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Candida albicans is a leading fungal cause of burn infections in hospital settings, and sep-
sis is one of the principle causes of death after a severe burn. The prevalence of invasive
candidiasis in burn cases varies widely, but it accounts for 3–23% of severe infection
with a mortality rate ranging from 14 to 70%. Therefore, it is imperative that we develop
innovative therapeutics to which this fungus is unlikely to evolve resistance, thus curtail-
ing the associated morbidity and mortality and ultimately improving our capacity to treat
these infections. An inexpensive and stable nitric oxide (NO)-releasing nanoparticle (NO-np)
platform has been recently developed. NO is known to have direct antifungal activity, mod-
ulate host immune responses and significantly regulate wound healing. In this study, we
hypothesized that NO-np would be an effective therapy in the treatment of C. albicans burn
infections. Using a murine burn model, NO-np demonstrated antifungal activity against C.
albicans in vivo, most likely by arresting its growth and morphogenesis as demonstrated
in vitro. NO-np demonstrated effective antimicrobial activity against yeast and filamentous
forms of the fungus. Moreover, we showed that NO-np significantly accelerated the rate
of wound healing in cutaneous burn infections when compared to controls. The histolog-
ical evaluation of the affected tissue revealed that NO-np treatment modified leukocyte
infiltration, minimized the fungal burden, and reduced collagen degradation, thus providing
potential mechanisms for the therapeutics’ biological activity.Together, these data suggest
that NO-np have the potential to serve as a novel topical antifungal which can be used for
the treatment of cutaneous burn infections and wounds.
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INTRODUCTION
Sepsis is one of the leading causes of death after a severe burn
injury. The rate of microbial infection is estimated to range from
30 to 63% among all burn victims admitted to burn centers,
with the incidence also associated with the severity of injury
and the duration of hospital stay (Holzheimer and Dralle, 2002).
Microorganisms responsible for sepsis are usually bacteria, includ-
ing Pseudomonas aeruginosa and Staphylococcus aureus; however,
Candida spp., of which C. albicans is the most common, are eti-
ologic in ∼8% of all cases (Santucci et al., 2003). Burn wound
colonization and local infection with Candida spp., can progress
to systemic disease. The prevalence of invasive candidiasis in
burn cases accounts for as much as ∼23% of severe infections
(Holzheimer and Dralle, 2002) with mortality rates ranging from
14 to 70% (Holzheimer and Dralle, 2002; Eggimann et al., 2003a).

We recently developed and characterized an inexpensive and
stable nitric oxide (NO)-releasing nanoparticle (NO-np) plat-
form using nanotechnology based on a silane hydrogel (Eggimann
et al., 2003b). This technology has the potential to serve as a
novel, easily applied, topical delivery system for antimicrobials,

such as NO, which can be used for the treatment of complex cuta-
neous infections and wounds. In both physiologic and pathologic
conditions, NO maintains skin homeostasis by regulating circula-
tion, ultraviolet-mediated melanogenesis, and sunburn erythema,
which all participate in the maintenance of the skin as a protective
barrier against microorganisms (Frank et al., 2002). Notably, NO
also modulates immune responses and is a significant regulator
of wound healing (Soneja et al., 2005; Mowbray et al., 2008). In
fact, the simplicity and the stability of NO-np for use in sustained
delivery of NO make the nanoparticles a very attractive treatment
modality for many conditions. This is supported by our previous
work which demonstrated potent NO-np efficacy in vitro (Fried-
man et al., 2011) and in vivo against multi-drug resistant bacteria
which currently challenge many of the successful antibiotic ther-
apies (Han et al., 2009; Martinez et al., 2009; Mihu et al., 2010;
Schairer et al., 2012). Ghaffari et al. (2006) has shown that NO
is effective against C. albicans even though the fungus possesses
a highly inducible NO defense mechanism (Ullmann et al., 2004;
Tillmann et al., 2011). Based on our previous work and the fact
that NO easily transits most if not all biological barriers, we have
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hypothesized that NO-np would be fungicidal for C. albicans in
an in vivo setting. Hence, NO-np could be an effective means for
treating burned infections caused by this fungus. To validate this
hypothesis, we have investigated the biological impact of NO-np
on C. albicans using a murine burn infection model.

