.3.1 NO Photo-release Rate and Duration from PUX-NO  

NO photo-release from 5 x 5 mm squares of PUX-NO during illumination with 

300 mW cm-2 white light was measured using an NO-sensitive electrode in 1.5 mL of 

PBS buffer. The rate and duration of NO release from the PUX-NO squares was varied 

by increasing the concentration of {Mn-NO}6 incorporated into the silica-xerogel 

partices but could also be varied by adjusting the intensity of the light source. Upon 

illumination, the PUX-NO squares rapidly released NO for 30–120 min depending on 

the concentration of {Mn-NO}6 in the film. The curve labeled ‘‘with water’’ in Figure 

2.4(A) demonstrates typical release kinetics of a film containing 18 mg of {Mn-NO}6. 

As shown, the film rapidly released NO reaching a peak concentration of ~400 µM NO 

in 1.5 mL of water within 10 min and maintained a steady NO concentration greater 

than 300 µM for 2 h. This volume of water (1.5 mL) was chosen as it represents the 

volume of agar beneath the area covered by the films on the inoculated agar plates (25 

Ml in 90 mm ø plates) used for the antimicrobial assay. Figure 2.4(B) demonstrates the 
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light controlled release of NO from PUX-NO in stirred PBS buffer at 25oC. During the 

first 200 s, the film was left in the stirred solution containing the NO-sensitive electrode 

and kept in the dark to determine whether any NO was released in the absence of light 

Figure 2.4 - NO photorelease (300 mW cm-2) from 5 mm x 5 mm patches of PUX-

NO films containing 18 mg of {Mn-NO}6 measured by an NO-specific electrode 

in PBS buffer at 25oC.  (A) Improved steady-state NO photorelease was observed 

from films fabricated by pre-swelling (with water) the polyurethane. (B) NO 

release was not observed from PUX-NO in the dark for 200 s, however, irradiation 

with brief pulses of light for 4, 8, and 16 s triggered rapid NO photorelease. 
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at room temperature. No response was measured above background until after 200 s 

when the light was rapidly pulsed on and off for the specified time which produced 

bursts of NO as seen by the sharp peaks in the graph shown in Figure 2.4(B). 

2.3.2 Visualization of the Diffusion of NO Released from PUX-NO in an Agar 

Matrix  

The Griess test is an indirect colorimetric test for the presence of NO consisting 

of an aqueous solution containing 0.2% naphthylethylenediamine, dihydrochloride, 

2% sulphanilamide and 5% phosphoric acid that forms a pink azo-dye following 

reaction of sulphanilamide with NO2
-, formed in solution from the autooxidation of NO 

by dissolved O2.41  The Griess solution was incorporated into 20 mL  1.5% (w/v) liquid 

agar (45OC) at a concentration of 0.5% which was poured into 90 mm petri dishes. 

After cooling, the solidified agar was overlayed with 6 mL of 0.7% (w/v) liquid agar 

(45OC) containing 3.2% Griess solution. Illumination of a PUX-NO film on the surface 

of the plate resulted in the formation of the pink azo-dye in the agar which allowed 

visualization of the diffusion of NO released from the film into the surrounding media. 

As seen in Figure 2.5(A), at a dose of 4 mg of {Mn-NO}6 per film, NO released from 

PUX-NO was localized to the agar directly underneath the film and a narrow, faint 

peripheral ring. When the dose was increased to 10 mg of {Mn-NO}6, the boundaries 

of the pink dye spread well beyond the area covered by the patch, and the agar directly 

underneath the film turned pale yellow (Figure 2.5(B)) due to nitration of the azo-dye 

from excess NO in the aqueous gel forming high concentrations of NO oxidation 

products such as N2O5 and HNO2.41 Such results demonstrate that although peripheral 
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effects are seen around the site of application (radius of 2.2 cm), the spreading of NO 

to the surrounding media can be limited by controlling the NO release rate by varying 

the concentration of incorporated nitrosyl or by modulation of the intensity of the 

illuminating light.  

 
The Griess agar plates were also used to check the thermal stability of PUX-

NO at physiological temperature (37oC). This was achieved by placing a film on top of 

a Griess agar plate and transferring the plate with the film to a 37oC incubator for 16 h 

in the dark. The film was then removed from the agar, and the plate was exposed to 

light for 1 h to trigger NO release from any nitrosyl that had leached from the film into 

Figure 2.5 –The diffusion of NO released from PUX-NO films was visualized in 

an agar matrix by the formation of a pink azo-dye from the Griess reagent. (A) 

Area of NO diffusion from a film containing 4 mg of {Mn-NO}6 illuminated for 

20 min. (B) Area of NO diffusion from a film containing 10 mg of {Mn-NO}6 

illuminated for 20 min (300 mW cm-2 visible light). 
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the agar. No pink azo dye was formed using films containing even the highest 

concentration of {Mn-NO}6. These observations demonstrate that NO release from 

PUX-NO can only be triggered by light under physiological conditions and that the 

PUX-NO formulation is effective for immobilizing {Mn-NO}6 within an optically 

transparent and NO permeable material. 

 

2.4 Optimal Storage Conditions for PUX-NO Films 

As discussed in the introduction to this chapter, the motivation for this study 

was to address issues with the long-term stability encountered with prior NO-releasing 

silica-gel based materials reported by this laboratory which became brittle and lost their 

functionality after prolonged handling due to the loss of solvent.29-31 Loss of moisture 

from the PUX-NO films is also the main concern in determining the optimal storage 

conditions for and shelf-life of the films. Such parameters are important to investigate 

as they can affect NO release rates as described earlier. All PUX-NO films were stored 

in 1 L Ziplock ® brand resealable LDPE bags which were wrapped in aluminum foil 

after the contents had been sealed inside and placed in the dark under three different  

storage conditions to determine the optimal conditions to maximize their shelf-life and 

to ensure a predictable NO release profile after storage. The three storage conditions 

were (1) room temperature without added moisture to the sealed bags, (2) room 

temperature with 1 mL of added water inside the 1 L bag, and (3) 4oC with 1 mL added 

water. After 3 months of storage under these conditions, the NO release profiles of the 

PUX-NO films were determined with the aid of the NO-specific electrode. From these 
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measurements (Table 2.1), the most important storage variable to ensure predictable 

NO release was the additional moisture in the bag. No significant difference in the NO 

release profiles between films stored with added moisture at room temperature and at 

4oC was observed. Films that were stored with added moisture at room temperature and 

4oC had average moisture content of 27 ± 1 and 29 ± 2%, respectively, after 3 months 

of storage. Those stored at room temperature with no added water lost a considerable 

amount of moisture after 3 months of storage and had a water content of 17 ± 2%. The 

NO release profile was similar for films stored with added moisture to the freshly 

prepared films, while those stored with no added moisture exhibited considerable lag 

in the time required to reach a steady state of NO release. For example, films with 18 

mg of {Mn-NO}6 per film stored under dry conditions took ~20 min to reach a steady 

state of NO release while the same formulation stored under moist conditions reached 

a steady state of NO release in only 10 min. These results indicate that PUX-NO films 

can be stored under moist conditions for months in sealed, photo-blocking packaging 

Table 2.1 – Moisture content (q(%)) from storage after 3 months under various 

conditions (RT is room temperature). The last column shows the mass of adsorbed 

moisture in films with (+PS) and without (-PS) pre-swelling, and the calculated 

mass of adsorbed moisture in silica particles assuming q=30%. 
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(similar to the storage conditions of commercially available, soft-plastic contact lenses) 

and hence have excellent shelf life.  

 

2.5 Antibacterial Properties of PUX-NO Films  

2.5.1 Antibacterial Activity of PUX-NO Films using a Modified Agar Diffusion 

Method 

To determine the efficacy of NO-photoreleasing polyurethane films as 

antimicrobial occlusive wound dressings, PUX-NO films were tested against both 

gram-positive and gram-negative bacterial pathogens that are commonly associated 

with SSTI using a modified agar diffusion assay and an agar overlay assay. The 

modified agar diffusion assay was performed as follows: 20 µL aliquots of working 

stock for each bacteria grown separately in tryptic soy broth (TSB) to log-phase of 

Pseudomonas auregonisa, Acinetobacter baumannii, Staphylococcus aureus, and 

methicillin-resistant S. aureus (MRSA) was dropped on the center of TSB agar plates 

and spread evenly across the surface of the agar by the rolling of sterile glass beads. 

The spread plates were then incubated for 2 h at 37oC to stimulate microbial attachment 

and colonization. A PUX-NO film sterilized with ethanol and rinsed copiously with 

sterile water was then placed directly on top of the bacterial ‘‘lawn’’ of each microbe. 

NO photorelease from the films was triggered by illumination with 300 mW cm-2 of 

white light for the desired duration, and then the films were carefully removed and the 

treated plates were incubated for 16 h at 37oC. Negative controls were also performed 

following the same procedure except for the illumination step. Plates containing PUX-
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NO films with active nitrosyl of the desired concentration were kept in the dark for 1 

to 2 h. The extent of microbial clearing after incubation was visually inspected for each 

Figure 2.6 - Antimicrobial effects of NO photorelease upon illumination of PUX-

NO films on bacteria inoculated on the surface of TSB agar plates (300 mW cm-2 

of visible light). (A) Negative control for P. aeruginosa in the dark; (B) P. 

aeruginosa growth inhibition with a film containing 10 mg of {Mn-NO}6 

illuminated for 0.5 h; (C) A. baumannii growth inhibition with a film containing 

18 mg of {Mn-NO}6 illuminated for 2 h; (D) Negative control for S. aureus in the 

dark; (E) S. aureus growth inhibition with a film containing 18 mg of {Mn-NO}6 

illuminated for 2 h; (F) MRSA growth inhibition following two consecutive 

treatments with two films each containing 18 mg of {Mn-NO}6 illuminated 2 h 

each time. Results shown are typical of triplicate measurements.  
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plate. The negative controls all produced a uniform bacterial lawn with no clearing of 

the bacterial culture in each case with only slight smearing of the bacterial colonies due 

to perturbation from the placement and removal of the films. Each strain was tested 

with a range of doses to establish an unofficial minimum inhibitory concentration 

(regarding the content of {Mn-NO}6 in the film and the duration of illumination) (MIC) 

defined as clearing of <90% of microbial colonies at the site of application as visually 

assessed. Then, triplicate plates and a negative control for each strain were treated using 

films and illumination periods corresponding to unofficial MIC for the strain. The 

triplicate measurements for each strain gave uniform zones of growth inhibition for all 

three plates in most cases (MRSA ran twice) while the negative controls demonstrated 

no antimicrobial effect. A representative plate of the triplicate measurements for each 

strain is shown in Figures 2.6. The negative controls for P. aeruginosa and S. aureus 

are shown in panels A and D of Figure 2.6 and demonstrate the uniform bacterial 

growth achieved from the inoculation procedure and the lack of any antimicrobial 

effect from the film surface or the sterilization technique. In contrast, illumination of 

the films produced potent antibacterial doses of NO that demonstrated dramatic 

reduction in the microbial loads of the gram-negative bacteria P. aeruginosa and A. 

baumannii, as shown in panels B and C of Figure 2.6. A circular zone of growth 

inhibition in the center of the plates of the same diameter of the PUX-NO films (22 

mm) corresponds exactly with the application site of the PUX-NO films during 

illumination demonstrating that the NO released from the films was able to eradicate 

nearly all of the bacterial inoculum underneath the site of application with minimal 
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cytotoxic effects to the peripheral cells. The dose required to cause such clearing of P. 

aeruginosa was 10 mg of {Mn-NO}6 with 0.5 h of illumination while a similar effect 

for A. baumannii required a dose of 18 mg of {Mn-NO}6 with 2 h of illumination.  

PUX-NO films also exhibited strong antimicrobial effects against two strains 

of the gram-positive bacterium S. aureus, namely a methicillin susceptible strain 

(denoted S. aureus) and a methicillin-resistant strain (MRSA), as seen in panels E and 

F of Figure 2.6, respectively. At low doses of NO (doses able to eradicate P. 

aureginosa), these bacteria showed little susceptibility. However starting at doses of 12 

mg of {Mn-NO}6 with 1 h illumination, clearing of S. aureus and MRSA became 

evident. A dose of 18 mg of {Mn-NO}6 illuminated for two hours was sufficient to 

cause nearly complete growth inhibition of S. aureus. This dose showed a drastic 

reduction of the colony density when tested against MRSA but to obtain complete 

growth inhibition of the inoculum at the site of the film application, two consecutive 

treatments with PUX-NO films each containing 18 mg of {Mn-NO}6 and illumination 

for two hours was required. This was accomplished by placing a second film on the 

same area of application as the first film immediately after the first film had 

photobleached (2 h illumination) and then illuminating the second film for an additional 

2 h. To check whether two applications of PUX-NO films to the same area had any 

factors other than the cytotoxic effects of NO that contributed to the clearing of 

bacterial colonies, a control was ran by placing a sterile film onto an agar plate 

inoculated with MRSA and leaving it in the dark for 2 h. The first film was then 

removed and another film was placed on the same area, left in the dark for 2 h and 
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removed before incubating the plate for 16 h. The control plate showed only a slight 

increase in smearing of bacterial colonies at the site of application compared to negative 

controls ran with just one film but no sign of growth inhibition was observed.  

2.5.2 Antimicrobial Activity of PUX-NO Films against Escherichia Coli using the 

Agar Overlay Method 

` The antibiotic effect of PUX-NO against E. coli (a gram-negative bacterium) 

was assessed using an agar overlay assay. In this assay, the working stock of the 

bacterium was inoculated in 45oC liquid soft agar (0.7 % (w/v) agar in a 1% NaCl NO 

films to penetrate the agar medium and cause bactericidal effects below the surface. 

Using the same treatment protocol as the agar diffusion assay, triplicate measurements 

using films with 14 mg of {Mn-NO}6 illuminated for 0.5, 1 and 2 h were performed to 

demonstrate how modulation of the light duration can be used to achieve a dose of NO 

Figure 2.7 – Antimicrobial activity of PUX-NO films containing 14 mg of {Mn-

NO}6 against E. coli colonies suspended in a 1.1 mm thick layer of soft agar (0.7% 

(w/v)). Illumination of the films with 300 mW cm-2 for (A) 0.5 h (B) 1 h and (C) 2 

h caused growth inhibition proportional to the duration of illumination. Results 

shown are typical of triplicate measurements.  
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capable of effectively reducing E. coli microbial loads. As seen in Panel A of Figure 

2.7, only light thinning of the colony density was noted after 30 min of illumination. 

The clearing of bacterial colonies increased with 1 h of illumination (Panel B) and 

became significant after 2 h (Panel C).  

 

2.6 Merits of PUX-NO as an Antimicrobial Occlusive Film Dressing  

2.6.1 Merits of PUX-NO Films as a Controlled Dose Antimicrobial Delivery 

System 

The fabrication process for PUX-NO films facilitates the encapsulation of a 

significant amount of the highly efficient NO-donor [Mn(PaPy3)(NO)](ClO4) (quantum 

yield at 550 nm = 0.385)28 in a primary matrix of biocompatible silica and a secondary, 

skin contacting layer of medical grade polyurethane while maintaining its rapid NO 

photorelease capabilities.42 The flexible green polyurethane films are very durable and 

resist cracking or breaking even after repeated bending. In addition, pre-swelling of the 

polymers produces sufficient moisture within the local matrix encapsulating {Mn-

NO}6 molecules providing adequate solvation of the nitrosyl to ensure rapid NO 

photorelease. The composition of hydrophilic silica particles within a hydrophobic 

polyurethane matrix results in a high moisture retention capacity which ensures 

maintenance of the films NO release capabilities after 3 months of storage when sealed 

in a moist environment.  The material composition of PUX-NO films also provides 

efficient NO diffusion rates that are capable of achieving NO concentrations in solution 

of >300 µM for up to two hours with a high consistency of NO release rates from batch 
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to batch.40 This concentration of NO is nearly 3x greater than that measured during the 

neutrophil produced respiratory burst in response to inflammatory signaling during 

microbial infection which is capable of generating sustained NO concentrations in the 

range of ~100 µM causing bactericidal effects to a wide range of bacteria.43 

One of the most desirable properties of PUX-NO films over many other NO-

releasing materials reported in the literature is the tight control over NO-release by 

photostimulation which is the only mechanism under physiological conditions that 

results in cleavage of the Mn-NO bound releasing free NO. The results of several 

experiments reported here confirm this unique property. For example,  NO release did 

not occur during submersion of the films in a stirred PBS bufferat 25oC for 200 s as 

demonstrated by the lack of response from the NO-specific electrode as shown in 

Figure 2(B). However, the same film then rapidly released NO when exposed to short 

pulses of visible light producing a dramatic response by the NO-electrode (Figure 

2(B)). In addition, PUX-NO films did not release NO or leach the incorporated {Mn-

NO}6 nitrosyl during storage of the films on the surface of agar plates containing the 

Griess reagent over a period of 16 h at 37oC, as indicated by the lack of pink azo-dye 

formation even after exposure of the plates to light for 1 h. Aho et al. also prevented 

leaching of NONOate modified silica particles from an NO releasing glucose sensor 

membrane using a solution cast Tecoflex SG-80A polyurethane coating of 37 µm 

nearly identical to the passivating outer PU layer of PUX-NO films.39 The secure 

immobilization of the nitrosyl within the highly biocompatible polyurethane film 

would prevent any potentially negative interactions between the nitrosyl and the 
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healing tissue during therapeutic application to the wound. Negative side effects from 

overexposure to NO which could occur during spontaneous NO release from molecular 

stores such as S-nitrosothiols or NONOates, can also be mitigated using PUX-NO films 

as a delivery platform for NO therapy since the desired dose of NO could be delivered 

to the wound site in multiple deliveries with monitoring of the wound progression in 

between treatments. This method of NO therapy could limit peripheral effects to the 

surrounding tissue by delivering the minimal amount of NO required to treat the 

infection. A multiple delivery regimen with NO(g) was proposed by Miller and 

coworkers as a treatment option for pulmonary infections that would potentially reduce 

side effects to lung tissue in comparison to a continuous exposure regimen.44 This 

regimen involved exposing bacteria intermittently to 160 ppm of NO(g) for 30 min 

intervals with a 3.5 h gap in between exposures. Since the treatment was shown to be 

100% lethal after four rounds of NO exposure to all bacteria studied, it was evident that 

intermittent delivery regimens maintain the bactericidal effects of NO. In such 

intermittent treatment regimens, the concentration of {Mn-NO}6 required in the film 

would likely be lower than the concentrations used in this study to achieve effective 

bacterial clearing after only 0.5-2 h of illumination. Use of a lower concentration of 

{Mn-NO}6 in PUX-NO films would help maintain the transparency of the PU matrix 

which is highly beneficial in clinical practice since it allows continuous monitoring of 

the wound progress without the need to remove the dressing from the wound site which 

can cause damage to freshly generated tissue.36  Treatment regimens with PUX-NO 

films in which wound and infection progress could be monitored in between multiple 

115 
 



exposures therefore appears as a viable option for treating SSTI with an alternative 

broad-spectrum antibiotic.  

The NO delivered from PUX-NO showed strong antimicrobial effects against 

both gram-positive and gram-negative bacteria. P. aeruginosa was the most susceptible 

to the treatment by NO among all the bacteria studied in this work. This opportunistic 

pathogen often complicates treatment of burn victims with infection of avascular 

tissues where systemic antibiotics have little efficacy.45 Hence, topical antimicrobial 

delivery is generally required for treating such infections with silver sulfadiazine being 

the currently favored agent.46 Treatment of P. aeruginosa with NO could be especially 

important since strains displaying resistance against  silver sulfadiazine have been 

isolated.47 Other identified silver-resistant strains include E. coli, Enterobacter 

cloacae, Klebsiella pneumoniae, A. baumannii, Salmonella typhimurium, and 

Pseudomonas stutzeri.48 In fact a silver-resistant Salmonella species caused the closure 

of the burn unit at Massachusetts General Hospital after septicemia and death in three 

patients.49 As seen in Figure 2.5(A), a dose of 10 mg of {Mn-NO}6 per film was 

sufficient to eradicate nearly all colonies of bacteria underneath the film. PUX-NO 

films also showed potent antibiotic effects against another gram-negative species A. 

baumannii that has a high rate of antibiotic-resistance especially amongst nosocomial 

acquired strains (see Figure 2.4(B)).50 In particular, strains containing genes encoding 

the New Delhi metallo-beta-lactamase enzyme are of increasing concern. This enzyme 

provides resistance to the carbapenem family of antibiotics which are considered a last 

resort antibiotic for the treatment of life-threatening infections by multidrug resistant 
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strains of bacteria. The increased dosage of NO required to eradicate A. baumannii (18 

mg of {Mn-NO}6) compared to the dose required for P. aeruginosa {10 mg of {Mn-

NO}6) may the result of induction of the flavohemoprotein, nitric oxide dioxygenase, 

which detoxifies NO by catalyzing its oxidation by dioxygen to nitrate.51 This enzyme 

has been shown to provide some protection against the cytotoxic effects of NO by 

catalyzing the oxidation of NO to nitrate. However, the present results demonstrate that 

PUX-NO films can deliver sufficient NO to overwhelm the NO detoxifying 

mechanisms of A. baumannii causing drastic reduction of the bacterial load.  

The gram-positive bacterium S. aureus and its methicillin-resistant variant 

(MRSA) which shows resistance to the beta-lactam family of antibiotics are the most 

common bacteria isolated from SSTI in North America, accounting for 44.6% of cases 

from 1998-2004.52 Primary infections by S. aureus and MRSA commonly occur 

through open wounds, and with the assistance of tissue degrading exotoxins, they can 

invade deeper tissue causing necrosis and within 72 h, secondary infections in the 

lungs, heart valves, and bones, possibly leading to death.53 Systemic infection by 

MRSA requires the difficult administration of the antibiotic vancomycin through a 

venous catheter. Unfortunately, vancomycin resistant strains of S. aureus (VRSA) are 

emerging in some environments.54 The results shown in Figure 2.5(E,F) demonstrate 

that the NO-releasing PUX-NO films cause drastic reduction of both S. aureus and 

MRSA colonies upon illumination. These bacteria required a relatively high dose of 

{Mn-NO}6 compared to P. aeruginosa potentially due to their ability to employ nitric 

oxide dioxygenase enzymes to mitigate the toxic effects of NO.55 However, the results 
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of this study demonstrate that these bacteria are quite susceptible to high doses of NO 

and hence PUX-NO films could be a viable method for treatment against complicated 

dermal infections by S. aureus and MRSA. 

Among the gram-negative bacteria studied in the present work, both E. coli and 

A. baumannii required comparatively high doses of NO (Figures 2.5(C) and 5, 

respectively). The antibiotic effect of PUX-NO against E. coli was studied using an 

agar overlay assay. The bacteria in this assay are suspended in a ~1.1 mm thick layer 

of soft agar (0.7% (w/v)) to assess the ability of the NO delivered from PUX-NO to 

penetrate the media and cause antibiotic effects below the surface. The significant 

clearing of E. coli colonies from the 1 mm thick agar at the highest dose suggest that 

NO released from PUX-NO may be effective in passing the epidermis (~1 mm thick) 

and treating infections residing within the dermis and underlying soft-tissue. In line 

with our previous work, E. coli demonstrated a significant resistance to NO which 

likely arises from their particularly active NO-scavenging flavohemoprotein, Hmp. A 

recent computional study by Robinson and Brynildsen, demonstrated that slow release 

of NO from an N,N-diazeniumdiolate (NONOate) (producing [NO]max = 9 µM) in a 

culture of E. coli resulted in 78.1% of the total released NO to be consumed by Hmp 

detoxification which mitigated [Fe-S] cluster damage by 2-4 fold. 56 However, when a 

fast NO releasing NONOate (producing [NO]max = 34 µM) was used only 8.4% of total 

NO release was consumed by Hmp detoxification due to inhibition of the Fe-center 

caused competitive binding of NO before O2. In this experimental setup, [Fe-S] cluster 

damage was predicted to be reduced by only 5% through Hmp activity and a nearly 2 
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h delay in the initiation of log-phase growth of E. coli cells was observed in comparison  

to slow NO release (which was nearly identical to control). These results demonstrate 

that rapid NO release kinetics are vital to overwhelming bacterial NO detoxification 

and repair mechanisms in order to allow sufficient accumulation of intercellular 

damage to produce cytotoxic effects. Thus, careful selection of the NO donor and the 

encapsulating matrix are required to produce NO donating materials which produce 

broad spectrum antimicrobial effects as reported with the formulation of PUX-NO. 

However, the release of higher doses of NO are likely to increase the risk of negative 

effects to the wound site and the surrounding tissue. Thus, tight control over the dose 

of NO delivered to the infected wound using PUX-NO films would be beneficial if NO 

is to be used in the treatment of SSTI. In this regard, PUX-NO has a distinct advantage 

over many other NO-releasing formulations reported thus far. 

 

2.7 Conclusions 

The rise of bacterial resistance to traditional antibiotic as well as the ability of 

microbes to form protective biofilms upon colonization of host tissue necessitates the 

development of novel antimicrobial therapies.57 Due to the broad-spectrum 

antimicrobial effect of NO coupled with its ability to disperse biofilms and overwhelm 

bacterial detoxification and repair mechanisms, NO therapy may provide a means to 

effectively treat infections by drug-resistant organisms which currently “threatens the 

achievements of modern medicine” according to a recent report by the WHO on the 

state of antimicrobial resistance.58 We have now developed PUX-NO, a flexible 
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polyurethane-based film that contains silica-xerogel particles with embedded 

[Mn(PaPy3)(NO)](ClO4) as the light activated NO donor, and demonstrated its potent 

antibiotic effects against a broad spectrum of bacteria (P. aureginosa, A. baumannii, E. 

coli, S. aureus, and MRSA). The polymer film is durable, maintains its NO-releasing 

capacity for over 3 months of storage, and exhibits no leaching of the incorporated 

manganese nitrosyl. The rate of NO release from the films can be readily controlled 

through the facile adjustment of the amount of NO donor incorporated into the films or 

through the use of a variable intensity light source. The most notable advantage of this 

NO-delivering material over similar systems is the complete control of NO release 

under physiological conditions (37oC, PBS solution) through the modulation of light 

intensity or duration. This feature would allow for the rapid release of the desirable 

dose of NO to the infection site while minimizing the peripheral effects to surrounding 

tissue. As a consequence, we purpose that PUX-NO films would be an effective 

antimicrobial occlusive film for the primary dressing of infected and non-healing 

wounds or as a secondary dressing to provide structural support and antimicrobial 

properties to primary absorbent dressings.  

 

2.8 Experimental Methods 

[Mn(PaPy3)(NO)](ClO)4 was synthesized according to previously reported 

procedures.28 Tecoflex SG-80A polyurethane was a gift from Noveon, Wilmington, 

MA. E. coli (ATCC #25922), P. aeruginosa (ATCC #27853), S. aureus (ATCC 

#25923), and methicillin-resistant S. aureus (MRSA, ATCC #BAA-44) were obtained 
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from the American Type Culture Collection (Manassas, VA). A. baumannii (NCIMB 

12457) was obtained from Microbiologics (St. Cloud, MN). 

