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ABSTRACT
Currently, most antimicrobial topical treatmentiizé antibiotics to prevent or treat infectionaatvound
site. However, with the ongoing evolution of mutug resistant bacterial strains, there is a digitmand
for alternative antimicrobial treatments. Nitricida (NO) is an endogenous gas molecule with potent
antimicrobial activity, which is effective againstwide variety of bacterial strains. In this stuthe
potential for creating NO releasing creams cont@inithe naturally occurring NO carriel$
nitrosoglutathione (GSNO), are characterized araduated. GSNO is shown to have prolonged stability
(>300 days) when mixed and stored within Vaselin24dC. Further, enhanced proliferation of NO from
GSNO using zinc oxide nanoparticles (ZnO) is dertratesd. Triggering NO release from the
GSNO/Vaseline mixture using a commercial zinc oxddataining cream exhibits first-order NO release
kinetics with the highest %NO release over the firei. Significant killing effects again§t aureus, S
epidermidis, and P. aeruginosa are demonstrated for the GSNO/Vaseline/ZnO credriures in a

proportional manner dependent upon the concentrafi®&SNO in the final mixture.
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1. Introduction

Infected wounds can lead to serious issues sudelaged wound healing, necrosis, limb or life-
threatening situations, and spread of infectionardy in the patient’s body but to others in a htap
setting™ The most common topical treatments to prevertreat infections often utilize antibiotiés.
Consequently, the effects of these treatments twer diminish as multi-drug resistant bacteriahists
continue to evolvé.” Over the past decade, the rate of antibiotic t@si® has increased rapidly, caused
by the misuse of antibacterial agehts? Organizations such as the World Health OrganinafityHO)
and Centers for Disease Control and Prevention (Ciix®e declared antibiotic resistance as a global
health concerft.’

When considering topical antimicrobial treatmemrtisher prescription or non-prescription type,
the treatment must display several characteristidse an effective agent. First, active ingredientist
be safe and stable. According to U.S. Food andyaministration (FDA) standards, new cosmetics
with drugs must report an extensive amount of gaflta that also demonstrate stability of the
ingredients’® ** Topical antimicrobial treatments fall within théategory. Second, the active components
(e.g., antibacterial agent(s)) should exhibit agtitowards a wide range of microbes (non-selegfive
This will ensure broad application potential of gnr&imicrobial treatment. Third, the treatment minst
practical and effective over a designated appbeagieriod. For example, treatments that wouldjuire
application every 30 minutes would be consideregramtical; however topical application once or &vic
daily would be much more acceptable.

An example of an antimicrobial treatment thatapable of meeting all of the above criteria is
one that incorporates nitric oxide (NO) as an aciivgredienf: **® Nitric oxide (NO) is a simple
diatomic free radical that has drawn much attentiorthe biomedical field due to its potential as a
therapeutic agert: ** 2° NO is naturally synthesizdd vivo by the enzyme nitric oxide synthase (NOS)
and plays a key role in several biological functiuch as neurotransmission, prevention of platelet
activation and adhesion, and serving as a potéimhignobial/antiviral agent produced by immune syst

macrophages to fight infectidfi** As a free radical, NO can facilitate a multitudeenctions leading to
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microbial cell death, making it ideal for therageuwtpplications:" ** ?* To date, NO has displayed broad
activity, killing many different types of bacteria®

Free radical molecules like NO are highly reactwel therefore NO donor molecules are often
utilized to stabilize NO, and then release NO Igoapon demand. Some NO donors that have been used
for antimicrobial/wound healing applications inctuditrite (converted to NO by reduction reactidd),
diazeniumdiolates (NONOate), aShitrosothiols (RSNOY. ***” A major concern for NO donors is the
toxicity of byproducts that are generated upon N@iferation. NONOates have been shown to fodm
nitrosamines by back-reaction of some fraction loé tNO released, and most nitrosamines are
carcinogenic¢® 2’ RSNOs, on the other hand, are NO releasing ageat$iave the least toxicity-related
issues. Most concerns arise from the use of syintilgt derived RSNOs and the concentration that
humans can be exposed to, which is also an issheottier types of NO donofs.

To circumvent any toxicity-related issues, this rkvautilizes an endogenous RSNGH
nitrosoglutathione (GSNO), that is present in hurbbod at a concentration between 0.02-0.20 uM,
serving as a carrier of N&.?® 2° Upon liberation of NO, the two most common prdduare glutathione
(GSH) and glutathione disulfide (GSSG), which de® dound in human blood at approximately 17 uM
and 3 pM, respectiveffl. GSNO is a primary RSNO that can decompose anthliddO in the presence
of certain reducing agents, including trace metati(e.g., Cu(l)), as well as by thermal degradadind
photolysis?® **3° Hence, maintaining stability of GSNO as well @seo RSNOs over long periods of
time can be challenging.

Herein, the potential long-term stability issuesGBNO are solved by storage within a highly
viscous and hydrophobic matrix, Vaseline. Furtlenovel method for initiating and accelerating the
release of NO from GSNO stored within the Vaselinatrix is achieved by mixing with a cream
containing zinc oxide particles. Zinc oxide (Zn@articles are widely utilized in pharmaceuticals,
cosmetics, textiles, and electronf@&or example, ZnO is used in most topical sunsardecause it can
absorb UVB (290-320 nm) and UVA (320-400 nm) sumtigadiation® It is also employed within diaper
rash creams as a stringent and antimicrobial @§eitThe commercial ZnO cream matrix used in this
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work to initiate/accelerate NO release from the G®Xaseline mixture is screened to confirm that the
ZnO particles within are primarily responsible foe accelerated NO release from GSNO. In addition,
antimicrobial studies with the GSNO/Vaseline/Zn@am mixtures are shown to exhibit significant
killing effect againstS aureus, S. epidermidis, andP. aeruginosa, which are commonly associated with

wound or burn-wound infectiorfd.**

2. Materials and methods
2.1. Materials

L-Glutathione reduced (GSH), hydrochloric acid (HGodium nitrite, zinc chloride, copper
chloride, glycerol, poly(ethylene glycol) (avg. M\880) (PEG-300), magnesium sulfate, alpha
tocopheryl acetate, 1,2-octanediol, 1,2-hexanettigholone, Trizma base, and potassium hydroxide wa
purchased from Sigma-Aldrich (St. Louis, MO). Amst and xylenes was purchased from Fisher
Scientific Inc. (Pittsburgh, PA). LB agar and 10Mnphosphate buffered saline (PBS) (pH 7.2) was
purchased from ThermoFisher Scientific (Grand JaNY). 30 nm zinc oxide nanoparticles was
purchased from EPRUI Biotech Co. Ltd. (ShangHaiin@h Medical grade silicone sheeting (non-
reinforced, gloss, 0.0127 cm thick) was purchageth fBioPlexus Corp. (Ventura, CA). Vaseline®
Jelly, Unilever, Lot 08226JB00 (Vaseline); Neosp@r + Pain Relief Cream, Johnson & Johnson
Consumer Inc, Lot 0058LZ (Neosporin cream); Avalirganics® Intense Defense with Vitamin C Oil-
Free Moisturizer, The Hain Celestial Group Inc, 16418747 (vitamin C cream); and Desitin® Rapid
Relief Cream: Zinc Oxide Diaper Rash Cream, Johr&almhnson Consumer Inc, Lot 1577LZ/2 (zinc
oxide cream) was purchased from a local CVS Pharm#&zsmotics Cosmeceuticals Blue Copper 5®,
Osmotics LLC, Lot 4248D7 (copper cream) was puretlasom Amazon.com. All aqueous solutions
were prepared with 18.2 I deionized water using a Milli-Q filter (Milli-q pified water) from EMD
Millipore (Billerica, MA). 10 mM Trizma hydrochlade (Tris-HCI) buffer, pH 7.4, was used for all

agueous experimentstaphylococcus aureus ATCC 25923,Saphylococcus epidermidis ATCC 12228,



and Pseudomonas aeruginosa ATCC 27853 were obtained from the American Typédt@e Collection
(Manassas, VA).
2.2.SNitrosoglutathione (GSNO) Synthesis