MATERIALS AND METHODS
CANDIDA ALBICANS
Candida albicans SC5314 was obtained from M. Ghannoum
(Cleveland, OH, USA). Unless otherwise stated, the isolate was
grown in yeast extract, peptone, and dextrose (YPD) broth (Difco
Laboratories) containing 10 g/L yeast extract, 10 g/L peptone, and
20 g/L glucose and incubated for 24 h at 30˚C in a shaker set at
150 rpm (IKA KS 4000, Cole-Parmer, Vernon Hills, IL, USA; to
early stationary phase).

SYNTHESIS OF NO-np
A hydrogel/glass composite was synthesized using a mixture of
tetramethyl orthosilicate, polyethylene glycol, chitosan, glucose,
and sodium nitrite in a 0.5 mm sodium phosphate buffer (pH
7). The nitrite was reduced to NO within the matrix with ther-
mally generated electrons from glucose. After the redox reaction,
the ingredients were combined and dried using a lyophilizer, and
which resulted in a fine powder comprised of nanoparticles con-
taining NO. The NO-np remains stable in this form for more than
1 year at room temperature. Once exposed to an aqueous envi-
ronment, the hydrogel properties of the composite allow for an
opening of the water channels inside the particles, facilitating the
release of the trapped NO overextended time periods. Nanopar-
ticles (np) were also prepared without the addition of NO, and
served as a control.

SUSCEPTIBILITY OF C. ALBICANS SC5314 TO NO-np
To determine the impact of the NO-np on C. albicans, 1 mL of
YPD broth was inoculated with a 24 h colony of the fungus grown
on YPD agar. One hundred µL of C. albicans broth suspension was
inoculated in each well of a 200-well plate, containing 100 µL of
YPD broth with either NO-np or np (5 mg/mL; Nitric oxide kinet-
ics release from nanoparticles: Peak state: 18.75 nM; Steady state:
12.5 nM). The inoculated plate was then incubated for 24 h at 37˚C.
Controls included wells containing yeast suspension alone, and
yeast cells in YPD broth containing np. Growth was assessed every
30 min using a microplate reader (Bioscreen C, Growth Curves
USA, Piscataway, NJ, USA) set at an OD of 600 nm.

IN VIVO BURN INJURY AND INFECTION MODEL AND NO-np
TREATMENT
To investigate the antifungal efficacy of NO-np in C. albi-
cans induced burn infections, female Balb/c mice (6–8 weeks;
National Cancer Institute, Frederick, MD, USA) were anesthetized
(ketamine-xylazine cocktail), their back hair removed, and their
exposed skin cleansed with an application of iodine. Five-mm
diameter burn injuries were created applying a 60 s-heated brass
bar for 45 s. Immediately after injury, C. albicans was inoculated
onto the burned tissue using a 107 cell suspension of the yeast pre-
pared in PBS. Animals were individually housed to prevent crossed
infection. On day 1 after infection, 5 mg of NO-np or np powder

was then applied. Applications were similarly performed on days 3
and 5 after injury. Untreated, injured mice were used as additional
controls. To monitor healing, photographs were taken daily. Also, a
caliper was used to blindly measure the burn diameter of the injury
on a daily basis, and was performed by two independent investi-
gators. Three and 7 days after infection, mice were euthanized and
tissue biopsies were taken.

CFU DETERMINATIONS
At days 3 and 7 after C. albicans infection, wound tissues were
excised and homogenized in sterile PBS. Samples were plated on
YPD agar and fungal colony counts were determined. The results
were normalized by tissue weights.

HISTOLOGICAL EXAMINATIONS
At days 3 and 7 after wounding, wound tissues were excised from
euthanized mice, fixed in 10% formalin for 24 h, processed, and
embedded in paraffin. Four micron vertical sections were fixed
to glass slides and subjected to Hematoxylin and Eosin (H&E),
Periodic acid schiff (PAS), Gomori’s trichrome, Myeloperoxidase
(MPO; day 3), and Iba-1 staining to examine tissue morphol-
ogy, fungal morphology, collagen deposition, neutrophil infiltra-
tion, and macrophage-like cells, respectively. Slides were exam-
ined by light microscopy with an Olympus AX70 (Melville, NY,
USA) microscope, and images were obtained [QImaging Retiga
1300 digital camera (Burnaby, British Columbia, Canada)] with
QCapture Suite V2.46 software (QImaging).