2.8.1 Preparation of Polyurethane Films with Embedded Silica Particles 

Containing [Mn(PaPy3)(NO)](ClO4) 

A batch of 750 μL tetramethylorthosilicate (TMOS, 4.63 mmol) was added to 

400 μL deionized water (22.2 mmol) and the mixture was vigorously stirred (500 rpm) 

until a homogenous sol was obtained. The desired mass of {Mn-NO}6 (Figure 2.3(A)) 

was then added to the solution and allowed to dissolve before transferring to a 22 mm 

well in a 12 well polypropylene plate. The solvent was allowed to evaporate from the 

sol-gel mixture for 48 h at room temperature in the dark to form green, glass-like xero-

gel disks (Figure 2.3(B)). The xerogel disks were then crushed in a mortar to obtain a 

fine powder with granule size of 1–100 μm (Figure 2.3(C)). A 10% (w/v) polyurethane 

solution in THF was prepared by vigorous stirring of 1.00 g of Tecoflex SG-80A beads 

in 10 mL of THF until fully dissolved (Figure 2.3(D)). After the solution became 

homogenous, the polyurethane was pre-swelled with water to ensure a desirable 

moisture content of the final polymer film by the addition of 1 mL of deionized water 

into the polyurethane solution and subsequent homogenization via stirring. The silica 

powder with encapsulated {Mn-NO}6 was then dispersed into the liquid polyurethane 

at a ratio of 1:4 by weight via stirring with a glass rod (Figure 2.3(E)). Batches of 400 

mg of the hybrid material were then spin-coated onto circular glass slides (diameter ¼ 

22 mm) at 1000 rpm for 6 s and dried in the dark at room temperature to obtain circular 

patches of flexible, green polyurethane film (Figure 2.3(F)). To prevent leakage of 
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surface exposed silica particles, the films were dip-coated twice with polyurethane 

(0.50 g Tecoflex SG-80A beads per 10 mL of THF) and allowed to dry in the dark. The 

polyurethane films with embedded xerogel particles containing {Mn-NO}6 

(abbreviated PUX-NO) were visualized using optical microscopy (Zeiss Axiovert 200, 

Chester, VA) for uniform dispersion of silica particles and thickness of the film. In the 

following discussion, the final amount of the {Mn-NO}6 donor incorporated in each 

film is indicated by its weight. For example, a film containing 16 mg of {Mn-NO}6 

indicates that the 400 mg of the hybrid material used each time to make the film 

contained particles of xerogel with a total of 16 mg of {Mn-NO}6. The amount of NO 

released from such a film will thus correspond to the total mole equivalent of NO in 16 

mg of [Mn(PaPy3)(NO)](ClO)4 (0.03 mmol). 

The moisture content of PUX-NO was measured by weighing the films obtained 

as synthesized, and after storage, (Wi) and then lyophilizing the films and recording 

the dry weight (Wd). The moisture content q(%) was then calculated according to the 

equation: 

𝑞𝑞 =  𝑊𝑊𝑖𝑖−𝑊𝑊𝑑𝑑
𝑊𝑊𝑑𝑑

𝑥𝑥 100%  (2) 

2.8.2 NO release measurements 

A NO-sensitive electrode (inNO-T NO-measuring system, Harvard Apparatus) 

was employed to monitor NO release from PUX-NO. The NO release profile of the 

polyurethane film was determined by placing a 5 x 5 mm square cut from PUX-NO 

[which represents only 6% of the total surface area of the patches (1520 mm2) shown 

in (Figure 2.3(F)) on the bottom of a glass vial containing 1.5 mL PBS buffer and 
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placing the electrode tip 1 cm above the disk. The disk was illuminated with a 300 mW 

white light and the content of the vial was magnetically stirred during the measurement. 

The ability of PUX-NO to deliver NO to an agar plate (to mimic the 

experimental setup employed in the antimicrobial assay) was visualized chemically by 

incorporation of the Griess reagent into a 1.5% (w/v) agar solution. 20 mL of the 

mixture was poured into a polystyrene Petri dish (100 x 15 mm2) and allowed to 

solidify. A second layer of soft agar (also containing the Griess reagent) was cast on 

top of the firm agar much like the experimental setup used in the suspension assay 

described below. This was achieved by pouring 6 mL of 0.8% agar with 200 μL of 

Griess reagents on top of the firm agar. The polyurethane film was laid directly onto 

the agar plates containing the Griess reagent and illuminated. Reaction of the released 

NO with the Griess reagent quickly turned the agar pink providing an easy visualization 

of the permeability and range of photo-released NO in our experimental set up. 

2.8.3 Storage conditions and stability of polyurethane film 

Since solvation of the metal complex has an effect on the NO release kinetics 

of [Mn(PaPy3)(NO)](ClO4),28 the moisture content of PUX-NO films was found to 

affect the NO-releasing parameters of the designed material. The proper storage 

conditions of the material to ensure desirable moisture content and thus NO release 

abilities were determined by storing the polymers in sealed low-density polyethylene 

(LDPE) bags with and without added moisture at room temperature and 4oC. The 

ability of PUX-NO to release NO after storage under varying conditions for 3 months 

was determined by the NO-specific electrode and compared to newly cast films. 
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2.8.4 Antimicrobial effects of PUX-NO films 

Strains of E. coli, P. aeruginosa, S. aureus, A. baumannii, and MRSA were 

received as freeze-dried cultures. From these cultures, single colonies were selected, 

grown in trypticase soy broth (TSB) to an A600 of 0.63 (UV–vis 1601 Shimadzu 

spectrometer) and frozen as working stocks according to procedures detailed in our 

previous work.31 Two different assays were performed to demonstrate the antimicrobial 

ability of PUX-NO. 

The ‘‘streaking assay’’ was performed by thawing frozen working stock of P. 

aeruginosa, A. baumannii, S. aureus, and MRSA and streaking 20 lL of the stock onto 

20 mL TSB agar plates. These streaks were incubated at 37oC for 2 h before the 

antibiotic experiments were run to bring the microbes into their log growth phase. 

Patches of the polyurethane film, sterilized with 70% ethanol and rinsed copiously with 

MQ water, were placed directly onto the bacterial colonies grown on agar plates. The 

plates were then illuminated with 300 mW of white light. After the desired illumination 

time, the films were carefully removed and the plates were incubated at 37oC for 16 h 

and qualitatively assessed for antimicrobial effects. Negative controls were run by 

placing films on to agar plates loaded with bacteria and leaving the plate in the dark for 

1 h before removing the film. The plates were then incubated as described above.  

The ‘‘suspension assay’’ was performed by diluting 100 μL of the E. coli 

working stock with 900 μL of TSB and incubating this culture at 37oC until an A600 of 

0.7 was reached. 50 μL of this solution was added to 100 mL of 0.8% (w/v) agar with 

1% NaCl, which had been autoclaved and cooled to 47oC before the addition of the 
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culture. 6 mL of the liquid agar-bacterial suspension was spread evenly across the 

surface of a 20 mL solid 1.5% (w/v) TSB agar plate (100 x 15 mm2). The soft agar-

bacterial suspension was allowed to solidify and incubated at 37oC for 2 h before 

antibiotic experiments were run. The antimicrobial experiments were carried out 

similar to the streaking method. 
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3.1 Introduction  

Over the past decade, targeted drug delivery systems (DDSs) have emerged as 

a potential solution for the two most commonly issues cited by the FDA in their 

rejection of ~40% of new drug formulations, poor bioavailability and off-target side-

effects.1 A great deal of current research in DDS technology has focused on the 

development of nanocarrier scaffolds.2 Due to the rapid advancement of 

nanotechnology, a range of nanocarriers with diverse sizes, architectures and surface 

functionalities are available including micelles, dendrimers, and nanoparticles made of 

polymers, iron oxide, quantum dots, or gold.3 To achieve enhanced accumulation of 

nano-DDSs at targeted sites, both nonspecific (the enhanced permeability and retention 

(EPR) effect in neoplastic tissue) and specific mechanisms (through the attachment of 

target-specific ligands) are pursued.4 However, the ability to achieve targeted drug 

delivery through either the EPR effect or ligand recognition in the clinic remains 

questionable. Such concerns arise from the stochastic nature of ligand–receptor 

interactions and the nonspecific, Fickian controlled diffusion of the drug.5 In contrast, 

stimulus-responsive DDSs are capable of delivering therapeutic agents in a spatial-, 

temporal- and dosage-controlled fashion. Drug delivery systems that are responsive to 

stimulation by extracorporeal sources, such as electromagnetic fields, light, or 

ultrasound, are well suited for the targeted delivery of therapeutic agents to diseased 

sites throughout the body.6 Furthermore, systems produced by the incorporation of a 

stimulus-responsive therapeutic into a suitable biocompatible carrier often demonstrate 

on-demand (on/off) drug release with reliable, sustained pharmcokinetics even under 
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the dynamic conditions experienced in vivo.7 In addition, stimulus-responsive 

therapeutics can often be functionalized with image contrast agents to monitor their 

biodistribution and coordinate stimulation.8 The incorporation of such therapeutics into 

biocompatible carriers that undergo a molecular or supramolecular conformational 

change under pathological conditions such as ischemia or inflammation can produce 

systems that demonstrate multiple layers of functionality.9  

The unique structural and textural properties of mesoporous silicates such as 

their high surface area, large pore volume, tunable pore diameters, and narrow pore 

size distribution has made them highly desirable as drug delivery scaffolds.10,11 The 

high surface area and specific pore volume of mesoporous silicates imparts a high drug 

loading capacity to the material which helps to minimize particle-induced toxicity.12 

The tunable pore diameters of these materials also makes them interesting scaffolds for 

multidrug delivery, for example to achieve simultaneous delivery of chemotherapeutic 

agents and multidrug-resistance silencing genes.13 Continued development of new 

synthetic techniques has produced mesoporous materials demonstrating increasingly 

sophisticated pore networks with 1D-3D structuring, hierarchical (multimodal) pore 

size distributions and varying interconnectivities.14 The structural diversity of most 

mesoporous materials can be achieved through the appropriate variation of a few 

synthetic conditions, namely: (1) the chemical composition and structure of directing 

agent(s) (SDA) which includes any combination of surfactants and non-surfactant 

molecules capable of assembling into a periodic phase(s) (2) the relative and molar 

concentration of SDAs (3) the temperature, pH and polarity of the solvent(s) medium 
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(4) the properties of the condensing inorganic phase monomer and (5) the degree of 

interaction between the SDA and inorganic phases.15 A unique class of mesoporous 

materials called periodic mesoporous organosilicas (PMOs) has recently been reported 

utilizing dipodal alkoxysilane [(RO)3Si-R’-Si(OR)3] monomers as the condensing 

inorganic phase where R’ is a rigid aromatic bridge that restricts the silica monomer in 

a rigid orientation producing long range ordering parallel to the crystallographic c-axis 

of the mesoporous channels.16 The long range order demonstrated by PMOs produces 

crystalline domains in contrast to the highly disordered silicate framework of 

classically synthesized mesoporous silicates. The structure shown in Figure 3.1 was 

synthesized using cetyltrimethylammonium bromide (CTAB) as the SDA and a 

symmetrically substituted phenyl group for the bridging unit of the organosilica 

monomer (e.g. 1,4-bis(triethoxysilyl)benzene). The high density of well-ordered 

silanol groups on the pore walls of crystalline PMOs makes them desirable as drug 

delivery scaffolds since the silanol groups can serve as non-covalent binding sites for 

adsorbents and reactive groups for the covalent tethering of drug molecules.  

In the present report, a purely inorganic and non-crystalline, M41S-phase 

analog of the PMO shown in Figure 3.1 is used for the immobilization of a 

photoactivated metal nitrosyl to afford a stimulus-responsive DDSs that is capable of 

delivering a sustained dose of nitric oxide (NO) to a targeted site under the complete 

control of light. Since the pharmaceutical development of stimuli-responsive DDSs 

becomes exceedingly difficult with the complexity of the DDS, especially in terms of 

the manufacturing process, reproducibity, and quality control, the synthetic technique 
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described herein was developed as an efficient and highly reproducible method for the 

immobilization of photoactive nitrosyls within a biocompatible and chemically inert 

matrix.2 The mesoporous MCM-41 structure consisting of a hexagonal array of uni-

dimensional pores with narrowly dispersed pore diameters that can be tuned from 2-10 

nm was identified as a desirable material for the immobilization of the photoactive NO 

donor [Mn(PaPy3)(NO)](ClO4) ({Mn-NO}, λmax = 635 nm). From analysis of the x-ray 

crystal structure, the furthest distance between two atoms in the structure of {Mn-NO} 

Figure 3.1 – (Left panel) Schematic depicting the synthesis of PMOs with a crystal-

like arrangement of the bridging organic units R in the pore walls with an idealized 

orientation (slight tilting or twisting of R units with respect to each other is often 

observed). (Right panel) Model of the pores of a 1,4-bis(trimethyoxysilyl)benzene 

PMO. The benzene bridges and the condensed silicate groups connecting the 

organosilica monomers form alternating rings that are concentric with the pore axis. 

Adapted from Ref. 16 
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was determined to be ~12 Ǻ.17 Therefore, the > 2 nm diameter mesopores of the MCM-

41 structure should permit facile diffusion of the nitrosyl along the length of the uni-

dimensional channels. Hydrogen bonding between hydrogen bond acceptors present on 

the {Mn-NO} ligand set and silanol groups on the pore walls (2-4 groups/nm) of the 

MCM-41 host provides a potential means for immobilizing the nitrosyl within the 

MCM-41 mesopores. In order to modulate the guest adsorption behavior of 

mesoporous silicates, a variety of silanization techniques have been developed to 

modify the pore walls with organic functional groups which preferentially interact with 

guest molecule.18 Such systems often rely-on amino-carboxylate electrostatic 

interactions between the guest and silane tethered functional groups on the host due to 

the charged nature of these groups at physiological pH and the prevelance of these 

functionalities in pharmaceuticals and biomolecules. However, there is usually little 

difference in the adsorption/release profiles of acidic molecules from 

amino/carboxylate functionalized and bare silica hosts.19 For example, both the co-

condensation of an amino functionalized silane, (3-aminopropyl)triethoxysilane 

(APTES), with a silica precursor, tetraethyoxysilane, used to produce the MCM-41 

framework and the post-synthetic condensation of APTES with silanol groups on the 

surface of calcined MCM-41 particles produced no significant impact on the zeta-

potential of the particle compared to bare silica at physiological pH. Such results can 

be explained by the isoelectric point (IEP) of isolated silanol groups (compared to 

viscinal and germinal) on silica surfaces which is ~1.5 compared to that of aminopropyl 

groups on silica (7-8).20 Therefore, under physiologically relevant conditions (pH 7.4, 
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high ionic strength), the relative abundance of charged, deprotonated to protonated 

silanol groups is 106 while only half of the amino groups will be in the protonated, 

charged state. Even after modification of the surface of silica particles through organic 

group functionalization, the vast majority of chemical groups present on the surface of 

silica particles are still silanol groups. Recently, Rosenholm and Lindén have reported 

a unique surface polymerization technique to generate an abundance of amino groups 

on the surfaces of MCM-41 particles compared to silanol groups.20 Still, the 

adsorption/desorption profiles of salicylic acid from the amino-functionalized host was 

not significantly changed from those of the bare silica host. When permanent 

immobilization of the guest molecules is desired, covalent tethering of the guest to the 

silica framework by condensation of amino/carboxylate groups forming an amide bond 

between the host and guest has been attempted.21 However, the irreversible binding of 

guest molecules at the pore openings can prevent loading of the pore space and severely 

diminish the loading capacity of the material. The isomorphous substitution of Al(III) 

for tetrahedral Si(IV) centers in porous silicates produces a stable, negatively charged 

aluminosilicate framework with a low content of charge balancing hydroxy-aluminum 

species when the Al content of the material is kept below 0.25 Al:Si.22 Such materials 

demonstrate a sharp exponential increase in the abundance of negatively charged sites 

from pH 6-9 which are charge-balanced by exchangeable, extra-framework cations. 

Aluminosilicate MCM-41 (Al-MCM-41) materials often demonstrate a considerable 

increase in the adsorption capacity of cationic molecules at physiological pH compared 

to purely siliceous MCM-41 (Si-MCM-41).23 Loading of {Mn-NO} into Al-MCM-41 
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and Si-MCM-41 has been pursued in the present work to determine the influence of the 

negative Al sites on the loading capacity of the cationic nitrosyl by the mesoporous 

MCM-41 materials. The metal nitrosyl utilized in this work is especially well-suited 

for this kind of host−guest chemistry as the photoproduct obtained after NO photolysis 

from the manganese center becomes doubly charged ([Mn(PaPy3)(H2O)]2+) in the 

presence of oxygen and therefore is expected to bind even tighter to the negatively 

charged walls of the porous host. The adsorption capacities and desorption rates of the 

silicate and aluminosilicate-based {Mn-NO}@MCM-41 host−guest systems have been 

determined in this study.  

Composite materials consisting of a porous silica-based scaffold and a NO 

source have recently been reported as DDSs for the delivery of NO to biological targets. 

Porous silicates are an attractive option for NO administration since the silicate carrier 

is chemically inert and does not react with gaseous free radical. One of the first systems, 

described by Wheatley and co-workers in 2006, was produced by the coordination of 

NO to framework Co or Zn sites in transition metal substituted zeolite-A. 24, 25 The Zn-

substituted zeolite-A had a NO adsorption capacity of 1 mmol of NO per gram of 

zeolite-A and demonstrated quantitative release of the adsorbed NO over a period of 

∼40 min from the hydrolysis of the metal-NO bond in the presence of moisture-rich 

air. Similar to the other NO releasing porous silicate reported thus far, the endogenous 

nature of the drug releasing stimulus (moisture) results in the nonspecific release of NO 

thus eliminating the ability of such materials to function as targeted NO donors.26,27 In 

this report, we describe a technique for generating a photoactived DDS that releases 
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bactericidal amounts of NO under the complete  control of mW levels of visible light. 

The mesostructured MCM-41 supports and the {Mn-NO}-loaded composites have 

been characterized by wide angle powder X-ray diffraction (PXRD), FT-IR 

spectroscopy, diffuse reflectance UV-vis spectroscopy (DRS-UV-vis), N2 adsorption-

desorption isometry, scanning electron microscopy coupled with energy dispersive X-

ray analysis (SEM-EDX), and tunneling electron microscopy (TEM), while the NO 

releasing capacities of the composite materials were determined using electrochemical 

methods. The clinical utility of the DDS for the treatment of infection by the highly 

drug-resistant pathogen Acinetobacter baumannii is also reported. 

NO has been recognized through numerous studies as a potent antibiotic against 

drug-resistant bacterium such as methicillin-resistant Staphylococcus aureus 

(MRSA).28-30 However, the rise of multidrug-resistant (MDR) bacteria has sparked 

great interest in the development of novel antibiotic agents, such as NO, to combat the 

diverse antibiotic resistance mechanisms employed by bacteria.31 Thus, the true utility 

of NO as an antibiotic agent may reside in its ability to treat infections by MDR bacteria 

since the drug-resistance mechanisms employed by MDR bacteria are not effective in 

mitigating the cytotoxic effects of NO. The gram-negative pathogen, A. baumannii, is 

genetically poised to rapidly develop multidrug resistance through a variety of defense 

mechanisms many of which demonstrate cross resistance to several antibiotic agents 

allowing the bacterium to rapidly achieve resistance to nearly the entire spectrum of 

clinically available antibiotics (in one study, 14% of clinical isolates were resistant to 

at least eight different antibiotics).32-34 A. baumannii also demonstrates robust 
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phenotypic resistance through the formation of biofilms which reduce the susceptibility 

of the bacterium to nearly all forms of traditional antibiotics, irregardles of previous 

exposure.35 The high transmission rate of infection by A. baumannii, especially in 

hospital settings, compounds the problematic resistance demonstrated by MDR A. 

baumannii.36,37 Following the admission of coalition soldiers wounded during tours in 

Operation Iraqi Freedom and Operation Enduring Freedom in Afghanistan to military 

and civilian hospitals, there was a large increase in the occurrence of A. baumannii 

infection amongst all admitted patients in these hospitals.38−40 It was later discovered 

that the ability of A. bauamannii to form biofilms allows the pathogen to persist in 

sterile environments outside of the host and facilitates the spread of A. baumannii 

throughout entire hospital wards. Our interest in developing NO-donating materials to 

treat infections by microbial pathogens prompted us to study the effects of NO on MDR 

A. baumannii and evaluate the utility of a photosensitive NO delivery platform in the 

treatment of A. baumannii infection. 29,41,42 Based on the problematic infection of skin 

and soft-tissue injuries in soldiers wounded on the battlefield in the Middle East, we 

have developed an antimicrobial assay which promotes bacterial growth in a manner 

similar to the growth observed in skin and soft-tissue infections (SSTI). The assay is 

believed to provide a more reliable assessment of the efficacy of the tested 

antimicrobial agent for the treatment of SSTI.  

3.2 Synthesis of {Mn-NO}@MCM-41. 

The synthesis of the photoactive manganese nitrosyl, [Mn(PaPy3)(NO)](ClO4) 

(denoted as {Mn-NO} for both the perchlorate salt and cationic forms), was performed 
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following previously published methods.17 The incorporation of {Mn-NO} into 

mesoporous MCM-41 particles of two different compositions, a neutral silicate (Si-

MCM-41, SiO2.xH2O) and an anionic aluminosilicate-based material (Al-MCM-41, 

variant formula (SiO2)0.9875(Al2O3)0.0125·xH2O), was performed to investigate: (A) the 

extent of electrostatic interaction between the cationic {Mn-NO} guest and the anionic 

tetrahedral (AlO4)- sites of the Al-MCM-41 host structure; (B) the influence of such an 

electrostatic interaction on the physicochemical properties of the composite material; 

and (C) the photochemical properties of the pore-confined nitrosyl. Since the purely 

siliceous material lacks a formal charge, the loading of {Mn-NO} into the uni-

dimensional pores of the Si-MCM-41 particles is thought to proceed though a passive, 

diffusion based mechanism. In contrast, the electrostatic interaction between the host 

and guest in the Al-MCM-41 composite material facilitates the diffusion of guest 

molecules into the porous structure by an ion-exchange mechanism. Here, the 

[Mn(PaPy3)(NO)]+ cations in solution displace loosely interacting Na+ counter-ions 

from (AlO4)- sites in the pore walls of Al-MCM-41, and hence the extent of loading is 

facilitated by a combination of ion exchange and passive diffusion. However, if the 

{Mn-NO} content loaded by Al-MCM-41 exceeds the number of (AlO4)- binding sites 

(3 mol% total Al), further loading of {Mn-NO} would likely proceed through a 

diffusion-based mechanism similar to that proposed for Si-MCM-41.  

Prior to loading of the MCM-41 particles, the Al-MCM-41 powder was washed 

in an aqueous solution containing 2% (w/v) NaCl to induce a concentration driven Na+-

exchange of any extra-framework hard metal ions (e.g. Ca2+ or Mg2+) which strongly 
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bind to (AlO4)- sites, potentially inhibiting the {Mn-NO} ion-exchange process. The 

Si-MCM-41 and Na-exchanged Al-MCM-41 powders were then dried at 80oC for 24 

h and pulverized to a fine dust with a mortar and pestel to break any aggregate particles. 

The dry MCM-41 powders (100 mg) were then added to separate Shlenk flasks 

containing dry acetonitrile (5 mL). The slurries were thoroughly degassed before 

freezing the solution prior to the neat addition of the desired quantity of {Mn-NO} (100 

or 200 mg) under blowing N2(g). After thawing, the contents were stirred in the dark at 

25oC for 3 days under elevated pressures of N2(g) (~3 bar), then collected on a glass frit, 

and rinsed with several portions of MeCN, followed by tetrahydrofuran until no {Mn-

NO} was detected in the filtrate by UV-vis spectroscopy (LOD ~10-6 M). The resulting 

light green powders were dried in vacuo overnight and stored in the dark under dry 

conditions until use.  

Loading of both the Si-MCM-41 and Al-MCM-41 host structures was 

performed with a low concentration of {Mn-NO} (100 mg {Mn-NO} per 100 mg 

MCM-41) and a high concentration (200 mg {Mn-NO} per 100 mg MCM-41). Thus, 

four formulations of loaded material were prepared and denoted by subscripting the 

mass of nitrosyl (mg) used during the loading process as follows: {Mn-NO}100@Si-

MCM-41, {Mn-NO}200@Si-MCM-41, {Mn-NO}100@Al-MCM-41, and {Mn-

NO}200@Al-MCM-41 (collectively referred to as {Mn-NO}@MCM-41). The {Mn-

NO}200@Al-MCM-41 formulation appears to achieve the maximum loading capacity 

for the MCM-41 materials since soaking of the host in solutions containing higher 
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concentrations of {Mn-NO} (e.g. 300 mg {Mn-NO} per 100 mg MCM-41) did not 

significantly increase the {Mn-NO} content of the composite material. 

 

3.3 Characterization of {Mn-NO}@MCM-41  

3.3.1 Determination of the {Mn-NO} Content of {Mn-NO}@MCM-41  

The actual mass of {Mn-NO} loaded in each host-guest formulation was 

determined by measuring the Mn content of an acid digested solution of the loaded 

MCM-41 particles. The acid digest was performed according to a modification of the 

protocol described by Yang and co-workers.43 The MCM-41 frameworks were broken 

down by heating the particles in a solution of aqua regia (1:3 HCl to HNO3) and 40% 

(v/v) HF in H2O at 150oF for 4 h in a pressurized, Teflon lined autoclave bomb (an 

excess of HF was used based on the molar stoichiometry of Si to prevent formation of 

volatile SiF4(g)). After the 4 h period, the silicate and aluminosilicate structures were 

completely dissolved and the organic ligand frame of {Mn-NO} was mineralized, 

producing a soluble Mn(II) nitrate complex.44 Elemental analysis of the Mn 

concentration in the digest solutions was performed to determine the {Mn-NO} content 

in the original samples. To assess the consistency of the loading process, the digest 

procedure was performed in duplicate for each formulation of {Mn-NO}@ MCM-41 

using samples obtained from separate synthetic batches, and the Mn concentration of 

each batch measured using different techniques, one by FAAS and the other by ICP-

OES. The Mn content of each formulation as measured by FAAS and ICP-OES, and 

the average of the two measurements expressed as the weight percent of {Mn-NO} in 
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the loaded materials are listed in Table 3.1. The batch-to-batch consistency of the 

loading technique was confirmed by the close agreement in the Mn content reported 

for the two synthetic batches analyzed for each of the four formulations of {Mn-

NO}@MCM-41 with no clear bias in the values reported for the FAAS and ICP-OES 

analyses. As expected, higher loading of {Mn-NO} was observed for both formulations 

of Al-MCM-41 compared to the corresponding Si-MCM-41 based materials. The 

difference in the {Mn-NO} content of the silicate and aluminosilicate materials was 

more significant in the materials prepared with a high concentration of {Mn-NO}, 

achieving guest contents of 23.4(5) wt% {Mn-NO} (1.32 wt% NO) for {Mn-

NO}200@Al-MCM-41 and 20.0(3) wt% {Mn-NO} (1.13 wt % NO) for {Mn-

NO}200@Si-MCM-41. Soaking of the MCM-41 particles in solutions containing a 

lower concentration of {Mn-NO} did not produce a significant difference in the loading 

of the silicate material, {Mn-NO}100@Si-MCM-41 (19.0(2) wt% (1.07 wt % of NO)). 

