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ABSTRACT: Nitric oxide (NO) is a broad-spectrum
antibacterial agent, making it an attractive alternative to
traditional antibiotics for treating infections. To date, a direct
comparison of the antibacterial activity of gaseous NO (gNO)
versus water-soluble NO-releasing biopolymers has not been
reported. In this study, the bactericidal action of NO-releasing
chitosan oligosaccharides was compared to gNO treatment
against cystic fibrosis-relevant Gram-positive and Gram-
negative bacteria. A NO exposure chamber was constructed
to enable the dosing of bacteria with gNO at concentrations
up to 800 ppm under both aerobic and anaerobic conditions.
Bacteria viability, solution properties (i.e., pH, NO concen-
tration), and toxicity to mammalian cells were monitored to
ensure a thorough understanding of bactericidal action and reproducibility for each delivery method. The NO-releasing chitosan
oligosaccharides required significantly lower NO doses relative to gNO therapy to elicit antibacterial action against Pseudomonas
aeruginosa and Staphylococcus aureus under both aerobic and anaerobic conditions. Reduced NO doses required for bacteria
eradication using water-soluble NO-releasing chitosan were attributed to the release of NO in solution, removing the need to
transfer from gas to liquid phase and the associated long diffusion distances of gNO treatment.
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Improper use and over-prescription of antibiotics in the
medical field has led to the widespread development of

antibiotic-resistant bacteria. Antimicrobial-resistant (AMR)
infections are now a leading cause of healthcare-related
mortality, resulting in over 23 000 deaths annually in the
United States and billions of dollars in associated medical
costs.1 If current trends continue, annual global AMR mortality
rates are predicted to exceed 10 million deaths by the year
2050.2 While a portion of this epidemic may be addressed
through improved medical practices (e.g., limiting unnecessary
prescriptions), certain chronic diseases, including cystic fibrosis
(CF), require constant antibiotic administration to prolong
patient life expectancy. Cystic fibrosis is an incurable, genetic
disease that results in the dehydration of the airway epithelium,
thickening airway mucus until it becomes difficult to clear via
traditional mucociliary mechanisms.3,4 Bacteria thrive in this
static environment, promoting the formation of complex
communities of pathogenic bacteria known as biofilms.4 The
exopolysaccharide matrix produced by these biofilms inhibits
oxygen diffusion, altering bacterial metabolism and increasing
antibiotic resistance.5 This combination of thickened mucus
and biofilm formation severely decreases the efficacy of most

antibiotics, requiring large, consistent doses to mitigate
infection.4

Traditional CF therapies treat either the infection or the
stagnant mucus using antibiotics (e.g., aztreonam lysine6−8 and
colistin9−11) or hypertonic saline, respectively.12−14 Inhalable
tobramycin, either in nebulized or powder form, is currently
considered the gold standard CF antibiotic treatment.15−18

Unfortunately, the routine use of antibiotics, such as
tobramycin, has led to the emergence of antibiotic resistance
in both the CF and general populations.19−21 Bacterial
regrowth following deficient treatment often produces
stronger, more resilient bacterial strains.3,22,23 The rise of
CF-relevant AMR infections highlights the need for new
therapeutics capable of effectively eradicating bacteria within
the airway mucus while minimizing the chance of bacteria
acquiring resistance.22,24

Nitric oxide (NO), an endogenously produced free radical,
has been shown to eradicate bacteria through both oxidative
and nitrosative stressors, including lipid peroxidation, nitro-
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sation of membrane proteins, and DNA damage via reactive
nitrogen species (e.g., peroxynitrite, dinitrogen trioxide).25−28

Nitric oxide’s multiple antibacterial mechanisms of action
significantly diminish the risk of bacterial resistance.29,30

Indeed, serial exposure (20 passages) of NO to five bacterial
species at sub-biocidal doses did not result in any acquired
resistance.28 Furthermore, Reighard et al. reported NO’s ability
to actively disrupt both the biofilm matrix and mucus structure,
thus allowing for improved bactericidal action and mucociliary
clearance.31,32

Miller and co-workers previously studied the therapeutic
potential of gaseous NO (gNO) against CF-related pathogens
using a custom-built NO exposure chamber.33−35 They
reported potent antibacterial activity (1−3-log reduction in
bacterial viability) without extensive cytotoxicity to epithelial
lung cells with both continuous and intermittent exposure to
160 ppm gNO. In vivo studies further highlighted the ability of
gNO to reduce the number of colonized bacteria in rat and
human lungs.36,37 Unfortunately, the delivery of gNO is
challenging as adverse side effects associated with systemic
exposure to NO, primarily methemoglobinemia, must be
avoided. Additionally, untargeted interactions may arise with
gNO due to NO’s role in many physiological processes. As an
alternative, water-soluble NO-releasing biopolymers are
capable of controlled and more targeted release.38−42 Chemical
modification of macromolecular scaffolds including silica
nanoparticles, liposomes, and biopolymers with NO donor
moieties has facilitated therapeutically useful NO storage and
release.38−42 For example, water-soluble chitosan has become
an appealing biopolymer for NO delivery due to its favorable
toxicity, mucoadhesive properties, and ability to release NO
directly in solution, thereby avoiding the transfer of NO from
gas to liquid phases.5,31,32,43,44 Additionally, the NO-releasing
chitosan is amenable to pulmonary delivery via solution
nebulization, analogous to traditional CF antibiotics (i.e.,
tobramycin,17 aztreonam,8 and colistin9)
To date, a direct comparison of the antibacterial action of

