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The ability of nitric oxide (NO)-releasing silica nanoparticles to kill bioﬁlm-based microbial cells is
reported. Bioﬁlms of Pseudomonas aeruginosa, Escherichia coli, Staphylococcus aureus, Staphylococcus
epidermidis, and Candida albicans were formed in vitro and exposed to NO-releasing silica nanoparticles.
Replicative viability experiments revealed that 99% of cells from each type of bioﬁlm were killed via NO
release, with the greatest efﬁcacy (99.999% killing) against gram-negative P. aeruginosa and E. coli
bioﬁlms. Cytotoxicity testing demonstrated that the highest dose of NO-releasing silica nanoparticles
inhibited ﬁbroblast proliferation to a lesser extent than clinical concentrations of currently administered
antiseptics (e.g., chlorhexidine) with proven wound-healing beneﬁts. This study demonstrates the
promise of employing nanoparticles for delivering an antimicrobial agent to microbial bioﬁlms.
Ó 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
Infections resulting from microbial bioﬁlm formation remain
a serious threat to patients worldwide. Particularly problematic are
wound infections [1–5], with chronic wounds such as foot, leg, and
pressure ulcers being particularly susceptible to bioﬁlm infections
[1]. Wound infections are responsible for >80% of the 100,000 limb
amputations performed on diabetic patients in the U.S. each year
[1]. While most wound infections are polymicrobial (i.e., caused by
more than one species of bacteria or fungi) [6], the most common
isolated species include gram-positive Staphylococcus aureus and
Staphylococcus epidermidis, and gram-negative Pseudomonas aeruginosa [3]. Despite the many effective antimicrobial strategies
against planktonic bacteria, most antimicrobials are rarely tested or
effective against bioﬁlms [5]. Novel approaches to treat established
bioﬁlms are thus urgently needed.
Bioﬁlms are complex communities that form when a group
of microorganisms self-secrete a polysaccharide matrix that
retains nutrients for the constituent cells and protects them
from both the immune response and antimicrobial agents [7].
The bioﬁlm matrix itself may inhibit the penetration of antibiotics and prevent them from reaching embedded cells [8]. It
has been shown that killing bacteria in a bioﬁlm may require
up to 1000 times the antibiotic dose necessary to achieve the
same result in a suspension of cells [9]. Bioﬁlm-embedded
microbial cells communicate with each other via quorum
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sensing, and phenotypic variations may occur that exacerbate
virulence to the host [7].
Antiseptic wound dressings are currently the most common
clinical strategy employed to address wound infections [10].
Although systemic antibiotic administration has shown some efﬁcacy against wound infections [11–13], application of antibiotics
directly to wounds is unacceptable clinical practice due to the
threat of promoting antibiotic resistance [10]. The threat of bacterial resistance is signiﬁcantly exacerbated in bioﬁlms where the
close proximity of cells allows facile transfer of resistance-encoding
DNA [8]. Current clinical protocols call for applying creams, solutions, or wound dressings that contain antiseptics such as silver
compounds (e.g., silver sulfadiazine, silver nitrate), iodine (e.g.
povidone iodine), or chlorhexidine [10]. Each of these antiseptics
has demonstrated broad-spectrum activity against both grampositive and gram-negative bacterial species. Unfortunately, the
efﬁcacy of current antiseptics has been evaluated primarily against
planktonic bacteria, not bioﬁlms [5]. Despite their success, Agþ and
iodine wound treatments have some undesirable properties. For
example, silver treatment has been reported to result in permanent
skin discoloration (argyria) [14]. More problematic, Agþ-resistant
bacteria have emerged, raising serious concerns [15–17]. Povidone
iodine has been shown to be toxic to ﬁbroblasts in vitro [18] and its
efﬁcacy as a safe antimicrobial agent for wound healing questioned
[19–24]. Recently, both povidone iodine and chlorhexidine have
been shown to be ineffective at treating bioﬁlms of P. aeruginosa
and Enterococcus faecalis [25,26]. Alarmingly, a growing number of
reports document life-threatening anaphylactic shock in response
to chlorhexidine treatment [27–30]. Clearly, new strategies for
battling bioﬁlms are warranted.
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Recent research has highlighted the antimicrobial properties of
nitric oxide (NO) [31,32], a reactive free radical produced by inﬂammatory cells (e.g., neutrophils and macrophages) to battle infection.
Using small molecule NO donors, Raulli et al. demonstrated that NO
possesses broad-spectrum antibacterial properties against both grampositive and gram-negative bacteria [33]. Ghaffari et al. reported on
No’s effectiveness at killing methicillin-resistant S. aureus (MRSA) [34].
The importance of NO in mammalian defense against invading pathogens was demonstrated by MacMicking and coworkers using mice