However, a significant decrease in the loading of the aluminosilicate material, {Mn-

NO}100@Al-MCM-41 (19.6(5) wt% (1.11 wt % of NO)) was noted. The higher loading 

capacity of Al-MCM-41 compared to Si-MCM-41 indicates that the uptake of {Mn-

NO} by the mesoporous materials occurs through different mechanisms which are 

proposed as follows: an advantageous, ion-exchange of the [Mn(PaPy3)(NO)] cation 

for extra-framework bound Na+ in the case of Al-MCM-41 and a less efficient passive 

diffusion of the {Mn-NO}/(ClO4) ion-pair into the pores of Si-MCM-41. The higher 

loading capacity achieved through ion-exchange of {Mn-NO} by Al-MCM-41 was 

likely driven by thermodynamics but may have been facilitated by a more efficient 
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packing of guest molecules directed throughout the length of the uni-dimensional pores 

by their attraction to uniformly (randomly) dispersed (AlO4)- surface sites. However, 

in certain systems, a strong host-guest interaction has the potential to inhibit uniform 

guest loading throughout the length of the uni-dimensional MCM-41 mesopores. Stathi 

and coworkers noted that loading of Cd2+ ions by a dithiocarbamate functionalized 

MCM-41 silicate material inhibited subsequent loading of Cu2+ ions due to the blocking 

of the pore entrances by the large hydration shell of adsorbed Cd2+ ions (consisting of 

four layers of water molecules).45 Since ion-pairing reduces the hydration energy of 

ions in solution, the formation of an {Mn-NO}/(AlO4) ion-pair should weaken the 

hydration sphere of the ion-exchanged guest molecules and prevent such blocking.46 

Table 3.1 – Elemental analysis of the {Mn-NO} content of the loaded Si-MCM-41 
and Al-MCM-41 materials determined by ICP-OES and FAAS analysis of the acid 

digested particles. 

Method {Mn-NO}100@ 
Si-MCM-41 

{Mn-NO}200@ 
Si-MCM-41 

{Mn-NO}100@ 
Al-MCM-41 

{Mn-NO}200@ 
Al-MCM-41 

ICP-OES (wt% Mn) 1.97(1) 2.07(1) 2.04(3) 2.39(4) 
FAAS (wt% Mn) 1.97(2) 2.15(4) 2.02(4) 2.47(4) 

Avg (wt% {Mn-NO}) 19.0(2) 20.0(2) 19.6(5) 23.4(5) 
 

3.3.2 Stability of the {Mn-NO}@MCM-41 Host-Guest Interaction Under 

Physiological Conditions 

The stability of the host-guest interaction of {Mn-NO}@MCM-41 under 

physiologically relevant conditions  was tested by prolonged soaking of the loaded 

materials in an aqueous 137 mM NaCl solution and monitoring of the extent of {Mn-

NO} leaching over time. A saline solution was chosen for this experiment, instead of 
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the more commonly employed PBS buffer, due to the potential formation and 

precipitation of an insoluble Mn-phosphate complex. The rate of {Mn-NO} leaching 

from the composite materials was determined from the results of triplicate 

measurements performed by suspending equal masses of the loaded materials in three 

separate saline solutions and gently agitating the suspensions by shaking. Small 

aliquots were taken at specific time-points from each solution (insignificant to the total 

volume), diluted with 1% HNO3, and filtered through a 45 µm polymer membrane. The 

Mn concentration of each time-point was measured by ICP-OES analysis and 

normalized according to the total {Mn-NO} content of the \ materials. The average 

results from the triplicate measurements performed for each formulation are plotted in 

Figure 3.2. The rate of {Mn-NO} leaching from the two materials was quite steady 

over the entire 24 h period. A slightly higher rate is observed within the first two hours 

resulting in the leaching of 1.80(3)% of the total guest content of {Mn-NO}200@Al-

MCM-41, while {Mn-NO}200@Si-MCM-41 leached 2.04(1)% over the same two hour 

period. Interestingly, the amount of {Mn-NO} leached in the first 2 h was greater than 

the total {Mn-NO} leached over the remaining 22 h for both formulation. At the end 

of 24 hours, the two samples had leached an equal mass of {Mn-NO} (6.9 µg per mg 

of particles in solution) but based on the higher loading of {Mn-NO}200@Al-MCM-41 

this value represents only 2.92(3)% of the guest content versus 2.44(6)% of the guest 

content of {Mn-NO}200@Si-MCM-41. The distinct inflection in the leaching rate after 

2 h (Figure 3.2) suggests that leaching of {Mn-NO} from the MCM-41 pores within 

this time period occurs through two processes. In such a scenario, leaching during the 
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first two hours has a considerable contribution from the rapid desorption of weakly 

bound {Mn-NO} that were not removed during the washing procedure. Upon depletion 

of this population (~2 h), a rapid decline in the leaching rate is observed with continued 

leaching of {Mn-NO} occurring through a much slower partitioning of strongly bound 

guest molecules from the surface to the solution phase. The presence of two unique 

binding sites on the surface of fsilicate based material was first described by Ong et al. 

as isolated (pKa 4.9, site I (SI)) and vicinal (pKa 8.5, site II (SII)) silanol groups with 

populations of 19% and 81%, respectively.47 While the vicinal silanol groups remain 

largely protonated due to their ability to directly hydrogen bond with a vicinal 

neighbors or through a single water molecule bridge, the distance between isolated 

silanol groups allows them to exist in the deprotonated state. The isolated silanol groups 

were later sub-categorized into site I (SI) silanol groups without any neighboring silanol 

groups over an area of ~120 cm2 and site II (SII) silanol groups with a much higher 

surface density.48 Using the cationic dye, crystal violet (CV+), Fan and coworkers were 

able to demonstrate that deprotonated SI silanol groups (Si-O-) strongly bound CV+ 

molecules through an electrostatic interaction with a ΔGabs roughly twice that of CV+ 

bound to Si-O- groups at SII types.49 The discrepancy in the binding strength of CV+ to 

the two sites despite their similar electrostatic interactions is attributed to repulsion of 
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the cationic complex from nearby SiOH groups. The presence of strong and weak 

binding sites produced a biphasic desorption isotherm due to the rapid desorption of 

CV+ from SII sites and the slow desorption of CV+ from SI sites. The similar features of 

the biphasic desorption isotherm reported by Fan and coworkers with the currently 

reported desorption isotherm of {Mn-NO}@MCM-41 may reflect the rapid desorption 

Figure 3.2. Leaching of {Mn-NO} from the mesopores of {Mn-NO}200@Si-MCM-

41 and {Mn-NO}200@Al-MCM-41 during soaking in a physiologically relevant 

saline solution (10 mg sample in 2 mL of 137 mM NaCl) as measured by ICP-OES 

analysis (LOD = 6 ng/mL) of aliquots taken from the soak solution at 0, 1, 2, 4, and 

24 h. The data points with error bars (n=3) are scaled to the left axis by normalizing 

the measured amount of {Mn-NO} in solution to the total amount of {Mn-

NO}@MCM-41. The right axis takes into account the higher loading capacity of 

Al-MCM-41 by normalizing the measured amount of leached {Mn-NO} to the total 

amount of {Mn-NO} present in the ~10 mg samples. 
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of {Mn-NO} from SII sites within the first two hours of the experiment and the slow 

desorption of strongly bound guest molecules at SI sites over the remaining 22 h period. 

In addition to SI and SII binding sites, the Al-MCM-41 material contains two additional 

binding sites for cationic guest molecules, those characterized as Lewis acid sites 

(AlO4
-) and Brønsted acid sites (Al-OH-Si) which have approximate relative 

abundances of 0.4 Brønsted-to-Lewis acid sites (depending on prior treatments, such 

as calcination temperature and moisture content).50 Further investigation will be 

required in order to determine the exact nature of the interaction of {Mn-NO} with the 

Al-MCM-41 and Si-MCM-41 frameworks. A semi-quantitative analysis of the 

binding-strength of {Mn-NO} with the MCM-41 frameworks could be obtained by 

monitoring the desorption rate of {Mn-NO} from the composite material in a solution 

containing competing mono- and multi-valent metal cations with well characterized 

binding strengths to silicate and aluminosilicate materials.51  Queiroz and coworkers 

have also noted similar stabilization of a host-guest structure due to electrostatic 

interaction between a cationic Ir(III) guest complex, [Ir(dfptrBn)2(dmbpy)]+, and AlO4
- 

sites in the pores of an aluminosilicate based xerogel glass. In contrast, attempts to 

immobilize the same Ir(III) complex in a neutral, silica-based xerogel glass failed due 

to excessive leaching of the guest compound in solution.52 This was attributed to the 

lack of a strong dipole moment in the highly symmetrical Ir(III) structure which 

prevents the formation of a polar host-guest interaction. In the present study, polar 

groups on the ligand set of the {Mn-NO} complex are capable of forming strong polar 
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interactions with surface silanol groups on the Si-MCM-41 framework. Thus, minimal 

leaching of the {Mn-NO} guest was observed from both {Mn-NO}200@Si-MCM-41 

and {Mn-NO}200@Al-MCM-41 composite materials. 

3.3.3 FTIR spectra of {Mn-NO}200@Si-MCM-41 and {Mn-NO}200@Al-MCM-41  

The incorporation of {Mn-NO} within the MCM-41 hosts generated new 

absorption bands in the IR region which were not present in the spectra of the unloaded 

materials. The most notable of these bands were observed in the region between 

1380−1780 cm−1 which encompasses the absorption bands of several functional groups 

present on the {Mn-NO} ligand set. The most notable of these bands is the NO 

stretching band νNO which can be easily identified in the FTIR spectra of {Mn-

NO}200@Si-MCM-41 at 1755 cm−1 (Figure 3.3 A), which is slightly blue shifted from 

the νNO of the free nitrosyl, [Mn(PaPy3)(NO)](ClO4) (νNO = 1745 cm−1
, Figure 3.3 B).40

 

Figure 3.3. (A) FTIR spectra of Si-MCM-41 (dotted line) and {Mn-NO}200@Si-

MCM-41 (solid line) in the region from 1200 to 1800 cm-1. (B) FTIR spectrum of 

free [Mn(PaPy3)(NO)](ClO4) from 1200 to 1800 cm-1 (inset, structure of 

[Mn(PaPy3)(NO)](ClO4)).  
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Due to the hydroscopic nature of the silicate and aluminosilicate based MCM-41 

materials, samples exposed to the atmosphere quickly adsorbed moisture from the air 

producing a broad δH2O band (1630 cm-1) which overlapped the νNO peak, making it 

indistinguishable. Incremental drying of the samples in vacuo revealed a low intensity, 

broad peak corresponding to νNO which sharpened as the moisture content of the 

composite material decreased. In order to obtain a well-defined νNO band in the FTIR 

spectra of the loaded materials, it was imperative that the samples be placed under high 

vacuum (10-5 torr) overnight prior to analysis. The broadening of the νNO band in the 

presence of atmospheric moisture can be attributed to hydrogen bonding between the 

nitrosyl group and adsorbed water on the pore walls. The prominent bands at 1446 and 

1483 cm-1 as well as the small peak at 1572 cm-1 have been assigned to ring vibration 

modes of the pyridyl groups on the PaPy3
- ligand, based on the peak positions in the IR 

spectrum of coordinatively bonded pyridine (C5H5N•BF3) adsorbed to a silica surface.53 

Assignment of the band at 1600 cm-1 was complicated by the overlap of the δH2O band 

(1630 cm-1). While we had previously assigned this band to νCO of the carboamide 

moiety red-shifted from 1622 cm-1 in the spectrum of the free nitrosyl (based on 

previous reports of a similar ~25 cm-1 red-shift in νCO upon adsprortion of a guest 

molecule to a silica surface), the band at 1600 cm-1 was likely produced by a pyridine 

ring vibration in the proximity of a lewis acid site (1600-1620 cm-1 reported for 

C5H5N•BF3 adsorbed aluminosilicate based zeolites). If this assignment of the 1600 cm-

1 band is correct, the νCO band of PaPy3
- is likely overlapped by the strong δH2O band 
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and the decreased intensity stretching bands corresponding to H-bond accepting groups 

on silica supports.  

3.3.4 Diffuse Reflactance Spectra of the {Mn-NO}@MCM-41 Materials 

The diffuse reflectance UV−vis spectrum (DRS-UV-vis) of {Mn-NO}, {Mn-

NO}200@Si-MCM-41, and {Mn-NO}200@Al-MCM-41 across the visible region are 

shown in Figure 3.4 Compared to the solution phase spectrum, the reflectance spectrum 

of the solid phase nitrosyl is less featured, displaying a single high energy band around 

450 nm which is split into two bands (420 and 440 nm) in the solution phase spectra. 

However, the low energy band ~650 nm is quite similar in both phases. The high energy 

band also remains relatively unchanged upon confinement in the Al-MCM-41 

mesopores, however, a slight narrowing of the band is observed upon confinement of 

 Figure 3.4. Diffuse reflectance UV-vis spectra of {Mn-NO} (dashed line), {Mn-

NO}200@Al-MCM-41 (dash-dot line) and {Mn-NO}200@Si-MCM-41(solid line). 
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the nitrosyl in the Si-MCM-41 mesopores. Since no major distortion of the absorption 

bands is observed upon incorporation of the nitrosyl in the mesoporous materials, it is 

likely that the coordination structure of the nitrosyl remains intact upon confinement of 

the nitrosyl in the MCM-41 mesopores.57 

3.3.5 Probing the Pore Environment of {Mn-NO}@MCM-41 by N2 Sorption 

Isometry 

The textural and morphological properties of the MCM-41 mesopores hybrid 

materials were probed by N2 sorption isometry. Isometry experiments were performed 

by sealing a ~30 mg sample of the porous materials in stainless steel vessels and cooling 

the samples to 77.25 K (the boiling point of N2). The vessels were then evacuated to 

~10-5 mmHg prior and kept in a cryobath during the incremental filling of the vessel of 

the vessel with N2(g). The pressure inside the vessel was allowed to equilibrate for 45 s 

after each addition before measurement. The quantity of N2 adsorbed (cm3 g-1 STP) by 

the sample during filling and evacuation of the vessel with N2 was plotted against the 

relative pressure in the vessel (P/Po, ratio of the measured pressure to the atmospheric 

pressure, Po) to afford adsorption/desorption isotherms. 

The N2 adsorption/desorption isotherms for {Mn-NO}200@Si-MCM-41 (red) 

and {Mn-NO}200@Al-MCM-41 (blue) are shown in Figure 3.5 (adsorption branches 

are solid lines and desorption are dotted lines). The isotherms for both materials 

demonstrate typical IUPAC defined type-IV profiles characteristic of ordered, 

mesoporous materials containing uni-dimensional pores with narrow pore size 

distributions. A schematic representation of the various adsorption and desorption 

153 
 



processes and their effect on the isotherm behavior is shown in Figure 3.6 C.58  The 

adsorption of N2 on the MCM-41 samples can first by observed by the negative 

curvature in the isotherms after several additions of N2 (~0.001 P/Po). Adsorption of N2 

on the MCM-41 materials continues at a decreasing rate during the completion of the 

monolayer as marked by the ‘knee’ in the pressure range 0.001-0.1 P/Po (point A in 

Figure 3.6 C). Completion of the monolayer adsorption process is marked by the 

beginning of a linear trend in the data of both materials which extends to ~0.2 P/Po and 

corresponds to multilayer adsorption (point B in Figure 3.6 C). Inflections in the 

isotherms observed just above 0.2 P/Po mark the initiation of the capillary condensation 

process in the narrowest mesopores. The sharp, linear trend following the inflection 

and extending to ~0.3 P/Po is termed the condensation step and marks the pressure 

range of rapid condensation of liquid N2 within the nucleated mesopores.59 The 

condensation step in the isotherm of {Mn-NO}200@Si-MCM-41 is well defined with a 

steep slope indicating a relatively sharp distribution of mesopore diameters, while that 

of {Mn-NO}200@Al-MCM-41 is rather broad with a low slope indicating a wider 

distribution of effective mesopore diameters possibly due to heavy guest loading. 

Interestingly, neither isotherm demonstrates hysteresis within the pressure range of the 

condensation step which is usually observed in the isotherms of mesoporous materials 

containing independent pores with ø ≥ 2.4 nm.60 The hysteresis loops observed for the 

{Mn-NO} composites start at atmospheric pressure (P/Po = 1) and close at ~0.7 P/Po 

for {Mn-NO}200@Si-MCM-41 and ~0.5 P/Po for {Mn-NO}200@Al-MCM-41. The 

uncommon hysteresis demonstrated by these materials is likely the result of the 
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inhibited diffusion of N2 during filling and evacuation of the uni-dimenstional channels 

due to adsorbed {Mn-NO} along the length of the channels.61 The effective diffusion 

(Deff) of N2 within a mesoporous domain at atmospheric pressure (i.e. PN2/Po ~ 1) is 

inversely proportional to the tortuosity (τ) which is a measure of the detours in the 

trajectory of a diffusing molecule confined within a pore due to the walls and adsorbed 

guest molecules occupying a portion of the pore volume (φ).62  The term τ of a diffusing 

molecule within a mesopore is calculated by:  

φ
φτ

−
+

=
1
1   (1) 

τ can then be used to determine Deff of a diffusing molecules within a mesopore at 

ambient pressures 

𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝜏𝜏

  (2) 
 
Based on the results presented in the next paragraph, the fraction of the total pore 

volume occupied by {Mn-NO} in the loaded Si-MCM-41 and Al-MCM-41 structures 

is 0.46 and 0.56, respectively,  resulting in τ ~ 2.21 and 3.54, for {Mn-NO}200@Si-

MCM-41 and {Mn-NO}200@Al-MCM-41, repsectively. Therefore, the Deff of N2 

during the evacuation of the {Mn-NO} occupied mesopores will be reduced by 38% in 

the pores of {Mn-NO}200Al-MCM-41 compared to {Mn-NO}200@Si-MCM-41. These 

results appear to be in line with the hysteresis observed in the isotherms of the {Mn-

NO} loaded materials which is more pronounced in the isotherm of {Mn-NO}200@Al-

MCM-41 compared to {Mn-NO}200@Si-MCM-41. In addition to the inhibited 

diffusion of N2 due to the occupation of the pore space by {Mn-NO}, the pore confined 

guest molecule can also produce features called “constrictions” which describes the 
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narrow space between the pore wall and the confined guest.63 Multiple constrictions 

within a pore can produce a ‘cavity’ which defines the space between two constrictions. 

Condensation of N2 in cavities (which have the same diameter as the unmodified pores) 

occurs through a unique process involving the formation of a “nanobubble” upon 

merger of the condensed N2 in the constrictions and the adsorbed layer(s) of N2 on the 

walls of the cavity.63 The spherical shape of nanobubbles provides a low energy 

curvature which facilitates condensation at a reduced pressure compared to that of the 

unoccupied mesopores. An abundance of disordered features in the mesopore space, 

such as constrictions and cavities, can smooth out many of the vertical features that 

would be observed in the adsorption isotherm of unconstricted meso- and macroporous 

materials. It is, therefore, possible that the lack of vertical features in the isotherm of 

Figure 3.5. N2 adsorption (solid lines with triangles) and desorption isotherms 

(dotted lines) of {Mn-NO}200@Si-MCM-41 (red trace, open triangles) and {Mn-

NO}200@Al-MCM-41 (maroon trace, filled triangles). 
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{Mn-NO}200@Al-MCM-41 compared to that of {Mn-NO}200@Si-MCM-41 maybe the 

result of the higher {Mn-NO} content in the mesopores of the aluminosilicate 

composite material.  

Evacuation of constricted mesopores during the desorption phase of the 

isometry measurements can occur through two different mechanisms depending on the 

diameter of the constriction (dc) (12.5 Å for {Mn-NO}) relative to the diameter of the 

mesopore (d).65 When dc  ~ d, pore blocking is observed due to the inhibited 

evaporation of condensate trapped in an internal cavity until the pressure of the system 

is reduced to the normal evaporation point of the constrictions that isolate the cavity 

from the external, bulk phase. When dc < d, cavitation occurs by the spontaneous 

formation of a gas bubble within in the cavity while the constrictions surrounding the 

cavitity remain filled. A schematic representation of the evacuation processes in 

disordered mesopores can be seen in Figure 3.6 C. In the case of pore blocking, the 

liquid in the cavity will evaporate at the same pressure as the liquid in the constriction 

and information regarding the diameter of the constricted space can be obtained (dc). 

However, cavitation occurs at a pressure based solely on the bulk properties of the fluid 

(~0.42 P/Po for N2), thus, no information regarding the pore diameter will be obtained.66 

Since the hysteresis loop in the isotherm of {Mn-NO}200@Al-MCM-41 closes at ~0.42 

P/Po, the evacuation of the disordered mesopores appears to occur through cavitation. 

In comparison, the hysteresis observed in the isotherm of {Mn-NO}200@Si-MCM-41 
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closes at 0.75 P/Po which suggests a potential pore blocking effect or simple tortuosity 

effects, but seems to rule out any significant cavitation.  

The BJH calculated average pore diameters of the MCM-41 materials were 

found to increase after loading of {Mn-NO} - from 25.02 to 26.51 Å for Si-MCM-41 

and from 27.50 to 30.48 Å for Al-MCM-41 (Table 3.3). Loading of mesoporous silica 

nanoparticles with urea at 3% to 18.5% (w/w) also resulted in an increase in the BJH 

calculated pore diameters of the particles from 0.5 – 75.0 %, as reported by Gao et al. 

67 The modified Kelvin equation formulated by Kruk-Jaroniec-Sayari was used to 

calculate the pore size distribution (PSD) of the loaded materials.68 The multiple steps 

in the desorption branch of the isotherms generated a bimodal PSD which is not 

observed in the PSD calculated using the adsorption data. According to IUPAC 

published recommendations the desorption data should not be used to calculate the PSD 

of a material with constricted pores.69 Thus, only the PSDs calculated from the 

adsorption data is included in the Gaussian plots in Figure 3.6 B. The Kruk-Jaroniec-

Sayari geometerical equation, which utilizes the adsorption data and the spacing of the  

Table 3.2.  Average pore diameter, specific surface area (SSA), and cumulative pore 

volume of {Mn-NO}200@Si-MCM-41, {Mn-NO}200@Al-MCM-41 and the 

unloaded host materials. 
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(100) peak determined by PXRD, was used to confirm the mean diameters of the PSDs  

(29.0 and 30.5 Å for {Mn-NO}200@Al-MCM-41 and {Mn-NO}200@Si-MCM-41, 

respectively) and yielded average pore diameters of 28.5 and 30.2 Å, for the Si-MCM- 

Figure 3.6. (A) High resolution α-s plot (Harkins-Jura equation) showing the 

quantity of N2 adsorbed by {Mn-NO}@MCM-41 vs α - P/Po normalized by 

adsorption data from an external standard, Li-Chrosorb-1000. (B) Gaussian plot of 

the pore size distributions of the loaded materials calculated from the adsorption 

data according to the method of Kruk-Jaroniec-Sayari. (C) Labeled features of a 

type-IV isotherm with schematics of the adsorption process. (A) Monolayer 

formation marked by rounded “knee”. (B) Multilayer formation prior to liquid 

condensation showing low slope. (C) Bridging of multilayers across the center of 

the pore space with subsequent jump in Vads due to capillary condensation. (D) 

Filling of pores with liquid. (E) Evaporation of liquid within the pores at a 

hemispherical interface with the bulk. The hysteresis loop between C and E is due 

to a high condensation energy. (F) Slow desorption of multilayers. Schematic 
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41 and Al-MCM-41 loaded materials respectively.68 The fairly close agreement of 

these values with the pore diameters calculated using the BJH method are surprising as 

the BJH method tends to underestimate the diameter of mesopores. The presence of 

micropores in the MCM-41 materials was assessed using the high resolution α-s 

method of Sing.69 The ~0 intercepts of the low pressure data indicates that the samples 

contain no significant microporosity. The BJH calculated cumulative pore volumes of 

the MCM-41 host structures decreased considerably after loading of {Mn-NO}. The 

pore volumes of both Si-MCM-41 and Al-MCM-41 were similar prior to loading ∼1 

cm3 g−1, then decreased to 0.56 cm3 g−1 for {Mn-NO}200@Si-MCM-41 and 0.44 cm3 

g−1 for {Mn-NO}200@Al-MCM-41 (Table 3.3). The reduction in the pore volumes of 

the MCM-41 hosts upon guest loading indicates that the MCM-41 structures can utilize 

at least 50% of their pore space for storage of guest molecules. The volume occupied 

by the adsorbed {Mn-NO} molecules in the Al-MCM-41 mesopores according to the 

BJH calculated cumulative pore volumes is 0.56 cm3 g−1 which is over twice the van 

der Waals estimated volume of 0.27 cm3 g−1 for the {Mn-NO} content of {Mn-

NO}200@Al-xMCM-41, as determined by ICP-MS analysis (approximating {Mn-NO} 

as a sphere with a diameter of 12.5 Ǻ (Table 3.4)). The discrepancy between these 

values was expected based on the differences in the cylindrical pore model used for 

BJH calculations and the disordered pore space of {Mn-NO}@MCM-41. The BET 

calculated specific surface area (SSA) of the unloaded and loaded Si-MCM-41 and Al-
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MCM-41 particles was also considerably reduced after loading of {Mn-NO}, with 

reductions in the SSA of Si-MCM-41 and Al-MCM-41 of 353 m2 g−1 and 493 m2 g−1, 

respectively (Table 3.3). The decreased surface area of Al-MCM-41 after loading 

corresponds to the same area occupied by ~6.2 μmol of {Mn-NO} which is close to the 

theoretical 4.2 μmol {Mn-NO} g-1 Al-MCM-41 measured by ICP-MS (assuming a 

cross-sectional area of 12.5 Å in diameter for {Mn-NO}).  

3.3.6  PXRD and TEM Analysis of the {Mn-NO}@MCM-41 Structures 

To determine if the incorporation of {Mn-NO} into the porous MCM-41 

frameworks altered the structure of the MCM-41 hosts, powder x-ray diffraction 

(PXRD) analysis was performed on the materials before and after the loading process 

(Figure 3.7). The one-dimensional PXRD patterns of the unloaded materials 

demonstrate significant crystallinity with well-defined peaks corresponding to (100), 

(110), (200) and (210) reflections typical of ordered, mesoporous silicates with a 

hexagonal array of uni-dimensional channels with narrowly dispersed diameters.70 The 

retention of a similar peak pattern in the spectra of the loaded materials demonstrates 

that the incorporation of {Mn-NO} into the porous materials does not severely alter the 

MCM-41 framework and that no long range ordering of the guest molecules occurs 

within the pore space. However, the introduction of electron density in the previously 

void pore space from the adsorption of the {Mn-NO} guest caused a dramatic reduction 

in the peak intensities compared to the unloaded materials. Only the low angle (100) 
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reflection can be easily identified in the spectra of the loaded materials (Irel = 0.3% for 

{Mn-NO}200@Si-MCM-41 and 0.5% for {Mn-NO}200@Si-MCM-41) while the higher 

angle (110) and (200) reflections are just slightly above the background.71 The almost 

complete loss of intensity in the PXRD patterns of the loaded materials indicates that 

Figure 3.8. TEM micrographs of {Mn-NO}200@Al-MCM-41 particles along the 

pore axis demonstrating the retention of the MCM-41 host structure. 

Figure 3.7. (left) PXRD patterns of: (i) Al-MCM-41 prior to loading; (ii) Si-MCM-

41 prior to loading; (iii) {Mn-NO}200@Al-MCM-41; (iv) {Mn-NO}200@Si-MCM-

41. (right) Miller indices and d-spacing of peaks observed in the PXRD patterns. 
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the mean electron density (Ne/1000 Ǻ3) of the MCM-41 pore walls and the pore 

confined {Mn-NO} guest is roughly equivalent (densities within ± 0.1 e Ǻ-3 eliminates 

any signal in the case of MCM-41 type materials).72 However, the mesoporous 

structure of the MCM-41 materials can still be observed by TEM analysis. The regular 

hexagonal array of mesoporous channels can still be seen in the TEM micrograph of 

{Mn-NO}200@Al-MCM-41 shown in Figure 3.8, which confirms that the structural 

integrity of the MCM-41 frameworks was maintained during guest loading. 