gNO with that of macromolecular NO-release has not been
performed, perhaps because a suitable conversion of NO

concentration from the gas to solution phase is not apparent in
the literature. Furthermore, reported exposure conditions are
typically quite different between gNO and NO-releasing
macromolecule-treated bacteria. We thus sought to measure
and directly compare the antibacterial activity of gNO and
NO-releasing chitosan oligosaccharides. Treatment conditions
for gNO (i.e., buffer capacity and solution depth) were
examined to determine an appropriate configuration for
comparison. The concentration of NO in solution required
to elicit antibacterial action was measured in real-time using a
NO-selective electrochemical sensor and end-point quantifica-
tion via the Griess assay. The bacteria eradication ability of
gNO and NO-releasing chitosan was evaluated against Gram-
positive and Gram-negative CF-relevant bacterial strains.
Further, aerobic and anaerobic conditions were investigated
to determine how environmental conditions impact anti-
bacterial activity, as both are relevant in thick CF lung mucus.
The antibiofilm activity was probed against Pseudomonas
aeruginosa biofilms. Finally, human lung cells were exposed to
NO via both delivery methods at their respective bactericidal
concentrations to assess cytotoxicity.

■ EXPERIMENTAL SECTION
Materials. Medium-molecular-weight chitosan (43 kDa) was

purchased from Primex (Siglufjör∂̷ur, Iceland). Ethanolamine, p-
anisaldehyde, p-toluenesulfonyl chloride, N-(1-naphthyl)-
ethylenediamine dihydrochloride, sulfanilamide, trimethoxymethylsi-
lane (MTMOS), 5-amino-1-naphthol (5A1N), hydrochloric acid
(HCl), fetal bovine serum (FBS), and sodium nitrite standards were
obtained from Sigma-Aldrich (St. Louis, MO). Phosphoric acid,
anhydrous ethanol, saline (0.9%, w/v), phenazine methosulfate
(PMS), Roswell Park Memorial Institute (RPMI) 1640 cell culture
medium, and common laboratory salts were purchased from Fisher
Scientific (Fair Lawn, NJ). (Heptadecafluoro-1,1 ,2 ,2−
tetrahydrodecyl)trimethoxysilane (17FTMS) was obtained from
Gelest (Morrisville, PA). The 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfo-phen-yl)-2H-tetrazolium inner
salt (MTS) was purchased from Promega (Madison, WI). Tryptic
soy broth (TSB) and tryptic soy agar (TSA) were purchased from
Becton, Dickinson, and Company (Franklin Lakes, NJ). Nitric oxide

Figure 1. Schematic of the gaseous NO exposure chamber. The flow rates of the gases were separately controlled to obtain precise concentrations
of gNO. The combined mixture enters the humidified chamber through a single port while exiting through PTFE and HEPA filters to remove water
vapor and aerosolized bacteria, respectively. The NO concentration of the output gas was analyzed using a chemiluminescence nitric oxide analyzer
(NOA). The valves, connecting the gas cylinders to the exposure chamber and between the HEPA filter and NOA, allow for the creation of a
closed, gas-tight system.
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(NO; 99.5% and 800 ppm balance N2), nitrogen (N2; 99.998%),
argon (Ar; 99.995%), and NO calibration (25.87 ppm, balance N2)
gases were obtained from Airgas National Welders (Durham, NC). A
Millipore Milli-Q UV Gradient A10 System (Bedford, MA) was used
to purify distilled water to a resistivity of 18.2 MΩ cm and a total
organic content ≤6 ppb. P. aeruginosa (#19143) and Staphylococcus
aureus (#29213) were obtained from American Type Culture
Collection (ATCC; Manassas, VA). All other chemicals were reagent
grade and used as received.
Gaseous Nitric Oxide Exposure Chamber. A modified version

of the chamber reported by Miller et al. was fabricated according to
the literature.33 The exposure chamber consisted of medical-grade air
and 800 ppm NO (balance N2) gas cylinders equipped with regulators
connected to a gas-tight polypropylene chamber (Figure 1). A Sievers
Chemiluminescence Nitric Oxide Analyzer (NOA; Boulder, CO) was
attached to the output of the chamber to allow for real-time analysis
of NO in the gas phase. The output gas was scrubbed of water vapor
and bacteria using a 0.2 μm poly(tetrafluoroethylene) (PTFE) and a
high-efficiency particulate air (HEPA)-CAP filter, respectively
(Sigma-Aldrich; St. Louis, MO). The flow rate of each individual
gas was controlled via separate digital mass flow controllers (Alicat
Scientific; Tucson, AZ). The combined flow rate was ∼250 mL/min.
The interior dimensions of the chamber were 24.8 × 18.4 × 13.3 cm,
thus giving a total volume of ∼6.07 L. The entire chamber was kept at
37 °C by placing it within a VWR 1545 incubator (VWR
International; Radnor, PA). A humidified environment (>90% relative
humidity) was maintained using paper towels soaked in ∼40 mL of
sterile water in a water reservoir. Sensors were attached to the interior
ceiling of the chamber to monitor temperature, humidity, and oxygen
levels in real-time. A water-resistant coating was applied to the sensors
using an acrylic conformal spray (Techspray; Amarillo, TX) to
prevent corrosion due to the high humidity levels. The sensors were
controlled by a single ATMEGA 328P-PU microcontroller (Mouser;
Mansfield, TX) with data collected via a computer.
Synthesis of NO-Releasing Chitosan Oligosaccharides