TIME-LAPSE MICROSCOPY
Candida albicans rapidly undergoes cell division by budding and
forms pseudohyphae and hyphae when grown in media supple-
mented with fetal calf serum (FCS). Hence, the effect of NO-np
on C. albicans cell division and morphological transformation was
assessed using live cell imaging. Briefly, 106 yeasts were plated on a
polylysine coated coverslip bottom of MatTek plates. Images were
collected for 2 h at 40× using a Zeiss Axiovert 200 M inverted
microscope with an Axiocam MR camera controlled by the Axio
Vision 4.4 software (Carl Zeiss Micro Imaging, NY). This micro-
scope was housed in a Plexiglas box and the temperature was
stabilized at 37˚C, using a forced air heater system. The plate
lid was kept in place to prevent evaporation, and 5% CO2 was
delivered to a chamber locally over the culture dish. Images were
compiled into movies which were then used to analyze the C.
albicans morphogenesis.

SUSCEPTIBILITY OF FILAMENTOUS C. ALBICANS SC5314 TO NO-np
To assess the antifungal activity of the NO-np on invasive C. albi-
cans filamentous form, 106 yeasts were grown in 100 µL of media
supplemented with FCS on a 96-well microtiter plates. Plates were
incubated for 4 h at 37˚C and 5% CO2. After hyphal formation,
100 µL of media supplemented with FCS with either NO-np or np
(5 mg/mL) were added to each well. Then, plates were incubated
for 24 h at 37˚C and 5% CO2. Controls included wells containing
untreated filamentous fungus. Metabolic activity was measured
by 2, 3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)
carbonyl]-2H-tetrazolium-hydroxide (XTT) reduction assay.
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XTT REDUCTION ASSAY
For filamentous C. albicans SC5314, 50 µL of XTT salt solution
(1 mg/mL in PBS) and 4 µL of menadione solution (1 mM in
acetone; Sigma) were added to each well. Microtiter plates were
incubated at 37˚C for 5 h. Mitochondrial dehydrogenases in live
cells reduce XTT tetrazolium salt to XTT formazan, resulting in
a colorimetric change, which was measured in a microtiter reader
at 492 nm. Microtiter wells containing heat-killed fungi or only
medium but no filamentous C. albicans cells were used as negative
controls. The percentage of metabolic activity was determined by
measuring the optical density of fungi exposed to np or NO-np
relative to unexposed biofilms.

STATISTICAL ANALYSIS
All data were subjected to statistical analysis using GraphPad
Prism 5.0 (GraphPad Software, La Jolla, CA, USA). P values were
calculated by analysis of variance and were adjusted by use of
the Bonferroni correction. P values of <0.05 were considered
significant.

RESULTS
NO-np INHIBITS C. ALBICANS GROWTH
Candida albicans SC5314 growth with and without exposure to
NO-np was determined in real-time for 24 h (Figure 1). NO-
np significantly reduced fungal growth after 2 h co-incubation
when compared with untreated controls (P < 0.001). Notably,
C. albicans grown with np had significant reductions in fungal
growth at 4 h, an effect that is likely due to steric interference
with cell to cell contact or communication (e.g., quorum sens-
ing). It is also possible that the chitosan incorporated into the
np may offer some degree of antifungal activity; although the
concentrations used to generate the np were negligible. When
nano-scaled, chitosan has a higher surface to volume ratio, trans-
lating into a higher surface charge density, and increased affinity
for bacteria and fungi with greater antimicrobial activity (Qi
et al., 2004). Therefore at the nano-scale, the concentration used
may confer some inhibitory activity. Nevertheless, NO-np sig-
nificantly impeded growth relative to the np controls at >4 h
(P < 0.001).

NO-np ENHANCES BURN HEALING IN VIVO
The effect of NO-np on burn healing in Balb/c mice after C. albi-
cans infection was investigated (Figure 2). The curative process
progressed most rapidly in the NO-np-treated mice (Figure 2A),
with complete healing in all treated mice within 20 days follow-
ing burn injury and infection (P < 0.001; Figure 2B). In contrast,
the healing process of untreated or np-treated mice was signif-
icantly delayed (Figure 2A), and complete wound closure was
not achieved within the 20 days following injury when mice were
euthanized (Figure 2B). Notably, animals in the control groups
experienced fungal transmission from the burn site to the paws,
possibly by scratching of the infected injury (Figure 2C), which is
consistent with higher fungal burdens and prolonged infection.