lacking the ability to endogenously generate NO. Such mice were
signiﬁcantly more susceptible to bacterial infection than mice possessing full NO-production capabilities [35]. In terms of bioﬁlms,
Barraud noted that NO-releasing small molecules promoted cell
dispersal in P. aeruginosa bioﬁlms [36].
As an alternative strategy for delivering NO to pathogenic bacteria,
we recently reported on the antibacterial properties of NO-releasing
silica nanoparticles [37]. The nanoparticles exhibited enhanced
bactericidal efﬁcacy against planktonic P. aeruginosa cells compared
to small molecule NO donors [37]. To date, the effectiveness of NOreleasing nanoparticles against established bioﬁlms remains unclear.
The rapid diffusion properties of NO may result in enhanced penetration into the bioﬁlm matrix and thus improve efﬁcacy against
bioﬁlm-embedded bacteria [38]. Moreover, a promising advantage of
nanoparticles over small molecules is that their physicochemical
properties (e.g., hydrophobicity, charge, size, etc.) may be tuned by
varying synthetic precursors and procedures [39,40]. Herein, we
present studies aimed at understanding the ability of NO-releasing
nanoparticles to kill microbial cells within established bioﬁlms.
2. Methods and materials
N-Methylaminopropyltrimethoxysilane (MAP3) and N-(6-aminohexyl)aminopropyltrimethoxysilane (AHAP3) were obtained from Gelest (Morrisville, PA) and
stored either under nitrogen or in a desiccator. Tetraethyl orthosilicate (TEOS) was
purchased from Fluka (Buchs, Switzerland) and stored in a desiccator. Ethanol (EtOH;
absolute), methanol (MeOH), and ammonia solution (NH4OH, 30 wt% in water) were
purchased from Fisher Scientiﬁc (Fair Lawn, NJ). Tryptic soy broth (TSB), tryptic soy
agar (TSA), yeast peptone dextrose broth (YPD), and yeast peptone dextrose agar
were purchased from Becton, Dickinson and Company (Sparks, MD). Nitrogen (N2)
and argon (Ar) were purchased from National Welders (Raleigh, NC) while nitric
oxide (NO, 99.5%) was obtained from Linde (Raleigh, NC). Other solvents and
chemicals were analytical-reagent grade and used as received. P. aeruginosa (ATCC
#19143), Escherichia coli (ATCC #53323), S. aureus (ATCC #29213), S. epidermidis
(ATCC #35983), and Candida albicans (ATCC #90028) were purchased from American
Type Culture Collection (Manassas, VA). Class VI medical-grade silicone rubber (SiR)
was purchased from McMaster-Carr (Atlanta, GA). Distilled water was puriﬁed with
a Millipore Milli-Q Gradient A-10 water puriﬁcation system (Bedford, MA) to a ﬁnal
resistivity of 18.2 MU cm and a total organic content of <6 ppb. The following
standard cell-culture products were obtained from Invitrogen (Carlsbad, CA): Eagles
minimal essential medium (MEM), fetal bovine serum (FBS), penicillin/streptomycin
(P/S), trypsin and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT). L929 mouse ﬁbroblasts (ATCC #CCL-1) were purchased from the University of
North Carolina Tissue Culture Facility (Chapel Hill, NC).
2.1. Synthesis of NO-releasing silica nanoparticles
The synthesis and characterization of NO-releasing silica nanoparticles have
been described previously [41,42]. Brieﬂy, an aminoalkoxysilane solution was
prepared by dissolving either AHAP3 (2.3 mmol) or MAP 3 (6.8 mmol) in 16 mL of
EtOH and 4 mL of MeOH in the presence of NaOCH3 (equimolar with either AHAP3 or
MAP3). The solution was then placed into 10-mL vials equipped with stir bars. The
vials were placed in a Parr bottle, connected to an in-house NO reactor, and ﬂushed
with Ar six times to remove O2 in the solution. The reaction bottle was pressurized to
5 atm NO for 3 days with continuous stirring of the silane solution. Prior to removing
the diazeniumdiolate-modiﬁed silane sample (AHAP3/NO or MAP3/NO), unreacted
NO was purged from the chamber with Ar. Silane solutions were prepared by mixing
TEOS (2.8 mmol) and AHAP3/NO (2.3 mmol; corresponding to 45 mol%, balance
TEOS) or MAP3/NO (6.5 mmol; corresponding to 70 mol%, balance TEOS) in the
EtOH/MeOH solution for 2 min. The silane solution was then added into EtOH
(22 mL) and ammonia catalyst (6 mL, 30 wt % in water) and mixed vigorously for
30 min at 4  C. The precipitated nanoparticles were collected by centrifugation
(5000 rpm, 5 min), washed with EtOH several times, dried under ambient conditions
for 1 h, and stored in a sealed container at 20  C.
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2.2. Nitric oxide release measurements
Real-time NO release data were collected using a Sievers 280 chemiluminescent
NO analyzer (Boulder, CO). The instrument was calibrated with an atmospheric
sample that had been passed through an NO zero ﬁlter and a 24.1 ppm NO gas
standard (balance N2). Next, a known mass of diazeniumdiolate-modiﬁed silica
nanoparticles were immersed in deoxygenated PBS (pH 7.4) at 37  C. Liberated NO
was carried from the buffer to the analyzer with a stream of N2 bubbled into the
solution at a ﬂow rate of 80 mL/min. In the instrument, NO was detected via
chemiluminescent reaction with ozone [43].