(COS-EA/NO). Nitric oxide-releasing ethanolamine-modified chitosan
oligosaccharides were prepared, as previously described.31,43 The
detailed procedure is included in the Supporting Information.
Quantification of Nitric Oxide via NOA. Nitric oxide-release

kinetics and levels within the exposure chamber were measured using
a NOA.45,46 Prior to analysis, the instrument was calibrated with air
passed through a NO zero filter (0 ppm NO) and 25.87 ppm of NO
standard gas (balance N2). Solid COS-EA/NO (∼1 mg) was added to
30 mL of deoxygenated PBS (37 °C, pH 6.5). Nitric oxide released
from COS-EA/NO was carried to the analyzer using nitrogen gas
flowing through the solution at a rate of 80 mL/min. Additional
nitrogen was supplied to the reaction flask to achieve the required
instrument collection rate of 200 mL/min. The measurement period
was terminated when NO levels decreased below 10 ppb/mg chitosan
oligosaccharide. Total NO content inside the exposure chamber was
performed during the final 5 min of the 30 min fill period. The output
valve between the HEPA filter and NOA (Figure 1) was opened,
allowing the NOA to sample from the exposure gas inside the
chamber. The total NO content was recorded when the value
measured stabilized. At this time, the valve was closed to prevent the
NOA from removing additional NO from the chamber.
Bactericidal Assays. Frozen ATCC bacterial stocks were

reconstituted in tryptic soy broth (TSB) and cultured overnight at
37 °C. An aliquot of culture (1 mL) was grown in TSB (30 mL) to a
concentration of 108 colony-forming units per mL (CFU/mL),
collected by centrifugation, resuspended in 10% glycerol (v/v in
PBS), and stored at −80 °C in 1 mL aliquots. For daily experiments, a
frozen 1 mL aliquot was reconstituted in 3 mL of TSB overnight at 37
°C and recultured in fresh TSB (30 mL) the next day. Daily cultures
were grown to 108 CFU/mL and diluted to 106 CFU/mL with PBS
(10 mM, pH 6.5) or saline (0.9%, w/v). The suspended bacteria were
added to 6-, 12-, 24-, or 96-well plates. For NO-releasing chitosan
exposure, a fresh solution of COS-EA/NO (100 mg/mL) was diluted
to the target concentrations (50.0−0.0031 mg/mL) and added to the
wells. The plates were then incubated at 37 °C for 5 h. For gNO

treatment, duplicate plates were placed into the gas exposure
chamber. The atmosphere of the chamber was removed by vacuum
and then filled with a mixture of medical-grade air and NO for 30 min.
The valves on the input and output gas lines were sealed to create a
closed environment leaving the bacteria exposed for 5 h at 37 °C.
After this period, the treated and control samples were spiral plated at
1-, 10-, and 100-fold dilutions on tryptic soy agar (TSA) plates using
an Eddy Jet 2 spiral plater (IUL; Farmingdale, NY). Bacterial viability
was assessed via colony counting using a Flash & Go colony counter
(IUL; Farmingdale, NY). The minimum bactericidal concentration
after 5 h (MBC5h) was defined as the lowest concentration that
resulted in at least a 3-log (99.9%) reduction in viability. Of note, this
counting method has a limit of detection of 2.5 × 103 CFU/mL.47

Anaerobic gNO treatments were carried out by substituting the
medical-grade air for nitrogen gas. For anaerobic COS-EA/NO
treatments, exposures were performed inside an anaerobic chamber
(Coy Laboratory Products, Ann Arbor, MI).

Biofilm Growth and Exposure. P. aeruginosa cultures were
grown to 108 CFU/mL, subsequently diluted to 106 CFU/mL with
TSB in a 24-well plate, and incubated at 37 °C for 3 days. The viscous
biofilm (250 μL) was removed with a pipette, added to PBS (1 mL)
to remove adhered planktonic bacteria, and treated with either COS-
EA/NO (750 μL) or gaseous NO (500 ppm) in PBS (750 μL, pH
6.5) for 18 h. After the exposure period, the control (untreated) and
treated biofilms were disrupted by repeated pipetting and vortexing,
serially diluted (10- through 10 000-fold dilutions), plated, and
enumerated. The minimum biofilm eradication concentration after 18
h (MBEC18h) was defined as the concentration resulting in a 5-log
(99.999%) reduction in viability.

