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Abstract

Wounds infected with methicillin-resistant Staphylococcus aureus (MRSA) biofilm
represent a high risk in patients with diabetes. Nitric oxide (NO) has shown promise in
dispersing biofilm and wound healing. For an effective treatment of MRSA biofilm-infected
woupgds, however, NO needs to be supplied to the biofilm matrix in a sustainable manner due
to a short half-life and limited diffusion distance of NO. In this study,
polyethylenimine/diazeniumdiolate (PEI/NONOate)-doped PLGA nanoparticles (PLGA-
PEIYNO NPs) with an ability to bind to the biofilm matrix are developed to facilitate the NO
delivery to MRSA biofilm-infected wound. In simulated wound fluid, PLGA-PEI/NO NPs
show an extended NO release over 4 days. PLGA-PEI/NO NPs firmly bind to the MRSA
biofilm matrix, resultin%in a greatly enhanced anti-biofilm activity. Moreover, PLGA-
PEI/NO NPs accelerate healing of MRSA biofilm-infected wounds in diabetic mice along
with complete biglm dispersal and reduced bacterial burden. These results suggest that the

biofilm-binding NO-releasing NPs represent a promising NO delivery system for the

treatments of biofilm-infected chronic wounds.
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1. Introduction

Biofilms are surface-attached bacterial communities embedded in a hydrated
extracellular polymeric substance (E]a mostly composed of exopolysaccharides and proteins
[1, 2]. The wounded skin provides a favorable environment for bacterial colonization and
biofilm formation due to sufficient nutrients and a suitable surface for biofilm attachment [3].
Biofilm infections in wounds can cause delayed wound healing, tissue necrosis, and systemic
infection and can be associated with cross-contamination between hospitalized patients (i.e.
nosocomial infections) [1, 4, 5]. The Gram-positive Staphylococcus aureus is the most
common bacterium in biofilm-associated chronic wound infections [6, 7]. Importantly,
methicillin-resistant Staphylococcus aureus (MRSA) is largely associated with biofilms in
cutaneous wounds and responsible for significant morbidity and mortality worldwide [8-11].
In particular, MRSA biofilm-caused wound infections pose a high risk in diabetic patients
who lack crucial factors needed for an effective immune response against pathogens [12, 13].
For example, chronic diabetic foot ulcers associated with MRSA biofilms often result in
lower-limb amputations [14]. Because of the high prevalence of MRSA biofilms in wounds,
there is an urgent need for effecave therapies to treat MRSA biofilm-infected wounds.

An effective medication for the treatment of biofilm-infected wounds need to disperse
the biofilm, eradicate planktonic bacteria, and stimulate proliferation and tissue remodeling.
However, current options for treating MRSA biofilm-infected wounds include antibiotics and
anti-biofilm agents such as silver and ethylendiaminetetraacetic acid (EDTA), both of which
do not promoteﬁ;sue proliferation and remodeling [15, 16]. Moreover, it has been observed
that they delay wound healing and may have cytotoxic side effects [17]. Furthermogg, there is
a growing concern about the emergence of antibiotic-resistant infections [18, 19]. %flerefore,
there is an urgent need &r new treatments of biofilm-infected wounds.

In recent years, NO has emergg as a potent anti-biofilm, antibacterial, and wound-
healing agent [20-23]. NO regulates the intracellular secondary messenger cyclic di-GMP,
which stimulates e%ctors that prevent biofilm formation and disperse established biofilms
[24]. In particular, reactive nitrogen species derived from NO and superoxide (0,") act by
downregulating the production of polysaccharide intercellular adhesin, which is cgucial for
developing a strong substrate attachment by MRSA cells [25]. wreover, NO kills MRSA by
causing cell wall damage and lysis [26]. NO also accelerates wound healing by stimulating
cell proliferation, wound contraction and collagen remodeling [27]. However, clinical

application of NO is hampered by its gaseous properties and a short half-life (2-3 sec).
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Various NO delivery systems such as sol-gel, films, hydrogels, microparticles,

dendrimers, and micelles have been tested for controlled release of NO, a pr%quisitc for
overcoming the limitation of its gaseous properties [28-34]. &crcstingly, NO-releasing
nanoparticles (NPs) have gained much attention because of their high surface-area-to-volume
ratio, which creates chemical flexibilities and beneficial physical properties, and a small size,
which enables efficient interaction with micron-size bacteria [35-40]. However, quick
degradation of NO upon release restricts its diffusion distance to approximately 150-300 pm,
resulting in limited utilization of NO delivery systems including NO-releasing NPs. Thus,
unless NO-releasing NPs are in proximity to the target, substantial reduction of NO activity
can occur.