NO KILLED C. ALBICANS IN BURN LESIONS
The efficacy of NO-np in killing C. albicans in the infected tissue
was further explored by examining fungal burdens (Figure 3). At

FIGURE 1 |The effect of NO-np on C. albicans growth kinetics was
determined using Bioscreen C analysis. C. albicans was grown in the
absence (untreated) or presence of nanoparticles with NO (NO-np) or
without NO (np). Each point represents the average of three
measurements. *P < 0.001 in comparing the np- or NO-np-treated group
with untreated group. #P < 0.001 in comparing the np-treated group with
the NO-np-treated group. This experiment was performed twice, with
similar results each time.

three and 7 days post infection, wounds were excised and plated
on YPD agar. C. albicans-infected NO-np-treated burns showed
significantly lower fungal burdens when compared to untreated or
np-treated wounds (P < 0.01; Figure 3A).

Histological examinations (H&E staining) of day 7 untreated
and np-treated C. albicans-infected burns revealed numerous
pseudohyphal and hyphal forms penetrating into different tissue
layers along with extensive cell necrosis (Figure 3B; insets). Tissue
sections from the lesions of NO-np-treated C. albicans-infected
mice revealed less suppurative inflammation along with increased
fibrin deposition and no evidence of fungal hyphal structures in
dermis (Figure 3B).

NO-np REDUCES GROWTH AND MORPHOGENESIS
Time-lapse microscopy was used to examine whether NO-np
interferes with C. albicans cell division and morphological trans-
formation (Figure 4A). Untreated control yeasts displayed rapid
(12 min) budding formation and morphogenesis. The control np
delayed budding and transformation for up to 48 min post expo-
sure. In contrast, NO-np arrested fungal budding and morphogen-
esis over the entire 60 min time course examined. At the 120 min
time point, the untreated group evinced morphological changes
consistent with that of candidal pseudohyphal structures while the
np and NO-np-treated groups demonstrated delayed budding or
no budding, respectively, without any indication of active filamen-
tation (Figure 4B). In addition, NO-np-treated yeasts displayed a
rounded shape characteristic of cellular edema which has been
previously observed in studies with multi-drug S. aureus (Mar-
tinez et al., 2009). Thus, the results strongly suggest that NO-np
can effectively inhibit or delay the onset of pseudohyphal forma-
tion. Together, these results suggest that the in vivo findings may
in part be due to a reduction in the rate of yeast cell division and
morphogenesis.
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FIGURE 2 | Healing effectiveness of NO-np in C. albicans induced burn
infections. (A) Burn injuries of Balb/c mice untreated, treated with np, and
treated with NO-np, day 0, 1, 5, 10, and 15. Bar=5 mm. Five animals per
group were used. These experiments were performed twice with similar
results. (B) Burn area closure of Balb/c mice skin lesions relative to the initial
5 mm wound. Time points are the averages of the results for measurements

of six different wounds, and error bars denote SDs. *P < 0.001 in comparing
the np- or NO-np-treated group with untreated group. #P < 0.001 in
comparing the np-treated group with the NO-np-treated group. These
experiments were performed twice with similar results. (C) NO-np prevents
cutaneous spread of candidiasis in mice. Three animals per group per time
point were used.

Since the filamentous stage of C. albicans invades tissue and is
relevant in pathogenesis, we investigated the antifungal activity of
NO-np against the mycelial form of the fungus. XTT reduction
assay was utilized to quantify fungal metabolic activity. At 24 h,
NO-np significantly reduced the metabolic activity of filamentous
C. albicans when compared to untreated (∼65%; P < 0.001) or
np (∼52%; P < 0.001; Figure 4C). Our findings suggest that NO-
np are effective against the tissue invasive filamentous form of C.
albicans.

NO-np ACCELERATES DEPOSITION AND/OR REDUCES DESTRUCTION OF
COLLAGEN IN BURN HEALING DURING CANDIDAL INFECTION
The mechanisms through which the NO-np accelerates wound
healing were further explored by examining the collagen content
in burn wounds treated with NO-np (Figure 5). Trichrome stain-
ing dyes collagen blue. For each image, quantitative measurement
of collagen intensity in 20 representative squares of the same size
was performed using Image J software. Collagen content was high-
est in the infected wounds treated with NO-np (Figure 5A). The
dispersed blue stain in these sections indicated a thicker and more

mature tissue collagen formation, thus suggesting that NO-np
exposure protected the dermal architecture through fungal clear-
ance, and ultimately maintaining collagen stores while promoting
formation of new collagen. Figure 5B is a morphometric analysis
of the data shown in Figure 5A.