Quantification of NO via Griess Assay. Following exposure to
gNO, the end-point, solution concentration of NO was determined
indirectly via the Griess assay, a spectrophotometric measurement of
nitrite, NO’s oxidation byproduct. Aliquots (50 μL) were taken from
each well, combined with 50 μL of aqueous sulfanilamide (1% (w/v)
in 5% (v/v) phosphoric acid), and incubated in the dark at room
temperature for 10 min. After this period, 50 μL of N-(1-
naphthyl)ethylenediamine dihydrochloride (0.1% (w/v) in water)
was added and allowed to react for 10 min in the dark. The
absorbance of the colorimetric product was measured at 540 nm using
a SpectraMax M2e microplate spectrophotometer (Molecular
Devices; Sunnyvale, CA). Nitrite concentrations were calculated
using calibration curves constructed with a sodium nitrite standard.

Electrochemical Detection of Nitric Oxide and Nitrite.
Electrochemical experiments were carried out using a CH Instruments
730B Electrochemical Analyzer (Austin, TX). The four-electrode
arrangement consisted of two inlaid 2 mm dia. polycrystalline
platinum (Pt) disc working electrodes sealed in Kel-F (6 mm total
dia.; CH Instruments), a silver−silver chloride (Ag|AgCl) reference
electrode (3.0 M KCl; CH Instruments), and a coiled Pt wire counter
electrode. Nitric oxide-selective sensors were prepared by modifying
the Pt electrode surface with electropolymerized poly(5A1N) and a
highly fluorinated xerogel, as previously described.48,49 Briefly,
electrodes were cycled from 0 to +1.0 V (10 mV/s, 20 cycles) in a
10 mM monomer solution of 5A1N in 0.1 M HCl and 10 mM NaCl.
A fluoroalkoxysilane sol solution was prepared via acid-catalyzed
hydrolysis/co-condensation of MTMOS and 17FTMS precursors
(30% 17FTMS, v/v balance MTMOS). After ordered additions of 3.6
mL of ethanol, 630 μL of MTMOS, 270 μL of 17FTMS, 960 μL of
H2O, and 60 μL of 0.5 M HCl, the sol was stirred rapidly for 1 h and
then spray-coated onto the poly(5A1N)-modified electrode with an
airbrush gun (Iwata HP-BC1 Plus; Yokohama, Japan).

Bare and modified electrodes enabling total NOx- and NO-selective
measurements, respectively, were polarized at +0.8 V vs Ag|AgCl in 1
vol % TSB-supplemented PBS (10 mM; pH 7.4) for 2 h prior to
calibration to enable background stabilization. Saturated NO
solutions were prepared by purging 20 mL of PBS with argon for
20 min followed by purified NO gas (99.5%) for 20 min over ice.
Amperometric calibration curves were collected with successive
injections of either saturated NO or NaNO2 solution (1.9 mM and
1.0 M, respectively, in PBS). The selectivity of the NO sensor
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response for NO over nitrite was 10 000-fold. Sensors were then
positioned midway in 4 mL of 1% (v/v) TSB-supplemented PBS in a
6-well culture plate (∼2 mm above the well bottom). Amperograms
were collected at +0.8 V vs Ag|AgCl over a 5 h period with 160 and
500 ppm gaseous NO levels in the chamber. Because the NOx sensor
(electrode 2) was sensitive to both NO and NOx species, with nitrite
being the predominant oxidation byproduct, the current response was
corrected according to eq 1, where I2,NO2

− is the current response
specific to nitrite, I2 is the total current response of electrode 2, I1 is
the current response of the NO sensor (electrode 1), S2,NO is the NO
sensitivity of electrode 2, and S1,NO is the NO sensitivity of electrode
1.

= −−
i

k
jjjjjj

y

{
zzzzzzI I I

S

S2,NO 2 1
2,NO

1,NO
2

(1)

In Vitro Toxicity against A549 Cells. Human lung epithelial
cells (A549) grown in RPMI 1640 media supplemented with FBS
(10% v/v) and penicillin streptomycin (1% w/w) were incubated in
CO2 (5% v/v) under humidified conditions at 37 °C. For cell viability
assessment, the MTS assay was used as previously described.50 Briefly,
cells (2 × 104 cells/mL) were seeded onto 96-well polystyrene plates
in duplicate (100 μL) and exposed to either COS-EA/NO in the
incubator or gNO in the treatment chamber. After 5 h incubation at
37 °C, the supernatant was removed and the cells were washed with
PBS (100 μL) to remove remaining NO or COS-EA/NO. Cells were
then incubated with 100 μL of RPMI/MTS/PMS (105/20/1, v/v/v)
for 1 h at 37 °C. The absorbance of the colored solutions was
quantified at 490 nm using a microplate spectrophotometer. Cell
viability was calculated as follows

=
−
−

%cell viability
(Abs Abs )

(Abs Abs )
490 blank

control blank (2)

A mixture of RPMI 1640/MTS/PMS was used as the blank (Absblank)
and the media above untreated cells as the control (Abscontrol).
Data Analysis. Values for pH, bacterial viability, and NO and

NOx concentrations are expressed as the mean ± the standard error of
the mean. Comparisons of data sets were made using a 2-tailed
Student’s t test.