An adapted method of the procedure reported by etaal. was used to synthesize GSNO.
Synthesis was completed in the absence of ligheduRed glutathione (GSH) (4.59 g) was dissolved in
aqueous HCI (0.5 M, 31.5 mL), cooled to 0°C usingee bath, and continuously purged under nitrogen.
An equal molar amount of sodium nitrite (1.035 gsvadded directly to the GSH solution. After sigr
for 40 min at 0°C, ice-cold acetone (10 mL) waseatlhto the reaction mixture to precipitate the @SN
After stirring for another 10 min, the pink pret¢ade was separated by vacuum filtration. The tiegul
pink powder was washed by ice-cold water (3 x 10 arid acetone (3 x 10 mL), respectively. Finally,
the desired GSNO product (3.85 g, 77% yield) watiobd after drying under vacuum at room
temperature (24°C) for 24 h. GSNO was stored azBetemperature (-20°C) in the dark for any furthe
use. The synthesized GSNO was characterized ,® Bt room temperature (24°C) By NMR
spectroscopy (Varian 400 MHz spectrometer) (see Eigfor the'H NMR spectrum)!H NMR (400
MHz, D,0): 6 4.63 (app. tJ = 6.2 Hz, 1 H) , 4.02 (dd, = 51.2, 12.8 Hz, 2 H), 3.91 (s, 2 H), 3.76](t
6.4 Hz, 1 H), 2.41 (t) = 7.6 Hz, 2 H), 2.08 (app. nondt= 7.6 Hz, 2 H). The purity of prepared GSNO
was > 98% based on the characterization ofthMR results.
2.3. Preparation of Various wt% GSNO in Vaseline

The entire preparation of each formulation wasmeted in the absence of direct light. A mortar
and pestle were used to grind GSNO crystals irfleeapowder. The desired mass of fine GSNO powder
was then weighed out into a mixing vessel. Ingamme vessel, the desired mass of Vaseline was added
The fine GSNO powder was then mixed thoroughly i Vaseline using a wooden stirrer for 2.5 min.
The resulting mixture was designated as a primalyir

2.4. Preparation of Various wt% of GSNO in Vaselindor Long-Term Stability Studies



The desired wt% of primary matrix was preparedhe Bample was placed into a 20 mL amber
glass vial with septum cap and wrapped in alumifioiln The vial was purged with nitrogen gas via th

septum top for 5 h. Samples were then storedeimlénk at 24°C for extended time periods.

2.5. Evaluating Stability of GSNO in Vaseline usingJV-Vis Spectroscopy

The entire procedure was completed in the absericdirect light. An aliquot of the
GSNO/Vaseline primary matrix from the stability dgusamples was weighed out into a separate 20 mL
amber glass vial. Five mL of xylenes was addethéovial. A mixture of xylenes was used to dissolv
the Vaseline while not dissolving the GSNO. Thal wvas shaken on a horizontal shaker (Shaker 30,
National Labnet Company, Woodbridge, NJ) at 400 RBMLO min. After that time, the contents were
transferred into a 60 mL separation funnel. Thegimal sample vial was further washed twice with 1.
2.5 mL of Milli-q purified water and the contentere added to the separation funnel. The totalmelu
of Milli-q purified water used was noted. The canttein the separation funnel were gently mixedifor
min. Shaking or agitating the solution too muchsead the Vaseline to crash out of the xylenes/acgan
layer. The bottom aqueous layer that containesotlied GSNO was then collected. The appropriate
volume of aqueous sample was pipetted into a qeoastette such that the absorbance measured would be
<1 at 334 nm. Beer's Law (Asbc) and an extinction coefficient ef:; ,m= 922 Micm? for the GSNO
was used to calculate the theoretical absorbancedch sampl& The sample was diluted further if
necessary to achieve an absorbance of < 1. UVspiectra were collected using a UV-Vis
Spectrophotometer (Lambda 35, Perkin-Elmer, MAhe Bpectra were obtained by scanning from 300-
500 nm at a scanning speed of 240 nm/min. Miliegified water was used as the blank to standardize
the baseline absorbance. The absorbance at 33asmsed to calculate the %recovery of GSNO from
the stored GSNO/Vaseline primary matfix!®
2.6. Preparation of Matrices for NO Release Measuments

The entire procedure was completed in the abseindect light. The GSNO/Vaseline primary
matrix was prepared as described above. In the saixing vessel, the desired mass of a secondary
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matrix was weighed out such that the ratio of printa secondary matrix (e.g., commercial ZnO cream,
Neosporin cream, copper cream, or vitamin C creamay 27/73. Both matrices were mixed together
using a wooden stirrer for 2.5 min. A small aligobthe resulting matrix was placed inside of asfic
(polystyrene), circular stencil (diameter 5.85 nmmaijght 0.33 mm), on top of a glass slide. The sxce
matrix was scraped away from the top and the dtevers removed, leaving the matrix at a defined
sample size.
2.7. Measuring NO release from matrices

NO release from various mixed matrices was medsusing a Sievers Chemiluminescence
Nitric Oxide Analyzer (NOA) 280i (Boulder, CO). &hNOA was calibrated before via a two-point
calibration of N gas passed through a NOA zero air filter and adstal of 44.3 ppm NO in\yas. The
test matrix mixture was prepared and put onto dlgtzess slide as described above. The glass slade
then place into an amber NOA sample cell. Thedbpotof the amber NOA sample cell was filled with
Milli-g purified water and the glass slide was @doon top of a stage above the water line suchthieat
matrix mixture did not come in contact with the amat The water reservoir was bubbled withgds at a
rate of 50 mL/min to humidify the NOA sample call prevent the matrix from drying out. The NO
generated from the GSNO within the Vaseline/creawiure was swept into the NOA by,Nweep gas.
For measuring NO release of samples at 34°C, theaMOA sample cell was placed in a 34°C water
bath. All amber NOA sample cells were wrapped limménum foil to shield the samples from light
exposure.
2.8. Measuring NO Release from GSNO in the PresenoéZn? ions

All solutions were made with 10 mM Tris-HCI buffggH 7.4. NO release was measured using
the chemiluminescence analyzer. The reaction mastwere analyzed for NO release in the absence of
light at 24°C. Two mL of a 1 mM GSNO solution inffer was added to an amber NOA sample cell
(bulk). After a 1 min equilibration period, 10Q of 1 mM ZnC}, was added to the bulk. For the control,

100uL of the buffer (10 mM Tris-HCI, pH 7.4) was addetb the test solution. After 9.5 min, 100 of



1 mM CuC} was added to the bulk as a positive control. Eattition was bubbled with/\yas at a rate
of 50 mL/min. NO generated was carried into theA\§y a N, sweep gas.
2.9. Measuring NO Release from GSNO for Component&lies

All solutions were made with 10 mM Tris-HCI buffgsH 7.4. NO release was quantitated using
a NOA in the absence of light at 34°C. The comptsstudied were the same or similar to those known
to be present in the commercial zinc oxide creaes{ih® Rapid Relief Cream: Zinc Oxide Diaper Rash
Cream). These included 30 nm ZnO nanoparticlegegbl, magnesium sulfate, tocopheryl acetate,
PEG-300, 1,2-octanediol, 1,2-hexanediol, tropolama potassium hydroxide. The experiment scheme
employed was as follows: 2 mL of a solution coritainone component was first placed inside of an
amber NOA sample cell (bulk solution) at 34°C. mh&00uL of a GSNO solution was added to the
same sample cell. The bulk solutions containufrtbl of the given test component and the GSNO
solution contains iimol of GSNO. The final mole ratio of test componenGSNO was 10:1 pmol. For
each of the aqueous-soluble components, 5 mM hullkisns were made in advance in buffer (e.g.,
glycerol, magnesium sulfate, PEG-300, 1,2-octanedig2-hexanediol, tropolone, and potassium
hydroxide). The 30 nm ZnO nanoparticles and toeoghacetate are not soluble in aqueous buffer and
therefore prepared in a different manner to makebtlik solutions. For the ZnO nanopatrticles, 0.82 m
were added to 2 mL of the buffer (0.41 mg ZnO/mlffén) inside the amber NOA sample cell and
sonicated for 20 s. For testing tocopheryl acet®@? ul. was added to 2 mL of the buffer (2.36 mg
tocopheryl acetate/mL buffer) inside the NOA sampdd and sonicated for 20 s. The amber NOA
sample cell containing the bulk solution(s) was mselged in a 34°C water bath and allowed to
equilibrate for 1 min. After 1 min, 100 of a 10 mM GSNO solution was added into the tadhkution.
As previously described, the solutions inside the@e cells were bubbled with,Nas at a rate of 50
mL/min and the NO generated was carried into théAN@ a N, sweep gas.
2.10. Antimicrobial Studies