2.3. Treatment of established bioﬁlms with NO-releasing silica nanoparticles
P. aeruginosa, E. coli, S. aureus, S. epidermidis, and C. albicans were cultured at
37  C in either tryptic soy broth (TSB; bacteria) or yeast-peptone-dextrose broth
(YPD; fungi), pelleted by centrifugation, resuspended in 15% glycerol (v/v in PBS),
and stored at 80  C. Cultures for bioﬁlm studies were grown from a 80  C stock at
37  C in TSB overnight. A 1-mL aliquot of overnight culture was inoculated into
100 mL fresh TSB, incubated at 37  C with rotation, and grown to an optical density
(ODl¼650 nm) required to achieve w108 colony forming units [CFU] per mL, as veriﬁed by serial 10-fold dilutions and plating on nutrient agar plates. The bacteria or
fungi were pelleted by centrifugation, rinsed with ultrapure water, and resuspended
in sterile phosphate buffered saline (PBS; 10 mM, pH 7.4).
Class VI medical-grade silicone rubber (SiR) was sectioned into squares
measuring 8  6  2 mm2. The SiR squares were cleaned with ethanol, dried, and
sterilized in an autoclave at 121  C for 25 min. Under aseptic conditions, the SiR
squares were then immobilized onto the end of sterile syringe needles and
submerged in sterile TSB or YPD (5 mL) in sterile 10-mL glass vials. The 108 CFU/mL
microbial suspension was then diluted to 106 CFU/mL, and 50 mL of the diluted
suspension was added to the nutrient broth in each vial containing the SiR squares
(ﬁnal microbial concentration ¼ 104 CFU/mL). The vials containing bacteria, broth
and SiR squares were placed in a 37  C incubator with gentle agitation. After 24 h,
the SiR squares were removed from the nutrient broth, rinsed twice in sterile PBS,
and individually transferred into new 10-mL glass vials containing a suspension of
either 45 mol% AHAP3/TEOS nanoparticles or 70 mol% MAP3/TEOS nanoparticles in
PBS. The vials were returned to the 37  C incubator and gently agitated. After 24 h,
the SiR squares were rinsed twice in sterile PBS and aseptically transferred into
polypropylene test tubes containing 2 mL of sterile PBS. To remove the bioﬁlm cells
from the SiR substrates, each test tube was vortexed for 10 s, sonicated in a 125 W
ultrasonic cleaner for 30 min, and vortexed for an additional 10 s. The resulting
bacterial suspension was subjected to serial 10-fold dilutions, and 100 mL of
appropriate dilutions was plated on either tryptic soy agar (TSA; bacteria) or yeast
peptone dextrose agar (fungi). The nutrient agar plates were then incubated at 37  C.
The next day, the colonies that grew on each plate were counted and the number of
viable bioﬁlm bacteria removed from each substrate determined. Efﬁcacy is deﬁned
as the reduction in viable cells recovered from bioﬁlms treated with nanoparticles
compared to control bioﬁlms of the same species not treated with nanoparticles.