■ RESULTS AND DISCUSSION
To reproducibly dose bacteria with gNO, a simple, yet versatile
exposure chamber was engineered following the schematic
provided by Ghaffari et al.33 The chamber consisted of a gas-
and water-tight polypropylene box able to withstand the
applied pressures within an incubator to maintain an exposure
temperature of 37 °C. A humidified environment (∼90% rh)
was created using a water reservoir. Real-time sensors were
used to measure humidity, oxygen, and NO levels in the
chamber (Figure 1). The input gas (e.g., air, NO) flow rate was
tuned using mass flow controllers to adjust the ratio of gases
entering the chamber.
Impact of gNO on Solution Properties. Traditional

bactericidal assays administer the antibiotic to planktonic
bacteria suspended in solution. The properties of the chosen
solution are critical, as changing the solution composition (e.g.,
pH, ionic strength) may alter the antibacterial activity. The
selection of an appropriate solution is especially important for
reactive molecules like NO that will readily form secondary
compounds in solution. For example, nitrous acid will form
upon diffusion of gNO into an oxygenated solution as
follows51

+ + →4NO O 2H O 4HNO2 2 2 (3)

Depending on the solution characteristics, the formation of
nitrous acid may lower the pH. Acidified solutions are

problematic when evaluating the antibacterial activity, as
bacterial growth and viability are altered through pH
modification alone.52 Therefore, the pH change of aqueous
media (200 μL in a 96-well plate) was measured before and
after exposure to gNO as a function of solution composition
(Table 1). The initial gNO concentration selected for this

study was 160 ppm, as others have identified this
concentration as sufficient to eradicate CF-related patho-
gens.33−37 Unbuffered saline (0.9%, w/v), PBS (10 mM), and
N-(2-hydroxyethyl)piperazine-N′-ethanesulfonic acid
(HEPES) (50 mM) were chosen as solutions due to their
widespread use in biological testing and diverse buffering
capacities. A pH drop was observed in each solution,
suggesting the formation of acidic species (e.g., HNO2)
(Table 1). Only the unbuffered saline solution exhibited a
significant decrease in pH (35%) relative to the other solutions
because of its poor buffering capacity. At a pH of 4.5, it was
hypothesized that bacterial eradication would occur irrespec-
tive of NO exposure. Indeed, a ∼1.5-log reduction in viability
was observed after exposing bacteria to saline adjusted to pH
4.5 for 5 h, possibly a result of denatured proteins or
membrane/DNA damage from extended exposure to acidic
conditions (Figure S2).53 At the more representative pH of the
airway surface liquid in CF lungs (i.e., pH 6.5),54−56 no
significant change in bacterial viability was observed, indicating
that more acidic solutions (pH < 6) are required to bias the
antibacterial activity (Figure S2).
Enhanced bacterial killing against P. aeruginosa was observed

for unbuffered saline relative to PBS following exposure to 160
ppm NO for 5 h (Figure 2). Corroborated by Miller et al.,34 a
3-log reduction in bacterial viability was obtained in saline after
exposure to 160 ppm NO for 5 h. However, the change in P.

Table 1. pH Change of Oxygenated Aqueous Solutions after
Exposure to 160 ppm NO for 5 ha

media initial pH post exposure pHb percent change (%)

PBS 6.48 6.41 ± 0.07 1.1 ± 1.0
salineb 6.90 4.51 ± 0.05 34.6 ± 0.7
HEPES 7.13 7.02 ± 0.06 1.5 ± 0.9
PBS 7.34 7.19 ± 0.06 2.0 ± 0.8

aAll solutions contained 1% (v/v) TSB to represent an experiment
containing bacteria. Concentrations of buffers were 10 mM.
bConcentration was 0.9% (w/v).

Figure 2. Bactericidal action of 160 ppm gNO against P. aeruginosa in
saline (0.9% w/v) and PBS (pH 6.5, 10 mM) following a 5 h exposure
period performed in a 96-well plate with 200 μL per well. All solutions
contained 1% (v/v) TSB. Controls were not exposed to gNO.
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aeruginosa viability in PBS (pH 6.5) was only a 1.5-log
reduction. Such disparity highlights the importance of selecting
an appropriate medium for experiments when investigating the
biological utility of gNO. It is imperative that solutions with
suitable buffering capacities be employed to mitigate the
impact of pH change, which may convolute the true
antibacterial nature of NO.
In addition to pH, solution depth is a critical parameter to

control for when studying the effects of gNO. Transfer of gNO
to solution phase occurs at the gas/liquid interface. Under a
constant molar flux of NO (JNO), the concentration of NO in
solution (CNO,aq) will depend on the interfacial surface area
(Sint), the volume of the aqueous phase (Vaq), and the total
time of exposure (t), according to eq 4

=
× ×

C
J S t

VNO,aq
NO int

aq (4)

For cylindrical containers (or any container whose cross-
sectional area remains the same along the axis of depth), the
dependence on Sint and Vaq simplifies to an inverse dependence
on aqueous phase depth (daq)

=
×

C
J t

dNO,aq
NO

aq (5)

Verification of this relationship was performed by quantifying
the amount of NO, indirectly via nitrite (NO2