Overnight grown bacteria cultures were dilutedhwit x PBS buffer (10 mM, pH 7.2) to
1x10 CFU/mL. Fifty uL of the diluted culture was spread on to a 6 camditer LB agar plate and
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allowed to air dry for 10 min. Squares, 1.5 cm.%x dm, were cut from the inoculated LB agar andela
in an empty petri dish. Separately, medical gislileone sheeting (0.0127 cm thick) was cut inte @n

x 2.5 cm squares. Using a plastic (polystyrenencat to define the matrices area (2 cm x 2 cm0838.
cm), different mixtures (e.g., GSNO at different%vin Vaseline mixed with commercial zinc oxide
cream (with 13 wt% ZnQO)) were spread onto the sgsllicone sheets and the excess was scraped
away. The average mass of matrix on each silicheet was 84.9 + 3.0 mg=6). The square silicone
sheets with the given matrix mixture were placedamof the inoculated LB agar squares and thercove
was lightly place on the petri dish. Samples wiapeibated at 34°C, absent from light, for 6 h. eAft
incubation, the silicone sheets were removed froentop of the LB agar squares. A circle (diamét8r
cm) was punched out using a biopsy punch (Tru-puRisher Scientific, Hampton, NH) from the center
of the LB agar squares. This punched out circle heamogenized in 2 mL of 1 x PBS (10 mM, pH 7.2)
in a 15-mL tube using a homogenizer (OMNI TH, OMNternational, Kennesaw, GA) at full speed, and
10-fold serially diluted. Fiv@L of the dilutions were spread on fresh LB agarteplfor overnight
culturing and single colonies were numerated. Westatic of the antimicrobial study set-up is shamwn

Figure 5a (below).

3. Results and discussion
3.1. Preliminary Stability Study of 10 wt% and 33 w% GSNO in Vaseline

Vaseline was chosen as the primary matrix to stmmd stabilize GSNO. Vaseline is a
commercially available matrix consisting of 100%rpkeum jelly/petrolatum (white). Petrolatum (wdjit
is insoluble in water because of its extremely bptiobic nature consisting of saturated hydrocarBons
Having zero water content is a key factor when wharég the storage and stability of GSNO. In the
presence of water, GSNO can decompose in sevemahar®m A transnitrosation reaction can occur
between GSNO and other thiols to yield GSH anddbresponding nitrosated thitl.*® Singh et al.
reported that GSNO will decompose in the presefides garent thiol GSH (and there is always a tiny
amount of this species present in the GSNO prdapajaand that the decomposition rate is dependent o
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the concentration of GSH.In aqueous solution, GSNO can also react withragducing agents such as
ascorbate (ascorbic acid) or catalysts such asindrcopper ion&32- 3638

Two different concentrations of GSNO in Vaselihe,wt% and 33 wt% GSNO, were prepared to
evaluate the long-term stability of GSNO in the ®ase matrix at 24°C, in the dark, and in dry stma
UV-Vis spectroscopy was used to determine the lgialnf GSNO in Vaseline because GSNO has a
strong absorption peak in the UV region at 334°niff. Absorbance (ABS) versus wavelength was
measured for both 10 wt% and 33 wt% GSNO in Vaseeditability samples on day 583 and day 313,
respectively (Fig. S2a-b). The % recovery for llewt% GSNO in Vaseline on day 583 was 89.8 +
3.4%. The % recovery for the 33 wt% GSNO in Vamelon day 313 was 87.6 £ 3.5%. The samples
were stored in the dark to avoid any photochendeabmposition of GSN&. Traditionally, RSNOs are
most stable at colder temperatures. Shishido.aepbrted increased thermal stability of CysNQain
PEG 400 matrix because a higher viscosity imposesga effect on the thiyl and NO radical pair such
that geminate recombination occurs more offeff Hence, the longevity of GSNO stability at 24°C
suggests that the dry GSNO being sequestered wihhirniscous Vaseline matrix may increase GSNO's
thermal stability due to favorable geminate recaration of the thiyl and NO radical pair.
3.2. Initiating NO Release using Various Secondanylatrices

Four different commercially available secondarytninas were chosen for testing because they
have ingredients that have the potential to asstht NO proliferation from GSNO when mixed with the
GSNO/Vaseline primary matrix. The non-prescriptinatrices selected were Neosporin® + Pain Relief
Cream (Neosporin cream), Avalon Organics® IntensgeBse with Vitamin C Oil-Free Moisturizer
(vitamin C cream), Osmotics Cosmeceuticals Bluepgop® (copper cream), and Desitin® Rapid Relief
Cream: Zinc Oxide Diaper Rash Cream (zinc oxideathe The primary matrix (33 wt% GSNO in
Vaseline) was mixed with each secondary matrix 2f/@3 ratio. This ratio was chosen primarily lthse
on consistency of the final mixture. NO releasetf@se mixtures at two temperatures was investifat
room temperature (24°C) and a temperature clostresurface of human skin (34°€)After mixing
the primary and secondary matrices, NO releasemagmstored over a 6 h period using a NOA. Only the
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first 6 h of NO release were monitored to simulkatideoretical application period. Figure 1 sholes t
total %NO released from the known amount of GSN&s@nt during the 6 h period for each secondary
matrix at 24°C and 34°C. It is clear from the dstt@wn in Fig. 1 that the zinc oxide cream provides
significantly enhanced rate of NO release when thixgh the GSNO/Vaseline mixture compared to the

other three commercial creams tested.
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Figure 1. %NO released from 33 wt% GSNO/Vaseline primaryrinanixed with several secondary
matrices: (a) Neosporin cream; (b) vitamin C creéh;copper cream; and (d) zinc oxide cream at a
27/73 ratio to yield a final 9 wt% GSNO matrix. N€ease was measured in the dark over a 6 h period
at both 24°C and 34°C. Data represents the medsvt (& = 3).
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In general, for each final matrix mixture theraiminimum of two known mechanisms by which
NO is proliferated from GSNO, thermal and via reattwith its parent thiol GSH (a trace amount of
GSH is always present in the GSNO preparatiori}. Only these two reactions take place to generate
NO in the case where Neosporin is involved. Basethe ingredients present in the Neosporin cream,
there are no additional reactions that could tdkeepto proliferate NO from GSNO. When Neosporin
was mixed with the GSNO/Vaseline mixture, only ash percentage of NO was released after 6 h for
both temperatures (Fig. 1a). This data showsNea&tsporin is not capable of releasing an appreeiabl
amount of NO from GSNO because the NO generatitmyzeys are limited to the two mentioned above.

In the case involving the vitamin C cream, theran additional reaction that could take place to
increase NO release. The active ingredient ascaddd/ascorbate (serving as a reducing agentjas/k
to enhance NO release from GSRiO? However, an extremely low %NO release was obse(F.
1b). The concentration of ascorbic acid in thisiogercial cream is proprietary and unknown. Thesgfo
there may not be enough ascorbic acid in the vitabhicream to release an appreciable amount of NO
from GSNO because ascorbic acid is a reactant gatalyst for the NO release reactidri* >*Further,
the reaction rate between GSNO and ascorbic acigd beahindered by other species present in the
Vitamin C cream. It is known that ascorbic acich ¢z readily oxidized by moisture, light, heat, and
metal ions’® > For this reason, cosmetic formulations use diffexghemicals or additives to stabilize
ascorbic acid such as tocopheryl acetate, citid;, &oric acid, tartic acid, and egceriF\“e.