To address the challenge, we developed NO-releasing NPs with an ability to directly
bind to the biofilm matrix that provide enhanced NO availability in bgilm-infected wound
areas, thereby enabling an effective treatment of the wounds. We used poly(lactic-co-glycolic
acid) (PLGA) as NP-forming polymer and polyethylenimine/diazeniumdiolate
(PEI/NONOate) as a NO donor and a biofilm-binding polymer to synthesize PE/NONOates-
doped PLGA NPS (PLGA-PEI/NO NPs). The particle size, polydispersity index, and NO
loading capacity of PLGA-PEI/NO NPs were characterized. A NO release profile of PLGA-
PEVNO NPs was evaluated in simulated wound fluidaiSWF). After physicochemical
characterization, ex vivo biofilm-binding capability and in vitre and in vive anti-biofilm
activity of PLGA-PEI/NO NPs were investigated. In vivo wound-healing activity and wound

bacterial burden were evaluated in diabetic mice with MRSA biofilm-infected wounds.

2. Materials and Methods

2.1. Materials

- NO and nitrogen (N:) gasses were obtained from Hana Gas Inc. (Gimhae, Korea).
PLGA (50:50 DLG 5SE) was purchased from Lakeshore Biomaterials (Birmingham, AL,
USA). Linear PEI (MW 25 kDa), sodium methoxide (NaOCHj3), crystal violet, 3-(2-
benzothiazolyl)-7-(diethylamino)coumarin ~ (coumarin-6), STZ, tetramethylrhodamine
isothiocyanate (TRITC), Maygr’s hematoxylin, eosin-Y disodium salt, bovine serum albumin
(BSA), Tetrazolium dye 3-(4,5-di-methylthiazol-2-yl)-2,5 diphenyltetrazolium bromide
(MTT), dimethylsulfoxide (DMSO) and Griess assay reagent were purchased from Siyla-
Aldrich (St. Louis, MO, USA). Bacto™ tryptic soy broth (TSB) medium was procured from

BD Biosciences (Sparks, MD, USA). Masson'’s trichrome stain (connective tissue stain) was




purchased from Abcam (Caﬁridge, MA, USA). Tiletamine/Zolazepam (Zoletil 50®) was
obtained from Virbac S.A. (Virbac, Carros, France) and xylazine hydrochloride (Rornpun®)
was obtaiﬁl from Bayer (Leverkusen, Germany). Polyurethane coupon (high-temperature
polyr) was purchased from Biosurface technologies corporation (Bozeman, MT, USA).
The LIVE/DEAD® Baclight™ bacterial viability kit (Molecular Probes) was purchased from
Life Technologies (Eugene, Oregon, USA). The Roswell Park Memorial Institute (RPMI)
1640 medium, trypsin, fetal bovine serum (FBS), and penicillin-streptomycin were purchased
from Hyclone, Thermo Fisher Scientific Inc. (Waltham, MA, USA). All other reagents and

solvents used were of the highest analytical grade.

22. lﬁ preparation

An oil-in-water emulﬁcation solvent evaporation method was used with slight
modifications to synthesize PLGA NPs, PLGA-PEI NPs and PLGA-PEI/NO NPs [41-43].
Briefly, PLGﬁh(MO mg) was mixed with either PEI or PE/NONOate (60 mg), dissolvcﬁin
DCM (8 mL) and poured into a solution of cold poly(vinyl alcohol) (PVA, 1%, 20 mL). For
fluorescence labeling, coumarin-6 (0.5 mg) was added to the polymer solution. The solution

as stirred using a high-speed homogenizer (IKA®T10 ULTRA-TURRAX ®, Germany) at
14,500 rpm for 2é1in in an ice bath, followed by probe sonication (KFS-300N Ultrasonic,
Korea) at 150 in an ice bath for 3 min. The emulsion was then added to NaOH (10 mL,
0.0001 M) and stirred at 4 °C for 8 h. After the residual solvent was removed, the emulsion
was centrifuged at 20,000 x g at 4 °&for 30 min and washed two times with alkaline solution

pH 8. The pellets were freeze-dried and stored at -20 °C up to one month before usage.