−), in solution
using the Griess assay in 96-, 24-, 12-, and 6-well plates as a
function of solution depth (Table 2). Importantly, cells and

bacteria produce many reactive molecules, such as superoxide,
that convert NO to byproducts, while NO in buffer alone will
only follow the oxidative path to form nitrite.57 The quantity of
nitrite in solution can therefore be directly linked to NO that
diffused into the solution. The concentration of nitrite that
accumulated in solution was approximately equivalent across

24-, 12-, and 6-well plates at each depth, even though both the
surface area and volume of the wells changed. However, the
96-well plate exhibited consistently larger nitrite concen-
trations, attributable perhaps to the smaller solution volumes
partially evaporating over the course of the experiment. The
use of the 96-well plate was thus abandoned to mitigate
undesirable deviation. Increasing the solution depth by using
greater volumes led to lower measured nitrite levels as
expected since the volume increased while the rate of NO
diffusion into the solution remained constant. Clearly, it is
critical to report solution depth for any gNO experiments to
ensure reproducibility by others. Subsequent experiments
herein were performed in 24-well plates with a 1.5 mm
solution depth (297 μL) to maximize dissolved NO
concentrations.

Antibacterial Action of gNO versus COS-EA/NO
against a Gram-Negative Bacterium. Chronic P. aerugino-
sa infections are common in CF patients, resulting in
prolonged inflammation, lung degradation, and eventually
respiratory failure.4,58 Planktonic P. aeruginosa was treated with
either gNO or COS-EA/NO under oxygenated conditions to
compare the antibacterial activity of both NO delivery modes
(Table 3). Unexpectedly, gNO was unable to eradicate (i.e.,
achieve a 3-log reduction) the bacteria at 160 ppm exposures
for 5 h. In fact, a 3-log reduction in P. aeruginosa viability was
not observed, even after 24 h exposure at 160 ppm gNO. In
PBS, the minimum bactericidal concentration (MBC5h, i.e., the
concentration required to elicit a 3-log reduction after 5 h gNO
exposure) was only achieved at a much greater concentration
(500 ppm) than previously reported.34 These discrepancies
stem from the prior studies employing saline as the test
medium, thereby eliciting enhanced bactericidal action due to
changes in pH (Figure 2). Buffered systems prevent the
significant portion of antibacterial activity caused by the acidic
environment, which bias the MBC5h (Figure S2).
To accurately compare the MBC values between the modes

of delivery, the concentration of NO in the solution phase
during the gNO treatment was ascertained, as the amount of
NO in the gas phase is not equivalent to the antibacterial
concentration. An electrochemical sensor was used to quantify
the NO that diffused from the gas phase to the liquid phase
due to its high temporal resolution, dual-detection capabilities
(for NO and NOx), and the ability to facilitate real-time
measurements. A dual electrode system, where one working
electrode was coated with a permselective membrane, was
designed to quantify NO through NOx background subtraction
by exploiting the sensor’s 10 000-fold increased sensitivity to
NO over NOx.

48,49 Real-time accumulation of both nitrite and
NO in 10 mM PBS (pH 6.5, 37 °C) over 5 h is shown in
Figure 3. Upon diffusion into solution, NO is oxidized to

Table 2. Nitric Oxide Accumulation in Solution as a
Function of Solution Depth Following a 5 h Exposure to
160 ppm NOa

nitric oxide concentration (mM)

plate size (wells) 1.5 mm depth 3.0 mm depth 6.0 mm depth

96 2.09 ± 0.16 1.16 ± 0.07 0.67 ± 0.06
24 1.67 ± 0.16 0.91 ± 0.08 0.50 ± 0.06
12 1.50 ± 0.05 0.81 ± 0.05 0.45 ± 0.04
6 1.80 ± 0.04 0.91 ± 0.08 0.48 ± 0.05

aAll solutions were 10 mM PBS (pH 6.5, 37 °C) containing 1% (v/v)
TSB to represent an experiment containing bacteria. NO concen-
trations were measured using the Griess assay.

Table 3. Bactericidal Action of gNO and COS-EA/NO against P. aeruginosa and S. aureus Exposure under Aerobic or
Anaerobic Conditions For 5 ha

aerobic exposure anaerobic exposure

bacterial species NO exposure method MBC5h NO dose (μmol/mL) MBC5h NO dose (μmol/mL)

P. aeruginosa COS-EA/NO 0.20 mg/mL 0.09b 0.39 mg/mL 0.17b

gNO 500 ppm 1.8c >800 ppm n.q.d

S. aureus COS-EA/NO 3.12 mg/mL 1.37b 0.78 mg/mL 0.34b

gNO >600 ppm n.q.d >800 ppm n.q.d

aAll exposures performed in 10 mM PBS (pH 6.5, 37 °C). bQuantified using NOA. cDetermined using the amperometric sensor. dNot quantified;
unable to quantify NO dose due to MBC requiring higher gNO concentration than our system could supply.
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nitrite with nitrite levels steadily increasing over the 5 h period
to 1.8 mM. This concentration represents the total possible
NO concentration in solution that elicited antibacterial action
over the 5 h exposure. The MBC5h of 500 ppm gNO was thus
determined to be 1.8 μmol NO/mL. The temporal resolution
of electrochemical detection allows for the quantification of
unoxidized NO throughout the exposure. Of note, the NO
concentration peaked at 12 μM for the 500 ppm gNO
treatment. At 2.5 h, the NO concentration began to decline
due to most of the gNO in the headspace volume being
scavenged by oxygen to form nitrogen dioxide gas. At this
point, the rate of NO diffusion is no longer faster than the rate
of NO reacting with dissolved oxygen to produce nitrite,
producing a linear increase in nitrite concentration. Logically,
the peak NO concentration was altered by simply changing the
gNO concentration in the headspace (Figure S3). We
hypothesize that the height of this peak concentration
correlates to the bactericidal activity of gNO, as a one-time
160 ppm gNO treatment failed to achieve full eradication
(peak concentration of 3 μM), while 500 ppm gNO elicited
potent bactericidal activity (peak concentration of 12 μM).
To compare gNO to a macromolecular NO donor scaffold,