NO-np MODIFIES LEUKOCYTE INFILTRATION IN BURN INJURY
INFECTED WITH C. ALBICANS
We investigated the effect of NO-np on leukocyte migration to
the C. albicans-infected tissue (Figure 6). First, neutrophil infil-
tration was evaluated by measuring the production of MPO in
the injured area. MPO is an enzyme most abundantly present in
neutrophils, and the localized brown staining reaction observed
indicated more neutrophil infiltration in NO-np-treated samples
compared to untreated or np-treated burn tissue (Figure 6A).

Secondly, we identified macrophage-like infiltration by mea-
suring the expression of Iba-1, which is specifically expressed
and upregulated during the activation of these cells. Iba-1 is
the product of the Aif1 gene (allograft inflammatory factor 1)
which is located within a segment of the major histocompatibility
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FIGURE 3 | Antifungal efficacy of NO-np in C. albicans induced burn
infections. (A) Burn fungal burden (colony forming units, CFU) in mice
infected topically with 107 yeast cells and treated with NO-np is
significantly lower than untreated or np-treated mice (n=5). Bars are the
averages of the results and brackets denote standard deviations.
Asterisks denote P value significance (*P < 0.05; **P < 0.001; ns, no
significance) calculated by analysis of variance and adjusted by use of the

Bonferroni correction. (B) Histological analysis of Balb/c mice untreated
C. albicans-infected, np-treated C. albicans-infected, and C.
albicans-infected treated with NO, day 7. Mice were infected with 107 C.
albicans. Representative H&E-stained sections of the skin lesions are
shown with the Insets showing Periodic acid schiff staining of C.
albicans. Black arrows indicate fungal pseudohyphae and hyphae. Scale
bars: 20 µm.

complex class III region. Tissue sections from untreated murine
burns showed only scattered macrophage-like cells whereas np and
NO-np-treated mice showed massive cellular infiltrations into the
injured area (Figure 6B).

Together, our data suggests NO-np can stimulate cell recruit-
ment during burn healing and fungal cell clearance by up-
regulating phagocytic cell infiltration into the injured area.

DISCUSSION
Candida albicans has emerged as a major agent of hospital-
acquired infections and this fungus has a high incidence of pro-
gression from focal infection to invasive and/or systemic diseases in
specific patient subpopulations such as burn victims (Holzheimer
and Dralle, 2002). Our data shows that NO-np interferes with C.
albicans growth in vitro, which is likely attributable to the sus-
tained release of NO that can penetrate and permeabilize the
cellular membrane of yeast cells. The rate and amount of NO
released from this nanotechnology allows the free radical to alter

peripheral and integral structures on the yeast membrane, partic-
ularly membrane-bound proteins and lipids. As a lipophilic and
uncharged molecule, NO can easily transverse the lipid bilayer
to reach key metabolic enzymes, messenger RNA, proteins, and
DNA, disabling vital biological processes (Jones et al., 2010).
Furthermore, formation of peroxynitrite from interactions with
superoxides further disrupts the yeast membrane through lipid
peroxidation, accelerating degradation of cellular integrity. Previ-
ous studies suggest that NO greatly accelerates the rate at which
hydrogen peroxide kills microbes by damaging their DNA (Wood-
mansee and Imlay, 2003). NO also blocks respiration, an event that
can stimulate oxidative DNA damage (Woodmansee and Imlay,
2003). Likewise, alterations in cell charge may lead to increased
phagocytosis and killing of fungal cells by phagocytes (Nosanchuk
and Casadevall, 1997). Recently, we suggested that NO-np is a
promising candidate for use in cutaneous infections due to its
excellent tissue penetration and potent, broad spectrum antimi-
crobial activity (Witte et al., 1998; Ghaffari et al., 2006; Martinez
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FIGURE 4 | Impact of NO-np on fungal growth and morphogenesis. (A)
Time-lapse (0–60 min) microscopy was used to explore the effect of NO-np on
C. albicans cell division and morphological transformation. White single arrow
heads indicate budding yeast and/or pseudohyphae whereas white double
arrow heads indicate nanoparticle aggregates. Images were collected at 40×.
Scale bar: 10 µm. (B) Time-lapse microscopy images of untreated, np, and
NO-np groups at 120 min. Images collected at 40×. Scale bar: 10 µm. (C) XTT

reduction assay was used to measure the metabolic activity of NO-np-treated
filamentous C. albicans in vitro. The 100% activity was set as the
measurements in wells with filamentous fungi without the addition of either
NO-np or np. Bars represent the average of the results and error bars denote
standard deviations. Asterisks denote P value significance (**P < 0.001)
calculated by analysis of variance and adjusted by use of the Bonferroni
correction. These experiments were performed twice with similar results.

et al., 2009). In this regard, NO is able to diffuse through skin and
soft tissues thereby reducing the microbial burden.