2.4. Determination of nanoparticle association with bioﬁlms
Bioﬁlms of P. aeruginosa, E. coli, S. aureus, S. epidermidis, and C. albicans were
grown on silicone rubber substrates as described above. The bioﬁlms were then
incubated with 8 mg/mL MAP3 silica nanoparticles in PBS. After 24 h, the bioﬁlms
were removed from the nanoparticle suspension and transferred to 3 mL of PBS in
polypropylene test tubes. The test tubes were vortexed for 10 s, sonicated for 30 min,
and again vortexed for 10 s. The PBS was then transferred to new vials to which 3 mL
of ethanol (absolute) was added to kill any bacteria or fungi. As a measure of the
amount of nanoparticles recovered from the bioﬁlms, the solutions were analyzed
for Si via direct current optical emission spectrometry (DCP-OES; ARL-Fisons
Spectraspan 7; Beverly, MA) calibrated with 0–54 ppm Si standard solutions
prepared in 50:50 PBS:absolute ethanol.

2.5. In vitro toxicity testing of NO-releasing nanoparticles
L929 mouse ﬁbroblasts were grown to subconﬂuency in MEM with 10% FBS
supplemented with 0.2% P/S at 37  C and 5% CO2. Cells were then trypsinized and
resuspended in media at a concentration of 2  105 cells/mL and plated onto tissue
culture treated polystyrene 96-well plates. After incubation for 24 h, the media from
each well were discarded. Control and NO-releasing 70 mol% MAP3/TEOS nanoparticles were added at concentrations of 1, 2, 4, and 8 mg/mL (200 mL). After
incubation with the nanoparticles for 24 h, a standard MTT viability assay was
performed [44]. Brieﬂy, 40 mL of a 1 mg/mL MTT solution in sterile PBS was added to
each well and incubated for 3 h, after which all solution was removed from the well
and 100 mL DMSO was added to solubilize the crystals. The absorbance measured at
570 nm was proportional to the concentration of viable cells in each well. Fibroblast
viability in the presence of control and NO-releasing silica nanoparticles is reported
relative to the viability of ﬁbroblasts not exposed to silica nanoparticles.
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The NO-releasing silica nanoparticles have been characterized
and described previously [41,42,50]. As shown in Fig. 1A, the total
amount of NO (t[NO]) released by 45 mol% AHAP3 silica nanoparticles was approximately 3.8 mmol mg1, with a maximum NO
ﬂux ([NO]m) of 21 700 ppb mg1 and an NO release half life (t1/2) of
18 min. In contrast, NO release from 70 mol% MAP3 nanoparticles
was much more rapid, with a t1/2 of w6 min. The amount of NO
released from the MAP3 nanoparticles was much greater than from
AHAP3 nanoparticles, with t[NO] and [NO]m values of
7.6 mmol mg1 and 190 000 ppb mg1, respectively, for MAP3
(Fig. 1B). As characterized by atomic force microscopy (AFM), the
size of the AHAP3 and MAP3 nanoparticles were 136  15 and
90  10 nm in diameter, respectively (data not shown) [37,50].
3.2. Anti-bioﬁlm efﬁcacy of AHAP3 and MAP3 silica nanoparticles
To test the inﬂuence of the delivery vehicle (i.e., AHAP3 vs.
MAP3 silica nanoparticles) on NOs ability to kill bioﬁlm-embedded
bacterial cells, P. aeruginosa bioﬁlms were exposed to a range of
concentrations of both AHAP3 and MAP3 nanoparticles (0–8 mg/
mL) optimized based on initial efﬁcacy screening and the amount of
particles synthesized per batch. To quantitatively determine the
number of viable bioﬁlm cells remaining after treatment, the bioﬁlm was dispersed in sterile PBS via vortexing and sonication [48].
Of note, control experiments were performed to conﬁrm that the
vortexing and sonication procedure did not inﬂuence cell viability
(data not shown). As shown in Fig. 2, AHAP3 nanoparticles
administered at a dose of 8 mg/mL exhibited approximately 2 logs
of bioﬁlm killing (i.e., the number of viable cells was reduced from
w2  107 to w4  105 CFU), representing w99% killing of the cells
within the bioﬁlm. When administered at an equivalent dose (i.e.,
8 mg/mL), MAP3 nanoparticles resulted in >5 logs of killing,
reducing the number of viable bioﬁlm bacteria from w7  107 to
w3  102, effectively killing >99.999% of the bioﬁlm bacterial cells.
Neither AHAP3 nor MAP3 control nanoparticles (i.e., depleted of
NO) led to any measurable bacterial killing, indicating that the NO
from the particles accounted for the biocidal action.
At an equivalent dose (i.e., 8 mg/mL), the MAP3 silica nanoparticles demonstrated w1000-fold greater efﬁcacy against P. aeruginosa bioﬁlms than the AHAP3 nanoparticles. While MAP3
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While the antimicrobial efﬁcacy of small molecule NO donors
has been explored against planktonic bacteria [33] and fungi [45],
only one study to date has detailed the effect of NO on established
bioﬁlms [36]. To extend the study of NO treatment to other species
of bioﬁlm-forming pathogens, the efﬁcacy of NO-releasing silica
nanoparticles was herein examined against a broader spectrum of
gram-negative, gram-positive, and fungal bioﬁlms. Silica nanoparticles modiﬁed to release NO have previously been shown to kill
planktonic P. aeruginosa cells more effectively than the small
molecule NO donor PROLI/NO [37]. Herein, such studies were
expanded and modiﬁed to examine the efﬁcacy of NO-releasing
nanoparticles against established bioﬁlms of P. aeruginosa, E. coli,
S. aureus, S. epidermidis, and C. albicans, all of which are know to
cause bioﬁlm-based infections [1,3,46,47]. To closely mimic the
established MBEC (minimum bioﬁlm eradication concentration)
anti-bioﬁlm assay [48,49], medical-grade silicone rubber squares
were employed as substrates on which bioﬁlms were formed in
vitro. The bioﬁlms were then exposed to NO-releasing silica
nanoparticles suspended in PBS, and the anti-bioﬁlm efﬁcacy was
measured via a replicative viability assay.
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Fig. 1. Nitric oxide release proﬁles of (A) 45 mol% AHAP3 and (B) 70 mol% MAP3 silica
nanoparticles (balance TEOS). Insets represent total NO release. [NO]m ¼ maximum NO
ﬂux; tm ¼ time to reach maximum NO ﬂux; t[NO] ¼ total NO released; t1/2 ¼ half life of
NO release.