3.3.7 SEM-EDX Elemental Mapping of {Mn-NO}@MCM-41  

Cross-sectional SEM-EDX elemental mapping was performed on the {Mn-

NO}200@Si-MCM-41 and {Mn-NO}200@Al-MCM-41 materials in order to visualize 

the distribution of {Mn-NO} molecules throughout a cross-section of an individual 

particle and to obtain a semi-quantitative analysis of the abundance of select elements 

present in the analyzed region. The technique for obtaining the elemental distribution 

maps utilizes the x-rays emitted from atoms excited by the electron beam produced by 

the SEM source to probe the structure of the analyte. The cross-sectional SEM-EDX 

single elemental (Si, O, Al, and Mn) maps of an individual particle of {Mn-

NO}200@Al-MCM-41 are shown in Figure 3.9. The even distribution of {Mn-NO} 

throughout the cross-section of the particle is confirmed by the correlation between the 

Mn elemental map (right panel, image d) and the SEM micrograph of the analyzed 

region (left panel). The EDX measured abundance of the elements in the analyzed 

cross-section (bottom right panel) closely matches the values expected on the basis of 

the ICP-MS and FAAS results. The considerably lower relative abundance of Cl 
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compared to Mn demonstrates that a majority of the {Mn-NO} content of {Mn-

NO}200@Al-MCM-41 was loaded through an ion-exchange process, promoting the 

dissociation of the perchlorate counter-ion. Ti mapping was performed as a control and 

showed negligible correlation to the particle cross-sectional area.  

 
3.4 NO Photorelease from {Mn-NO}@MCM-41 

Based on the NO photorelease capabilities of the Mn nitrosyl, [Mn(PaPy3)(NO)]+, 

in aqueous solutions, we hypothesized that immobilization of the nitrosyl on the 

hydrated pore-walls of silicate and aluminosilicate MCM-41 particles would provide 

the necessary conditions to support NO photorelease from the nitrosyl. The photo-

dissociation of NO from the Mn center of {Mn-NO} occurs only through the following 

two step photoreaction under physiologically relevant conditions: 

Figure 3.9. (Left top) Cross-sectional SEM of {Mn-NO}200@Al-MCM-41 particle 

and (Right) elements maps of : (a) Si, (b) O, (c) Al, (d) Mn, (e) Cl (f) Ti. (Bottom 

left) Relative atomic abundance of analyzed elements as measured by EDX analysis. 
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[Mn(PaPy3)(NO)]+ + hυ → [Mn(PaPy3)(NO)]+*  (3) 

[Mn(PaPy3)(NO)]+* + H2O  → [Mn(PaPy3)(H2O)]+ + NO (4) 

Upon photoexcitation of {Mn-NO} by visible light (λmax = 635 nm), the NO ligand of 

the excited state nitrosyl ([Mn(PaPy3)(NO)]+*) becomes susceptible to displacement by 

donating solvents in the outer coordination sphere (e.g. water). Thus, the rate of NO 

photorelease (through Eqs. 3 and 4) is dependent on adequate solvation of the nitrosyl. 

Due to the high moisture content (~30%) of silicate based materials, mesoporous 

MCM-41 type silicate and aluminosilicate particles were identified as suitable support 

matrices to ensure adequate solvation of pore confined {Mn-NO}.73 In addition, such 

materials are highly transparent to visible light permitting adequate irradiation of the 

encapsulated nitrosyl, and highly porous facilitating rapid diffusion of the 

photoreleased NO.  

The photorelease of NO from {Mn-NO}@MCM-41 suspended in aqueous 

saline solutions (137 mM NaCl) was monitored using a NO-specfic electrode. Typical 

results from such experiments are shown in Figure 3.10. The ability to rapidly trigger 

NO release from {Mn-NO}@MCM-41 under the complete control of light was 

demonstrated by irradiating the suspended particles with short pulses of visible light 

which induced the release of rapid bursts of NO (Figure 3.10 A). The total NO releasing 

capacities of {Mn-NO}200@Si-MCM-41 and {Mn-NO}200@Al-MCM-41 were 

measured during continuous illumination of the samples which produced a steady flux 

of NO for nearly ~1 h (Figure 3.10 B). The photo-activated release of NO from {Mn-
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NO}@MCM-41 is highly desirable for the therapeutic delivery of NO since one can 

deliver a controlled dose of NO to the treatment site through simple illumination, and 

then wait for a period of time to observe the progress of the treatment site before 

repeating the process until the desired outcome is achieved with minimal side-effects 

from excess NO. NO releasing porous materials reported thus far have relied on 

spontaneous NO release mechanisms, such as the displacement of NO from metal 

centers by solvent molecules in transition metal-exchanged zeolites,24,25 or the 

decomposition of NONOates (nitrosoamine functional groups) tethered to the surfaces 

of MCM-41 and related materials.26 Such mechanisms allow little or no control over 

the amount or duration of NO release from the material. To our knowledge, {Mn-

NO}@MCM-41 is the first reported inorganic porous material to demonstrate rapid 

NO release under the complete control of light. Furthermore, the NO-releasing 

capabilities (and stability) of these materials remained unchanged for at least three 

months when stored at room temperature in the dark. 

2.4.1 NO Releasing Capacities of {Mn-NO}@MCM-41 Under Steady Illumination 

The NO delivery capacities of {Mn-NO}200@Si-MCM-41 and {Mn-

NO}200@Al-MCM-41 were determined with the aid of an inNO-T NO-electrode based 

measuring system. The measurements were performed by placing the tip of the 

electrode in a magnetically stirred suspension of the materials in 2 mL of saline 

solution. As shown by the red trace in Figure 3.10 B, continuous illumination of a 10 

mg suspension of {Mn-NO}200@Al-MCM-41 produced a maximum NO concentration 

of 65 μM within 10 min of illumination (100 mW cm-2, visible light), and maintained 
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a steady concentration for ~50 min thereafter. After 60 min of total illumination, 

complete photo-bleaching of the sample had occurred as indicated by the return of the 

electrode signal to the baseline and the loss of the green color from the loaded material 

Figure 3.10 (Top panel): Light-triggered NO release from {Mn-NO}200@Si-

MCM-41 and {Mn-NO}200@Al-MCM-41 suspended in saline solution (constant 

illumination). (Bottom panel): Bursts of NO release from {Mn-NO}200@Al-

MCM-41 triggered by light pulses (duration time in s). 
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due to the photodissociation of [Mn(PaPy3)(NO)]+ and the accumulation of the tan 

colored photoproduct, [Mn(PaPy3)(H2O)]+. The total NO released from the 10 mg 

sample of {Mn-NO}200@Al-MCM-41 over the 60 min illumination period (as 

determined by the Griess reagent) was 4.3(2) μmol, close to the total NO content of the 

sample (4.4 μmol) as determined from the results of ICP-MS analysis. Similar 

measurements with{Mn-NO}200@Si-MCM-41 resulted in a maximum concentration 

of 50 μM of NO after ~7 min of illumination, which was maintained for nearly 40 min. 

The release of rapid bursts of NO from {Mn-NO}200@Al-MCM-41, as seen in Figure 

3.10 A, was achieved by the illumination of a 5 mg sample with pulses of light with 

increasing durations of 4-16 s producing bursts of NO with concentrations from 4−6 

μM.  

The ability of {Mn-NO}@MCM-41 to produce µM concentrations of NO 

suggests that the material would exhibit antimicrobial properties. Such concentrations 

of NO have previously been shown bactericidal activity against a range of pathogenic 

organism and is close to the suggested concentration of NO experienced by microbes 

in the phagolysosome.74,75 Ghaffari and Miller reported that exposure of bacterial 

cultures in liquid media to a continuous-flow of 200 ppm NO(g) caused a 98% reduction 

in the viability of cultures grown to 105 cfu mL-1.74,75 The uptake of NO by the acellular 

media delivered through the continuous-flow system was determined to be ~80 µM NO 

h-1. However, consideration of such results should take into account the variability in 

such measurements due to the intrinsic error in determing the rate of gaseous NO 

uptake by liquid media and the variable susceptibility of bacteria to a given 
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concentration of NO based on the culturing technique.76 Notably, the growth phase of 

bacterial cultures has a drastic effect on the cytotoxicity of NO. Soares and coworkers 

have shown that cultures of A. baumannii grown to either the log or stationary phases 

then treated with the same 1 mM dose of the NO donor, sodium nitroprusside (SNP), 

caused complete eradication of the log phase culture while the stationary phase culture 

maintained 85% viability.77 It was reported that such concentrations of SNP produced 

[NO] of 50 µM for ~ 1 h. The discrepancy in the cytotoxic effects of NO on bacteria in 

different growth phases was explained by the change in the gene expression patterns 

and the decrease in cellular uptake that are observed when a bacterial culture reaches 

the stationary growth phase. Such results emphasis the need for an accurate assessment 

of the antimicrobial effects of {Mn-NO}@MCM-41, despite the known NO release 

rates, against bacterial cultures grown under conditions which closely mimic those of 

the proposed therapeutic application. Here we propose the potential application of 

{Mn-NO}@MCM-41 in the treatment of skin and soft-tissue infections by A. 

baumannii.  

3.5 Antimicrobial effects of {Mn-NO}200@MCM-41 against A. 

baumannii 

Following measurement of the NO releasing cabalities of {Mn-NO}@MCM-

41 materials, the antibiotic efficacy of the hybrid material was tested against a drug 

susceptible and a multi-drug resistant strain of A. baumannii (MDR-AB). For such 

experiments, the {Mn-NO}200@Al-MCM-41 formulation was chosen over the purely 

siliceous material based on the greater NO releasing capacity and enhanced retention 
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of {Mn-NO} its photoproduct(s) within the Al-MCM-41 framework. The latter 

attribute is vital for such experiments to eliminate potential interference from the 

leaching of the Mn complexes from the MCM-41 mesopores in the determination of 

the bactericidal effects of the photoreleased NO. Since the intended application of the 

{Mn-NO}@MCM-41 materials was the treatment of skin and soft-tissue infections 

(SSTI), antibiotic testing was performed using a model designed to mimic the growth 

environment of the skin and soft-tissue and induce bacterial colonization representative 

of SSTI. The SSTI model used in this study was constructed by inoculating 1.0% (w/v) 

brine-agar held in the liquid phase at 45oC, then evenly pouring the inoculated liquid 

agar over the surface of a 1.5% (w/v) agar plate (containing tryptic soy nutrient) 

generating a 1.1 mm thick top layer of soft agar with homogenously suspended bacteria 

at a colony density of > 105 CFU cm−1. This top-agar SSTI model was a useful tool to 

test the ability of the NO released from samples of {Mn-NO}200@Al-MCM-41 

dispersed over a defined area to penetrate the agar matrix and eradicate bacteria at 

various depths corresponding to the spread of bacteria to deeper layers of tissue during 

the course of SSTI.  

3.5.1 Skin and Soft-Tissue Infection Model for Antimicrobial Testing 

The SSTI model used in this work was designed to address certain limitations 

of the standardized disk diffusion and agar dilution assays used for testing the antibiotic 

efficacy of topical therapies for the treatment of SSTI.78 The bacterial plates used in 

these assays are constructed by spreading a liquid inoculum over the surface of a 

nutrient rich hard agar plate (1.5-2% (w/v) of agar). Bacterial growth on conventional 

170 
 



agar plates is inadequate for testing the efficacy of antibiotics against SSTI due to 

several limitations. First, bacteria colonizing the surface of the skin are incapable of 

initiating infectious growth due to the inadequate nutrient availability on the keratinized 

and exfoliating cells covering the skin. Instead, SSTI does not occur until colonization 

of tissue layers 0.3-1 mm below the surface of the skin, corresponding to the lower 

epidermis or the dermis.79 If left untreated, the infection will progress through the 

continual spread of bacteria into deeper regions of the cutaneous and subcutaneous 

tissue by the excretion of exotoxin-like proteases which break down the extracellular 

matrix and facilitate bacterial motility.80 Certain virulent strains of A.baumannii are 

particularly well equipped to spread from the soft-tissue to the blood by penetrating the 

epithelial layer surrounding the vaculature through the activity of the outer membrane 

porin, AbOmpA. This protein mediates the interaction of A. baumannii with eukaryotic 

cells allowing the bacteria to bypass the epithelium and colonize the circulatory system 

where it can then spread to vital organs, a highly fatal condition called bacterial 

sepsis.81The standardized methods of antibiotic testing contain only surface exposed 

bacteria and thus provide no means for assessing the bactericidal effects of an antibiotic 

in the deep tissue regions where the onset of sepsis occurs. Second, the standardized 

assays are incapable of invoking the “ditching phenomena” which describes the 

penetration of surface colonized bacteria into deeper layers of agar by bacteria due to 

the lack of nutrients available at highly populated regions at the agar surface.82 Finally, 

one of the most important considerations which is often overlooked in such 

experiments is the decreased partial pressure of oxygen that occurs upon heavy 
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pathogen colonization of tissue.83 Microbial burdens can deplete the local abundance 

of nutrients and decrease the availability of oxygen in infected tissue through  metabolic 

activity and the induction of host repsonses (e.g. disruption of microvasculature, blood 

vessel constriction, increased activity of repair proteins).84 Direct administration of 

antibiotics to surface-exposed colonies using the standardized methods ensures a 

plentiful source of atmospheric oxygen, therefore excluding any effect of oxygen 

deficiency on the antimicrobial pharmacodynamics. The importance of assessing 

potential oxygen deficiencies in infecting locales prior to treatment was demonstrated 

by the considerable increase in the MIC50’s of the widely used antibioitics: tobramycin, 

amikacin, and aztreonam which increased by 4, 4, and 16-fold, respectively, when 

measured under hypoxic conditions.85 Oxygen deficiencies in host tissue can also 

influence the metabolic phenotype of infecting pathogens, potentially triggering 

bacterial populations to shift towards a latent phenotype with a reduced metabolism, 

and a decreased uptake of extracellular material (including antibiotics), as 

demonstrated by the persistence of Mycobacterium tuberculosis in lung tissue 

granulomas with extremely low oxygen and nutrient concentrations for decades.86 Low 

oxygen pressures in hypoxic tissue can also affect the competency of the innate immune 

response by host cells, limiting the ability of the host to clear remaining pathogens after 

a successful antibiotic course.84 Despite the simple design of the SSTI model employed 

in the present work, it provides an effective means to address the limitations of the 

standardized methods outlined above.  
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Mukerji reported on the ability of Acinetobacter spp. to penetrate an agar matrix 

through a unique twitching motility.87 This motion is now believed to occur through 

the retraction of a type IV pili and is most effective when the bacterium is cultured on 

soft, >1 % (w/v) agar.88 Bacterial motility is driven by chemotaxis. In a bacterium’s 

quest for sustenance, swimming planktonic cells will form “wolfpacks” to coordinate 

their efforts in search of the origin of molecular signals. Nutrient driven motility is a 

widely described phenomena amongst motile bacteria (termed energy taxis) and can 

promote bacterial ‘ditching’ towards subsurface nutrient reservoirs (the bottom agar 

layer in our SSTI model).89 It is known that the subsurface location of nutrient rich 

blood vessels are targeted by A. baumannii through the activity of a heme-sensing 

signal transduction system (HbpS) which promotes A. baumannii populations to 

colonize the tissue surrounding the vasculature.90 In the present SSTI model, the 

diffusion of nutrients from the bottom layer of nutrient rich agar into the nutrient 

deplete top agar layer is likely to generate a nutrient gradient with a maximum 

concentration at the interface of the two agar layers. Based on the previously observed 

behavior of A. baumannii, the energy taxis promoted motility of bacterial cells towards 

nutrient rich zones in the SSTI model could produce high bacterial density and 

metabolic activity in localized regions, depleting oxygen availability as observed 

during the colonization of host tissue by pathogenic bacteria in vivo.91 In addition, the 

1.0% agar matrix supporting the bacterial inoculum in the SSTI model has an increased 

permeability compared to the > 1.5% agar plates used in the standardized methods,78 

and should facilitate bacterial motility so that growth and colonization can occur in a 
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manner similar to those of clinical SSTI.92 During host infection, bacteria can spread 

in all three dimensions, penetrate tissue, and form cell-to-cell contacts, colonies, and 

biofilms which are all extremely important virulence factors of pathogenic bacteria and 

affect the organisms antibiotic susceptibility. 

3.5.2 The Antimicrobial Efficacy of {Mn-NO}@MCM-41 Against A. baumannii  

Following casting of the inoculated (> 105 CFU mL-1) top-agar layer of the SSTI 

model (as described above), the plates were incubated at 37oC for two hours before 

application of {Mn-NO}200@Al-MCM-41 to allow the inoculum to establish normal 

log phase growth and metabolic activity. The exceptional rate of drug resistance 

demonstrated by clinical isolates of A. baumannii has been contributed to the family of 

multi-drug efflux pumps expressed by the bacterium which have the combined ability 

to export the spectrum of clinically available antibiotics.93 Since the expression of 

genes encoding efflux pumps reaches a maximum during log phase growth of A. 

baumannii, the colony density in the SSTI model should maximize the activity of this 

resistance mechanism.94 After the two hour incubation, sterile samples of {Mn-

NO}200@Al-MCM-41 and {Mn-solv}200@Al-MCM-41 (photolyzed material as a 

negative control) were spread over a 22 mm in diameter area on the surface of the agar 

plates (using an appropriately cut and sterilized paper mask) and illuminated with 100 
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mW cm-2 of visible light. The effect of the photoreleased NO on drug susceptible and 

drug resistant strains of A. baumannii are shown in Figure 3.11. The growth of both 

strains of A. baumannii was unaffected effected by the illumination of the photolyzed 

control (plates A and D). However, the illumination of a low dose of {Mn-NO}200@Al-

Figure 3.11 Effects of NO photoreleased from {Mn-NO}200@Al-MCM-41 on A. 

baumannii colonies. (A−C): Results with drug-susceptible strain. (D−F): Results 

with drug-resistant strain. Materials sprayed on the central application zone. (Plate 

A): Photoproduct showing no reduction of the bacterial load. (Plate B): Clearing of 

bacterial load with 30 mg of {Mn-NO}200@Al-MCM-41. (Plate C): Clearing with 

50 mg of {Mn-NO}200@Al-MCM-41. (Plate D): Photoproduct effect on the 

bacteria. (Plate E): Clearing with 30 mg of {Mn-NO}200@Al-MCM-41. (Plate F): 

Clearing with 50 mg of {Mn-NO}200@Al-MCM-41. 
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MCM-41 for 1 h (30 mg, plate B) produced a significant reduction in the growth of 

drug susceptible A. baumannii, while illumination of a high dose of {Mn-NO}200@Al-

MCM-41 for 1 h (50 mg, plate C)  caused complete clearing of the bacterial load. The 

zone of bacterial clearing caused by the photoreleased NO was mostly localized (area 

in contact with the powder) showing limited effects from the lateral diffusion of NO. 

Continued illumination of the high dose of {Mn-NO}200@Al-MCM-41 for a total 

length of 1.5 h produced an excess of NO which resulted in considerable lateral effects 

from the treatment site and possible saturation of the contents and headspace of the 

petri dish (50 mg, Figure 3.12).   The penetration of NO through the 1.1 mm layer of 

inoculated soft agar was visually apparent by the complete clearing of bacterial 

colonies through entire depth of the agar layer within the treatment area. To confirm 

that no viable cells remained in the cleared 

areas, full thickness excisions of a portion of 

the top-agar (~1 cm2) were transferred to 

liquid growth media and gently 

homogenized. After 24 hours of incubation, 

the lack of growth in the transfer media 

confirmed that the photoreleased NO was to 

sufficiently penetrate and diffuse through the 

entire depth of the top agar layer to cause 

complete eradication of bacterial colonies. 

Since the bacterial loads used to inoculate the 

Figure 3.12 Antibacterial effects of 

photoreleased NO from 50 mg of 

{Mn-NO}200@Al-MCM-41 after 

1.5 h illumination against drug 

susceptible A. baumannii.  

176 
 



soft agar in the SSTI model meet the clinical definition of infection (> 105 CFU mL−1), 

the results of the antimicrobial experiments provide evidence of the efficacy of {Mn-

NO}200@Al-MCM-41 for the treatment of SSTI caused by drug susceptible A. 

baumannii. The antimicrobial testing was repeated with a multidrug resistant clinical 

isolate of A. baumannii (MDR-AB) inoculated at the same initial colony density (105 

CFU mL-1). Application of 30 mg of {Mn-NO}200@Al-MCM-41 to the surface of the 

soft agar followed by 1 h of illumination caused a significant reduction of the colony 

density (plate E). When a dose of 50 mg of the hybrid NO-donor was illuminated for 

1.5 h, the clearing was nearly complete (plate F). Antimicrobial effects due to the lateral 

diffusion of NO were observed as a thinning of the colony density around the 

application site. The lateral effects at this dose are considerably attenuated compared 

to those observed with the drug susceptible strain indicating that MDR-AB may 

consume a considerable amount of NO through detoxification pathways. This would 

explain the increased illumination time (thus an increase in the dose of NO) required 

for complete clearing of MDR-AB. However, since NO is capable of inactivating 

proteins through active site binding/inhibition, Fe-S cluster mobilization, and amino 

acid modification, clearing of NO tolerant bacterium can be achieved as demonstrated 

here.28 Collectively, the results of the antimicrobial testing using the SSTI model 

demonstrate that {Mn-NO}200@Al-MCM-41 is an effective in vitro bactericidal agent 

against A. baumannii (both drug susceptible and drug resistant strains). However, in 

vivo studies will be necessary to confirm the suitability of the composite NO-donating 
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material for the treatment of SSTI caused by these highly problematic gram-negative 

bacteria. 

Studies by Miller and co-workers have shown doses of 200−300 ppm of NO to 

be nontoxic to key cells involved in tissue repair even when the exposure is continued 

for 48 h.74 Exposure to even higher doses of NO for short durations are also tolerated 

by human cells. In a later study, Miller and coworkers have demonstrated that similar 

doses of NO are nontoxic to a variety of immune cells, and multiple exposure to NO 

could be additive to host immune response.75 In addition, exposure to NO stimulates 

collagenase expression in fibroblasts.95 As a consequence, delivery of NO to the site of 

SSTI can promote wound healing in addition to its antibiotic effects. The MCM-41 

framework employed here is also beneficial for blood clot formation in open wounds, 

as demonstrated by the ability of molecular sieves and ~1 mm mesoporous silica 

particles to reduce clotting time by ~half.96,97 Nitric oxide also stimulates the repair of 

injured skeletal muscles and promotes bone metabolism and formation at damaged 

sites.98,99 We therefore anticipate that the {Mn-NO}@MCM-41-type materials could 

assist the healing of both infected and uninfected wounds in several way in addition to 

the reduction of bacterial loads. 

 

3.6 Conclusions 

In summary, loading of a photosensitive manganese nitrosyl into the porous 

structures of MCM-41 hosts has been achieved in the present work. In case of the 

neutral Si-MCM-41, the nitrosyl is entrapped within the channels of MCM-41 via 
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interaction with groups on the channel wall. Use of Al-MCM-41 as the host promotes 

improved loading of the nitrosyl due to an expected ion-exchange mechanism and the 

formation of electrostatic interaction between the cationic guest and anionic Al sites. 

Leaching of the nitrosyl from the either host structure is minimal in physiological saline 

and is reduced further from the Al-MCM-41 host. Exposure of the hybrid materials to 

visible light results in rapid release of NO from the entrapped nitrosyl while the 

photoproducts are retained in the host structure. As a consequence, such hybrid NO-

donors could be employed to deliver NO under the total control of light with very little 

toxicity from the biocompatible host, the pore retained nitrosyl or its photoproducts. 

These properties have been demonstrated in the eradication of A. baumannii loads using 

a SSTI model. Effective clearing of both drug sensitive and multi-drug resistant strains 

of A. baumannii has been observed by means of photo-triggered NO delivery. With the 

typical light flux of a sunny day (100 mW cm-2) in mind, we have employed a 100 mW 

cm-2 light source in the measurement of the NO releasing properties and antibacterial 

properties of {Mn-NO}@MCM-41. It is expected that application of these nitrosyl-

containing porous materials to infected wounds followed by exposure to sunlight will 

bring about a rapid reduction of the pathogen load. Since the chemical composition and 

material structure of {Mn-NO}@Al-MCM-41 is comparable to the current (kaolin 

powder impregnated in non-woven gauze) and past (2002-2008, zeolite granules) 

standards of care of the US military for the treatment of hemorrhage (major cause of 

battlefield causlties) using a hemostatic agent, powders of this kind (or derivates 
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thereof) could be employed as a first line of treatment for A. baumannii infections in 

battlefield wounds.100 

 

3.7 Experimental Section 

3.7.1 Materials 

MCM-41-type silicate and aluminosilicate molecular sieves were obtained from 

Sigma-Aldrich (St. Louis, MO). Antibiotic susceptible A. baumannii freeze-dried 

culture (NCIMB 12457) and MDR A. baumannii (BAA-1605) was obtained from 

Microbiologics (St. Cloud, MN). BAA-1605 is a clinical isolate from the sputum of a 

soldier injured in Afghanistan and sent to a Canadian hospital in 2006. The strain 

showed resistance to 9 of 11 antibiotics tested.  

3.7.2 Synthesis Safety Note  

Transition metal perchlorates should be handled with great caution and be prepared 

in small quantities as metal perchlorates are hazardous and may explode upon heating. 

3.7.3 Synthesis of {Mn-NO}@MCM-41  

All manipulations were performed in the dark. A batch of 100 mg of Si-MCM-41 

or the Na-exchanged Al-MCM-41 was added to 5 mL of distilled acetonitrile in a 50 

mL Schlenk flask containing a magnetic stir bar. The mixture was degassed by three 

cycles of freeze−pump−thaw, leaving the solution frozen on the last cycle. Next, a batch 

of 100 or 200 mg of microcrystalline {Mn-NO} was added to the flask under nitrogen. 

The solution was then allowed to thaw at room temperature and stirred in the dark for 

3 days. The loaded MCM-41 material was collected by filtration using a fritted funnel. 
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The deep green solid was washed with 5 × 2 mL of acetonitrile and 3 × 3 mL of THF. 

At the end of the repeated washings, the filtrate contained no detectable amount of 

{Mn-NO} as discerned by electronic absorption spectroscopy. Finally, the light green 

powder was dried in vacuo.  

3.7.4 Analysis of the Manganese Content of {Mn-NO}@MCM-41 

An acid digest procedure modified from the protocol described by Yang and co-

workers was used to determine the manganese content of the loaded materials. 43 

Batches of 25 mg of the {Mn-NO}@MCM-41 samples were added to the Teflon 

vessels of autoclave bombs, and to each was added 1 mL of a 1:3 mixture of 

concentrated HNO3 and HCl. The samples were then frozen by dipping the vessels in 

liquid N2 before the addition of 0.125 mL of 40% aqueous HF to each vessel. Following 

addition of HF, the vessels were immediately sealed and allowed to warm to room 

temperature before placing them in a 150 °C oven for 4 h. Next, the vessels were 

allowed to cool to room temperature, and 12.5 mg of boric acid was added to each 

sample solution to complex free F−. Finally, the samples were diluted to 50 mL using 

Millipore water containing 1% HNO3 and transferred to a polypropylene flask for 

analysis. The total Mn content of each digest solution was measured by flame atomic 

absorption spectroscopy (FAAS) or inductively coupled plasma-optical emission 

spectroscopy (ICP-OES). To test the batch-to-batch consistency and the accuracy of 

the reported loading values for each formulation of the host−guest material, two 

separate batches of each formulation were synthesized and digested separately, and the 

Mn content of one digest was measured (in triplicates) by FAAS and the other by ICP-
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OES. FAAS measurements were performed on a Perkin-Elmer AAnalyst100 with a 

hollow cathode lamp and filter set to the Mn absorption line of 279.5 nm. The slit width 

was set to 0.2 nm, and the nebulized digest solution was sent through a nitrous oxide−

acetylene flame. ICP-OES measurements were performed on a PerkinElmer Optima 

4300DV utilizing the Mn emission line at 259.372 nm and a slit width of 0.2 nm. 