NO-releasing chitosan (COS-EA/NO) was administered to P.
aeruginosa under the identical conditions as the gNO exposure
in the chamber. The MBC5h for COS-EA/NO was 0.20 mg/
mL, corresponding to 0.09 μmol/mL NO over the 5 h
treatment. Of note, the quantity of NO in solution required to
eradicate the planktonic cultures was approximately 20× lower
for COS-EA/NO compared to gNO (Table 3). Comparing the
MBC5h values for the two modes of NO delivery, it is apparent
that the NO-releasing chitosan achieves greater antibacterial
activity against P. aeruginosa relative to gNO. We hypothesize
that this disparity results from the required phase transition
(i.e., from the gas to solution phase), which requires constant
and high gNO levels to facilitate the necessary rate of diffusion
into the solution. Nitric oxide-releasing chitosan releases its
NO payload directly into the solution over time and only once
it is added to the aqueous solution, allowing for more targeted
and effective treatment.
Antibacterial Action of gNO versus COS-EA/NO

against a Gram-Positive Bacterium. While P. aeruginosa
is the most prevalent pathogen in adult CF patients, Gram-
positive bacteria, such as S. aureus, are problematic in
adolescents and flourish in the stagnant CF lung mucus.4

Gram-positive bacteria have been cited as requiring greater

NO doses for eradication, likely a result of the thick
peptidoglycan layer surrounding their outer cell membrane,
thus inhibiting NO diffusion into the bacteria.46 Planktonic S.
aureus was treated with either gNO or COS-EA/NO under
aerobic conditions to determine how the treatment mode
might influence antibacterial activity between Gram classes. As
expected, the MBC5h for COS-EA/NO increased to 3.12 mg/
mL (1.37 μmol/mL of NO), an order of magnitude greater
than that observed for P. aeruginosa (Table 3). Treatment with
gNO did not lead to S. aureus eradication at the maximum NO
concentration, which only reduced viability by 2 logs. Of note,
the 600 ppm gNO upper limit was the greatest achievable prior
to creating an anoxic environment in the exposure chamber.
Logically, greater gNO levels (i.e., beyond the capability of our
exposure chamber) would likely be required for S. aureus
eradication. The decreased bactericidal action of NO against
Gram-positive strains, compared to Gram-negative, is corrobo-
rated by previous reports that also observed increases in the
MBC.59

Effect of Anaerobic Exposure Conditions on Anti-
bacterial Action. The thick, viscous CF mucus generates an
oxygen gradient, with regions near the airway epithelium that
are essentially anaerobic.4 Pathogens, such as P. aeruginosa, are
capable of surviving in such hypoxic environments by altering
their metabolic pathways, which almost always reduces
antibiotic activity against them.4,58 Testing the antibacterial
action of a potential CF therapeutic under anaerobic
conditions is essential for replicating these physiological
situations. Both P. aeruginosa and S. aureus were exposed to
either gNO (NO supplemented with N2 gas) or COS-EA/NO
under anoxic conditions. In the absence of normal oxygen
levels, the antibacterial activity of COS-EA/NO against P.
aeruginosa decreased significantly (0.39 mg/mL or 0.17 μmol/
mL NO) relative to aerobic testing. This deviation is likely the
result of altered bacterial metabolism under anaerobic
conditions, upregulating denitrification enzymes including
nitric oxide reductase that lessen the concentration and
antibacterial activity of the exogenous NO.4 Conversely, the
MBC5h for COS-EA/NO against S. aureus improved to 0.78
mg/mL (0.34 μmol/mL NO; Table 3). Anaerobic adaptation
in S. aureus involves gene expression associated with nitrate
respiration.60 The lack of nitrate in the solution may limit the
bacteria’s ability to readily adapt, leaving it more vulnerable to
eradication by NO. Additionally, reduced NO oxidation by
oxygen in the anaerobic solution would increase the quantity of
NO able to act on the bacteria.
As provided in Table 3, the gNO treatment was considerably

less potent in the absence of oxygen. At the maximum
anaerobic gNO level achievable with our chamber of 800 ppm,
only a 1.5-log reduction in viability for both the Gram-positive
and Gram-negative bacteria was capable with gNO. Anti-
bacterial action against P. aeruginosa in the anaerobic
environment was significantly inhibited even at greater NO
concentrations relative to aerobic exposure. In contrast to the
burst of NO from COS-EA/NO resulting from the
decomposition of the N-diazeniumdiolate, diffusion of gNO
into solution is slower. Indeed, the diffusion-dependent gNO
exposure did not result in effective killing in the absence of
oxygen due to the inability to form reactive oxygen and
nitrogen species (e.g., peroxynitrite and dinitrogen trioxide)
that ultimately induce oxidative and nitrosative stress on the
bacteria.25,26

Figure 3. Simultaneous electrochemical detection of nitrite and NO
in 10 mM PBS (pH 6.5, 37 °C) containing 1% (v/v) TSB over a 5 h
exposure to 500 ppm gNO. The red trace represents NO, while the
black trace represents nitrite.