nanoparticles release more total NO than AHAP3 nanoparticles per
mg (7.6 vs. 3.8 mmol mg1 for MAP3 and AHAP3 nanoparticles,
respectively), the 1000-fold increase in killing is not easily
accounted for by the 2-fold increase in t[NO] alone. In addition to
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Fig. 2. Anti-bioﬁlm efﬁcacy of 45 mol% AHAP3 silica nanoparticles (control and
NO-releasing) and NO-releasing 70 mol% MAP3 silica nanoparticles against established
P. aeruginosa bioﬁlms on medical-grade silicone rubber substrates.
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bioﬁlm efﬁcacy of MAP3 nanoparticles include their smaller size
potentially allowing them to penetrate the bioﬁlm matrix more
effectively, and/or a possible difference in the surface charge of the
particles due to the identity and amount of synthetic precursor (i.e.,
AHAP3 vs. MAP3) employed. Studies to determine the inﬂuence of
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the greater amount of NO released by MAP3 nanoparticles, it is
hypothesized that the more rapid delivery (i.e., shorter t1/2) leads to
a greater instantaneous concentration of NO in solution. The higher
concentration of NO in solution would thus enhance diffusion into
the bioﬁlm matrix. Other explanations for the improved anti-
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Table 1
Log-based and percent reductions in bioﬁlm viability at the highest dose of NOreleasing MAP3 silica nanoparticles tested (8 mg/mL) versus blanks (0 mg/mL
nanoparticles).
Species

Classiﬁcation

Log reduction

Percent reduction

P. aeruginosa
E. coli
S. aureus
S. epidermidis
C. albicans

Gram-negative
Gram-negative
Gram-positive
Gram-positive
Fungus

5
5
2
2
3

99.999%
99.999%
99%
99%
99.9%

particle size and surface charge on anti-bioﬁlm efﬁcacy are
currently underway. Due to their enhanced efﬁcacy over AHAP3
nanoparticles, MAP3 nanoparticles were used as the NO delivery
vehicle for the remainder of the study.