The %NO released by the copper cream was muchr lihae expected because copper ions are
well-known to be a very good catalyst for NO prafition from RSNOs (Fig. 1¢.*% *° Similar to the
vitamin C cream, there may be a component in tmeneercial copper cream that inhibits the reaction
between the copper ions and GSNO. One ingredi@sept in the copper cream is protocatechuic acid
(PCA). PCA is known to be a metal ion chelatowa as free radical scaveng&r’’ Therefore, the NO
produced may be scavenged or the copper ionskalg Btrongly bound to PCA, not enabling them to

serve as a catalyst for NO generation from GSNO.
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The zinc oxide cream released significantly mo€ fikom the GSNO/Vaseline mixture than any
other secondary matrix tested, at both 24°C andC3#ig. 1d). The zinc oxide cream was chosen
because McCarthy et al. showed that'Zans had the capability of releasing NO from arotRSNO &
nitrosoN-acetylpenicillamine (SNAPYf However, with no reports on Znions significantly enhancing
the proliferation of NO from GSNO, further experimi&ion was needed to determine the true source of
NO proliferation from GSNO.

3.3. NO Release Characteristics and Kinetics from &NO using Zinc Oxide Cream

The first step to better understand the exact taigethe ZnO cream that accelerates the NO
release from GSNO was to investigate the NO reledsetics using three different starting
concentrations of GSNO. An aliquot of the appraf@iwt% of GSNO in Vaseline was mixed with the
zinc oxide cream at a 27/73 ratio such that thal fivt% of GSNO in the combined matrix was 3, 690or
wt%. NO release was measured at 34°C for 6 h liegeshat the NO release profile for each
concentration was fairly similar (Fig. 2a). Cuntiva NO release plotted versus time reveals a amil
NO release trend for all three concentrations oNGSested, exhibiting apparent first-order kine(Egy.
2b). Integration of Figure 2a showed that 77.9.89Q 75.4 + 3.8%, and 74.6 = 2.2% of the total
theoretical NO available was released when empiptfie 3, 6, and 9 wt% GSNO final mixtures over a 6
h test period, respectively (Table 1). The obsgriest order rate constant for the overall NO aske
kinetics was determined by the cumulative moledlOf release for 3, 6, and 9 wt% GSNO in the final
mixtures versus time, givink,,s= 0.58 + 0.01 i (ty, ~ 1.18 h) kops = 0.63 + 0.01 H (ty» ~ 1.10 h), and

kops = 0.64 + 0.01 1 (t1, ~ 1.08 h), respectively (see Fig. S3a-c, Table 1).
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Figure 2. (a) Real-time NO release of 3, 6, and 9 wt% GSN@trices in the dark at 34°C. (b)
Cumulative NO release vs. time for 3, 6, and 9 V@8INO matrices in the dark at 34°C. GSNO/Vaseline
primary matrices were mixed with commercial Des#inc oxide cream at a 27/73 ratio to achieve 3, 6,

and 9 wt% GSNO final matrices. Data represents niearB).

Table 1. Summay of %NO release in 6 h, first order rate constk,,g, and haklife (t;,) for 3, 6,
and 9 wt% GSNO final matrices measured in the dai34°C. GSNO/Vaseline primary matrices
were mixed with commercial Desitin zinc oxide creah a 27/73 ratio. n( = 3 separate
preparations)

Matrix % NO release in 6 h Kops (M) ti» (h)
3 wt% GSNO 77.9+3.8 0.58 £ 0.01 1.18
6 wt% GSNO 75.4 + 3.8 0.63+£0.01 1.10
9 wt% GSNO 746 £2.2 0.64 £0.01 1.08

While it is possible that there could be seveitieent reactions taking place to proliferate NO
from GSNO, overall the total %NO release, half;ldad rate constant values are very similar fothatie
concentrations of GSNO in the final mixtures (Talb)e Indeed, the measured rate constants for each

concentration of GSNO are very similar, leadinght® conclusion that the rate constant is indepenafen
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GSNO concentration. However, the actual rate aftien is time and concentration dependent accgrdin

to the first-order rate law.

All of the studies described above were complétethe absence of direct light. However, for
practical topical application, the creams havegh lthance of being exposed to light. Therefore N
release kinetics of the highest GSNO concentrdtioviaseline/ZnO cream (9 wt% GSNO final cream)
were measured in the presence of ambient laboréighty More specifically, the light source wasrin
fluorescent ceiling lights approximately 2 metevgag from the samples tested. In general, the same
procedure outlined in Section 2.7 was followed.e Dimly changes were that the laboratory light was o
during the 6 h NO release measurements, the NOAplsaoell was clear glass not amber, and no
aluminum foil was used to cover the cell. A direomparison of the real-time NO release in the dark
versus in ambient room light shows a negligibléedé&nce in the rate of NO generation (see Fig.§4a-
The %NO released over the first 6 h in the presentight was 75.1 + 3.2%, which is very similarttaat
observed under dark conditions (Table 1). The mfeskfirst order rate constant in the presenceagbt |
was determined in the same manner as describeibpséy givingkyps = 0.63 + 0.01 H (ty, ~ 1.10 h),
which again is very similar to the in dark scengdgee Fig. S4c, Table 1). One plausible reason why
these different scenarios yield similar resultslddae because only the surface of the opaque cigam
exposed to light and not the bulk of the creamis Hata concludes that the NO release kineticsaire

significantly impacted by the presence of ambiabbtatory lighting.

3.4. Investigation of NO Release from GSNO in therBsence of ZA" lons

An aqueous phase study was undertaken to deteifr@mé" ions can increase NO proliferation
from GSNO in the dark at 24°C. As stated aboveChkfthy et al. reported the NO generation potential
of several different metal ions from SNAP under giblogical pH conditions® They discovered that
three transition metal ions including £oNi**, and ZA" increased NO release rates, whilé F#g*,
Mn?, and Pt displayed significantly less NO release enhancefferKrezel et al. reported that the

stability of GSNO in HEPES buffer (pH 7.4) actuallycreases in the presence of‘Zdue to the
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formation of simple coordination complex@sAskew et al. observed no catalysis capabilitZot" on
SNAP to proliferate NO, although no data was shdwrassess whether a non-catalytic reaction can
occur®® More recently, Lutzke et al. reported the NO asiag capabilities of over twenty different metal
ion species when mixed with GSNO, and®Zions showed no activi§f. In light of these conflicting
reports, further investigation was needed to betteterstand the substantial increase in the ratéQof

release when the zinc oxide cream is mixed with@B&IO/Vaseline mixture.

3.5x10°
L ——1mM ZnCL

3.0x10°
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2.5x10°

2.0x10°

NO (nmol)

1.5x10° F
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Figure 3. Real-time NO release from 2 mL of 1 mM GSNO a#ddition of either 10QuL of 1 mM
ZnCl, or 100uL of the buffer. Completed in the dark at 24°Cll gblutions made with the buffer 10 mM
Tris-HCI (pH 7.4). Att=10.5 min, 100 uL of 1 mM Cuglwas added as a positive control. Data
represents the mean = SEN 3).