3.7.5 Leaching of {Mn-NO} from {Mn-NO}@MCM-41  

The extent of the loss of the nitrosyl from the host was checked as follows. 

Vials containing 5 mg portions of {Mn-NO}200@Si-MCM-41 or {Mn-NO}200@Al-

MCM-41 in 1 mL of 137 mM saline solution were gently agitated for a total time of 24 

h. Aliquots of 10 μL were taken from each test solution at various time intervals and 

brought to 10 mL with Milli-Q water containing 1% HNO3. Following filtration 

through a 0.2 μm filter, the Mn content of each sample was determined by ICP-OES 

analysis. The amount of leached Mn from {Mn-NO}200@Si-MCM-41 or {Mn-

NO}200@Al-MCM-41 for each time point was determined by averaging their values 

from three independent runs. The leaching of the photoproduct of {Mn-NO} left in the 

MCM-41 pores after NO photorelease was also examined. First, samples of {Mn-

NO}@MCM-41 were completely photobleached via illumination for 2 h. The 

completion of this process was confirmed with a NO-specific electrode. Leaching of 

the Mn-photoproduct (with no bound NO) from such photolyzed samples of {Mn-

solv}200@Si-MCM-41 and {Mn-solv}200@Al-MCM-41 (solv = solvent) in saline 

solution was then tested by following the procedure described above.  

3.7.6 Spectroscopic Measurements  
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Infrared spectra of the materials (in KBr disks) were recorded on a Perkin-Elmer 

Spectrum-One FT-IR spectrometer. The absorption spectra were monitored with a 

Varian Cary 50 spectrophotometer. UV−vis diffuse reflectance spectra (DRS-UV-vis) 

of Si-MCM-41, Al-MCM-41, {Mn-NO}200@Si-MCM-41, and {Mn-NO}200@Al-

MCM-41 were obtained by using a Varian Cary 5000 UV−vis−NIR spectrophotometer 

(Harrick Praying Mantis diffuse reflectance cell attachment, BaSO4 standard). Samples 

of each material (∼20 mg) were spread on a bed of BaSO4. The reflectance data was 

analyzed using the Kubelka−Monk function, and the output of the function was plotted 

versus the wavelength.  

3.7.7 Other Measurements  

The structural order of the materials over long-range was assessed by powder 

X-ray diffraction (PXRD). These measurements were carried out with a Rigaku 

SmartLab powder diffractometer at a scan rate of 1.5 deg s−1 and step size of 0.02 deg. 

A Micromeritics ASAP 2020 Accelerated Surface Area and Porosimetry Analyzer was 

used to acquire the nitrogen adsorption and desorption isotherms (at 77 K) of {Mn-

NO}200@Si-MCM-41 and {Mn-NO}200@Al-MCM-41 samples (run in triplicates). 

∼30 mg batches of the materials were first evacuated at 573 K for 4 h before the 

measurements. Specific surface areas were calculated using the Brunauer-Emmett-

Teller (BET) method while the Barrett−Joyner−Halenda (BJH) method was used to 

calculate the pore volume and diameter.101,102 distributions. The porosity and volume 

data of unloaded samples were also analyzed and compared with the data supplied by 
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the manufacturer (Sigma-Aldrich). Cross-sectional analysis of the distribution of the 

various atoms (Si, O, Al, and Mn) in {Mn-NO}200@Si-MCM-41 and {Mn-

NO}200@Al-MCM-41 was carried out with the aid of scanning electron microscopy 

coupled with elemental dispersive X-ray spectroscopy (SEM-EDX). The data were 

collected on a Hitachi HD-2000 dedicated STEM equipped with an Oxford Inca EDS 

system. The elemental composition of the analyzed area was determined by the Cliff 

Lorimer thin ratio quantitation method and normalized by total mass of all measured 

elements to obtain wt % and atomic % for each element. The TEM images were 

collected at 200 kV accelerating voltage. 

3.7.8 NO Release Profile of {Mn-NO}@MCM-41 

The NO release profiles of the loaded materials were recorded with a NO-sensitive 

electrode (inNO-T NO-measuring system, Harvard Apparatus). Samples of ∼10 mg 

suspension of the {Mn-NO}@MCM-41 in 2 mL of PBS buffer contained in 5 mm 

diameter vials were used. The release of NO was induced by illumination of the sample 

with 100 mW/cm2 light (irradiance intensity measured by a Coherent Field Max II 

power meter). The samples were exposed to the atmosphere and gently stirred with a 

microflea stir bar. The tip of the electrode was placed 3 cm above the stir bar, and [NO] 

was measured at 0.5 s intervals. The amperometric data collected by the electrode were 

converted into [NO] by calibrating the electrode response during illumination of 

standard solutions of {Mn-NO} in acetonitrile to the change in concentration of {Mn-

NO} by Beer’s law analysis at λ = 635 nm. The reduced concentration of {Mn-NO} 

was confirmed to be a result of NO photorelease by the growth of the photoproduct 

184 
 



band around 800 nm. The conversion factor obtained (pA to nM of NO) through this 

method was further confirmed by comparing its value with the results of the standard 

calibration method of NO formation by an acidified nitrite solution as described by the 

manufacturer. The ability of the NO released from {Mn-NO}@MCM-41 to penetrate 

a 1.1 mm layer of agar (the thickness of the bacterial suspension used in the antibiotic 

test described below) was assessed using an agar plate containing a 1.1 mm layer of 

soft agar with dissolved Griess reagent which turns pink in the presence of NO. 

Samples (10 or 30 mg) of {Mn-NO}@MCM-41 were evenly spread in the center of 

the agar plates using a template with a circular opening (2.2 cm in diameter) and 

illuminated for 30 min. The plates were then visualized for the formation of the pink 

dye on the surface (and beneath) of the agar. The resulting pink circles on the plates 

demonstrated very little lateral spreading of the released NO from the sites of 

application. 

3.7.9 Growth Conditions for A. baumannii Cultures 

Freeze-dried cultures were allowed to thaw and then spread across trypticase soy 

agar (TSA) plates for growth and isolation single colonies of the bacteria. The TSA 

plates were grown overnight at 37 °C under aerobic conditions. Following incubation, 

a single colony was selected, grown in trypticase soy broth (TSB) to an OD600 of 0.63 

(Varian Cary 50 spectrophotometer) and frozen as working stocks. The conversion 

factor for calculating CFU mL−1 from the OD600 for each strain of A. baumannii was 

determined by incubating single-colony isolates in trypticase soy broth (TSB) until 

OD600 = 0.4 and performing dilutions to achieve a density appropriate for cell counting 
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by a hemocytometer. A conversion factor of 2.9 × 108 CFU mL−1 per unit of OD600 

was found for both strains. 

3.7.10 Model of Skin and Soft Tissue Infection by A. baumannii 

Instead of using a typical agar surface inoculated with bacterial colonies for the 

antibacterial assays, a model of skin and soft tissue infection was designed through a 

”bacterial suspension method” , adapted from the procedure of Benjamin and co-

workers.103 First, the working stock was thawed and an aliquot of 100 μL was added to 

1 mL of TSB inside an Eppendorf tube. The tube was then placed on a shaker inside a 

37 °C incubator and grown to an A600 of 1.40 (late stationary phase). Next, an aliquot 

of 200 μL of this culture was added to a flask containing 100 mL of “soft brine agar

” (0.8% (w/v) agar and 1.0% (w/v) NaCl) kept in the liquid state by storing it in a 

water bath maintained at 45 °C. The resultant inoculated liquid agar contained 8.1 × 

105 cells mL−1. The liquid agar was gently vortexed to obtain a homogeneous 

suspension of the bacteria, and 6 mL of the inoculated agar was spread over a TSA 

plate containing 20 mL of 1.5% (w/v) agar. The soft brine agar suspension was allowed 

to solidify and the plate was then incubated in a 37 °C incubator for 1 h to allow the 

microbes to adhere to the agar and form cell-to-cell contacts. Composite agar plates of 

this kind were used in the bactericidal assays. Bactericidal Assays. The bactericidal 

efficacy of {Mn-NO}200@Al-MCM-41 was examined on both drug-susceptible and 

multi-drug resistant strains of A. baumannii. The template with a circular opening (ø = 

2.2 cm) was employed to facilitate the application of the powdery material to a well-

defined area. The template and the {Mn-NO}200@Al-MCM-41 powder used in the test 
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were first sterilized by soaking in 70% ethanol followed by drying at room temperature 

over 30 min. The template was then placed on top of the inoculated composite agar 

plate and the desired mass of sterile {Mn-NO}200@Al-MCM-41 was evenly spread 

over the exposed area. Following removal of the template, the whole plate was 

illuminated with 100 mW/cm2 of light for the desired duration. After illumination, the 

MCM-41 powder was gently washed off from the plate with a sterile saline solution 

and the treated plates were then incubated at 37 °C for 16 h. Control experiments were 

run following the same procedure but with photolyzed {Mn-solv}@Al-MCM-41 to 

assess any bacterial clearing due to the host material or any leached Mn-complex. The 

bactericidal effect of the NO released from the material was assessed by visually 

comparing the cellular density of the NO-treated plates against the control plates. When 

complete clearing of the bacterial load was noted, agar samples from the area of 

application of the {Mn-NO}@MCM-41 material were homogenized and extracted in 

fresh growth media, plated, and incubated at 37 °C to ensure the lack of any viable 

bacteria remaining in the kill-zone. 
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4.1 Background 

 Candida albicans is a polymorphic fungus that causes opportunistic infections 

in humans.1 C. albicans is isolated only from human and animal sources where it can 

grow in several morphological forms. These include an ovoid budding yeast, as 

elongated ellipsoid cells that remain attached at a constricted septum (pseudohyphae), 

as elongated parallel-sided true hyphae (or filamentous form), and as a spore-like form 

(chlamydospores) that have a thick cell wall.2 C. albicans also undergoes phenotypic 

switching between white and opaque morphologies – an event which is important for 

mating and biofilm formation.3 Until recently, it was thought that C. albicans did not 

have a sexual form (haploid cells), but the progression of our knowledge (largely due 

to genetic studies) regarding the sexual development and sporulation of C. albicans has 

ushered in the possibility of using mating techniques to unravel the genes that cause 

disease.3 Since C. albicans and other fungal pathogens are eukaryotic diploids, they 

share many of the same basic biochemical pathways as their human hosts. This genetic 

similarity complicates  the development of fungicides that discriminate between human 

and fungal target enzymes or biochemical steps and has limited the number of available 

low-toxic, broad-spectrum antifungal medications.  

 As a commensal organism in 50-80% of the population, C. albicans colonizes 

mucous and cutaneous membranes without eliciting an immune response from the host. 

However, at opportunistic times, such as reduced host immunocompetency or 

reductions in the number of microbial competitors as a result of antibacterial therapy, 

the fungus will initiate an infectious growth process that begins with a morphological 
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switch to a polarized hyphal growth form that is capable of penetrating colonized 

epidermal or epithelial membranes.4 The switch of cellular morphologies by C. 

albicans is sensed by host cells by the recognition of epitopes specific to the hyphal 

cell wall causing the release of pro-inflammatory cytokines. However, if the host 

immune response is insufficient or the inoculum size is large enough, the infection 

progresses. Due to the increasing population of immunocomprised and hospitalized 

individuals, opportunistic infections by fungal pathogens (C. albicans being the most 

common etiological agent) have recently emerged as a major health concern with the 

rate of mycoses (fungal sepsis) in the United States increasing nearly 207% from 1979 

to 2000.5 The severity of such infections also dramatically increased during this time 

with number of lethal cases increasing from 1,557 in 1980 to 6,534 in 1997.3 Despite 

the current availability of antifungal medications and the continued effort of researchers 

to gain a better understanding of fungal pathogenesis, the treatment of systemic 

mycosis continues to have a high failure rate, as high as 30-50%.6  

The transition between yeast and hyphal polymorphs by C. albicans is tightly 

regulated by a network of signal transduction pathways that respond to micro-

environmental cues within the host making morphological switching an important 

virulence factor for the fungus.7 The signaling pathways that regulate morphological 

switching by C. albicans identified thus far include a cAMP-protein kinase A (cAMP-

PKA) pathway,8 a mitogen-activated protein kinase (MAPK) pathway,9 a cell cycle 

arrest pathway,10 and a pH response pathway.11 These pathways become activated by 

hyphal-inducing environmental cues such as temperature (37oC),12 blood serum,13 
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physiological CO2 (PCO2 = 5%, partial pressure of CO2 in blood),14 neutral or alkaline 

pH,12 N-acetyl-D-glucosamine,15 nutrient limitation,16 and the presence of amino 

acids.17 The yeast-to-hypha conversion is critical for systemic infections, a premise that 

has been reinforced by the inability of local infections by C. albicans mutants defective 

in hyphal formation to spread to new tissue.7 The hyphal form of C. albicans is so well-

adapted for its role during infection that it can induce endocytosis by epidermal and 

epithelial cells by expression of the invasion, Als3, which binds cadherin and induces 

endocytosis so that the pathogen can rapidly bypass mucosal and cutaneous 

membranes, a mechanism called transcytosis. In addition to the active virulence factors 

discussed so far, hyphal growth-related genes are also involved in biofilm formation, 

an important mechanism to increase the tolerance of the organism to various antifungal 

agents in vivo.18 

A detailed understanding of the role of hyphal morphogenesis in the early 

processes of opportunistic infection by previously commensal populations of C. 

abicans has been achieved using in vitro systems mimicking infections of the human 

body as closely as possible.22, Dietrich and coworkers have monitored the progression 

of candidal infection in a keratinized cutaneous model (3D collagen matrix 

supplemented with fetal bovine serum containing a basal fibroblast layer and seeded 

with human epidermal cells) with a clinical isolate; a Δefg1 null mutant, competent in 

pseudohyphal morphogenesis but unable to form true hyphal cells; and a Δcph1 Δefg1 

null mutant, incompetent in pseudohyphal and hyphal morphogenesis.22,23 As shown in 

Figure 4.1 left panel, the clinical isolate strongly adhered to the outer layer of the 
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epithelial cells in the cutaneous model and penetrated the stratified epidermal layers 

with a large number of elongated hyphae. Small groups of yeast cells are observed in 

the basal fibroblast layer beneath the epidermal layers, possibly by navigating the paths 

of hyphal cells but may represent daughter cells, budded off an already penetrated 

hyphal cell. The Δcph1 Δefg1 mutant strain remained in the yeast form after inoculation 

and was unable to penetrate the epithelial layer. The Δcph1 Δefg1 mutant also showed  

greatly attenuated adhesion to epithelial cells after the same washing procedure applied 

to the hyphal and pseudohyphal competent strains. The pseudohyphal competent strain, 

Δefg1, was unable to penetrate the squamous layer of the epidermal equivalent but was 

able to penetrate an analogously constructed epithelial model of the intestine.24 This 

may be due to the lack of active transport by keratinized cells on the surface of the 

Figure 4.1. Infection of a reconstructed skin equivalent with C. albicans wild-type 

(right) and Δcph1 Δefg1 null mutant (right) lacking necessary factors for hyphal or 

pseudohyphal morphogenesis. The wild-type strain penetrates the protective 

keratinocytic layer and invades through the epidermal layer into the fibroblast 

seeded basal layer, causing severe damage to the model system. (200x 

magnification). (Left) Δcph1 Δefg1 null mutant is locked in the yeast and unable to 

penetrate or to damage the epidermal equivalent. (400x magnification)  
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epidermis which would prevent transcytoses, potentially the only mechanism available 

to pseudohyphal cells (which lack the range of proteases expressed by hyphal cells) to 

penetrate tissue membranes.   

Whole blood and blood serum is one of the most robust cues for hyphal growth 

causing almost immediate hyphal morphogenesis (42% of cells within 30 min).25 

Interestingly, neutrophils which are abundant in the blood are able to repress hyphal 

formation by C. albicans in whole blood and fractions (80% yeast in whole blood 

containing normal neutrophil counts).26 Removal of the neutrophil fraction of blood 

restored hyphal formation in 83% of all cells while co-incubation of neutrophils with 

C. albicans in hyphal-inducing blood plasma repressed hyphal formation in 95% of 

cells. It would appear as if neutrophil activity instead of any regulatory program of C. 

albicans controls the morphology of the fungus in the blood since hyphal formation 

would confer several advantageous for the fungus to increase its survival and 

dissemination in the blood: (1) factors secreated from hyphal cells have the potential to 

inhibit killing by neutrophils, (2) hypha formation could help the fungus escape from 

monocytes after phagocytosis, and (3) hyphal cells demonstrate enhanced adhesion to 

endothelial cells and are able to penetrate the endothelial membrane allowing escape 

from the blood, and (4) hyphal (not yeast) cells are capable of invading the tissue 

outside the endothelium.25 It is known that neutrophils are the major mediator of the 

host immune response against systemic candidiasis and furthermore, associate with and 

endocytose hyphal cells at a rate four times greater than yeast cells. This raises the 

question of whether C. albicans self-regulates hyphal formation in the blood to 
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minimize neutrophil response during septicemia. On the other hand, the ability of 

epithelial cells to distinguish between the invasive hyphal form and the yeast form, and 

activate the inflammasome in response to infectious growth by C. albicans but not 

during colonization seems to validate the hypothesis that factors produced by host cells 

could regulate the morphology of C. albicans in the blood. Nitric oxide (NO) is 

produced in conjugation with reactive oxygen species by host immune cells against 

infectious C. albicans and has been reported to inhibit the yeast-to-hyphal 

transition.27,28 

Therapeutics that target pathogen specific virulence factors have been 

suggested as a new model for antimicrobial design that will stop the increasingly rapid 

development of strains that show resistance to new drug agents.29 Targeting virulence 

factors instead of essential biological processes will eliminate the selective pressure 

associated with cytotoxic treatments. Antimicrobial therapies that interfere with 

essential biological processes.30 Since there are a plethora of known small molecule 

inhibitors of morphological switching, this particular virulence factor is a very 

attractive option for specifically controlling C. albicans infections.31 Proof of principle 

experiment have already demonstrated that blocking filamentation in C. albicans by 

means of gene deletion attenuates the virulence of this pathogen in vivo.32 Often 

superficial candidiasis produces symptomatic infection due to neutrophil infiltration 

and is more effectively treated as an overly aggressive immune response. Since hyphal 

cells trigger a more robust immune response than yeast, treatments that inhibit the 

morphogenesis of hyphal cells could provide relief to individuals suffering from 
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recurrent candidiasis. C. albicans is implicated in a number of common, superficial 

infections of the cutaneous and mucosal surfaces (such as candidal vulvovaginitis, 

affecting 1 of 3 women, and oral candidiasis, affecting two thirds of 

immunocompromised patients) that could be successfully treated with the appropriate 

inhibitor of hyphal formation.33 

It has been demonstrated that NO production by the inducible NO synthase 

(iNOS) enzyme of phagocytic cells has candidacidal activity.34 Ghaffari et al have 

shown that NO is effective against C. albicans even though the fungus possesses a 

highly inducible NO defense mechanism. Schoenfisch et al. have demonstrated the 

efficacy of surface-generated NO against C. albicans adhesion and biofilm formation 

on implanted medical devices such as indwelling catheters.35 In burn victim units, 

aggressive C. albicans invasion is a serious concern. In a recent paper, Martinez et al. 

have reported the successful use of a NO-donating nanoparticle to treat infected burn 

wounds in a murine model.36 Since NO maintains skin tissue homeostasis and aids in 

wound healing,37 the NO-donating nanoparticles produced excellent healing along with 

strong fungicidal effects.  

During the past few years, our laboratory has been engaged in developing 

designed metal nitrosyls (NO complexes of transition metals) that could be employed 

to deliver NO to biological targets under the exclusive control of light. Very recently, 

the photoactive NO donor, [Mn(PaPy3)(NO)]+ (denoted as {Mn-NO}) has been 

incorporated within the columnar pores of biocompatible Al-MCM-41 type material38 

and the powder (abbreviated as {Mn-NO}@Al-MCM-41 hereafter) has been employed 
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to successfully eradicate multidrug-resistant strains of Acinetobacter baumannii.39 The 

excellent antimicrobial activity of the {Mn-NO}@Al-MCM-41 powder raised our 

curiosity regarding the possibility of use of this composite material against C. albicans 

infection. Herein we report that the {Mn-NO}@Al-MCM-41 composite does exhibit 

strong NO-induced antifungal activity in vitro and the antifungal activity can be 

controlled in a dose-dependent fashion through illumination. In addition, our results 

indicate that more invasive hyphal form of C. albicans exhibits enhanced sensitivity to 

NO compared to the yeast form. 

 

3.2. NO-donating materials: {Mn-NO}@Al-MCM-41 and PUX-NO  

Since NO exists as a free radical gas in its pure form, NO releasing vehicles 

were utilized to investigate the cytotoxic effects of NO on the yeast, pseuodohyphal, 

and hyphal morphotypes of C. albicans as well as genetic mutants of the model 

organism S. cerivisea. The aluminosilicate based mesoporous material, {Mn-

NO}@Al-MCM-41, developed by us and discussed in Chapter 2 is capable of 

producing high fluxes of NO under the complete control of visible light. NO release 

from the material results from the photo-activation of a pore confined metal nitrosyl, 

[Mn(PaPy3)(NO)]+, entrapped within a chemically and biologically inert 

aluminosilicate MCM-41 type framework. The Mn nitrosyl was synthesized as a 

perchlorate salt according to the published methods.40 The cationic nitrosyl and its 

doubly charged photoproduct ([Mn(PaPy3)(H2O)]2+)  are held within the mesopores by 

an electrostatic interaction with negatively charged tetrahedral Al sites (3 mol%) 
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incorporated into the Al-MCM-41 silica framework and demonstrate negigble leaching 

of the Mn guest molecules under physiological conditions (less than 5% after 24 h in 

137 mM NaCl). The amount of {Mn-NO} loaded by the porous Al-MCM-41 host 

material using the published method was estimated by measuring the concentration of 

{Mn-NO} remaining in the soak solution after the loading process and the amount of 

desorbed {Mn-NO} collected by the washing solutions. The {Mn-NO} content of the 

{Mn-NO}@Al-MCM-41 material used in the present study using this technique was 

25 wt% {Mn-NO} which corresponds well with the value obtained by ICP-OES 

analysis of acid digested {Mn-NO}@Al-MCM-41 (23.1(3) wt% {Mn-NO}).39   

The NO release profile of {Mn-NO}@Al-MCM-41 was measureed using a 

NO-specific electrode. The measurements were performed using the same dose (16 mg) 

of {Mn-NO}@Al-MCM-41 as the C. albicans assays. Illumination of the suspended 

{Mn-NO}@Al-MCM-41 particles in an aqueous solution produced a steady 

concentration of 130 μM of NO for at least 40 min. After 1 h of illumination, the 

previously green tinged material lost all color indicating complete photolysis of {Mn-

NO} as a result of the photochemical reaction: 

[Mn(PaPy3)(NO)]+ + hv + solvent → [Mn(PaPy3)(H2O)]2+ + solvent (1) 

 The total amount of NO released from the 16 mg of sample of {Mn-NO}@Al-MCM-

41 was 7.1(4) μmol after1 h of illumination, as determined by the Griess reagent. 
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The ability of the photoreleased NO from {Mn-NO}@Al-MCM-41 to penetrate 

a 1.1 mm layer of agar (the thickness of the fungal suspension used in this study) was 

assayed by dissolving the Griess reagent – a pro-fluorescent NO reporter mixture - in 

a 1% agar solution prior to casting into a 1.1 mm thick top agar layer. A batch of 16  

mg of {Mn-NO}@Al-MCM-41 powder was evenly spread at the center of the Griess 

agar plate using a template with a circular opening (ø of 2.2 cm) and illuminated for 20 

min. Visualization of the area and depth of pink azo dye formation allowed assessment 

of the diffusion of photoreleased NO from its photochemical source. A color filtered 

photograph of the Griess agar plate is shown in Figure 4.2. NO diffusion as measured 

by the Griess reagent was limited to an area of 100 mm in diameter, considerably 

different than the speculated 100 μm RMS distance of NO diffusion in vivo. The agar 

directly underneath the film turned pale yellow due to oxidative bleaching of the azo 

dye in the presence of high concentrations of NO or NO oxidation products. The 

Figure 4.2 Color filtered image of a 

Griess agar plate showing the diffusion 

of photoreleased NO from PUX-NO 

films. Formation of a pink azo dye from 

the reaction of the Griess reagent with 

nitrite (oxidation product of NO formed 

at a constant rate under aerobic 

conditions) serves as an indicator for 

NO. 
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bleaching of the dye was confined to a small area that extended just outside the 22 mm 

application site due to the rapid consumption of NO shortly after photorelease. Care 

must be taken when extending these observations to the effect of NO on dense 

microbial populations due to the rapid consumption of NO by microbial detoxification 

mechanisms and the reaction of NO with biological molecules.  

The synthesis, characterization, and light-controlled antibacterial properties of 

PUX-NO films have been previously reported by this laboratory.41 The films were 

constructed by trapping {Mn-NO} in amorphous silica xerogel particles and casting 

those particles in a medical grade polyurethane film. The hybrid material demonstrated 

potent antibacterial effects against a broad spectrum of gram-positive and gram-

negative pathogens when exposed to mW levels of visible light. PUX-NO films were 

synthesized for this work according to the published methods and used for the delivery 

of NO to wild-type strain Y190, and deletion mutants ΔYHB1 and ΔSSU1 of S. 

cerevisiae grown on top of YPD agar in order to assess the influence of these genes on 

the nitrosative stress tolerance of this model organism. In addition, these antimicrobial 

studies provide a proof-of-performance assessment of the ability of the NO-releasing 

materials to deliver a specific amount of NO i.e. an amount that is 100% lethal to the 

NO susceptible organsims and >100% lethal to tolerant microbes.  

 

4.3. Growth Conditions for C. albicans and S. cerevisiae 

C. albicans was grown in liquid broth and solid agar under specific conditions 

and with various supplements to induce the growth of a single morphology. The 
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literature describes a variety of methodologies to induce the growth of C. albicans in a 

single, pure phase using liquid growth media.42 Growth of C. albicans on solid medium, 

such as solid Spider medium, induces robust hyphal morphogenesis in the absence of 

other hyphal inducing stimuli.43 Here we describe a unique method for the growth of 

morphologically pure cultures of C. albicans suspended in a 1% agar matrix.   