2 3. Characterization of NPs

The morphological characteristics of NPs were recorded using a field emission electron
@'croscope with EBSD system (FE-SEM, Supra 40VP, Carl Zeiss AG, Germany). The
particle size and polydispersity index (PDI) were rneaélred using a Zetasizer Nano series
7590 (Malvern Instruments, Herrenberg, Germany) and gNano size analyzer (iZON Sciences,
Christchurch, New Zealand). For the zeta potential measurement, Zetasizer nano 7ZS90 was
used. The NP particle size distribution was described using the cumulant mean (z-average) +
standard deviation (SD) and the PDI.

2.4. In vitro NO release




The release of NO from PLGA-PEI/NO NPs was ev%ated in SWF at 37 °C. PLGA-
PEI/NO NPs (1 mg) was added to the S% pH 7.1 (I mL) and incubated at 37 °C with mild
stirring. At predetermined time intervals, samples were centrifuged at 20,000 and 4 °C for
15 min. The supernatant was ﬁﬂher diluted and 100 L were withdrawn and mixed with
Griess reagent (100 uL) before incubation for 15 min at 25 °C in the dark. The absorbance
was measured at 540 nm using a Biorad iMark™ microplate reader (Bio-Rad Laboratories,
Inc. USA). The amount of NO released from PLGA-PEI/NO NPs was calculated using
sodium nitrite (NaNO, 0-100 xM) as a standard.

2.5. Ex vivo biofilm binding of NPs

The MRSA biofilm samples were obtained from mice to evaluate the adhesion of the
NPs to the biofilm, followed by fixation in a glutaraldehyde solution (3% ) for 1 h. Biofilm
were immersed in PBS containing coumarin-6 labeled NPs (5 mg/mL) and incubated for 2 h
at 37 °C with mild shaking. Biofilms w ashed three times with NaCl (0.85%) to remove
the unbound NPs and added TRITC dye. The samples were then incubated with shaking for 5
min and another 1 h without shaking at 25 °C in dark place. Biofilms were washed twice with
NaCl (0.85%) and then removed from rinse solution and transferred onto the slides. The
adhesion of NPs on biofilm was observed with a confocal microscope at ex/em wavelengths

of 490/520 nm for FITC (labeled NPs) and 557/576 nm for TRITC (labeled biofilm).

2.6. In vitro anti-biofilm activity
MRSA USA300 FPR3757 (GenBank accession no. NC_00793) was used for testing
anti-biofilm activity. Bactg’al suspension (10" CFU/mL, 100 uL) was placed on the surface
of a polyurethane coupon and incubated at 37 °C for 8 h. Then, TSB medium (1.7 mL) along
ith the PLGA-PEI/NO NPs (200 uL) were added at final NP concentratio&q of (2.5, 5, and
10 mg/mL) in 12-well plates. Phosphate-buffered saline (PBS; pH 7.4) was used as a control.
All sam were incubated at 37 °C for 8, 12, and 24 h. After incubation, biofilm on the
coupons éas washed twice with PBS and crystal violet solution (1 %1 0.1%) was added. The
coupons were incubated for 20 min and washed again with PBS. The amount of remaining
crystal violet biofilm was quantified by measuring ODsso after adding ethanol (1 mL, 100%).
For a confocal microscopy study, the bacterial suspensions (after biofilm dispersal) were
stained with LIVE/DEAD® Baclight™ bacterial viability kit reagents according to the

manufacturer’s protocol. The samples were analyzed with an FV10i Fluoview confocal
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microscope to differentiate between live and dead bacteria. Bacteria stained green with Syto-9
at the excitation (ex)/emission (em) wavelengths of 539/570-620 nm were considered
viable/live and that stained red with propidium iodide (PI) at ex/em 470/490-540 nm were

considered dead.

2.7. STZ-induced diabetic mice

Mice were fasted for 4 h prior to intraperitoneal (i.p.) injection of STZ, a P-cell
cytotoxic agent that induces type 1 diabetes mellitus [44]. Balb/c and ICR received a single
dose of STZ at (200 mg/kg) freshly dissolved in sodium citrate buffer (0.05 M), pH 4.5.
Hyperglycalia was confirmed by measuring the fasting blood glucose level one month post-
injection. Mice with fasting blood glucose levels above (300 mg/dL) were considered to be

diabetic.

2.8. Formation and characterization of in vivo M biofilm in wound

The bacteria were grown in TSB medium overnight at 37 °C with agitation at 100 rpm
and diluted for growth until the micﬁxponential phase. Bacterial suspension (60 pL) with a
final concentration of 10’ CFU/mL was placed on the surface of the skin wound and lightly
scrubbed with sterile Teflon spatula before being covcredéith a membrane filter that was
dipped into bacteria suspension. The infected wound was covered with a polyurethane film
dressing (Tegaderm Transparent Dressing: 3M Health Care, St. Paul, MN) for 48 h to provide
a suitable environment for colonization.