For the current study, ZnQOhas chosen as the source of'Zions. Figure 3 shows NO release
from GSNO in solution as a function of time withdamithout Zrf* ions present in solution. At t=1 min,
100 uL of 1 mM ZnC}L was added to the bulk solution containing 2 mlLohM GSNO resulting in a
very small, insignificant burst of NO. The samsigmificant burst was observed when the buffer (10
mM Tris-HCI, pH 7.4) was added to the bulk solutioks a positive control, 106L of 1 mM CuC} was
added to each scenario at t=10.5 min and consdyw@ewery large burst in NO release was observed. A

17



comparison of these two scenarios reveals that ibns do not appreciably increase NO proliferation
from GSNO. This data supports the findings of4ét et al. and Lutzke et al.**
3.5. Component study of Desitin® Rapid Relief Creamzinc Oxide Diaper Rash Cream

An aqueous phase study was undertaken to detennhiid agent or agents within the Destin
cream were responsible for NO release from GSNGsimdplified system was employed to monitor and
measure NO release when GSNO is mixed with varicosponents/ingredients present in the
commercial zinc oxide cream. Some ingredientsgmeem the Desitin cream were omitted due to their
low water solubility (mineral oil, petrolatum, b&esx, microcrystalline wax). The experiments were
performed in the presence of 10 mM Tris-HCI buffet, 7.4, at 34°C. Nine components were studied at
a 10:1umol ratio with GSNO in aqueous solution. Figurehbws NO release versus time when {00
of 10 mM GSNO was added into different bulk soloticcontaining a given component. Only the first
ten minutes of each reaction was monitored to deter which component is responsible for the
enhanced NO release from GSNO. As shown clearBign4, which compares the NO release profiles
of each of the components, only the 30 nm ZnO nartigtes yield a significantly enhanced and
prolonged NO release from GSNO. The NO releasélgsmf the other 8 components demonstrate a
similar profile to the buffer control, where no addcomponents are present. Moreover, this study
demonstrates that the other 8 components presaheibesitin cream are not significantly involved i

the enhanced NO release from GSNO as observedtinSe 3.2 and 3.3.
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Figure 4. Real-time NO release after addition of 100 of 10 mM GSNO into 2 mL bulk solutions
containing a given component. Completed in th& dar34°C. All solutions were made with a 10 mM
Tris-HCI buffer (pH 7.4). The final ratio of compent to GSNO was 10:1 umol. Data represents the
mean + SEM1f = 3).

Promoting NO release from GSNO using ZnO nanogegihas not been reported previously.
However, very recently Singha et al. demonstratdtheced and prolonged NO release from SNAP-
doped CarbosSil films with an additional top coataumsisting of CarboSil and ZnO nanoparti¢fedhis
demonstrates that ZnO nanopatrticles could be capabpromoting NO release from other RSNOs.
There also have been reports of gold and platinamoparticles catalyzing NO generation from
RSNOs®% Jia et al. reported the enhanced rate of NO seldeom GSNO via reaction of gold
nanoparticles in a dose-dependent mafihkater, Taladriz-Blanco et al. showed that dueht affinity
between gold and thiols, the RS-NO bond breaks whethe presence of gold nanoparticles, and
subsequently the gold surface is functionalized hwihe corresponding thiol species (as a
submonolayer§? More recently, Cao et al. reported enhanced N@eggion from SNAP and GSNO
using 3 nm platinum nanoparticles, and suggestitteee of Pt-S bond formation during the reacffon.

The data shown here (Fig. 4) clearly demonstrdtasZinc oxide nanoparticles can enhance NO release
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from GSNO. Investigation into the exact mechanismot the main focus of the current work, but is

being studied (using various surface analysis dneranethods) and will be reported in the nearrfutu

3.6. Antimicrobial Studies

Antimicrobial studies were conducted to demonstthe killing effect of NO released from the 3
and 9 wt% GSNO test mixtures with the Desitin creeontaining 13% ZnO again&aphylococcus
aureus, Saphylococcus epidermidis, and Pseudomonas aeruginosa. These three bacteria strains were
chosen because they have been shown to be comneteridaassociated with wound or burn-wound
infections? ** The initial concentration of bacteria (1XXDFU/mL) was chosen because it is often
associated with infection for open wounds and himgewound closur&® Figure 5a shows a schematic
of how the antimicrobial studies were performed.siicone sheet was employed to keep the matrices
from coming into direct contact with the bacteria agar plates such that no additional killing effec
from the matrix itself (e.g., ZnO particles) would observe&: Silicone films were chosen because Ren
et al. reported that silicone rubber polymers hidnee highest rate of NO diffusion compared to sdvera
other biomedical grade polymé¥sThe antimicrobial studies were completed in thegkat 34°C with an

incubation/application period of 6 h.
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- Bacteria strain
3 - LB agar square

Staphylococcus epidermidis

Viable Cells (CFU/cmZ)
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Figure 5. (a) Side view schematic of antimicrobial study ¢gumfation using agar square with bacterial
growth cut from petri dish. (b-d) Antimicrobialusty results for Control and 0, 3, and 9 wt% GSNaifi
matrices indirectly applied (with silicone sheetvieen) to (b)S. aureus, (c) S epidermidis, and (d)P.
aeruginosa inoculated LB agar plates in the dark at 34°Céfdr. Control means nothing was applied to
the surface of the inoculated LB agar. GSNO/Vasepirimary matrices were mixed with Desitin zinc
oxide cream at a 27/73 ratio to achieve 0, 3, andt% GSNO final matrices. Viable cells were
determined via plate counting. Horizontal daslieel tepresents the LOD (7.96510FU/cnt). No error
bar means the LOD was reached for each trial. Bggeesents the mean + SEM< 3). * p < 0.025,

** p<0.01, 0 wt% GSNO vs. 3 and 9 wt% GSNO.

The matrices studied in these antimicrobials arpemts (Fig. 5) were the same as those
employed in Section 3.3. “Control” in Figure 5 meanothing was applied to the surface of the

inoculated LB agar. The 0 wt% GSNO sample usdtigstudy served as a second control to determine
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how much bacteria were lost when removing the miécsheeting from the surface of the LB agar plate
(Fig. 5b-d). All log reduction values of bacteriabunts are reported in the ord8r aureus, S
epidermidis, P. aeruginosa. Comparing the “Control” columns in Fig. 5 versihe “0 wt% GSNO”
columns in Figure 5b-d, the average log reductiter aemoving the silicone sheeting was calculdted
be 0.36, 0.37, and 0.57, respectively. Therefateen no NO is present and the bacteria are only in
contact with the silicone sheet, very little killieffects are observed. In Figure 5b-d, the cokithat do

not display an error bar means that all of the dyéctof that strain were killed for each trial (n3},
therefore reaching the limit of detection for tBisidy (7.96x1® CFU/cnf). The average log reduction
between the 0 wt% GSNO and 3 wt% GSNO matrices W&, 1.41, and 1.44; and between the 0 wt%
GSNO and 9 wt% GSNO matrices were 2.68, 2.53, add, Xor each of the bacteria examined,

respectively.

In general, the amount of NO released from the® & wt% GSNO samples were able to Kill
each bacteria in a proportional manner (more NQalsggreater log reduction). However, the amount of
NO released from the 9 wt% GSNO matrix always Hilédl of the bacteria, therefore reaching the limit
of detection for this antimicrobial assay. Theetrkilling potential of the 9 wt% GSNO matrix is,
therefore, likely greater than that illustratedrigure 5b-d. Nonetheless, the current study detretes
that NO produced from the ZnO particle enhancedti@a with GSNO is capable of killing both gram-
positive S aureus andS. epidermidis) and gram-negativd®( aeruginosa) bacteria to a significant degree.
This phenomenon is not surprising and has beenrtezpseveral times because there are multiple
mechanisms by which NO can be toxic to bact&{a.Future directions will include direct applicatioh
these combination matrices on to bacteria growrnthensurface of LB agar or pig skin (no silicone
membrane), and then ultimately using an animal buwonnd healing model and/or an animal wound
closure model, to examined the antimicrobial effectess of the new GSNO/Vaseline/ZnO cream for
potential medical applications.