4.3.1 Morphologically Selective Growth of C. albicans in Liquid Media 

Due to the difficulty in growing morphologically pure preparations of 

pseudohyphal cells for study, a unique method reported by Hornby and coworkers was 

used to induce pseudohypha formation.44 Following the method of Hornby, an 

overnight culture of C. albicans in YPD was transferred to modified GPP broth 

(containing the hyphae inducer N-acetyl-D-glucosamine) that was supplemented with 

1:1 KH2PO4/K2HPO4 to achieve final concentrations in the range of 10-800 mM [PO4
3-

]. The growth of pseudohyphal cells was dominate at phosphate concentrations of 300 

mM and above. However, the mycelia grown with 300 mM [PO4
3-] was quite elongated 

compared to the short, thick mycelia grown with 600 mM [PO4
3-], Figure 3.4 panels A 

and B, respectively. Concerns over the influence of such high [PO4
3-] on the 

antimicrobial effects of NO on C. albicans were raised based on a report by Gow and 

coworkers on the binding of NO to protein metal centers in the presence of elevated 

concentrations of phosphate.45 Based on the hyperfine structure of the EPR spectrum 

of partially ligated oxy-hemoglobin, it was determined that a high phosphate 

concentration (100 mM) perturbs the allosteric modulation of ligand affinity by 

disfavoring the relaxed [R (oxy)] structure. Given the effect of 100 mM [PO4
3-] on the 
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binding activity of hemoglobin, the enzymatic activity of the structurally similar 

flavohemoglobin protein, nitric oxide dioxygenase, may be affected if the high 

extracellular [PO4
3-] resulted in a dramatic change of the normal intracellular 

concentration of ~15 mM [PO4
3-].46 Since NO dioxygenase is a major mediator of the 

nitrosative stress response of C. albicans, the effect of NO on C. albicans could be 

modulated in the presence of such high [PO4
3-] in the growth medium.  

4.3.2 Morphologically Selective Growth of C. albicans in Soft Agar 

Growth media and conditions described by Sudbery were investigated to induce 

the growth of a single morphotype of C. albicans.47 For this method, the pH of YPD 

media and the incubation Sudbery were successfully reproduced for hyphal and yeast 

growth but produced less robust pseudohyphal growth compared to that obtained by 

the elevated phosphate method of Hornby.44 The method of Sudbery was modified for 

solid phase growth in the SSTI growth model by pH adjusting the soft brine agar with 

PIPES buffer and supplementing the soft brine agar with 20% FBS, after autoclaving. 

Pseudohyphal growth was achieved with satisfactory results by combining the methods 

of Sudbery and Hornby.44,47 The growth of morphologically pure cultures of C. 

albicans in the SSTI model was achieved within PIPES buffered soft brine agar 

supplemented and temperature were optimized to promote the growth of a single 

polymorph. The results reported by phosphate, pH 5.5 and 35oC; and hyphae promoted 

with 20% FBS, pH 7 and 37oC. After 24 h of incubation under the described conditions, 

a full length excision of the soft agar layer was measured incubated as follows: yeast 

promoted by pH 6 and 30oC; pseudohyphae promoted with 600 mM  onto a glass slide 
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and imaged by light microscopy to verify the morphology of the cells. The morphology 

index (Mi) of Merson-Davies and Odds was used to provide a quantitative means of 

indexing elongated cells as hyphal (Mi = 3.4 - 3.8) or pseudohyphal (Mi = 2.5 - 3.4).48 

For each cell, the dimensions l (length), d (maximum cell diameter) and s (diameter at 

septal junction) were measured using Adobe Photoshop image analysis software and 

used to calculate Mi, according to the following equation 

𝑀𝑀𝑖𝑖 =  𝑑𝑑×𝑠𝑠
𝑙𝑙2

   (2) 

The septum marks the budding site between mother and daughter cells and consists of 

an association between proteins and a membrane-bound ring of 10 nm filaments and 

serves as a secretory passage for the transfer of new cell material from the mother to 

the daughter cell.47 The arrows in Panel D of Figure 4.3 show the location of constricted 

septa between cells in pseudohyphal filaments. The true hyphal cells seen in Panels E 

and F have continuous, parallel cell walls with minimal variation in the cell diameter 

along the entire length of the filaments. Visual analysis of the cellular morphology and 

calculation of the Mi for cells displaying an ambiguous morphology was performed to 

determine morphological distribution of the cells grown under each of the described 

conditions after 4 h of incubation. As shown in Figure 4.3., the described growth media 

and conditions produced excellent morphological selectivity (> 90% for pseudohyphae; 

> 98% for hyphae and yeast).  
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Figure 4.3. Micrographs of C. albicans polymorphs induced under specific 

conditions in 1.0% (w/v) soft agar cast on top of hard YPD agar plate. Panes A and 

B yeast form grown at 35oC in pH 6 (PIPES buffer) soft agar, 20x and 100x 

magnification, respectively. Panels C and D pseudohyphae grown in soft agar at pH 

5.5 and 600 mM phosphate, 50x and 100x magnification, respectively. Arrows 

indicate constricted septum separating cells. 
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4.4 Antimicrobial Effect of Photorealeased NO from {Mn-NO}@Al-

MCM-41 on C. albicans 

A skin and soft tissue infection (SSTI) model as described in Chapter 2 was 

used instead of the standardized disk diffusion and agar dilution assays. In this model, 

a top agar layer (1% (v/v); 1.1 mm thick) was inoculated with 106 CFU mL-1 of C. 

albicans and incubated at the designated temperature for 4 h before application of the 

NO-donor. As the commitment to a cellular morphology usually occurs within 75 min 

of incubation, the 4 h incubation period allowed for longer mycelium growth and easier 

differentiation between pseudohyphae and hyphae.47 As shown in Figure 4.4, 

application of 10, 14, and 16 mg of {Mn-NO}@Al-MCM-41 (applied evenly at the  

center of the plates) followed by illumination for 1 h resulted in a dose-dependent 

eradication of C. albicans. A ‘kill zone’ became apparent at a dose of 14 mg (Panel C) 

and complete eradication of the fungus was noted with 16 mg of the NO donor (Panel 

D). The clearing across the entire thickness of the soft agar layer demonstrated that the 

photoreleased NO exerted its fungicidal effect over the entire inoculated volume. This 

in turn indicated that NO did travel some distance through the agar layer. The clear 

“kill zone” in Figure 4.4 panel D also confirmed that the effect of NO was confined 

within the application zone. As a negative control for NO, a photolyzed sample of the 

composite material ({Mn-H2O}@MCM-41) was applied to the surface of an agar plate 

and illuminated for 1 h (Figure 4.4, panel A). The complete absence of any fungicidal 

activity demonstrated that the composite without NO has no adverse effect on C. 

albicans.  
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Measurement of the NO delivery capacity of 16 mg of {Mn-NO}@Al-MCM-

41 indicated that the illumination of 16 mg of the material produced a steady 

concentration of 130 μM of NO in the surrounding medium for at least 40 min. The 

material was completely photolyzed at the end of 1 h. As shown in Figure 4.4 D, 

illumination of 16 mg of {Mn-NO}@Al-MCM-41 for 1 h was sufficient to eradicate 

the fungal load colonizing a 1.1 mm thick agar layer. Since the photolyzed material 

Figure 4.4 (A) Negative control for NO showing no adverse effects from the 

illumination of photolyzed {Mn-H2O}@Al-MCM-41. Antifungal effects of 10 (B), 

14(C) and 16 mg (D) {Mn-NO}@Al-MCM-41 illumination for 1 h with 100 mW 

cm-2 visible light.  
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does not exhibit any fungicidal activity (Figure 4.4 A), exposure to ~130 μM of NO for 

1 h is cytotoxic to C. albicans cultured in the SSTI model. Using a continuous 

horizontal-flow delivery system, Ghaffari et al. have shown significant reduction of C. 

albicans load on TSA (tryptic soy agar) plates from exposure to 200 ppm of NO(g).35 

Complete eradication was observed after 4 h. In the present work, the source of NO 

was in close contact with the fungal colonies and the photoreleased NO had more time 

(static nature) to exert its effect on the fungus compared to the experimental setup 

employed by Ghaffari et al., in which the gas was allowed to flow over the fungal 

colonies. We believe that the results shown in Figure 4.4 confirm that a lower level of 

NO could eradicate C. albicans infection if the NO source is placed in intimate contact 

with the fungal colonies 

It is generally accepted that the hyphal form of C. albicans is more invasive and 

the yeast-to-hyphae transition could be the trigger for conversion of the commensal 

fungus into a pathogenic one.7 We therefore became interested to monitor the effects 

of NO on colonies of the two distinct forms of C. albicans grown under controlled 

conditions. As described in the experimental section, the yeast form was grown in our 

SSTI model at pH 6.5 with no FBS in the growth medium.31 The incubation 

temperaturewas set at 30 °C. Growth of the hyphal colonies was stimulated by the use 

of 20% (v/v) FBS in the growth medium with the pH set at 7 and the incubation 

temperature set at 37 °C. The colonies were inspected carefully with the aid of light 

microscopy to confirm the exclusive presence of the individual forms in the two sets 

of SSTI models. As shown in Figure 4.3, the growth conditions gave rise to the two 
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forms with >98% selectivity (n=50). In order to monitor the effect of the photoreleased 

NO on the two forms, we decided to employ a lower dose of {Mn-NO}@Al-MCM-41 

(10 mg) to avoid complete eradication of the colonies at the site of application. 

Measurements with NO-electrode confirmed a steady level of 70 μM of NO for 30 min 

Figure 4.5 Effects of moderate dose of NO (photoreleased from {Mn-NO}@Al-

MCM-41) on pure yeast form (top panel) and pure hyphal form (bottom panel) of 

C. albicans. The dead cells are identified by the bluish purple color (stained with 
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from 10 mg of the NO donor in buffer solutions. As shown in Figure 4.4, this amount 

of {Mn- NO}@Al-MCM-41 causes light clearing of C. albicans grown in the SSTI 

layer. When such a dose was applied to the two morphological forms separately, very 

different results were obtained. With the pure yeast variety, death of very few cells was 

noted upon exposure to NO (Figure 4.5, top). Most of the cells survived the NO 

exposure (no staining) and further plating confirmed their viability. However, the NO-

treated yeast cells exhibited limited budding during the next 12 h of incubation. Quite 

in contrast, application of the same dose of the NO donor to the pure hyphal form 

caused extensive killing of the cells as evident by the near complete staining of the 

filamentous cells extracted from the kill-zone (Figure 4.5, bottom). This heightened 

susceptibility of the more invasive hyphal form of C. albicans to NO is quite 

noteworthy. Bistoni et al. have previously reported that supernatants from murine 

macrophages incubated with sodium nitroprusside (an NO donor) exhibit fungicidal 

activity against the hyphal (but not yeast) form of C. albicans.49 The researchers, 

however, suggested the “likely involvement of stable nitrogen-containing compounds” 

in such selectivity. Our results now directly show that the hyphal form of C. albicans 

is more sensitive to NO compared to the yeast form. This inference also explains the 

absence of fungal hyphal structures in the NO-treated lesions of a murine burn-model 

infected with C. albicans, as reported by Martinez et al. in a recent paper.37  

 

4.5  Sensitivity of S. cerevisiae Mutants Lacking Key Components of 

the Nitrosative Stress Response to Photo-released NO  
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The ability of the NO photoreleased from PUX-NO films to overwhelm key 

elements of the nitrosative stress response expressed by S. cervisiea was demonstrated 

using genetic mutants. Three strains of S. cerevisiae where used in the study: the wild-

type (Y190), a knockout strain ΔYHB1 for the gene encoding the flavohemoglobin 

nitric oxide dioxygenase (NOD), Yhb1p, which detoxifies NO by catalyzing its 

oxidation to nitrate, and a knockout strain ΔSSU1 for the gene encoding the putative 

sulfite efflux pump, Ssu1p.48 Orthologous proteins are found in pathogenic fungi such 

as C. albicans 49 The bacterial ortholog of Yhb1p, hmp, is expressed by the pathogens 

S. aureus, MRSA and E. coli.50 This family of proteins has been shown to increase the 

virulence of pathogens in vitro and in vivo due to its ability to protect the organism 

from the nitrosative stress induced by host immune cells while knockout strains of 

flavohemoglobin NOD demonstrate hypersensitivity to NO.51 The gene encoding the 

sulfite efflux pump, SSU1, is up-regulated by S. cerevisiae and C. albicans under 

conditions of nitrosative stress. However, the C. albicans ΔSSU1 mutant does not show 

enhanced susceptibility to NO or attenuated virulence in a mouse model while the S. 

cerevisiae ΔSSU1 mutant shows slightly increased susceptibility to NO donating 

molecules.52 The connection between nitrosative stress and the up-regulation of SSU1 

in these organisms has not been identified but represent an evolutionary artifact in C. 

albicans.  

The effects of photoreleased NO from PUX-NO films against wild-type, 

ΔYHB1, and ΔSSU1 mutants of S. cerevisiae grown using the SSTI model of infection 

are shown in Figure 4.6. Films containing the indicated amount of {Mn-NO} were 
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placed in the center of the plates and illuminated for 1 h. The treated plates where then 

incubated at 30oC for 12 h before visualization. The ΔYHB1 mutant showed enhanced 

susceptibility to all concentrations of NO compared to wild-type and the ΔSSU1 

mutant. Comparison of the reduction in the microbial loads of ΔSSU1 and wild-type 

by PUX-NO films shows that the wild-type strain has enhanced resistance to NO 

through an as of yet unknown role of the sulfite efflux pump in the nitrosative stress 

response of S. cervisiea. Taken together, these results demonstrate that NO 

Figure 4.6 Effects of NO photoreleased by PUX-NO films against wild-type, 

ΔYHB1, and ΔSSU1 mutants of S. cerevisiae grown in soft agar cast on YPD plates. 

Films containing the indicated amount of {Mn-NO} were placed in the center of the 

plates and illuminated for 1 h. The treated plates where then incubated at 30oC for 

12 h before visualization.  
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photoreleased from biocompatible materials such as PUX-NO films are able to 

overwhelm key elements of the nitrosative stress response by S. cervisiea Since S. 

cervisiea is often used as a model organism for pathogenic fungus like Candida spp. 

due to their evolutionary relatedness, these results are useful for assessing the suitability 

of NO donating materials for the treatment of infection by pathogenic fungus that infect 

cutaneous wounds such as C. albicans.53  

 

4.6 Conclusions 

To date, a few groups have examined the effects of gaseous NO34 and 

exogenous NO donors on C. albicans.35, 36 Synergistic fungicidal effects of exogenous 

NO donors and azoles on Candida spp. have also been reported.54 Results of this study 

now indicate that a moderate dose of NO could prevent the spread of the hyphal form 

of C. albicans and limit the damage from the infection. Normal human tissues are not 

harmed by such doses of NO.34 The NO-donating material {Mn-NO}@Al-MCM-41 (a 

biocompatible powder) is easy to apply compared to a continuous flowing device with 

a noxious gas. The NO-spent material with the entrapped [Mn(PaPy3)(H2O)]2+ 

photoproduct can be easily removed from the infected area through wound rinsing. 

Because the NO delivery by the material can only be triggered by light, the doses of 

NO can be controlled depending on the nature and degree of virulence of the infection. 

We therefore believe that this material provides an opportunity to treat invasive C. 

albicans infections under the control of light.  
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4.7  Experimental Methods 

4.7.1 Materials and physical measurements 

The manganese nitrosyl [Mn(PaPy3)(NO)](ClO4) ({Mn-NO}) was synthesized by 

following the published procedure.39 The Al-MCM@{Mn-NO} composite was 

prepared according to the procedure published by this group,38 with slight modification. 

Briefly, a suspension of 100 mg of Na-exchanged Al-MCM-41 (Sigma-Aldrich) in 2.5 

mL of acetonitrile was degassed by three cycles of freeze-pump-thaw and during the 

last freeze cycle, 200 mg of {Mn-NO} was added to the flask under N2. After bringing 

the solution to room temperature, the flask was sealed under N2 atmosphere and 

allowed to stir for 48 h. The {Mn-NO}-impregnated Al-MCM-41 powder was collected 

on a ceramic filter and the green solid was washed with acetonitrile until no {Mn-NO} 

was detected in the wash solution (as monitored by electronic absorption spectroscopy). 

The light green powder was finally rinsed with tetrahydrofuran and dried in vacuo. The 

amount of {Mn-NO} retained within the pores of the sample was estimated by 

measuring the increase in mass of the dry powder after the loading procedure. The 

increase in mass corresponded to the chemical analysis of thematerialwith the aid of 

ICP-MS as described previously.38 The {Mn-NO}@Al-MCM-41 sample employed in 

the present work contained 25 wt.% of nitrosyl. 

The NO release profile of the {Mn-NO}@Al-MCM-41 sample was recorded with 

a NO-sensitive electrode (inNO-T NO-measuring system, Harvard Apparatus). A batch 

of 16 mg of {Mn-NO}@Al-MCM-41 was suspended in 2 mL of PBS buffer in a 5 mm 

diameter vial and NO release was initiated by illuminating the vial with a 100 mW cm-
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2 light source. The solution was stirred in the open vial and the tip of the NO-electrode 

was placed 3 cm above the stir bar and the concentration of free NO in solution was 

measured at 0.5 s intervals. The electrode assembly was calibrated against known NO 

donors and acid/nitrite solution according to standard methods. The sample afforded a 

steady level of 130 μM of NO within 5 min of illumination and the level was maintained 

for 30 min thereafter. The total amount of NO released from the sample, determined by 

Griess reagent, was 7.1(4) μmol after 1 h of illumination. 

The ability of the NO released from {Mn-NO}@Al-MCM-41 to penetrate a 1.1 

mm layer of agar (the thickness of the fungal suspension used in this study) was assayed 

by using a control agar plate consisting of a 1.1 mm layer of soft agar with dissolved 

Griess reagent which turns pink in the presence of NO. A batch of 16 mg of {Mn-

NO}@Al-MCM-41 powder was evenly spread at the center of the agar plate using a 

template with a circular opening (2.2 cm dia) and illuminated for 1 h. The plate was 

then visualized for the formation of the pink dye on the surface (and beneath) of the 

agar. The resulting pink circle on the plate demonstrated very little lateral spreading of 

the released NO from the site of application. 

4.7.2 Growth and maintenance of C. albicans 

C. albicans freeze-dried culture (ATCC 10231) was obtained from 

Microbiologics (St. Cloud, MN). The freeze-dried culture was thawed and spread 

across the surface of 2% agar plate containing 1% yeast extract, 2% peptone, and 2% 

dextrose (YPD). The YPD agar plate was then incubated at 30 °C until single colonies 

were observed. A single colony was transferred to 6 mL of YPD broth and grown 
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overnight at 30 °C on a rotary shaker until the cells reached stationary phase (OD600 

~10, Varian Cary 50 spectrophotometer). Frozen stock was obtained from the overnight 

culture by adding 15% (v/v) glycerol to the fungal culture and transferring 1 mL of the 

stock solution to individual vials. The vials were then frozen and stored at −80 °C. At 

the beginning of every week, a vial of frozen stock was thawed and plated onto fresh 

YPD agar. Isolated single colonies were grown at 30 °C and maintained throughout the 

week by storage at 4 °C. Subsequent experiments were performed using overnight 

cultures grown from single colonies isolated from such plates and grown to stationary 

phase. The cellular density as a function of the OD600 of C. albicans ATCC 10231 

cultures in YPD broth was found to be 7.8(2)×108 cells mL−1 @ OD600=1.0 as 

determined by hemocytometry and confirmed by the plate drop method. 

4.7.3 Dose-dependent NO delivery to C. albicans and evaluation of the fungicidal 

activity 

The dose dependent growth inhibition and fungicidal activity of the NO 

released from various dosages of {Mn-NO}@Al-MCM-41 during illumination with 

white light (100 mW cm-2) was determined by using an in vitro model of the invasion 

and colonization of epithelial layers by C. albicans. Because epithelial layers serve as 

a vital barrier to protect the body from foreign agents and pathogens, they are the initial 

site of attack and invasion by C. albicans that have received environmental signals to 

switch its mode of growth from commensal to invasive form. Such a skin and soft tissue 

infection model (SSTI)38 was constructed by the inoculation of a molten solution of 1% 

agar and 1% NaCl maintained at 45°C with an overnight culture to achieve a cellular 
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density of 106 CFU mL-1. The appropriate volume of inoculated agar (~2 mL) was then 

spread across the surface of an YPD agar plate to create a thin layer of soft agar (1.1 

mm) of similar thickness to the human epidermal layer (~1 mm). The intimate contact 

of the soft agar layer to the YPD agar layer allowed facile diffusion of YPD from the 

bottom layer to the nutrient deplete top layer containing the suspended fungus to 

promote the polarized growth of C. albicans cells toward the nutrient reservoir, a 

phenomenon termed as “ditching” [30]. These plates were then incubated at 37 °C for 

2 h to allow attachment of the cells to the agar matrix and the formation of cell-to-cell 

contacts. Such growth conditions stimulated modest germ tube formation (~25% of 

cells had an elongated morphology). Next, the plates containing fungal suspensions 

were treated with varying masses of {Mn-NO}@Al-MCM-41 powder evenly 

distributed at the center of the plates through the use of a circular template with a central 

opening of 2.2 cm in diameter and illuminated for 1 h. After illumination, the 

photolyzed material was gently washed off from the plate with a sterile saline solution 

and the treated plates were then incubated at 37 °C for 16 h. The fungicidal effect of 

the NO released from the material was assessed by visually comparing the cellular 

density of the NO-treated plates against the control plates. When complete clearing of 

the fungal load was noted, agar samples from the area of application of the {Mn-

NO}@Al-MCM-41 material were homogenized and extracted in fresh growth media, 

plated, and incubated at 37 °C to ensure the lack of any viable cell(s) remaining in the 

kill-zone. A control plate was also exposed to 16 mg of the NO-spent material ({Mn-
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H2O}@Al-MCM-41) and illuminated for 1 h to determine fungicidal activity (if any) 

of the photolyzed material. 

4.7.4 Growth of the yeast and hyphal forms of C. albicans 

To determine the effects of photoreleased NO on the two morphological forms 

of C. albicans, the yeast and the hyphal form were grown on our SSTI model under 

different growth conditions. The temperature, pH and presence of blood serumwere all 

adjusted to set up growth conditions selective for each phenotype. The soft 1% agar 

layer used for both forms contained 137 mM of NaCl and 20 mM of piperazine-N,N′-

bis(2-ethanesulfonic acid) (PIPES) buffer in Millipore water and was inoculated with 

a cellular density of 106 CFU mL−1. The yeast form grew selectively when the pH of 

the soft agar layer was adjusted to 6.5 and incubated at 30 °C for 4 h without any fetal 

bovine serum (FBS) in the growth layer. The growth of hyphal cells was achieved with 

>95% selectivity by adjusting the pH of the soft agar layer to 7 and the addition of 20% 

(v/v) FBS to the growth layer. The bilayer plates were then incubated at 37°C for 4 h 

to allow sufficient elongation of the hyphal cells. The soft agar layers from both cases 

were then smeared on microscopic slides and cells of the two morphologies were 

visualized by light microscopy (Zeiss Axiovert 200 fitted with an AxioCam MRc5 

camera). 

4.7.5 Studies of the effects of NO on the two forms of C. albicans 

A batch of 10 mg of {Mn-NO}@Al-MCM-41 was added to the two 

morphological forms of C. albicans grown in the SSTI model using the circular 

template with a 2.2 cm hole at the center and illuminated for 1 h with visible light (100 
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mW cm−2). The treated plates were then incubated for 8 h at 30 °C for the yeast and 

37 °C for the hyphal form. Next, the cells were removed from the agar suspension by 

careful delamination of the soft agar layer from the bottom YPD agar layer and 

homogenization of the extracted agar into a pH 7.4 Tris·HCl buffer solution. The cells 

were stained with Trypan blue (0.04 wt.%) and photographed with the aid of a Zeiss 

Axiovert 200 microscope fitted with an AxioCamMRc5 camera. Because the viable 

cells do not absorb the vital stain, they were easily distinguished from the dead cells 

which exhibited distinct bluish purple color due to passage of the dye through the 

membrane and accumulation within the cellular envelope. 
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A.1 Background  

 Although a variety of transition metal ions are known to form photoactive 

metal nitrosyls, Ru(II) centers are amongst the most well studied and promising 

candidates for the development of phototherapeutic NO donors.1 The robust 

coordination sphere of Ru(II) complexes results in excellent thermal stability of Ru-

ligand bonds, inhibiting ligand substitution reactions and non-specific release of bound 

NO.2 The synthesis of photoactive Ru(II) nitrosyls usually occurs through the non-

innocent binding of NO. to a Ru(III) centered precursor resulting in the transfer of an 

electron from NO. to Ru(III) producing a formally described Ru(II)-NO+ moiety 

RuIII-L + NO. → RuII-NO+ + L (1) 

(where L is a loosely coordinated solvent molecule).3 The resulting Ru(II)-NO+ bond 

is rather complex and involves contributions from three major binding interactions 

between Ru and NO orbitals: (1) a σ-coordination interaction generated through the 

donation of two N-centered electrons from the NO(3σ) orbital to the Ru(dz2) orbital, 

(2) a π-backbonding interaction from the covalent mixing of a single, doubly occupied 

Ru(dxz, dyz) orbital with the properly aligned NO(π*x, π*y) orbital, and (3) a π-

coordination interaction that results in the donation of an electron from the singly 

occupied NO(π*x, π*y) orbital to a Ru(dxz, dyz) orbital, filling the Ru(t2g) shell.3 The sum 

of these interactions results in the loss of an electron from a NO(π*) orbital increasing 

the bond order between N and O from 2.5 to 3 (i.e. (N≡O)+).3,4 The covalency and 

strength of the Ru-NO interactions listed above can vary significantly amongst different 

Ru(II) nitrosyls as a result of the donor/acceptor strength of the auxiliary ligand set and 
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the geometry of the coordination sphere.5 The variable nature of the Ru-N-O bonding 

complicates the assignment of both the metal and NO oxidation states (e.g. NO+, NO.,  

NO-) and prompted Enemark and Feltham to develop a singular notation for describing 

the oxidation state of the Ru-NO unit, {M-NO}n, based on the sum of electrons (n) in 

the metal d and the NO(π*) orbitals.3 Following the nomenclature, Ru(II)-NO+ and 

Ru(III)-NO. are both described as {Ru-NO}6 nitrosyls while the less common Ru(II)-

NO. binding mode is distinguished as {Ru-NO}7.  