Incisional biopsies were investigated to evaluate the biofilm formation in the wound.
Briefly, one diagonal section approximately 3 mm thick waﬁecovcrcd from the central part
of the wound and fixed in a glutaraldehyde solution (5%) for 1 h. Then the biopsies were
rinsed twice in PBS. For electron microscopy, thﬁ)iopsies were placed on carbon tape and
vacuum-dried overnight before coating with gold for 2 min under vacuum. The samples were
then viewed with the Hitachi S3500N SEM (Hitachi, Japan) at an accelerating voltage of 15
kV. For _confocal microscopy, the fixed samples were washed in NaCl (2 ml, 0.85%) and
added SYTO-9 (ex/em; 539/570-620 nm) and TRITC dye (ex/em; 557/576). The samples
Erﬁ: incubated with shaking for 5 min and another 1 h without shaking at 25 °C in the dark.
Cells were washed once with PBS and twice with NaCl (0.85%). Samples were removed from
NaCl (0.85%) rinse solution and transferred onto slides. Biofilms or adhered cells were

observed with the FV10i Fluoview confocal microscope to confirm EPS labeling with red
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color and bacteria labeling with green color. In preparation for Gram staining, the incisional
biopsies from wound day é(untrcatcd group) were fixed with formaldehyde (10%) and
blocked with paraffin. Five-micron vertical sections wer&ﬁxcd to glass slides and stained by
Gram staining to observe MRSA colonies in the wound. The slides were examined using light
microscopy (Olympus BX53) and images were digitally captured at a resolution of 1360 x

1024 pixels using an Olympus DP70 digital camera.

29. In vitro cytotoxicity study
1.929 mouse fibroblasts from the Korean Cell Line Bank (KCLB, Seoul, Korea) were
tured in RPMI medium supplemented with 10% (v/v) FBS and antibiotics (100 IU/mL
penicillin G sodium and 100 pg/mL streptomycin sulfates). The cells were overnight
incutﬁ:d in an incubator supplied with 5% CO, and a humidified air atmosphere at 37 °C and
then were seeded on a 96-well plate at 2. 10" cells per well. After 48 h, the media were
then replaced w&fresh media containing PLGA NPs, PPNPs, and PLGA-PEI NPs at various
concenﬁtions (2.5,5, and 10 mg/mL). After 24 h of incubation, a standard MTT solution in
sterile PBS was added to each well and cells were incubat r 2 h. The MTT solution was
then removed and 150 L. of DMSO was added to each well. The absorbﬁe measured at 540
nm was proportional to the concentration of viable cells in each well. Untreated cells were
used ag a control. The data were expressed as mean =+ standard deviation of eight replicates
(n=8). The cell viability was calculated using the following equation:

Cell viability (% _ Absorbance (treated cells) 100
ell viability (%) = Absorbance (control cells) X

2.10. E vive wound healing activity
All animal experiments were performed in accordance with the regulations of Pusan
National University and Korean Legislation on animal studies. Male ICR and BALB/c mice
(7-8 weeks, Samtako Bio Korea) were used. The mice were anesthetized by i.p. injection
using Zoleti]®50 and Rompun® at a ratio of 5:2 prior to the development of wounds in the
dorsal areﬁ'he dorsal hair was shaved with an electric razor and the back skin was excised
with an 8-mm biopsy punch to create full-thickness wounds. The wound infection models
re divided into 2 categories, biofilm-challenged in STZ-induced diabe% ICR mice and
Balb/c mice (see Supporting information) and non-diabetic (ICR and Balb/c mice, see

supporting information). Biofilm-infected wounds were obtained by treating the wound as




described in section “formation and characterization of in vivo MRSA biofilm in wound”. Ten
milligram of the freeze-dried PLGA-PEI NPs and PLGA-PEI/NO NPs \ﬁc topically applied
from day 2 post-injury. Each wound was covered with sterile gauze. Untreated mice were
used ﬁa control. The gauze on the wound lesions was replaced with new gauze at the proper
time. Photographs of the wounds were taken to observe the gross visual wound healing as
determined by the wound area not covered by the migrating epithelial cells. The Imagel

ftware (National Institutes of Health, Bethesda, Maryland) was used to determine the

wound size reduction, which was calculated as follows:

wt
Wound size reduction (%) = Wo x 100

Where, Wy is the wound area at start time O and W, is the wound area at time t.