4. Conclusion
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The characteristics and capabilities of prepadifigrent NO releasing topical matrices based on
storing GSNO as the NO donor in Vaseline have beeauated. Long-term storage stability was
observed for 10 wt% and 33 wt% GSNO mixed in conuaélaseline at 24°C. The enhanced stability
of GSNO in Vaseline was attributed to the extrentrly storage conditions and the high viscosityhaf t
matrix leading to geminate recombination of theigaldpair. Out of four secondary matrices tested t
promote NO release when mixed with the GSNO/Vaegtinmary matrix, the commercial Desitin zinc
oxide-based cream released the highest percenta$® at both 24°C and 34°C over a 6 h period. The
unexpected low rates of NO release from GSNO irptieeence of commercial ascorbic acid and copper-
containing creams under the same experimental tionsliwere attributed to interferences in the NO
release reaction from other ingredients presenhése matrices. First-order NO release kineticeewe
reported for 3, 6, and 9 wt% GSNO final matriceimgishe zinc oxide cream as the NO release promoter
It was also determined that Zrions have little or no effect on NO proliferatitem GSNO in pH 7.4
buffer at 24°C. Further, a thorough componentystifdthe Desitin zinc oxide cream suggests that the
ZnO nanoparticles present are primarily responsiole increased NO proliferation from GSNO.
Antimicrobial studies demonstrated the killing effef NO released from 3 and 9 wt% GSNO final
matrices prepared by mixing Desitin zinc oxide oreaith the GSNO/Vaseline mixture in the dark at
34°C with an application period of 6 & aureus, S epidermidis, andP. aeruginosa were all killed in
proportion to the concentration of GSNO employedhia final mixture. Future studies include using
surface sensitive techniques (e.g., X-ray phottelecspectroscopy, etc.) to investigate the medmamif
NO release from GSNO in the presence of ZnO naticfes;, direct application of NO releasing creams
to bacteria grown on the surface of LB agar or gkin, and studies of the effectiveness of the

GSNO/Vaseline/ZnO cream formulation in a suitaligreal model for wound healing/closure.

Declaration of interest

The authors report no conflict of interest.

23



Acknowledgment

We gratefully acknowledge the Beijing Institute Gfollaborative Innovation (BICI) for

supporting this research.
Appendix A. Supplementary data

Supplementary data to this article can be fourlithermt
References

(1) Cavanagh, P. R.; Lipsky, B. A.; Bradbury, A.;\Botek, G. Treatment for diabetic foot ulcdrancet
2005,366 (9498), 1725-1735, https://doi.org/10.1016/S01466305)67699-4.

(2) Moran, K. A.; Murray, C. K.; Anderson, E. L. &ariology of blood, wound, and sputum cultures
from non-US casualties treated in a combat suppaspital in Iraq.Infect. Control Hosp. Epidemiol.
2008,29 (10), 981-984, https://doi.org/10.1086/591034.

(3) Brishois, E. J.; Bayliss, J.; Wu, J.; Major, C.; Xi, C.; Wang, S. C.; Bartlett, R. H.; Handa,; H
Meyerhoff, M. E. Optimized polymeric film-based niGt oxide delivery inhibits bacterial growth in a
mouse burn wound model. Acta Biomater. 2014, 10 (10), 4136-4142,
https://doi.org/10.1016/j.actbio.2014.06.032.

(4) Lipsky, B. A.; Hoey, C. Topical antimicrobididrapy for treating chronic woundslin. Infect. Dis.
2009,49 (10), 1541-1549, https://doi.org/10.1086/644732.

(5) Von Dohren, H. Antibiotics: Actions, origingsistance, by C. Walsh. 2003. Washington, DC: ASM
Press. 345 ppRrotein Sci. 2004,13 (11), 3059-3060, https://doi.org/10.1110/ps.04 RUIRR

(6) Nathan, C. Antibiotics at the crossroadature 2004,431, 899, https://doi.org/10.1038/431899a.

(7) Fischbach, M. A.; Walsh, C. T. Antibiotics femerging pathogenScience 2009,325 (5944), 1089-
1093, https://doi.org/10.1126/science.1176667.

(8) Roca, I.; Akova, M.; Baquero, F.; Carlet, Jav@leri, M.; Coenen, S.; Cohen, J.; Findlay, D.;
Gyssens, |.; Heuer, O. E.; Kahlmeter, G.; Kruse,lldxminarayan, R.; Liébana, E.; Lépez-Cerero, L.;
MacGowan, A.; Martins, M.; Rodriguez-Bafio, J.; Ralal. M.; Segovia, C.; Sigauque, B.; Tacconelli,
E.; Wellington, E.; Vila, J. The global threat aftinicrobial resistance: Science for interventidlew
Microbes New Infect. 2015,6, 22-29, https://doi.org/10.1016/j.nmni.2015.02.007

(9) Aslam, B.; Wang, W.; Arshad, M. |.; Khurshid,;Mluzammil, S.; Rasool, M. H.; Nisar, M. A.; Alvi,
R. F.; Aslam, M. A.; Qamar, M. U.; Salamat, M. K; Baloch, Z. Antibiotic resistance: A rundown of a
global crisisInfect. Drug Resist. 2018,11, 1645-1658, https://doi.org/10.2147/IDR.S173867.

(10) Food Drug Administration Center for Drug Ewation Research, Shelf Life/Expieration Dating.
FDA Maryland:2018

(11) Food Drug Administration Center for Drug Evation Research, New Drug and Antibiotic
Regulations [Docket No. 82N-0293]. FDA Marylaraf18

(12) Backlund, C. J.; Worley, B. V.; Schoenfisch, M. Anti-biofilm action of nitric oxide-releasing
alkyl-modified poly(amidoamine) dendrimers agaifsteptococcus mutans. Acta Biomater. 2016, 29,
198-205, https://doi.org/10.1016/j.actbio.2015.20.0

(13) Dave, R. N.; Joshi, H. M.; Venugopalan, V.Bfomedical evaluation of a novel nitrogen oxides
releasing wound dressing.J. Mater. <i. Mater. Med. 2012, 23 (12), 3097-3106,
https://doi.org/10.1007/s10856-012-4766-4.

24



(14) Hetrick, E. M.; Shin, J. H.; Stasko, N. A.;hdson, C. B.; Wespe, D. A.; Holmuhamedov, E.;
Schoenfisch, M. H. Bactericidal efficacy of nitogide-releasing silica nanoparticlésCS Nano 2008,2
(2), 235-246, https://doi.org/10.1021/nn700191f.

(15) Lee, W. H.; Ren, H.; Wu, J.; Novak, O.; Brovit,B.; Xi, C.; Meyerhoff, M. E. Electrochemically
modulated nitric oxide release from flexible sili@rubber patch: Antimicrobial activity for poteaiti
wound healing applications. ACS Biomater. <. Eng. 2016, 2 (9), 1432-1435,
https://doi.org/10.1021/acsbiomaterials.6b00360.

(16) Schanuel, F. S.; Raggio Santos, K. S.; Morite-Bosta, A.; de Oliveira, M. G. Combined nitric
oxide-releasing poly(vinyl alcohol) film/F127 hydyel for accelerating wound healingolloids Surf. B
Biointerfaces 2015,130, 182-191, https://doi.org/10.1016/j.colsurfb.2@6007.

(17) Shishido, S. I. M.; Seabra, A. B.; Loh, W.; @éiveira, M. G. Thermal and photochemical nitric
oxide release fronSnitrosothiols incorporated in Pluronic F127 gebtéhtial uses for local and
controlled nitric oxide releasd®iomaterials 2003, 24 (20), 3543-3553, https://doi.org/10.1016/S0142-
9612(03)00153-4.

(18) Champeau, M.; Pévoa, V.; Militdo, L.; Cabrifi, M.; Picheth, G. F.; Meneau, F.; Jara, C. P.; de
Araujo, E. P.; de Oliveira, M. G. Supramoleculardyfacrylic acid)/F127 hydrogel with hydration-
controlled nitric oxide release for enhancing wounealing. Acta Biomater. 2018, 74, 312-325,
https://doi.org/10.1016/j.actbio.2018.05.025.

(19) Fang, F. C. Perspectives series: Host/pathagtenactions. Mechanisms of nitric oxide-related
antimicrobial activityJ. Clin. Invest. 1997,99 (12), 2818-2825, https://doi.org/10.1172/JCI119473

(20) Liu, X.; Miller, M. J. S.; Joshi, M. S.; ThomaD. D.; Lancaster, J. R. Accelerated reactionitvic
oxide with G within the hydrophobic interior of biologicelembranesProc. Natl. Acad. Sci. 1998, 95
(5), 2175-2179, https://doi.org/10.1073/pnas.93.552

(21) Wo, Y.; Brisbois, E. J.; Bartlett, R. H.; Meheff, M. E. Recent advances in thromboresistauit an
antimicrobial polymers for biomedical applicationkist say yes to nitric oxide (NOBiomater. ci.
2016,4 (8), 1161-1183, https://doi.org/10.1039/C6BM00271D

(22) Loscalzo, J.; Welch, G. Nitric oxide and itderin the cardiovascular systeRrog. Cardiovasc. Dis.
1995,38 (2), 87-104, https://doi.org/10.1016/S0033-062080501-5.