3.3. Broad-spectrum anti-bioﬁlm efﬁcacy of MAP3 silica
nanoparticles
The anti-bioﬁlm properties of MAP3 nanoparticles were tested
against a broad spectrum of bioﬁlm-forming pathogens, including
gram-negative (P. aeruginosa and E. coli), gram-positive (S. aureus
and S. epidermidis), and fungal (C. albicans) species. As shown in
Fig. 3, nanoparticle-derived NO was effective against bioﬁlms of all
species tested. Anti-bioﬁlm efﬁcacy was greatest against the gramnegative species, with 5 logs of killing at the highest dose tested
(8 mg/mL) for both P. aeruginosa and E. coli. Intermediate efﬁcacy
was observed for C. albicans, with 8 mg/mL MAP3 nanoparticles
achieving 3 logs of bioﬁlm killing. The NO-releasing particles were
least effective against gram-positive S. aureus and S. epidermidis
bioﬁlms, with the highest dose of nanoparticles killing w2 logs of
bioﬁlm bacteria. The efﬁcacy of NO-releasing nanoparticles against
bioﬁlms of all species tested is summarized in Table 1. As expected,
control silica nanoparticles (i.e., depleted of NO) at 8 mg/mL
demonstrated negligible anti-bioﬁlm activity against all species
tested (Supplementary Materials, Fig. S1), indicating that the NO
itself and not the particle scaffold was responsible for the observed
anti-bioﬁlm properties.
With respect to wound-based bioﬁlms, several aspects of the
anti-bioﬁlm properties of NO-releasing silica nanoparticles show
promise as a potential therapeutic. Healing is impaired when the
bacterial bioburden within a wound is greater than 105 bacterial
cells per gram of tissue [51]. For each pathogen studied, the NOreleasing silica nanoparticles reduced the number of viable bioﬁlm
cells by at least approximately 2 orders of magnitude (i.e., 99%
killing), a desirable characteristic that may lower the bioburden to
levels below the 105 threshold, allowing normal healing to progress. Furthermore, the anti-bioﬁlm activity of the nanoparticles was
broad-spectrum. While NO-releasing nanoparticles were found to
be most effective against gram-negative species, the ability to kill
multiple species, including gram-positive and fungal bioﬁlms, is

key for treating polymicrobial wound-based infections [6]. Finally,
the excellent efﬁcacy against both P. aeruginosa and E. coli
(>99.999% bioﬁlm killing) is promising since gram-negative
bacteria are generally more invasive than gram-positive infections,
and thus more difﬁcult to treat [6]. Gram-negative pathogens also
exhibit certain virulence factors including toxins, proteolytic
enzymes, and extracellular polysaccharides [6] that, coupled with
the increasing antibiotic resistance of gram-negative species [52–
54], present a threat for which new treatments are urgently needed.
To determine if the differential efﬁcacy of the NO-releasing
silica against gram-negative and gram-positive bioﬁlms was the
result of differing extents of nanoparticle association with the
bioﬁlm matrices, elemental analysis for Si was performed on
dispersed bioﬁlms. Increased nanoparticle association with bioﬁlms would be expected to result in greater NO delivery to the
bioﬁlm-based cells due to proximity. As shown in Table 2, the
amount of Si recovered from blank experiments (i.e., bioﬁlms not
exposed to nanoparticles) ranged from 783 to 890 pmol Si for all
pathogens. These Si levels may be attributed to the silicone
rubber substrates on which the bioﬁlms were formed and/or any
Si that leached from the glass ﬂask employed during the sterilization of the PBS. In contrast, the Si levels from bioﬁlms exposed
to 8 mg/mL MAP3 silica nanoparticles were signiﬁcantly larger,
ranging from 1246 to 1709 pmol of Si recovered, indicating that
the nanoparticles associated with each species tested. After
accounting for the Si measured from blanks not exposed to
nanoparticles, the greatest amount of Si (890 pmol) was recovered from the gram-negative E. coli bioﬁlm, which was also
characterized by the greatest amount of bioﬁlm killing (5 logs of
killing, Table 1). Less Si was measured from the C. albicans bioﬁlm
(606 pmol), with even less Si recovered from the gram-positive
bioﬁlms (427 and 534 pmol for S. epidermidis and S. aureus,
respectively). This might be anticipated as the C. albicans and
S. epidermidis/S. aureus bioﬁlms were characterized by less bioﬁlm
killing (3 and 2 logs, respectively) compared to E. coli. Indeed, the
greatest amount of Si was recovered from the bioﬁlm of the
species most susceptible to NO-releasing silica nanoparticles (i.e.,
E. coli). The different nanoparticle/bioﬁlm association as a function of pathogen type may be due to differences in the electrostatic properties of each type of bioﬁlm [55]. Indeed, while many
bacterial species are characterized by a negatively charged bioﬁlm
matrix, certain strains of S. epidermidis bioﬁlms have been found
to generate polycationic bioﬁlms [55]. Research in our laboratory
is currently focused on tuning the electrostatic properties of NOreleasing nanoparticles to maximize their association with
particular bioﬁlms to enhance NO delivery to bioﬁlm-based
microbes. Surprisingly, the elemental analysis data indicate that
comparatively little Si was recovered the P. aeruginosa bioﬁlm
(284 pmol), despite the fact that the P. aeruginosa bioﬁlms had
the greatest cell density. Such little Si recovery was unexpected
due to the extreme efﬁcacy of the nanoparticles against P. aeruginosa bioﬁlms (5 logs of killing). It is possible that instead of only