2.11. Eistological processing

The cross-sectional full-thickness skin specirﬁns and deep granulation tissues were
collected on the last of the in vivo experiment. Full wound areas were excised, fixed in
formaldehyde (10%) for 24 h and blocked with paraffin. Five-micron vertical sections were
fixed to glass slides and processed with Gram stain, Hematoxylin and eosin (H&E) stain, and
Easson’s trichrome stain to evaluate bacteria, skin morphology, and collagen formation,
respectively. The slides were analyzed by light microscopy (Olympus BX53) and images
were digitally captured at a resolution of 1360 x 1024 pixels with an Olympus DP70 digital

camera.

2.12. Reduction of wound bacterial burden

The bacterial burden (bacterial viability) in the wound was examined 12-14 da 0St-
injury in both non-diabetic and diabetic group mice. At day 2 post-injury and MRSA
inoculation, a sterile swab with PBS was applied superficially to the biofilm-infected wound
and plated on TSB agar for a superficial examination. After examination of the wourﬁ at day
8, and 12 (post-inoculation), wound skin tissues were recovered, homogenized, and diluted in
sterile PBS. Each dilution (200 pL) was plated on TSB agar medium and incubated at 37 °C
overnight. The colonies per plate were counted to determine the number of viable bacteria at

the time of plating.




2.13. Fluorescence visualization of in vivo MRSA biofilm dispersal

We monitored in vivo MRSA biofilm dispersal by confocal microscopy, visualizing the
EPS content change in the biofilm using a red stain, TRITC (ex/em wavelengths of 557/576
nm). The change in bacteria density inside the biofilm was also visualized using SYTO-9
(ex/em wavelengths of 539/570-620 nm). The in vivo MRS A biofilm of each observation day
(day 0, 4, 6, 8, 10 post-treatment) was treated as described in section 2.7. Biofilms and
bacteria were observed with the FV10i Fluoview confocal microscope. EPS were labeled with

red, bacteria were labeled with green. Images were analyzed in side view.

2.14. ﬁtistical analysis

Statistical analysis was performed using one-way analysis 0& variance (ANOVA)
followed by Tukey’s multiple comparison tests or using unpaired t-test in GraphPad Prism 5.0
(GraphPad Softwa& La Jolla, California). In cases of significant deviations from the t-test,
the nonparametric&ann-Whitney U test was conducted to compare the distributions of two
unpaired groups. A value of P < 0.05 was considered statistically significant. The data are

presented as the mean + SD.

3. Results and discussion
3.1.NP preparat and characterization

The goal of this study was to develop NO-releasing NPs that efficiently disperse
biofilms, eradicate bacteria, and subsequently accelerate proliferation and remodeling of
MRSA biofilm-infected wound tissues. The anti-biofilm/antibacterial and wound healing
activities of NO have been well demonstrated in several studies; however, due to a short-half
life (2-3 sec) and a limited diffusion distance (approximately 150-300 pm) of NO, delivery
of sufficient amount of NO to biofilm-infected wounds remains a difficult task. Thus, in this
study, we prepared PLGA-PEI/NO NPs with a prolonged NO release profile and biofilm-
binding property. Upon binding to the matrix of MRSA biofilm, PLGA-PEI/NO NPs can
continuously supply a sufficient amount of NO to the biofilm-infected wound area, leading to
enhanced anti-biofilm, antibacterial, and wound healing activities.

In this study, nanoparticles (PLGA NPs, PLGA-PEI NPs, and PLGA-PEI/NO S)
were prepared by an oil-in-water emulsification solvent evaporation meth% (Fig. 1). The
physicochemical properties of NPs were characterized as shown in Table 1. The average size

of PLGA NPs, PLGA-PEI NPs, and PLGA-PEI/NO NPs measured by the Zetasizer was 252
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+45 nm, 265 £+ 11 nm, and 240 + 2 nm, respectively. gNano results confirmed that there was
no noticeable difference in particle size. The scanning electron microscopy (EM) image of
prepared NPs revealed a spherical morphology (Fig. 2A). The PDI values of PLGA NPs,
PLGA-PEI NPs, and PLGA-PEI/NO NPs were 0.133, 0.091, and 0.080 respectively. ae
particle size distributions (Fig. 2B) and PDI values revealed a narrow S'ﬁ distribution. The
zeta potential of PLGA NPs was a negative charge (-24.3 mV), whereas PLGA-PEI NPs and
PLGA-PEI/NO NPs were positively charged with values of +34.5 and +34.6 mV, respectively.
The amount of NO loading of PLGA-PEI/NO NPs was 122 + 1 umole/g NPs.