(23) Rosselli, M.; Keller, R. J.; Dubey, R. K. Roté nitric oxide in the biology, physiology and
pathophysiology  of  reproduction. Hum. Reprod. Update 1998, 4 (1), 3-24,
https://doi.org/10.1093/humupd/4.1.3.

(24) Dinerman, J. L.; Lowenstein, C. J.; SnyderHSMolecular mechanisms of nitric oxide regulation
Potential relevance to cardiovascular diseas€irc. Res. 1993, 73 (2), 217-222,
https://doi.org/10.1161/01.RES.73.2.217.

(25) Ghaffari, A.; Miller, C. C.; McMullin, B.; GHaary, A. Potential application of gaseous nitriddex
as a topical antimicrobial agent. Nitric Oxide 2006, 14 (D), 21-29,
https://doi.org/10.1016/j.niox.2005.08.003.

(26) Maragos, C. M.; Morley, D.; Wink, D. A.; DunamT. M.; Saavedra, J. E.; Hoffman, A.; Bove, A.
A.; Isaac, L.; Hrabie, J. A.; Keefer, L. K. Compésx of -NO with nucleophiles as agents for the
controlled biological release of nitric oxide. Vaslaxant effectsJ. Med. Chem. 1991, 34 (11), 3242-
3247, https://doi.org/10.1021/jm00115a013.

(27) Keefer, L. K.; Nims, R. W.; Davies, K. M.; WinD. A. “NONOates” (1-substituted diazen-1-ium-
1,2-diolates) as nitric oxide donors: Convenienticioxide dosage forms. IMethods in Enzymology;
Academic Press996 pp 281-293.

(28) Broniowska, K. A.; Diers, A. R.; Hogg, I$:nitrosoglutathioneBiochim. Biophys. Acta 2013,1830
(5), 3173-3181, https://doi.org/10.1016/j.bbageh3202.004.

(29) Kelm, M. Nitric oxide metabolism and breakdoviaiochim. Biophys. Acta Bioenerg. 1999, 1411
(2), 273-289, https://doi.org/10.1016/S0005-272§79920-1.

(30) Holmes, A. J.; Williams, D. L. H. Reaction &hitrosothiols with ascorbate: Clear evidence af tw
reactionsChem. Commun. 1998, (16), 1711-1712, https://doi.org/10.1039/A803983F

25



(31) Dicks, A. P.; Swift, H. R.; Williams, D. L. HButler, A. R.; Al-Sa'doni, H. H.; Cox, B. G.
Identification of CU as the effective reagent in nitric oxide formatfoom S-nitrosothiols (RSNO)J.
Chem. Soc., Perkin Trans. 2 1996, (4), 481-487, https://doi.org/10.1039/P2996000048

(32) Kashiba-lwatsuki, M.; Yamaguchi, M.; Inoue, Role of ascorbic acid in the metabolism $f
nitroso-glutathionef-ebs. Lett. 1996,389 (2), 149-152, https://doi.org/10.1016/0014-579309660-1.

(33) Shishido, S. M.; Oliveira, M. G. Polyethylegkycol matrix reduces the rates of photochemical an
thermal release of nitric oxide froBinitrosoN-acetylcysteinePhotochem. Photobiol. 2000,71 (3), 273-
280, https://doi.org/10.1562/0031-8655(2000)071F2GBIRTR2.0.CO2.

(34) Siddiqi, K. S.; ur Rahman, A.; Tajuddin; Husén Properties of zinc oxide nanoparticles andrthe
activity against microbes\Nanoscale Res. Lett. 2018, 13 (1), 141, https://doi.org/10.1186/s11671-018-
2532-3.

(35) Singh, S. P.; Wishnok, J. S.; Keshive, M.; De&. M.; Tannenbaum, S. R. The chemistry of$he
nitrosoglutathione/glutathione systemProc. Natl. Acad. Sci. 1996, 93 (25), 14428-14433,
https://doi.org/10.1073/pnas.93.25.14428.

(36) Williams, D. L. H. The chemistry d&nitrosothiols. Acc. Chem. Res. 1999, 32 (10), 869-876,
https://doi.org/10.1021/ar9800439.

(37) Wood, P. D.; Mutus, B.; Redmond, R. W. The haaism of photochemical release of nitric oxide
from S-nitrosoglutathionePhotochem. Photobiol. 1996,64 (3), 518-524, https://doi.org/10.1111/j.1751-
1097.1996.tb03099.x.

(38) de Souza, G. F. P.; Denadai, J. P.; Pichett;.Gde Oliveira, M. G. Long-term decomposition of
agueous S-nitrosoglutathione and S-nitroso-N-acgdtgine: Influence of concentration, temperatpke,
and light.Nitric Oxide 2019,84, 30-37, https://doi.org/10.1016/j.niox.2019.01.002

(39) Lautner, G.; Stringer, B.; Brisbois, E. J.; ydehoff, M. E.; Schwendeman, S. P. Controlled lght
induced gas phase nitric oxide release from Ssguotiool-doped silicone rubber filmilitric Oxide 2019,
86, 31-37, https://doi.org/10.1016/j.niox.2019.01.016

(40) Kotodziejczak-Radzimska, A.; Jesionowski, ThZoxide-from synthesis to application: A review.
Materials (Basel) 2014,7 (4), 2833-2881, https://doi.org/10.3390/ma7042833.

(41) Serpone, N.; Dondi, D.; Albini, A. Inorganiaich organic UV filters: Their role and efficacy in
sunscreens and suncare productiiorganica Chim.  Acta 2007, 360 (3), 794-802,
https://doi.org/10.1016/].ica.2005.12.057.

(42) Sirelkhatim, A.; Mahmud, S.; Seeni, A.; Kabk,H. M.; Ann, L. C.; Bakhori, S. K. M.; Hasan, H.;
Mohamad, D. Review on zinc oxide nanoparticles:il#atterial activity and toxicity mechanisiNano-
Micro Lett. 2015,7 (3), 219-242, https://doi.org/10.1007/s40820-0 08B x.

(43) Gallagher, J. J.; Williams-Bouyer, N.; Villegl, C.; Heggers, J. P.; Herndon, D. N. Chapter 12
Treatment of infection in burns. fotal Burn Care (Third Edition); Herndon, D. N., Ed.; W.B. Saunders:
Edinburgh,2007, pp 136-176.

(44) Bessa, L. J.; Fazii, P.; Di Giulio, M.; Cellin.. Bacterial isolates from infected wounds ahdit
antibiotic susceptibility pattern: Some remarkswheound infectionint. Wound J. 2015,12 (1), 47-52,
https://doi.org/10.1111/iwj.12049.

(45) Hart, T. W. Some observations concerning $heétroso andS-phenylsulphonyl derivatives of L-
cysteine and glutathiondetrahedron Lett. 1985, 26 (16), 2013-2016, https://doi.org/10.1016/S0040-
4039(00)98368-0.

(46) Bekker, M.; Louw, N. R.; Jansen Van Rensbbttg].; Potgieter, J. The benefits of Fischer-Trbpsc
waxes in synthetic petroleum jelly.Int. J. Cosmet. Sci. 2013, 35 (1), 99-104,
https://doi.org/doi:10.1111/ics.12011.

(47) Hogg, N. The kinetics dbtransnitrosation - A reversible second-order fieactAnal. Biochem.
1999,272 (2), 257-262, https://doi.org/10.1006/abio.1999911

(48) Meyer, D. J.; Kramer, H.; Ozer, N.; Coles, Retterer, B. Kinetics and equilibria &nitrosothiol-
thiol exchange between glutathione, cysteine, [lEmitines and serum-albumifrebs. Lett. 1994, 345
(2-3), 177-180, https://doi.org/10.1016/0014-57943(®429-3.