 The synthesis of photoactive metal nitrosyls by the Mascharak group began 

with the design of the pentadentate ligand, PaPy3H, and the synthesis of 

[Fe(PaPy)(NO)](BF4)2 which was the first reported nitrosyl to successfully reproduce 

the rapid photorelease of NO from the Fe-center of the microbial enzyme, Fe-nitrile 

hydratase (Fe-NHase).  The structure of PaPy3H incorporated several key features of 

the metal coordination sphere of the protein active site including: (1) a deprotonated 

carboxamide-N donor which coordinated trans to NO in order to promote the trans-

labilizing effect and (2) π-accepting ligands in the equatorial plane to stabilize the 

Fe(II)-NO+ unit generated during the binding of NO to the Fe(III) precursor.7 However, 

due to the rapid decomposition of the {Fe-NO}6 complex in aqueous solutions, the Fe 

center was exchanged for its more stable congener, Ru, in the synthesis of 

[Ru(PaPy)(NO)](BF4)2 (Figure A.1).8 [Ru(PaPy)(NO)](BF4)2 was the first {Ru-NO}6 

nitrosyl to demonstrate significant rates of NO photorelease upon illumination with low 

power UV-light under biological conditions. Previously reported photoactive {Ru-

NO}6 nitrosyls were only stable in acidic aqueous solutions (pH < 5) and underwent 
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rapid hydration forming Ru-NO2 at neutral pH.9 In contrast, the stability of 

[Ru(PaPy3)(NO)](BF4)2 under biologically relevant conditions made it useful as a 

photoactive NO donor in biological assays, as first demonstrated by the measurement 

of the NO binding and release kinetics of myoglobin and cytochrome-c using 

photoreleased NO produced from brief exposure (30 s) of [Ru(PaPy3)(NO)](BF4)2 in 

aqueous buffer to low power UV light (7 mW/cm2, λmax = 302 nm).10 While the unique 

ability of [Ru(PaPy)(NO)](BF4)2 to release NO only upon exposure to low-power UV-

light allowed precise spatial and temporal control in the delivery of NO to biological 

targets such as proteins and isolated tissue, the UV-light required to activate NO 

photorelease from the nitrosyl limited further development of the nitrosyl as a 

phototherapeutic.11 To overcome the limitations of UV-light activated {Ru-NO}6 

nitrosyls, futher use of the PaPy3H ligand involved the visible light active {Mn-NO}6 

analog, [Mn(PaPy3)(NO)](ClO4), and its derivatives.12 

Figure A.1 – X-ray crystal structure of [M(PaPy3)(NO)(Cl)]n+.1,5,9 

 While the pentadentate ligand, PaPy3
-, established the influence of the axial 

ligand on the photoactivity of {Ru-NO}6 through the trans-labilizing effect, we next 

sought to investigate characteristics of the equatorial donor groups of Fe-NHase that 
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promote favorable NO photorelease. Since the equatorial plane of the Fe-NHase 

contains two trans-coordinated dicarboxamido donors from peptide bonds on the the 

protein backbone, this feature was incorporated into a tetradentate, dicarboxamide 

ligand, namely 1,2-bis(pyridine-2-carboxamido)- benzene (H2bpb).13 The negative 

charge of the deprotonated carboxamido-N donors on the bpb2- frame is delocalized 

across a central 1,2-phenylenedicarboxamide (PDA) moiety and through the 

carboxamido linking groups to the terminal pyridine-N donors. This conjugated π-

system maintains the bpb2- ligand frame in a rigid, planar geometry during coordination 

to the equatorial plane of the Ru center.14 The combination of negatively charged, σ-

donating carboxamido-N and conjugated π-accepting pyridine-N donors lowers the 

energy gap of the NO releasing photo-transition π(PDA)-π(RuNO) → π*(RuNO)-

π*(Py) by increasing the electron density and raising the energy level of the HOMO, 

and decreasing the electron density and lowering the energy level of the LUMO.15 

 In order to enhance the effect of the admixture of the bpb2- M.O.s into the 

Ru-NO centered photoband, the bpb2- frame was modified to increase the electron 

donating capacity of the carboxamido-N donors and the π-accepting capacity of the 

pyridine-N donors. The first aim was achieved through the attachment of electron-

donating groups of increasing donor strength (H < Me < OMe) to the 4 and 5 positions 

of the phenyl ring of the PDA moiety.14,16 Through DFT calculations we were able to 

demonstrate that this modification increased the electron density of the π(PDA)-π(Ru-

NO) orbital and raised its energy level.14,17 The energy level of the LUMO orbital of 

the Ru-bpb2- nitrosyls was achieved by enhancing the electron withdrawing strength of 
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the pyridine groups through substitution with quinoline-N donor groups that have 

increased π* conjugation to better accept excited electrons from the HOMO orbital 

upon photo-excitation.16 The combined effects of the lowered LUMO and raised 

HUMO energy levels decreased the energy gap of the NO releasing photo-transition 

π(PDA)-π(RuNO) → π*(RuNO)π(Py).  

 The ligand, Me2bpb2-, was the first modified ligand synthesized to establish 

the ability of peripheral ligand modifications to enhance the photoactivity of {Ru-NO}6 

nitrosyls.14 The shifting of λmax of the NO releasing photoband from 380 nm for 

[(bpb)Ru(NO)(Cl)] to 395 nm for [(Me2bpb)Ru(NO)(Cl)] along with the increased rate 

of NO photorelease from [(Me2bpb)Ru(NO)(Cl)] confirmed the ability of peripheral 

modifications to enhance the photoactivity of {Ru-NO}6 nitrosyls. Additionally, the 

trans-labilizing effect of the Cl- ligand bound trans to NO in the Ru-bpb2- nitrosyls was 

established by the synthesis of a third nitrosyl, [(Me2bpb)Ru(NO)(Py)], containing a 

pyridine (Py) ligand coordinated trans to NO. The greatly reduced rate of NO 

photorelease from [(Me2bpb)Ru(NO)(Py)] compared to [(Me2bpb)Ru(NO)(Cl)] 

confirmed the trans-labilizing effect of the Cl- ligand for the bpb2- based {Ru-NO}6 

nitrosyls.  

 In the next step of ligand modification, the pyridine arms of Me2bpb2- were 

substituted with quinoline groups to afford the designed ligand Me2bQb2-.14 The 

increased π-accepting capacity of the quinoline rings of Me2bQb2- produced a dramatic 

red-shift in the photoband of the corresponding {Ru-NO}6 nitrosyl from λmax = 395 nm 

for [(Me2bpb)Ru(NO)(Cl)] to λmax = 455 nm for [(Me2bQb)Ru(NO)(Cl)]. Exposure of 
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a solution of [(Me2bQb)Ru(NO)(Cl)] to visible light λ  > 465 nm for 15 min resulted in 

significant NO photorelease (16%) while similar illumination conditions of the 

unmodified nitrosyl, [(bpb)Ru(NO)(Cl)], failed to initiate significant NO photorelease 

(1%). The combined effects of the appropriate electron donor and acceptor group 

modifications to the bpb2- ligand frame, demonstrated the feasibility of sensitizing {Ru-

NO}6 nitrosyls to visible light through proper modification of the auxiliary ligands.  

Following the sensitization of [(Me2bQb)Ru(NO)(Cl)] to visible light through 

modification of the ligand frame, we next sought  to enhance the nitrosyl’s quantum 

yield and NO release rates through the direct coordination of a light-harvesting 

antennae in the form of a strongly colored dye molecule bound to the axial site trans to 

NO.18 Previous work by Ford and coworkers had demonstrated that tethering of the 

chromophores protoporphyrin IX (PPIX, λmax ≈ 400 nm) and fluorescein (Fluor, λmax ≈

450 nm) to the bridging sulfur atoms of the Fe2S2 center of Roussin’s Red salt esters 

(RSE) using an extended (CH2)n linker (generating PPIX-RSE and Fluor-RSE) resulted 

in only modest improvement of the iron nitrosyls’ NO releasing photoactivity  (φ ~ 

0.00025-0.00052).19,20 Therefore, we attempted to directly coordinate the conjugated 

phenolato-O donor atom of the selected tricyclic dye chromophore, resorufin (Resf), to 

the Ru center of the {Ru-NO}6 nitrosyls in an attempt to facilitate the direct transfer of 

energy from the dye molecule to the Ru-NO unit.18 A series of {RuNO}6 nitrosyls, 

namely [(Me2bpb)Ru(NO)(Cl)], [(Me2bQb)Ru(NO)(Cl)], and 

[((OMe)2bQb)Ru(NO)(Cl)], were synthesized by removal of the Cl- ligand with AgBF4 

followed by direct coordination of the deprotonated dye to the open axial site affording 
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[(Me2bpb)Ru(NO)(Resf)], [(Me2bQb)Ru(NO)(Resf)], and 

[((OMe)2bQb)Ru(NO)(Resf)] (Figure A.2).18 While the photobands of the Cl- bound 

nitrosyls had various values of λmax, the photobands of the dye-sensitized nitrosyls all 

exhibited maximum absorption at the same wavelength (~500 nm). However, the 

intensity of the photoband of the methoxy modified nitrosyl, 

[((OMe)2bQb)Ru(NO)(Resf)], was greatly enhanced (ε500 ~ 28 000 M-1 cm-1 in MeCN 

) compared to the photobands of the methyl substituted nitrosyls 

[(Me2bpb)Ru(NO)(Resf)] and [(Me2bQb)Ru(NO)(Resf)] (ε500 ~ 12 000 M-1 cm-1 in 

MeCN).16 The quantum yield values for NO photorelease upon exposure to visible light 

was also greatly enhanced by coordination of the Resf dye. While the Cl- bound 

nitrosyls exhibited modest to negligible visible light photoactivity despite the effects 

of ligand modifications (φ500 < 0.025),  the dye-sensitized nitrosyls released significant 

amounts of NO upon illumination with 500 nm light (φ500 = 0.05, 0.10, and 0.20 for 

[(Me2bpb)Ru(NO)(Resf)], [(Me2bQb)Ru(NO)(Resf)] and 

[((OMe)2bQb)Ru(NO)(Resf)]).  
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Figure A.2 – Schematic and corresponding electronic absorption spectra of the Ru 

nitrosyls derived from the tetradentate, dicarboxamide ligands Me2bpb2-, Me2bQb2-, 

and (OMe)2bQb2- with Cl- or Resf- bound trans to NO.16 

 
While the quinoline based nitrosyls [(Me2bQb)Ru(NO)(Resf)] and 

[((OMe)2bQb)Ru(NO)(Resf)] exhibited the greatest visible light photoactivity upon 

dye-sensitization, these nitrosyls lost significant amounts of the bound dye when 

dissolved in aqueous solutions compared to the pyridine based nitrosyls 

[(Me2bpb)Ru(NO)(Resf)].16,18 For example, when the dye-sensitized nitrosyls were 

dissolved in aqueous solution at pH 7.4 the quinoline based nitrosyls lost ~20% of 

bound dye while the pyridine based nitrosyl lost only 5%. Examination of the X-ray 
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crystal structure of the quinoline based nitrosyls revealed significant steric interaction 

between the quinoline arms of the ligand frame. This steric interaction generated 

considerable twisting of the quinoline arms out of the ligand plane, producing a nearly 

35o angle between the planes of the quinoline rings (Figure A.3).16 We hypothesized 

that the reduced stability of the Ru-Resf bond of the quinoline based nitrosyls was a 

result of the distortion of the equatorial ligand plane. To test the effect of the twisting 

of the ligand plane on the stability of the Ru-Resf bond as well as the visible light 

photoactivity of the coordinated nitrosyls, we have now synthesized two new ligands 

with methoxy-substituted phenylenediamine rings combined with pyridine 

(H2(OMe)2bpb) or 1-isoquinoline (H2(OMe)2IQ1) donors.  

 
A.2 Syntheses of Planar Ligands H2(OMe)2bQb and H2(OMe)2IQ1 

 
To relieve the steric interaction of the quinoline groups observed in the structure 

of [((OMe)2bQb)Ru(NO)(Cl)], we have now synthesized two new ligands frame which 

have substituted the sterically hindered quinoline groups of (OMe)2bQb2- with pyridine 

(Py) (as in (OMe)2bpb2-) or 1-isoquinoline moieties (IQ1, as in (OMe)2IQ12-). The 

(OMe)2IQ12- ligand coordinates the equatorial sites of the Ru center with the fused 

aromatic rings of the IQ1 groups pointed away from the central C2v ligand plane. This 

orientation maintains the extended conjugation of the equatorial ligand frame while 

removing the in-plane ligand twist. So that the attributes of the planar ligand frame with 

extended conjugation and a methoxy-substituted PDA moiety (i.e. (OMe)2IQ12-) can 

be compared with the corresponding methoxy-substituted pyridine based ligand, we 

have included the synthesize and characterization of the designed ligand, (OMe)2bpb2-
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, in this study. When coordinated, the pyridine rings of this ligand remain far apart in 

the equatorial plane of the nitrosyl and hence no steric interaction is expected between 

them. 

The new ligand frames were synthesized using similar reaction conditions to 

those of H2(OMe)2bQb in which triphenyl phosphite acts as the amide coupling reagent 

in pyridine.16  First, the preparation of l,2-dimethoxy-4,5-phenylenediamine was 

achieved via reduction of l,2-dimethoxy-4,5-dinitrobenzene with excess hydrazine over 

Pd/C (Figure A.3).14 The resulting diamine (which was air sensitive) was then 

immediately reacted with 2 equivalents of either picolinic acid or 1-

isoquinolinecarboxylic acid to afford H2(OMe)2bpb and H2(OMe)2IQ1, respectively. 

The pyridine containing ligand H2(OMe)2bpb was isolated as a white solid while the 

extended conjugation of the 1-isoquinoline moieties of H2(OMe)2IQ1 results in a bright 

yellow color similar to H2(OMe)2bQb.  

Figure A.3 – Reaction scheme for the synthesis of H2(OMe)2bpb (structures with solid 

lines) and H2(OMe)2IQ1 (structures from combination of solid and dashed lines).  

 
A.3 Syntheses and Characterization of Cl-Bound Metal Nitroyls 
 

The carboxamide groups of the ligands H2(OMe)2bpb and H2(OMe)2IQ1 were 

deprotonated with NaH in N,N-dimethylformamide (DMF) creating two negatively 
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charged carboxamido-N donor atoms. The deprotonated ligands were reacted with 

RuCl3 in refluxing DMF. Without isolation, the resulting dichloride complexes were 

then converted to the nitrosyls by bubbling NO(g) into a refluxing solution of the 

dichloride metal complexes in DMF.  The nitroysls, namely [((OMe)2bpb)Ru(NO)(Cl)] 

and [((OMe)2IQ1)Ru(NO)(Cl)], were isolated as pure compounds in good yield by 

removing the DMF and extracting the residues with MeCN. 

A.3.1 - Structure of [((OMe)2bpb)Ru(NO)(Cl)] 

The 1H-NMR and IR spectra of [((OMe)2bpb)Ru(NO)(Cl)] both confirm the 

synthesis of the desired nitrosyl. Coordination of the dicarboxamido ligands to the 

Ru(III) center can be easily monitored by the formation of the Ru-Ncarboxamide
 bond due 

to the shifting of the carbonyl stretching frequency (νC=O) of the free ligand 

H2(OMe)2bpb (1676 cm-1) to lower energy upon formation of the nitrosyl complex 

(1631 cm-1). Subsequent formation of the Ru-NO bond during the bubbling of NO was 

monitored by the appearance of a NO stretching frequency (νNO) at a wavelength 

(1845 cm-1)  indicative of bound NO in neutral {RuNO}6 nitrosyls containing 

dicarboxamide tetradentate ligands and a trans Cl− ligand.14 In addition, the geometry 

of ((OMe)2bpb)2− during coordination to the equatorial plane of 

[((OMe)2bpb)Ru(NO)(Cl)] is inferred to be similar to the geometry of the dye-bound 

nitrosyl [((OMe)2bpb)Ru(NO)(Resf)]. From the analysis of the crystal structure of 

[((OMe)bpb)Ru(NO)(Resf)] (vide infra), the geometry of the ((OMe)2bpb)2− equatorial 

plane of [((OMe)2bpb)Ru(NO)(Cl)] is taken to be planar rather than distorted. 
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A.4.2 X-ray Crystal Structure of [((OMe)2IQ1)Ru(NO)(Cl)] 
 

The X-ray structure of [((OMe)2IQ1)Ru(NO)(Cl)] confirms that the presence 

of the IQ1 moieties in ((OMe)2IQ1)2- in place of regular quinoline moieties (as in 

((OMe)2bQb)2-) allows the equitorial ligand frame to remain strictly planar when 

bound to the Ru center in contrast to the out-of-plane twisting of the quinoline arms 

seen in the crystal structure of [((OMe)2bQb)Ru(NO)(Cl)] (Figure A.4).16 The Cl- 

ligand bound trans to NO completes the nearly octahedral geometry about the Ru center 

of [((OMe)2IQ1)Ru(NO)(Cl)]. Close examination of the structure of 

[((OMe)2IQ1)Ru(NO)(Cl)] reveals that the Ru-N5(O) (1.735(3) Å) and N5-O5 

(1.153(3) Å) bond lengths are very similar to those of [((OMe)2bQb)Ru(NO)(Cl)] 

(1.7457(18) and 1.148(2) Å, respectively).16 Both of these nitrosyls also demonstrate 

nearly linear Ru-N5-O5 bond angles ([((OMe)2bQb)Ru(NO)(Cl)] =175.73(19)o;16 

[((OMe)2IQ1)Ru(NO)(Cl)] = 175.9(2)o), typical of {Ru-NO}6 nitrosyls. 

 
Figure A.4 - X-ray crystal structures of [((OMe)2bQb)Ru(NO)(Cl)]16 (left) and 

[((OMe)2IQ1)Ru(NO)(Cl)] (right), displaying the relief of the in-plane ligand twist 

upon substitution of the quinoline rings with 1-isoquinoline. 
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A.5 Comparison of Electronic Absorption Spectra of the Cl- bound 

Ruthenium Nitrosyls 

Comparison of the photobands of the Cl- bound {Ru-NO}6 nitrosyls with planar 

equatorial ligand frames comprised of a central PDA moiety appended with peripheral 

electron donors of increasing strength (H < Me < OMe) and two carboxamide tethered 

pyridine arms demonstrate a significant red-shift of the λmax of the photobands from 

380 nm to 395 nm to 420 nm following the electron donating strength of the peripheral 

groups (Figure A.5).15,17 As described above, the red-shift of the photobands of these 

nitrosyls results from the mixing of the ligand π(PDA) M.O. with the π(Ru-NO) 

bonding orbital producing the mixed orbital π(PDA)-π(Ru-NO) whose energy level is 

directly related to the electron donor strength of the peripheral groups allowing tuning 

of the energy gap of the NO releasing photo-transition, π(PDA)-π(Ru-NO) → π*(Ru-

NO)π*(Py).15 A similar mechanism is involved in the red-shifting of the photoband of 

the {Ru-NO}6 nitrosyls containing equatorial ligand frames with quinoline based arms 

due to the mixing of the electron accepting π*(Q) M.O. with the π*(Ru-NO) 

antibonding orbital.   

The electronic spectra of the Cl- bound {Ru-NO}6 nitrosyls with extended 

conjugation across Q and IQ1 groups demonstrated efficient red-shifting of their 

photoband due to the enhanced electron accepting capacity of the quinoline groups in 

comparison to the pyridine groups of  [((OMe)2bpb)Ru(NO)(Cl)]. For example, the 

addition of Q in [((OMe)2bQb)Ru(NO)(Cl)] resulted in a 70 nm red-shift from λmax = 

420 nm for [((OMe)2bpb)Ru(NO)(Cl)] to 490 nm,16 while addition of IQ1 groups 
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resulted in a red-shift of 55 nm in [((OMe)2IQ1)Ru(NO)(Cl)] (λmax = 475 nm) as seen 

in Figure 2.5. Comparison of the ε values of the methoxy substituted {Ru-NO}6 

nitrosyls reveals another interesting trend. Relief of the in-plane ligand twist of 

[((OMe)2bQb)Ru(NO)(Cl)] (ε490 = 4 000 M-1 cm-1) by substitution of the Q groups with 

Py or IQ1 results in significantly higher ε values for [((OMe)2bpb)Ru(NO)(Cl)] 

(ε420 = 7 800 M-1 cm-1) and [((OMe)2IQ1)Ru(NO)(Cl)] (ε475 = 8 700 M-1 cm-1). These 

results are possibly the consequence of more efficient overlap of the atomic p-orbitals 

(enhancing π-conjugation) when a rigid, planar geometry is achieved in comparison to 

a twisted geometry in the equatorial field.  

 
Figure A.5 - (left) Electronic absorption spectra of the pyridine based nitrosyls 

[(Me2bpb)Ru(NO)(Cl)]14 and [((OMe)2bpb)Ru(NO)(Cl)] in DMF. (right) Electronic 

absorption spectra of the quinoline based nitroysls [(Me2bQb)Ru(NO)(Cl)],14 

[((OMe)2bQb)Ru(NO)(Cl)],16 and [((OMe)2IQ1)Ru(NO)(Cl)] in DMF. 

 

 

Me2bQb-Cl 

(OMe)2bQb-Cl 
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A.6 Syntheses and Structures of Dye Conjugated Metal Nitrosyls 

The ligand frames H2(OMe)2bpb and H2(OMe)2IQ1 were designed to maintain 

planarity when bound to the Ru center. It was hypothesized that a planar equatorial ligand 

would facilitate binding of the bulky resorufin dye to the axial site trans to NO. Reaction 

of the chloride-bound {RuNO}6 nitrosyls with AgBF4 in MeCN results in the formation 

of the MeCN-bound intermediates which were refluxed with Resf in MeCN without 

isolation to yield the dye-bound nitrosyls. The solubility of [((OMe)2bpb)Ru(NO)(Resf)] 

in MeCN allowed the removal of AgCl and NaBF4 from the solution after cooling the 

reaction mixture to room temperature. Isolation of [((OMe)2bpb)Ru(NO)(Resf)] from 

the filtrate was achieved by condensing, then cooling the MeCN solution forming NMR 

pure [((OMe)2bpb)Ru(NO)(Resf)] as a red precipitate. The poor solubility of 

[((OMe)2IQ1)Ru(NO)(Resf)] in MeCN required evaporation of MeCN and extraction 

of the residual solids with CH2Cl2 to isolate [((OMe)2IQ1)Ru(NO)(Resf)] from the salt 

mixture.  

A.6.1 X-ray crystal structure of [((OMe)2bpb)Ru(NO)(Resf)] 

The X-ray crystal structure of [((OMe)2bpb)Ru(NO)(Resf)] reveals that the lack 

of steric interaction between the pyridine groups of the ligand allows (OMe)2bpb2- to 

coordinate the equatorial plane of the Ru center with a planar geometry (Figure A.6). 

A pseudooctahedral geometry was achieved about the Ru center with Resf bound 

through the deprotonated phenolato-O donor to the axial site trans to NO. The methoxy 

groups appended to the PDA moiety in [((OMe)2bpb)Ru(NO)(Resf)] has little effect 

on the overall geometry of the nitrosyl when compared to the crystal structure of the 
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methyl substituted nitrosyl [(Me2bpb)Ru(NO)(Resf)]. 18 In both cases, the resorufin dye 

is bound tilted away from the axial vector with a ~120o Ru−O6−C(Resf) bond angle 

([(Me2bpb)Ru(NO)(Resf)] = 128.46(11)°, [((OMe)2bpb)Ru(NO)(Resf)] = 126.0(3)°) 

suggesting that the phenolato-O atom of Resf is more sp2 (ideal 120o) than sp3 

hybridized (ideal 109.5o) facilitating electronic conjugation between the Ru center and 

the fused aromatic ring system of the dye. The position of the dye directly underneath 

one of the pyridine rings of the (OMe)2bpb2- frame (also observed in the methyl 

substituted nitrosyl) presumably facilitates π-stacking interactions between the 

pyridine ring and the Resf ring system. As a result of the likely stacking of these rings, 

the pyridine arm engaged in π-stacking is titled slightly below the equatorial plane 

towards the Resf plane.  

Figure A.6 - Thermal ellipsoid (probability level 50%) plot of [((OMe)2bpb) 

Ru(NO)(Resf)] with select atom-labeling. H atoms are omitted for the sake of clarity. 

The Ru−N5−O5 bond angle of [((OMe)2bpb)Ru(NO)(Resf)] is bent 

significantly to 169.3(3)° compared to the methyl substituted nitrosyl 
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[(Me2bpb)Ru(NO)(Resf)] (178.13(15)°).18 As stated in the introduction, nitrosyls with 

a formally described oxidation state of Ru(II)-NO+ favor a linear Ru-N-O bond angle 

to facilitate π-bonding interactions, while a formally Ru(III)-NO. nitrosyl binds NO 

with a single σ-bonding interaction which can result in Ru-N-O bond angle as low as 

120o.4 It is more likely that the slightly bent Ru-N-O bond angle of 

[((OMe)2bpb)Ru(NO)(Resf)] is a result of less extensive π-bonding due to the 

enhanced electron donation from the PDA moiety to the Ru center. However, the 

shorter Ru−N5(O) (1.729(4) Å) and longer N5−O5 (1.169(4) Å) bonds lengths of 

[((OMe)2bpb)Ru(NO)(Resf)] compared to those of [(Me2bpb)Ru(NO)(Resf)] 

(1.7347(16) 5 and 1.159(2) Å respectively) would suggest increased π*-backbonding 

interaction between the Ru and NO groups in the methoxy substituted nitrosyl.16 

However, an opposite trend was noted in the structures of the quinoline containing 

nitrosyls [((OMe)2bQb)Ru(NO)(Resf)] (Ru-N5(O) = 1.7425(19) Å) and 

[(Me2bQb)Ru(NO)(Resf)] (1.729(7) Å).16 It was postulated in the initial report of these 

nitrosyls that the discrepancy in the Ru-N5(O) bond length maybe a result of the 

increased electron donating capacity of the methoxy groups. This is unlikely given the 

conflicting results reported with the pyridine based nitrosyls. Such conflicting 

observations indicate that the complexed nature of the Ru-NO bond requires a more 

holistic and in-depth evaluation of such features to provide substantial insight regarding 

their origin and significance which is beyond the breadth of this report.  

A.6.2 Structural Characterization of [((OMe)2IQ1)Ru(NO)(Resf)] 
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The X-ray crystal structure of [((OMe)2IQ1)Ru(NO)(Resf)] is shown in Figure 

A.7. As predicted, the (OMe)2IQ12- ligand occupies the equatorial plane of Ru with the 

IQ1 rings positioned away from each other facilitating a nearly planar ligand geometry. 

Similar to the structure of [((OMe)2bpb)Ru(NO)(Resf)], the resorufin dye coordinates the 

axial site trans to NO through the phenolato-O donor with a Ru-O6-C(Resf) bond angle 

of 126.3(2)o and is positioned parallel to the rings of one of the IQ1 groups. Again, the 

IQ1 group is angled below the equatorial plane towards the plane of the Resf rings 

likely to facilitate π-stacking interactions between the IQ1 and Resf rings. However, 

this tilting is not nearly as dramatic as the in-plane distortion caused by the steric 

interaction of the Q rings of [((OMe)2bQb)Ru(NO)(Cl)].16 The Ru-NO unit of 

[((OMe)2IQ1)Ru(NO)(Resf)] is nearly linear with a Ru-N5-O5 bond angle of 176.5O and 

Ru−N5(O) and N5−O5 bond lengths of 1.732(3) Å and 1.167(3) Å, similar to Ru-NO unit 

of [((OMe)2bQb)Ru(NO)(Resf)].16 
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Figure A.7 - Thermal ellipsoid (probability level 50%) plot of 

[((OMe)2IQ1)Ru(NO)(Resf)] with selected atom-labeling. H atoms are omitted for the 

sake of clarity. 

A.6.3 Electron Absorption Spectra of [((OMe)2bpb)Ru(NO)(Resf)] and 

[((OMe)2IQ1)Ru(NO)(Resf)] 

Substitution of the chloride ligands with the dye chromofore, resorufin, greatly 

enhanced the visible light sensitivity of [((OMe)2bpb)Ru(NO)(Resf)] and 

[((OMe)2IQ1)Ru(NO)(Resf)]. In contrast to the clear difference in the electronic 

absorption spectra of the Cl- bound conjugates (Figure 2.5), the dye-bound conjugates 

were found to have remarkably similar absorption bands of ε495 = 29 000 M-1cm-1 and 

31 000 M-1cm-1 in MeCN for [((OMe)2bpb)Ru(NO)(Resf)] and 

[((OMe)2IQ1)Ru(NO)(Resf)], respectively (Figure A.8). Interestingly, the spectra for 

the dye-bound nitrosyls is quite different than that for the deprotonated, free dye (Resf-

, ε590 = 105 000 M-1 cm-1 in DMF). Coordination of the dye to the positively charged 

metal center results in a dramatic blue shift of the visible light absorption band with a 

concomitant reduction in the extinction coefficient. Similar results are observed upon 

protonation of Resf (ε470 = 20 000 M-1 cm-1 in DMF). This phenomena has been 

previously explained by the loss of the negative charge on the phenolato-O atom which 

was delocalized over the entire heterocyclic π-system of the dye rings.15  
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Figure A.8 - Electronic absorption spectra for the Cl- and dye-bound nitrosyls, 

[((OMe)2bpb)Ru(NO)(Cl)] and [((OMe)2bpb)Ru(NO)(Resf)] (left panel) and 

[((OMe)2IQ1)Ru(NO)(Cl)] and [((OMe)2IQ1)Ru(NO)(Resf)] (right panel). 