Table 2
Amount of Si recovered from bioﬁlms after 24 h incubation with 8 mg/mL MAP3 silica nanoparticles.
Sample

P. aeruginosa
E. coli
S. aureus
S. epidermidis
C. albicans
a
b
c

Amount of Si recovered (pmol)a
Without nanoparticles

With nanoparticles

855
819
890
819
783

1139
1709
1424
1246
1389







36
18
36
16
4

Total Si recovered from bioﬁlm (pmol)

Si attributable to nanoparticlesc

284
890
534
427
606

25%
52%
38%
34%
44%

b







107
499
178
321
285

Measured via direct current plasma optical emission spectrometry.
8 mg/mL MAP3 nanoparticles, 24-h incubation in PBS.
Amount of total Si recovered from sample that is attributable to nanoparticles associated with the bioﬁlm.
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1.2
L929 Viability (normalized)

Control Nanoparticles

NO-Releasing Nanoparticles
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4
8
1
2
Nanoparticle Concentration (mg/mL)
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Fig. 4. Viability of L929 mouse ﬁbroblasts exposed to control and NO-releasing 70 mol% MAP3 silica nanoparticles (balance TEOS) at various concentrations. Viability was measured
via MTT reduction by metabolically active (viable) ﬁbroblast cells and is expressed normalized to untreated ﬁbroblasts. Dotted line represents ﬁbroblast viability after treatment
with clinical concentration of povidone iodine. Treatment with clinical concentration of chlorhexidine results in 0% viability. Povidone iodine and chlorhexidine data adapted from
Ref. [61].

killing the P. aeruginosa cells, the NO also initiated cell dispersion
from the bioﬁlm [36]. Bioﬁlm dispersion would not be distinguished from cell killing via the assay employed herein. We are
currently seeking to determine if NO-releasing silica nanoparticles kill P. aeruginosa cells within a bioﬁlm and/or preferentially encourage their dispersal. Nevertheless, the ability to
disperse bacteria from a bioﬁlm is promising in that once
bacterial cells have re-entered the planktonic state, they are more
susceptible to antimicrobial agents than in their bioﬁlm state [9].
Previous studies from our laboratory have demonstrated
enhanced bactericidal efﬁcacy of NO-releasing silica nanoparticles
against planktonic P. aeruginosa cells [37].
Experiments are currently underway to examine possible
synergistic enhancement of NO treatment with other antibacterial
agents, including silver ion and traditional antibiotics. It will also
become important to understand the role of nanoparticle size on
anti-bioﬁlm efﬁcacy. Size and other parameters (i.e., surface charge,
hydrophobicity, etc.) are easily tuned during synthesis by varying
the solvent and/or precursor types and concentrations [42].
A primary advantage of nanoparticle-based drug delivery involves
the ability to graft different ligands to the nanoparticle surface to
target the particles to particular cells. Ligands useful for promoting
the antimicrobial efﬁcacy of NO-releasing silica nanoparticles may
include antibodies and/or sugars, both of which may promote
nanoparticle association with and/or uptake by bacterial cells. With
respect to wounds, NO release is expected to exert beneﬁcial
secondary effects on the healing process. We have demonstrated
previously that NO modulates inﬂammation, angiogenesis, and
tissue remodeling [62]. Since wounds are known to be deﬁcient in
NO [63], application of NO-releasing silica nanoparticles may speed
healing by killing bacteria and overcoming the general NO deﬁciency. To understand the dose of NO necessary to promote wound
healing and aid the host response to infection, in vivo woundhealing experiments both with and without bacterial challenge are
necessary.