26



(49) Rabinowitch, E.; Wood, W. C. The collison maalsm and the primary photochemical process in
solutions.Trans. Faraday Soc. 1936,32, 1381-1387, https://doi.org/10.1039/TF9363201381.

(50) Choi, J.-H.; Loftness, V. Investigation of hambody skin temperatures as a bio-signal to itelica
overall thermal sensations.  Build. Environ. 2012, 58, 258-269,
https://doi.org/10.1016/j.buildenv.2012.07.003.

(51) de Oliveira, M. G.; Shishido, S. M.; Seabra,BA; Morgon, N. H. Thermal stability of prima&
nitrosothiols: Roles of autocatalysis and structural effects ten rate of nitric oxide releasé. Phys.
Chem. A 2002,106 (38), 8963-8970, https://doi.org/10.1021/jp025756u

(52) Kirsch, M.; Buscher, A.-M.; Aker, S.; SchuR,; de Groot, H. New insights into tisnitrosothiol—
ascorbate reaction. The formation of nitroxy@rg. Biomol. Chem. 2009, 7 (9), 1954-1962,
https://doi.org/10.1039/B901046G.

(53) Kim, S.; Lee, T. G. Stabilization of L-ascarlaicid in cosmetic emulsion.Ind. Eng. Chem. 2018,

57, 193-198, https://doi.org/10.1016/j.jiec.2017.GR0

(54) Sheraz, M. A.; Khan, M. F.; Ahmed, S.; KaziH5; Ahmad, I. Stability and stabilization of asiic
acid.H&PC Today 2015,10 (3), 22-25,

(55) Cui, Y.; Wang, X.; Zhang, Q.; Zhang, H.; Li,;Heyerhoff, M. Colorimetric copper ion sensing in
solution phase and on paper substrate based dgticattecomposition of S-nitrosothioBnal. Chim.
Acta 2019,1053, 155-161, https://doi.org/10.1016/j.aca.2018.10.05

(56) Li, X.; Wang, X.; Chen, D.; Chen, S. Antioxittaactivity and mechanism of protocatechuic acid in
vitro. Funct. Food Health Dis. 2011,1 (7), 232-244, https://doi.org/10.31989/ffhd.v1&71

(57) Kakkar, S.; Bais, S. A review on protocatechacid and its pharmacological potentitBRN
Pharmacol. 2014,Article ID 952943, 9 pages, https://doi.org/10.1155/2014/952943.

(58) McCarthy, C. W.; Guillory, R. J.; Goldman, Brost, M. C. Transition-metal-mediated release of
nitric oxide (NO) from SnitrosoN-acetyl-D-penicillamine (SNAP): Potential applicats for
endogenous release of NO at the surface of stéatsovrosion productsACS Appl. Mater. Interfaces
2016,8 (16), 10128-10135, https://doi.org/10.1021/acs@in@i0145.

(59) Krezel, A.; Bal, W. Contrasting effects of metal ions ®nitrosoglutathione, related to coordination
equilibria: GSNO decomposition assisted by Ni(ll) vs stabilitgrease in the presence of Zn(ll) and
Cd(ll). Chem. Res. Toxicol. 2004,17 (3), 392-403, https://doi.org/10.1021/tx034194i.

(60) Askew, S. C.; Barnett, D. J.; McAninly, J.; Ndims, D. L. H. Catalysis by Ciiof nitric oxide
release from Snitrosothiols (RSNO).J. Chem. Soc., Perkin Trans. 2 1995, (4), 741-745,
https://doi.org/10.1039/P29950000741.

(61) Lutzke, A.; Melvin, A. C.; Neufeld, M. J.; Adlon, C. L.; Reynolds, M. M. Nitric oxide generatio
from S-nitrosoglutathione: New activity of indiunmdaa survey of metal ion effectslitric Oxide 2019,

84, 16-21, https://doi.org/10.1016/j.niox.2019.01.005

(62) Singha, P.; Workman, C. D.; Pant, J.; Hopkiis,P.; Handa, H. Zinc-oxide nanoparticles act
catalytically and synergistically with nitric oxiddonors to enhance antimicrobial efficady.Biomed.
Mater. Res. A 2019,0 (0), https://doi.org/10.1002/jbm.a.36657.

(63) Jia, H. Y.; Liu, Y.; Zhang, X. J.; Han, L.; Du. B.; Tian, Q.; Xu, Y. C. Potential oxidativeres$s of
gold nanoparticles by induced-NO releasing in serdmAm. Chem. Soc. 2009, 131 (1), 40-41,
https://doi.org/10.1021/ja808033w.

(64) Taladriz-Blanco, P.; Pastoriza-Santos, V.gP€luste, J.; Hervés, P. Controllable nitric oxiglease

in the presence of gold nanoparticlesLangmuir 2013, 29 (25), 8061-8069,
https://doi.org/10.1021/1a4014762.

(65) Cao, G.-J.; Fisher, C. M.; Jiang, X.; Chong, Zhang, H.; Guo, H.; Zhang, Q.; Zheng, J.; Knéflho
A. M.; Croley, T. R.; Yin, J.-J. Platinum nanopaléis: An avenue for enhancing the release of nitric
oxide from SnitrosoN-acetylpenicillamine an&-nitrosoglutathioneNanoscale 2018, 10 (23), 11176-
11185, https://doi.org/10.1039/C8NR03874K.

(66) Edwards, R.; Harding, K. G. Bacteria and wotedling.Curr. Opin. Infect. Dis. 2004,17 (2), 91-
96, https://doi.org/10.1097/01.qc0.0000124361.2 815

27



(67) Ren, H.; Bull, J. L.; Meyerhoff, M. E. Transpof nitric oxide (NO) in various biomedical grade
polyurethanes: Measurements and modeling impadii©rrelease properties of medical devick€S
Biomater. Sci. Eng. 2016,2 (9), 1483-1492, https://doi.org/10.1021/acsbiomals 6b00215.

(68) Feelisch, M. The use of nitric oxide donorpharmacological studieblaunyn Schmiedebergs Arch.
Pharmacol. 1998,358 (1), 113-122, https://doi.org/10.1007/pl00005231.

(69) Bogdan, C. Nitric oxide and the immune respondlat. Immunol. 2001, 2, 907,
https://doi.org/10.1038/ni1001-907.

(70) Deupree, S. M.; Schoenfisch, M. H. Morpholagianalysis of the antimicrobial action of nitric
oxide on Gram-negative pathogens using atomic fom@@oscopy.Acta Biomater. 2009, 5 (5), 1405-
1415, https://doi.org/10.1016/j.actbio.2009.01.025.

(71) Heilman, B. J.; Halpenny, G. M.; MascharakKP Synthesis, characterization, and light-conaall
antibiotic application of a composite material ded from polyurethane and silica xerogel with
embedded photoactive manganese nitrasBiomed. Mater. Res. Part B Appl. Biomater. 2011,99B (2),
328-337, https://doi.org/10.1002/jbm.b.31904.

(72) Privett, B. J.; Broadnax, A. D.; Bauman, $.Riccio, D. A.; Schoenfisch, M. H. Examination of
bacterial resistance to exogenous nitric oxiddlitric Oxide 2012, 26 (3), 169-173,
https://doi.org/10.1016/j.niox.2012.02.002.

(73) Pant, J.; Gao, J.; Goudie, M. J.; HopkinsPS.Locklin, J.; Handa, H. A multi-defense strategy
Enhancing bactericidal activity of a medical grgo@ymer with a nitric oxide donor and surface-
immobilized quaternary ammonium compoundActa Biomater. 2017, 58, 421-431,
https://doi.org/10.1016/j.actbio.2017.05.061.

28



Highlights

e Long-term stahility of GSNO stored inside a highly viscous and hydrophobic matrix.
e ZnO nanoparticles enhance NO release from GSNO.

» Significant antimicrobial activity of NO released from GSNO/V aseline/ZnO-containing creams.