Comparison of the electronic absorption spectra of the methoxy substituted dye-

nitrosyl conjugates with those of the methyl substituted dye-nitrosyls reveals a uniform 

shift in the λmax of the photoband to ~500 nm upon dye coordination to the Ru centers. 

However, a significant reduction in the εmax values of the methyl substituted derivatives 

is observed compared with those of the methoxy substituted nitrosyls. Thus, the λmax of 

the Resf-nitrosyl conjugates appears to be independent of contributions from the 

nitrosyl, while the ε values at λmax vary significantly based on the donor strength of the 

PDA moiety with the methyl substituted nitrosyls [(Me2bpb)Ru(NO)(Resf)] and 

[(Me2bQb)Ru(NO)(Resf)] having εmax values around 12 000 M-1 cm-1 and the methoxy 

substituted nitrosyls [((OMe)2bQb)Ru(NO)(Resf)], [((OMe)2bpb)Ru(NO)(Resf)], and 

[((OMe)2IQ1)Ru(NO)(Resf)] having εmax values around 30 000 M-1 cm-1 (Figure 

A.9).14,16 Although the planarity of the ligand frame had a substantial effect on the ε values 
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of the photoband of the Cl- bound nitrosyls (described above), ligand planarity seemed to 

have little effect on the visible light absorption efficiency of the dye-sensitized nitrosyls.  

 

Figure A.9 - Electronic absorption spectra in CHCl3 of dye-sensitized nitrosyls with 

(left) pyridine-based equatorial ligand frames, [(Me2bpb)Ru(NO)(Resf)]18 and 

[((OMe)2bpb)Ru(NO)(Resf)], and (middle) quinoline-based equatorial ligand frames, 

[(Me2bQb)Ru(NO)(Resf)],16 [((OMe)2bQb)Ru(NO)(Resf)]15 and 

[((OMe)2IQ1)Ru(NO)(Resf)]. (right) Electronic adsorption spectra of free, 

deprotonated Resorufin dye in DMF. 

 
A.6.4 Stability of Dye-Bound Metal Nitrosyls in Aqueous Solvents 
 

Although the Ru-Resf bonds of the dye-bound nitrosyls are indefinitely stable 

in weakly coordinating aprotic solvents like CHCl3 and MeCN, the Ru-dye bonds 

slowly break when the conjugates are dissolved in aqueous solution and other 

coordinating solvents such as DMSO over a period of several hours. Quantitative time-

course measurements of the loss of Resf from the dye bound nitrosyls were performed 

using UV-Vis spectroscopy. However, at physiologically pH (7.4) Resorufin (pKa ~ 6) 

is present in both its protonated (~4% of total Resf, λmax =480 nm) and deprotonated 
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forms (λmax =571 nm) with considerable overlapping of the protonated dye bands with 

those of the dye-bound nitrosyls (λmax ~ 500 nm). Therefore, only the concentration of 

deprotonated dye could be measured with certainity to obtain an estimate of the rate of 

dye release from the nitrosyls. Despite these limitations, the values obtained were 

sufficient to demonstrate a significant increase in the stability of the Ru-Resf bond upon 

relief of the in-plane ligand twist. For example, when the nitrosyl 

[((OMe)2bQb)Ru(NO)(Resf)] was dissolved in an aqueous solution at pH 7.4, the 

nitrosyl lost ~20% of the bound Resf dye after 1 h,16 while the IQ1 based nitrosyl, 

[((OMe)2IQ1)Ru(NO)(Resf) lost only ~10% of its bound Resf dye after 1 h in the same 

solution. Interestingly, the pyridine containing nitrosyl, [((OMe)2bpb)Ru(NO)(Resf)], 

lost even less bound dye, with only 5% of the bound dye observed in soluation after 1 

h. These values demonstrate a significant increase in the stability of the Ru-Resf bond 

in protic media through the removal of the in-plane ligand twist. 

 

A.7 Visible Light Triggered NO-Photorelease from the Cl- and Dye-

bound Metal Nitrosyls 

The photorelease of NO from the Cl- and dye-bound metal nitrosyls in 50:50 

H2O/MeCN media was monitored using an NO-sensitive electrode while the quantum 

yield values for NO release from the dye-bound nitrosyls was obtained by monitoring 

changes in the UV-vis spectra of the nitrosyls in DMF following exposure to 500 nm 

monochromatic light for select periods of time. The release of NO from the photoactive 

nitrosyls is initiated by the absorption of a photon within a range of wavelengths that 
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stimulate an electronic transition to an excited state that relaxes through a ligand 

substitution reaction between NO and a solvent molecule resulting in the formation of 

free NO and the Ru(III) photoproduct (Ru(III)-solv) (Eq 2).  

Ru-NO + solv + hν → Ru(III)-solv + NO.   (2) 
 

Exposure of the Cl- and dye-bound nitrosyls [((OMe)2bpb)Ru(NO)(X)] and 

[((OMe)2IQ1)Ru(NO)(X)] (where X is Cl or Resf) to brief periods of polychromatic 

light in a solution of H2O/MeCN resulted in rapid NO photorelease to the surrounding 

media (as measured by the response of the NO-sensitive electrode (Figure 2.10, inset)).  

Prolonged exposure of the solution to the same light resulted in saturation of the 

H2O/MeCN media with NO. generating a steady current from the NO-sensitive 

electrode until a slow decay in the electrode response began upon complete photolysis 

of the Ru nitrosyls and the dissipation/oxidation of the total dissolved NO. The 

formation of a Ru(III) photoproduct from the electrode measured NO photorelease was 

confirmed by the appearance of an absorption band with λmax ~ 700 nm in the electronic 

absorption spectra which had been previously assigned to a LMCT of the Ru(III) 

photoproduct.  
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Figure A.10 - Changes in the electronic absorption spectrum of 

[((OMe)2IQ1)Ru(NO)(Resf)] in MeCN following illumination with visible light. Inset: 

NO-amperogram of [((OMe)2IQ1)Ru(NO)(Resf)] in MeCN/H2O exposed to increasing 

periods of light, as indicated  (in seconds). 

 

Formation of a Ru(III) photoproduct is essential to prevent recombination of 

the released NO (as seen in NO releasing metal porphyrins) and driven by the presence 

of strong σ-donors. The absorption band  of the Ru(III) photoproduct (~700 nm) was 

used to measure the progress of the NO releasing photoreaction during measurement 

of the quantum yield values for the dye-bound nitrosyls. The quantum yield values for 

NO photorelease from the dye-bound nitrosyls in DMF upon illumination with 500 nm 

light in DMF were φ500 = 0.0052, 0.012, 0.206 and 0.270 for 

[(Me2bpb)Ru(NO)(Resf)],18 [((OMe)2bpb)Ru(NO)(Resf)], 

[((OMe)2bQb)Ru(NO)(Resf)],16 and [((OMe)2IQ1)Ru(NO)(Resf)], respectively. The 

observed trend in the quantum yield values of NO photorelease from the dye-bound 

nitrosyls was attributed to the spectral overlap between the photobands of the parent 

nitrosyl and the bound dye (λ ~ 500 nm). This is easily ascertained by measuring the 

absorption coefficient at 500 nm (ε500) of the Cl- bound nitrosyls which increased in the 

order: [(Me2bpb)Ru(NO)(Resf)]18 < [((OMe)2bpb)Ru(NO)(Cl)] < 

[((OMe)2bQb)Ru(NO)(Cl)]16 < [((OMe)2IQ1)Ru(NO)(Cl)] (as shown in Figure A.9). 

Thus, even though the λmax of [((OMe)2bQb)Ru(NO)(Cl)] was the most red-shifted at 
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490 nm the increased intensity of the photoband of [((OMe)2IQ1)Ru(NO)(Cl)] at 500 

nm resulted in a higher quantum yield for the IQ1 nitrosyl with λmax = 475 nm. Thus, 

while the λmax of the NO releasing photoband of dye-nitroysl conjugates is a useful 

metric in the design and development of new nitrosyl adducts, comparison of the 

photoactivity of dye-nitrosyl conjugates requires assessment of the molar absorptivity 

in the desired spectrum or more importantly the assessment of the quantum yield of 

NO photorelease for the desired wavelength(s). 

 

A.8 Fluorescence Properties of Free-Dye and Metal Bound-Dye  
 

Due to the intense fluorescence of free Resf dye in solution with pH > 6 (λmax, 

fl = 585 nm), it was expected that any residual fluorescence from Resf after coordination 

of the fluorophore to the Ru center would be sufficient to allow tracking of the nitrosyl-

dye conjugate during therapeutic delivery. While significant quenching  of the Resf 

fluorescence (~90%) occurs upon coordination to Ru as a result of the sufficient transfer 

of energy from Resf to the Ru-NO unit, solutions of both [((OMe)2bpb)Ru(NO)(Resf)] 

and [((OMe)2IQ1)Ru(NO)-(Resf)] in MeCN still exhibited broad red fluorescence 

emission bands of moderate intensity at 593 nm (Figure A.11). Indeed, similar 

fluorescence observed from [(Me2bpb)Ru(NO)(Resf)] was sufficient to track the NO 

donor in cellular culture during the targeted NO delivery to cancer cells.16 The loss of 

fluorescence upon NO delivery was also observed in this experiment serving as visual 

confirmation of NO delivery to the cellular targets. This was a vital observation linking 

the subsequent apoptosis of the treated cancer cells to the action of photoreleased NO. 
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The decrease in fluorescence as a marker for an event (as seen upon NO release from 

the Resf-nitrosyls) is deemed turn-OFF fluorescence signaling. The turn-off 

fluorescence observed upon NO photorelease from the dye-tethered nitrosyls is a result 

of the hemolytic breaking of the RU-NO bond during photorelease producing free NO. 

and a Ru(III)-solv photoproduct with a paramagnetic d5 electronic configuration which 

effectively quenches all fluorescence from the bound Resf moiety. While turn-ON 

signaling is often preferred for quantitation of an event, the fluorescence of the NO 

bound nitrosyl-Resf adducts is useful to allow tracking of the nitrosyl to the targeted 

site before light activation in the treatment of localized malignancies and infection.   

 

Figure A.11 Fluorescence emission spectrum of [((OMe)2IQ1)Ru(NO)(Resf)] and 

[(Me2bpb)Ru(NO)(Resf)] in MeCN (λex= 490 nm). 

 
 

λex = 490 nm 
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A.10 Conclusion 
 

Two new sets of chloride-bound and Resf-bound {RuNO}6 nitrosyls have been 

synthesized from two designed tetradentate ligands that allowed assessment of the 

effects of ligand twists in the equatorial plane of these nitrosyls. The structures of 

[((OMe)2bpb)Ru(NO)(Resf)], [((OMe)2IQ1)Ru(NO)(Cl)] and 

[((OMe)2IQ1)Ru(NO)(Resf)] have been determined by X-ray crystallography. Unlike 

previously reported {Ru-NO}6 nitrosyls derived from R2bQb2- quinoline-based ligand 

frames that induce a twist in the equatorial ligand plane, the ligand frames in the present 

nitrosyls remain planar upon coordination to the Ru-center. Relief of the steric strain 

by the use of 1-isoquinoline moieties increases the stability of the nitrosyls in strongly 

coordinating solvents including water. Removal of the ligand twist also enhanced the 

sensitivity of the nitrosyls to visible light. As measured by the extinction coefficients 

and quantum yield values at 500 nm, addition of OMe substituents on the ligand frame 

and removal of steric interactions between the quinoline moieties of the ligand 

improved the sensitivity of the nitrosyls toward visible light. Thus, 

[((OMe)2IQ1)Ru(NO)(Resf)]  exhibits the highest sensitivity to 500 nm light of the {Ru-

NO}6 nitrosyls reported from our laboratory to date. Direct coordination of the Resf 

dye to the Ru-center of the nitrosyls significantly quenched the fluorescence of the 

coordinated dye. However, the residual fluorescence of the Resf-bound nitrosyls 

however is sufficient for tracking the photoactive NO-donors in cellular targets. For 

example, the fluorescence intensity of [((OMe)2IQ1)Ru(NO)(Resf)]) is similar to that of 
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[((OMe)2IQ1)Ru(NO)(Resf)] (Figure A.11) which has already been used as trackable 

NO-donor in cellular studies.16 

 
A.11 Experimental Section 
 
Materials. NO gas was purchased from Spectra Gases Inc. and was purified by passing 

through a long KOH column prior to use. RuCl3. xH2O (Aldrich Chemical Co.) was 

treated several times with concentrated HCl to prepare the starting metal salt, 

RuCl3.3H2O. The solvents were dried by standard techniques and distilled. 1-

Isoquinolinewas purchased from Wako Chemicals.1,2-Dimethoxy-4,5-

diaminobenzene was synthesized according to the published procedure.16 All other 

chemicals were purchased from Aldrich Chemical Co. and used without further 

purification.  

 
Synthesis of Ligands. 1,2-Bis(pyridine-2-carboxamido)-4,5-dimethoxybenzene 

(H2(OMe)2bpb, H’s are dissociable carboxamide protons). A mixture of 1,2-

dimethoxy-4,5-diaminobenzene (0.51 g, 3.0mmol), 2 equiv of picolinic acid (0.74 g, 

6.0mmol), and 2 equiv of P(OPh)3 (1.87 g, 6.0 mmol) was dissolved in 20 mL of 

pyridine. The resulting green/brown solution turned amber after refluxing for 4 h. The 

solution was cooled and kept at 4oC overnight. The resulting tan precipitate was filtered 

and washed with EtOH and Et2O and dried in vacuo. Yield: 1.04 g (55%). Selected IR 

bands (KBr disk, in cm-1): 3335 (w, νNH), 3285 (w), 1676 (s νCdO), 1662 (s), 1609 

(w), 1527 (s), 1504 (s), 1480 (m), 1350 (m), 1210 (vs), 1093 (m), 997 (m), 751 (m), 
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671 (m). 1H-NMR in CDCl3, δ from TMS: 10.32 (s 2H), 8.57 (d2H), 8.32 (d2H), 7.91 

(t 2H), 7.47 (m 4H), 3.94 (s 6H). 

1,2-Bis(Isoquinoline-1-carboxamido)-4,5-dimethoxybenzene (H2(OMe)2IQ1, 

H’s are dissociable carboxamide protons). A solution containing 1 equiv of 1,2-

dimethoxy-4,5-diaminobenzene (1.27 g, 7.56 mmol), 2 equiv of 1-

isoquinolinecarboxylic acid (2.62 g, 15.1 mmol), and 2 equiv of P(OPh)3 (4.69 g, 15.10 

mmol) was prepared in 40 mL of pyridine. The green solution turned bright red upon 

heating at 100oC for 4 h. The solution was partially condensed and stored at 4oC 

overnight. The resulting bright yellow-orange precipitate was filtered and washed 

several times with EtOH and Et2O and dried in vacuo. Yield: 2.17 g (60%). Selected 

IR frequencies (KBr disk, in cm-1): 3296 (w, νNH), 1682 (s, νC=O), 1526 (vs), 1478 (s), 

1334 (w), 1205 (s), 1108 (w). 1H-NMR in CDCl3, δ from TMS: 10.46 (s 2H), 9.72 (d 

2H), 8.40 (d 2H), 7.88 (d 2H), 7.82 (d 2H), 7.73 (t 4H), 7.53 (s H). 

Syntheses of Metal Complexes. [((OMe)2bpb)Ru(NO)(Cl)]. A pale yellow solution of 

H2(OMe)2bpb (0.20 g, 0.53 mmol) in 20 mL of N,N-dimethylformamide (DMF) was 

treated with 2.1 equiv of NaH (0.03 g, 1.10 mmol) to generate a bright orange solution. 

A batch of 0.14 g (0.53 mmol) of RuCl3.3H2O was then added to the solution of 

deprotonated ligand, and the green mixture was heated to reflux temperature for 16 h. 

Next, it was cooled to room temperature and filtered to remove solid NaCl. The dark 

green filtrate was degassed and NO gas was bubbled through the solution at reflux 

temperature for 1 h. The resulting red/orange solution was cooled, and the solvent was 

removed in vacuo. The oily residue was triturated several times with MeCN to remove 
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DMF. The solid was finally washed with portions of MeCN (2 x 5 mL) and 

tetrahydrofuran (THF, 2 x 5 mL) to afford an orange-brown compound which was dried 

in vacuo. Yield: 0.21 g (72%). Anal. Calcd. for C20H16ClN5O5Ru:C 44.28, H 2.95, N 

12.92; Found: C 44.53, H 3.01, N 12.89. Selected IR bands (KBr disk, in cm-1): 1845 

(vs, νNO), 1631 (vs, νC=O), 1596 (m), 1566 (w), 1497 (s), 1402 (m), 1368 (m), 1278 (w), 

1254 (m), 1080 (w), 988 (w), 872 (w), 756 (w), 489 (w). UV/vis in DMF, λ in nm (ε in 

M-1 cm-1): 319 (12 500), 420 (7 800). 1H-NMR in CDCl3, δ from TMS: 8.74 (d 2H), 

8.49 (s 2H), 8.39 (d 2H), 8.24 (t 2H), 7.74 (t 2H), 3.98 (s 6H). 

[((OMe)2bpb)Ru(NO)(Resf)]. A mixture of [((OMe)2bpb)Ru(NO)(Cl)] (0.10 g, 

0.18 mmol) and 1 equiv of AgBF4 (0.04g, 0.18 mmol) in 30 mL of MeCN was heated 

to reflux for 15 min and then a batch of 0.04 g (0.18 mmol) of resorufin (sodium salt) 

was added. The resulting red solution was heated to reflux for an additional 16 h. The 

red/orange mixture thus obtained was filtered and concentrated under vacuum and then 

stored at 4oC for 12 h. The red precipitate thus obtained was filtered and washed with 

ether (2 x 5 mL). Yield: 0.04 mg (27%). Anal. Calcd. for C32H22N6O8Ru: C 53.41, H 

3.06, N 11.68; Found: C 53.37, H 3.12, N 11.89. Selected IR bands (KBr disk, in cm-

1): 1831 (s, νNO), 1630 (vs, νC=O), 1592 (vs), 1485 (vs), 1403 (m), 1370 (m), 1322 (w), 

1272 (s), 1205 (m), 1102 (m), 1082 (m), 863 (m), 758(w), 683 (w), 588 (w), 493 

(m).UV/vis in MeCN, λ in nm (ε in M-1 cm-1): 402 (14 600), 495 (29 000). 1H-NMR in 

CDCl3, δ from TMS: 8.75 (d 2H), 8.52 (d 2H), 8.32 (s 2H), 8.13 (t 2H), 7.81 (t 2H), 

7.56 (t 2H), 7.30 (d 1H), 7.12 (2 1H), 6.72 (d 1H), 6.11 (s 1H), 6.08 (d 1H), 5.67 (s 

1H), 4.00 (s 6H). 
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[((OMe)2IQ1)Ru(NO)(Cl)]. A yellow solution of H2(OMe)2IQ1 (0.15 g, 0.31 

mmol) in 20 mL of DMF was treated with 2.1 equiv of NaH (0.02 g, 0.67 mmol) to 

generate a red solution and to it was added a batch of 0.08 g (0.31 mmol) of 

RuCl3.3H2O. The dark brown mixture was then heated to reflux temperature for 20 h. 

Next, the green-brown solution was cooled to room temperature and filtered to remove 

NaCl. The filtrate was degassed, and NO gas was bubbled through it at reflux 

temperature for 2 h. The resulting red/maroon solution was cooled, and the solvent was 

removed in vacuo. The oily residue was triturated several times with MeCN to afford 

a redbrown solid. This solid was then stirred in hot MeCN and filtered to remove 

impurities. The dark maroon solid was finally washed with Et2O and dried in vacuo. 

Yield: 0.16 g (80%). Anal. Calcd. for C28H20ClN5O5Ru: C 52.34, H 3.12, N 10.90; 

Found: C 52.12, H 3.22, N 10.53. Selected IR frequencies (KBr disk, in cm-1): 2923 

(w), 1832 (m νNO), 1614 (vs), 1585 (s), 1492 (s), 1253 (s), 1091 (s). 1HNMRin CDCl3, 

δ from TMS: 10.45 (d 2H), 8.72 (d 2H), 8.61 (s H), 8.06 (d 2H), 7.90 (d 2H), 7.93 (t 

2H), 7.90 (t 2H), 4.05 (s 6H). UV/vis in DMF, λ in nm (ε in M-1 cm-1): 290 (27 000), 

320 sh (22 300), 475 (8 700).  

[((OMe)2IQ1)Ru(NO)(Resf)]. A solution of [((OMe)2IQ1)Ru(NO)(Cl)] (0.13 

g, 0.20 mmol) in 20 mL of MeCN was treated with AgBF4 (0.04 g, 0.20mmol) and 

heated to reflux temperature for 3 h. Next, 0.05 g (0.20 mmol) of resorufin dye (as Na 

salt) was added neatly to the hot maroon solution and refluxed for 4 h. The resulting 

bright red solution was cooled to 4oC, and the dark red precipitate was filtered. The 

dried precipitate was then redissolved in CH2Cl2 and filtered to remove AgCl and 
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NaBF4. The filtrate was concentrated and loaded on a silica gel column. A CH2Cl2/THF 

gradient was used to elute the final product (40% THF). Yield: 0.08 g (45%). Anal. 

Calcd. for C40H26N6O8Ru:C58.61,H3.17,N10.26; Found:C58.45,H3.31, N 10.37. 

Selected IR frequencies (KBr disk, in cm-1): 1827 (vs, νNO), 1617 (s), 1580 (m), 1487 

(s), 1323 (m), 1270 (s), 1266 (s), 1199 (m), 1095 (m), 849 (w), 491 (w). 1H-NMR in 

CDCl3, δ from TMS: 10.27 (d 2H), 8.78 (d 2H), 8.55 (s 2H), 8.14 (d 2H), 8.01 (d 2H), 

7.92 (t 2H), 7.83 (t 2H), 7.24 (s 1H), 7.03 (d 1H), 6.72 (d 1H), 5.99 (s 1H), 5.97(d 1H), 

5.36 (d 1H), 4.09 (s 6H).UV/vis in MeCN, λ in nm(ε in M-1 cm-1): 330 (15 000), 495 

(30 000).  

Physical Measurements. The 1H-NMR spectra were recorded at 298 K on a Varian 

Inova 500 MHz instrument. A Perkin-Elmer Spectrum-One FT-IR spectrometer was 

used to obtain the IR spectra of the complexes. Electronic absorption spectra were 

obtained with a scanning Cary 50 spectrophotometer (Varian Associates). NO 

photorelease from the nitrosyls in 50:50 solutions of MeCN/H2O upon illumination was 

monitored using the in-NO Nitric Oxide Monitoring System (Innovative Instruments, 

Inc.) fitted with the ami-NO 2000 electrode. The NO amperograms were recorded in 

stirred solutions contained in open vials.  

X-ray Crystallography. X-ray diffraction quality crystals (red blades) of 

[((OMe)2bpb)Ru(NO)(Resf)] were obtained by vapor diffusion of diethyl ether into a 

solution of the nitrosyl in CHCl3 at 4oC. Red crystals of [((OMe)2IQ1)Ru(NO)(Cl)], 

suitable for diffraction study, were obtained via vapor diffusion of pentane into a 

solution of the nitrosyl in CHCl3 at room temperature. X-ray diffraction quality red 
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crystals of [((OMe)2IQ1)Ru(NO)(Resf)] were obtained by vapor diffusion of diethyl 

ether into a CH2Cl2/THF solution of the nitrosyl at room temperature. Diffraction data 

for [((OMe)2bpb)Ru(NO)(Resf)] . 2CHCl3 . (0.5)Et2O, [((OMe)2IQ1)Ru(NO)(Cl)] . 

2CHCl3, and [((OMe)2IQ1)Ru(NO)(Resf)] were collected at 150 K on a Bruker APEX-

II instrument using monochromated Mo-Kα radiation (λ = 0.71073 Å). All diffraction 

data were corrected for absorption, and calculations were performed using the 

SHELXTL (1995-99) software package (Bruker Analytical X-ray Systems Inc.) for 

structure solution and refinement.  

Photolysis Experiments. The quantum yield (φ) values were obtained using a tunable 

Apex Illuminator (150W xenon lamp) equipped with a Cornerstone 130 1/8 M 

monochromator (measured intensity of ∼10 mW). Actinochrome N (475/610) was used 

to determine the quantum yield values at 500nm (φ500). Solutions of the nitrosyls in 

DMF were prepared and placed in 2 x 10 mm quartz cuvettes, 1 cm away from the light 

source. All solutions were prepared to ensure sufficient absorbance (>90%) at the 

irradiation wavelength, and changes in the electronic spectra at 788, 650, 630, and 660 

nm for [((OMe)2bpb)Ru(NO)(Resf)], [((OMe)2bpb)Ru(NO)(Resf)], 

[((OMe)2IQ1)Ru(NO)(Cl)], and [((OMe)2IQ1)Ru(NO)(Resf)], respectively (<10% 

photolysis), were used to determine the extent of photorelease of NO. 

A.11 Experimental Data: IR and 1H-NMR Spectra 
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Figure A.12 – IR spectra of H2(OMe)2bpb (KBr Pellet). 

Figure A.13 – 1H-NMR spectra of H2(OMe)2bpb (3.8-10.5 ppm) in CDCl3 at 298 K 
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Figure A.14 – IR spectra of H2(OMe)2IQ1 (KBr Pellet). 

Figure A.15 – 1H-NMR spectra of H2(OMe)2IQ1 (3.8-10.5 ppm) in CDCl3 at 298 K 
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Figure A.16 – IR spectra of [((OMe)2bpb)Ru(NO)(Cl)] (KBr Pellet). 

Figure A.17 – 1H-NMR spectra of [((OMe)2bpb)Ru(NO)(Cl)] (3.8-10.5 ppm) in 

CDCl3 at 298 K. 
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Figure A.18 – IR spectra of [((OMe)2IQ1)Ru(NO)(Cl)] (KBr Pellet). 

Figure A.19 - 1H-NMR spectrum (7.7-11.0 ppm) of [((OMe)2IQ1)Ru(NO)(Cl)] in 

CDCl3 at 298 K 
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Figure A.20 - IR spectrum of [((OMe)2bpb)Ru(NO)(Resf)] (KBr pellet). 
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Figure A.21 - 1H-NMR spectrum (5.5-9.0 ppm) of [((OMe)2bpb)Ru(NO)(Resf)] in 

CDCl3 at 298 K. 

 

Figure A.22 - IR spectrum of [((OMe)2IQ1)Ru(NO)(Resf)] (KBr pellet). 
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Figure A.23 - 1H-NMR spectrum (5.1-10.4 ppm) of [((OMe)2IQ1)Ru(NO)(Resf)] in 

CDCl3 at 298 K. 
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