Such cells are an excellent model as they are instrumental in wound
healing and maintaining the extracellular matrix [56,57]. Previous
studies have shown that NO-releasing 45 mol% AHAP3 silica
nanoparticles exhibited minimal (<10%) acute toxicity to ﬁbroblasts
at concentrations up to 1 mg/mL [37]. In the present study, the
concentration range was expanded to 8 mg/mL to include the
highest dose tested against microbial bioﬁlms. As shown in Fig. 4,
a standard MTT viability assay [44] revealed that both control and
NO-releasing silica nanoparticles reduced the proliferation of L929
ﬁbroblasts. At 8 mg/mL, control and NO-releasing nanoparticles
inhibited ﬁbroblast proliferation by approximately 50% and 70%,
respectively. Surprisingly, the marginal effect of administering
greater amounts of NO did not result in greater toxicity to the
ﬁbroblasts. In fact, increasing the dose of NO-releasing silica nanoparticles from 1 to 8 mg/mL resulted in greater ﬁbroblast viability. It
is unclear to what extent the decreased ﬁbroblast proliferation was
the result of NO-induced cell death or NO-mediated signaling. Other
reports have documented reduced proliferation of ﬁbroblasts and
other cell types (e.g., keratinocytes) as a result of NO treatment [58–
60]. Inhibition of ﬁbroblast proliferation may thus be the result of
NO-mediated cell signaling and not necessarily NO-induced cell
death. Others have suggested that reduced ﬁbroblast proliferation
after treatment with NO donors likely occurs via a cGMP-independent mechanism [58].
Notwithstanding, the toxicity of silica nanoparticles to ﬁbroblasts is minimal compared to other commonly applied topical
antiseptics [18,61]. For example, Pyo et al. found that administering
clinical concentrations of povidone iodine and chlorhexidine to
human ﬁbroblasts reduced cell viability by 89  4% and 100  4%,
respectively [61]. Despite considerable in vitro toxicity to ﬁbroblasts, clinical application of both povidone iodine and chlorhexidine has been demonstrated to enhance wound healing by killing
wound-based microbes [10]. Thus, the in vitro toxicity of
NO-releasing silica nanoparticles to ﬁbroblasts may not represent
a signiﬁcant detriment to their continued study as potential treatments for wound-based bioﬁlms.

3.4. Cytotoxicity of MAP3 nanoparticles to mammalian ﬁbroblasts
4. Conclusions
The toxicity of the nanoparticles to healthy mammalian cells is
critical to their potential as a future therapeutic against bioﬁlms. We
thus evaluated the toxicity of the particles against ﬁbroblast cells.

Nitric oxide-releasing silica nanoparticles are effective at killing
bioﬁlm-based microbes and may represent a new paradigm for

Author's personal copy

2788

E.M. Hetrick et al. / Biomaterials 30 (2009) 2782–2789

addressing bioﬁlms. When compared to AHAP3 nanoparticles,
MAP3 nanoparticles exhibited a 1000-fold improvement in efﬁcacy,
suggesting that rapid delivery of NO may be more effective at
bioﬁlm killing than slow/prolonged NO delivery. The MAP3 silica
nanoparticles demonstrated anti-bioﬁlm activity against a range of
pathogens with the greatest efﬁcacy (99.999% killing) against the
species most problematic for wound infections (i.e., gram-negative
bacteria). The toxicity of the nanoparticles to ﬁbroblasts was also
examined and found to be comparable to or less than currently
applied antiseptics with proven wound-healing beneﬁts.
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