Our studies demonstrate that NO-np have significant anti-
fungal efficacy in the setting of C. albicans-infected burn injury.
Burn injuries and infection can lead to serious complications
including tissue damage, sepsis and death. NO-np was found
to prevent fungal invasion to the subcutis/muscle and reduced
dermal candidal burden. NO also stimulated the infiltration of
innate immune cells such as neutrophils and macrophages (Ghaf-
fari et al., 2007), which enhanced its impact as an antifungal agent.
NO-np can potentially induce a protective immune response
capable of containing infection, therefore preventing systemic dis-
semination. Additionally, time-lapse microscopy images suggest
that NO-np may arrest growth and morphogenesis of C. albi-
cans during infection. The mechanisms underlying these effects
of the NO-np on morphogenesis are not yet elucidated, and are

likely multi-factorial, potentially impacting adhesion (Privett et al.,
2010), colonization (Elahi et al., 2001), tissue penetration (Ghaf-
fari et al., 2006), and dissemination (Glittenberg et al., 2011). The
effects of the particles can be as simple as interfering with cell-cell
interactions (Netea et al., 2002; Glittenberg et al., 2011) or quorum
sensing to disrupting cell signaling cascades (Toenjes et al., 2009)
or directly damaging DNA (Woodmansee and Imlay, 2003; Jones
et al., 2010). Perhaps, NO-np may directly influence cyclic AMP–
protein kinase A complex which is the major pathway by which
hyphal growth is regulated in C. albicans (Bahn et al., 2007). This
is a promising area for future studies.

NO-np treatment of C. albicans burn injuries offers additional
benefits, as we found that treatment results in the stimulation of
healing by induction of collagen deposition and/or protects against
collagen degradation. NO promotes wound healing by inducing
collagen secretion by fibroblasts (Han et al., 2012). Acceleration of
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FIGURE 5 | Effect of NO-np on C. albicans collagen degradation in
burn injuries. (A) Histological analysis of Balb/c mice untreated C.
albicans-infected, np-treated C. albicans-infected, and C.
albicans-infected treated with NO-np, day 7. Mice were infected with
107 fungal cells. The blue stain indicates collagen. Scale bar: 20 µm.
(B) Quantitative measurement of collagen intensity in 20

representative squares of the same size for untreated C.
albicans-infected, np-treated C. albicans-infected, and C.
albicans-infected treated with NO-np. Bars are the averages of the
results, and error bars denote standard deviations. Asterisks denote P
value significance (*P < 0.05) calculated by analysis of variance and
adjusted by use of the Bonferroni correction.

FIGURE 6 | Influence of NO-np on neutrophil and macrophage-like
cell infiltration into burn wounds. (A) Histological analysis of
untreated, np-treated and NO-np-treated wounded Balb/c mice, day 3.
The brown staining indicates neutrophil infiltration. Representative
MPO-immunostained sections of the skin lesions are shown. Scale

bars: 20 µm. (B) Histological analysis of untreated, np-treated and
NO-np-treated wounded Balb/c mice, day 7. The brown staining
indicates macrophage-like cell infiltration. Representative
Iba-1-immunostained sections of the skin lesions are shown. Scale
bars: 25 µm.

wound healing by nitric oxide donors (Lund and Scholefield, 1997)
and NO-np has also been demonstrated recently (Martinez et al.,
2009; Han et al., 2012). Indeed, accelerated healing of gastric ulcers
has been demonstrated in rats treated with a nitric oxide releasing
derivative of diclofenac, and a similar effect was observed by treat-
ing the rats with glyceryl trinitrate (Elliott et al., 1995). Further,
Thornton et al. (1998) demonstrated that collagen deposition can