ACS Biomaterials Science & Engineering Article

DOI: 10.1021/acsbiomaterials.9b01384
ACS Biomater. Sci. Eng. 2020, 6, 433−441

438

http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.9b01384/suppl_file/ab9b01384_si_001.pdf
http://dx.doi.org/10.1021/acsbiomaterials.9b01384


Antibiofilm Action. P. aeruginosa biofilms in the lungs of
CF patients lead to antibiotic and host immune response
resistance due to the formation of an exopolysaccharide matrix
surrounding the pathogens that slows drug diffusion and
reduces oxygen concentrations.4,58 Biofilm killing has also been
shown to require greater NO concentrations compared to
planktonic bacteria.5,46 To understand the role of NO delivery
mode on biofilm eradication, P. aeruginosa biofilms were grown
in vitro and treated with either COS-EA/NO or gNO (500
ppm) under aerobic conditions for 18 h. Treatment with gNO
did not impact the biofilms, resulting in statistically
indistinguishable colony counts versus untreated controls.
Negligible bactericidal action was observed with gNO, even
when exposed in the unbuffered saline. As anticipated, a
greater quantity of COS-EA/NO was required to achieve a 5-
log reduction (MBEC18h) relative to the MBC5h for the
planktonic form (20 mg/ml or 8.80 μmol/mL NO versus 0.20
mg/mL or 0.09 μmol/mL NO). Additionally, the chitosan
scaffold is positively charged, promoting the electrostatic
interaction between COS-EA/NO and the negatively charged
biofilm and reducing NO diffusion distance.32 Both treatment
methods required greater NO levels as a result of the
protective external matrix and altered bacteria metabolism in
biofilms.
In Vitro Cytotoxicity. Nitric oxide is known to be harmful

to mammals at sufficiently large concentrations, as it can
induce asphyxiation via platelet inhibition.61 The concen-
trations of NO required for the described gNO treatment are
an order of magnitude above the OSHA permissible exposure
limit (25 ppm) and near the LC50 (797 ppm in rats),
suggesting that systemic exposure to gNO may be harmful at
500 ppm.61 Human epithelial lung cells (A549) were cultured
and treated with NO as a function of the NO delivery mode to
determine cytotoxic levels. Interestingly, exposure of the A549
cells to 500 ppm aerobic gNO over 5 h was not cytotoxic (112
± 27% viable after exposure), perhaps stemming from the low
amount of NO in solution (Figure 3) and/or that gNO toxicity
is rather the result of systemic asphyxiation via methemoglo-
binemia.
Human lung epithelial cells were likewise exposed to a range

of COS-EA/NO concentrations (0.05−100 mg/mL) for 5 h.
Negligible cytotoxicity (≥70% cell viability) was observed for
all concentrations at or below 3.12 mg/mL (78 ± 6% viable;
Figure 4), a level greater than or equal to the MBC5h for both
P. aeruginosa and S. aureus under anaerobic and aerobic
environments (Table 3). These results suggest that COS-EA/
NO could successfully treat infections without significant
toxicity risk. The large error at 6.25 and 12.5 mg/mL is likely
the result of partial killing or temporary senescence induced
during the initial burst release of NO from COS-EA/NO. As
NO levels decreased, inconsistent cell growth or regained
metabolic activity translates to greater variability. The
cytotoxicity of COS-EA without appended NO was also tested
against the A549 cells, with toxicity observed above 3.12 mg/
mL, indicating that the ethanolamine-modified scaffold, not
NO, is inducing the observed toxicity.

■ CONCLUSIONS
A standardized protocol was developed to compare the
antibacterial action of gNO to a water-soluble biopolymer
releasing NO in solution. Exposure conditions (i.e., pH, NO
concentration, and solution depth), bacteria viability versus
CF-relevant bacteria under aerobic and anaerobic environ-

ments, and toxicity to mammalian cells were investigated for
both NO delivery methodologies. Under all tested conditions,
COS-EA/NO required significantly lower doses of NO in
solution to achieve a 3-log reduction in bacterial viability
compared to gNO. The NO-releasing biopolymer system
allows for a more direct treatment approach, releasing the NO
payload over time in solution. Such delivery necessitates
shorter NO diffusion distances to bacteria, leading to reduced
NO scavenging and greater antibacterial action at lower doses.
Additionally, the positively charged chitosan scaffold may
provide unique targeting features by associating with the
negatively charged biofilm, further reducing the required NO
diffusion distance to the bacteria. Although NO-releasing
chitosan was utilized as a model biopolymer system in this
study, the methodology described herein allows for compar-
ison of gNO to any water-soluble NO donor.
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