be enhanced in wounded rats transfected in vivo with the gene for
inducible nitric oxide synthase, and the increased nitric produc-
tion within the wound milieu preceded the observed increase in
collagen synthesis. Additionally, we recently suggested that top-
ically applied NO-np might also prevent collagen degradation
by microbial collagenases through a reduction in microbial load
(Martinez et al., 2009). Pathogens can impair the repair processes
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by producing toxic byproducts and competing with cells for oxy-
gen and nutrients (Robson et al., 1990). C. albicans adheres to
laminin and fibronectin, types I and IV collagen proteins (Alonso
et al., 2001) and releases metalloproteases that degrade collagen
(Imbert et al., 2002) which facilitate the migration of the yeast
in tissues after crossing the endothelial layer, allowing for fungal
invasion of target organs (Rodier et al., 1999). Impeding the meta-
bolic function of microbes diminishes their capacity to damage
host tissues.

Concomitant to reducing host damage by injuring invading
microbes, NO modifies the host effector response. In addition to
their antimicrobial functions, neutrophils are recruited from the
blood to sites of inflammation, where they contribute to wound
healing (Theilgaard-Monch et al., 2004). Once in the wound envi-
ronment, neutrophils phagocytose foreign material and bacteria,
destroying them by releasing proteolytic enzymes and oxygen-
derived free radical species. Nevertheless, in the absence of ongoing
infection, neutrophil activity gradually changes within a few days
of injury to prevent tissue damage. In later stages of healing, the
neutrophils must be eliminated from the wound site. Redun-
dant cells are disposed of by extrusion to the wound surface as
either slough or by apoptosis, allowing elimination of the entire
neutrophil population without further tissue damage or poten-
tiation of the inflammatory response. The cell remnants and
apoptotic bodies are then phagocytosed by macrophages. Con-
sistent with this finding we found relatively high numbers of
neutrophils in wounds of NO-np-treated mice early on in the
infection.

The role of macrophages in wound healing has evolved from
the concept that macrophages primarily clear a wound of for-
eign material, to the understanding that macrophages are involved
in multiple aspects ranging from re-epithelialization and col-
lagen deposition to angiogenesis and cell proliferation (Mirza
et al., 2009; Friedman, 2011). We use Iba-1, an actin-cross-linking
protein expressed in macrophage-like cells but not restricted
to the macrophage lineage to investigate the effect of NO on
macrophage-like infiltration in the wound environment. While
many studies have focused on the role of macrophage-like cells
inducing NO release from iNOS as part of the host defense, our
data suggests that NO also modulates macrophage-like cell activity,
similar to the manner in which NO and VEGF exhibit recipro-
cal regulation (Kimura and Esumi, 2003; Broughton et al., 2006).
We further observed in our study that macrophage migration is

increased in NO-np-treated mice suggesting that NO is a wide-
acting, critical molecule in the early and late stages of tissue repair
and regeneration.

Safety and toxicity of nanotechnology have been well docu-
mented and widely discussed (Service, 2003; Nel et al., 2006).
Numerous investigations have revealed that diverse nanomaterials
can penetrate intact skin in animal models and in human ex vivo
models (Gamer et al., 2006; Baroli et al., 2007). Furthermore, cuta-
neous penetration of NO-np can be enhanced depending on the
delivery vehicle used or barrier disruption found, especially this
is true in cases of open wounds, such as those that we describe in
this study. Of greater concern are toxicities caused by the systemic
penetration and ultimate circulation of specific nanomaterials
through various orifices, and which have been shown to occur
(Hohr et al., 2002). We have demonstrated in vitro that NO-nps
show minimal toxicity toward cultured fibroblasts (Friedman et al.,
2008). Furthermore, in in vivo safety (murine) evaluations using
intraperitoneal and intravenous administration routes minimal
cytotoxicity was found with no clinical adverse events occurring
in the treated mice (Cabrales et al., 2010, 2011).

In summary, this study shows that NO-np have both antifungal
and burn healing properties. Overall, the results presented show
that the topical application of NO-np is highly effective against
cutaneous C. albicans infection in a murine burn model. In addi-
tion, the NO-np appears to enhance burn healing by shielding
dermal structural components, such as collagen from degrada-
tion, and likely stimulates new collagen generation and deposition.
These findings support other studies, which have shown that top-
ically applied NO-np can be effective in inducing a local immune
response with minimal inflammation (Mowbray et al., 2009), fur-
ther adding to its beneficial effects in this application. These results
suggest that this platform has the potential to serve as an easily
administered source of anti-infectives, such as NO, for the treat-
ment of cutaneous and tissue infections, including those resulting
from burn injuries.
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