3.2. In vitro NO release

Following the successful preparation of nanoparticles, we investigated whether PLGA-
PEINO NPs can release NO in a wound area for prolonged periods of time. The NO release
study was performed in SWF that mimics in vivo wound conditions. Wound fluid consists of a
variety of components ranging from basic electrolytes to proteins, which can affect the NO
release from PLGA-PEI/NO ]3’5 [45]. As shown in Fig. 2C, the NO release profile exhibited
a biphasic pattern with a fast release in the first 24 h (~85%), followed by a sustained release
of over 4 days. The drug-release mechaniE from PLGA NPs followed the diffusion- and
degradation-controlled release type [46]. The fast NO release in the first 24 h and the
subsequent sustained NO release could be beneficial for disrupting the matrix of MRSA
biofilms and subsequent antibacterial activity. It is worth to note that dispersal of biofilm
requires a higher amount of NO than that for killing planktonic bacteria [47]. Furthermore, the
sustained release of NO can also accelerate proliferation and remodeling of wound tissues [26

48).

t]

3.3. Ex vivo biofilm binding of NPs

The other key property of a NO-releasing system for treating biofilm-infected wounds is
the ability to maintain a high NO concentration in the wound area, which can be achieved by
binding to the biofilm matrix. Again, it should be noted that the site of action of NO needs to
be close to a NO-releasing system because NO has a short diffusion distance (150-300 um)
[32]. Since exopolysaccharides in biofilms are highly anionic due to the presence of uronic
acid (D-glucoronic acid, D-galacturonic and D-mannuronic acid), ketal-linked pyruvate,
carboxyl, phosphate, and sulfate groups [49], we hypothesized that the cationic property of
PLGA-PEI/NO NPs (+34.6 mV, Table 1) facilitates an electrostatic interaction between
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cationic PLGA-PEI/NO NPs and the negatively charged biofilm matrix, thereby increasing
NO availability in the biofilm-infected wound area. As shown in Fig. 3, the adhesion of NPs
to the biofilm matrix was evaluated by confocal microscopy. In Fig. 3A, the red, green and
yellow color represents TRITC-labeled biofilm matrix, coumarin-6-labeled NPs, and NPs
bound to the biofilm matrix, respectively. Only a negl&ble amount of PLGA NPs was found
on the biofilm matrix, whereas an abundant amount of PLGA-PEI NPs and PLGA-PEI/NO
NPs was observed in the biofilm matrix, indicating the strong binding of positively charged
NPs to the biofilm. Fig. 3B illustrates the hypothesis of NP binding to the biofilm matrix. It
showed the repulsion of negatively charged NPs by the biofilm matrix with the same charge.
Conversely, the positively charged NPs bind to the biofilm matrix, demonstrating that cationic
NPs strongly interact with the negatively charged biofilm matrix.
Wi biofil

n vitro anti-biofilm activity

Next ?i: assessed the in vitro anti-biofilm activity of RGA PEI NPs and PLGA-
PEVNO NPs against MRSA biofilm using a crystal violet staining method on the
polyurethane coupons. Crystal violet stains macromolecules including the biofilm matrix
composed of EPS [50]. The in vitro anti-biofilm activities of PLGA-PEI NPs and PLGA-
PEI/NO NPs at different NPs concentrations (2.5, 5 and 10 mg/mL) and incubation times (8,
12, and 24 h) are shown in Fig. 4A and 4B. Purple color represents biofilm attachment to the
polyurethane coupon. Blank NPs (PLGA-PEI NPs) did not cause detectable biofilm dispersal
(Fig. 4A) or a reduction of biofilm b'ﬁnass (Fig. 4B), whereas PLGA-PEI/NO NPs showed
significant biofilm dispersal activity in a concentration- and time-dependent manner. At 2.5
mg/mL, biofilm dispersal was detected at the 12 h and 24 h incubation time. The reduction in
biofilm mass measured at ODssp was 5.5% and 67% at 12 h and 24 h, respectively. The anti-
biofilm activity was associated with PLGA-PEI/NO NPs concentration. At 5 and 10 mg/mL,
the faded purple color was more prominent than concentration of 2.5 mg/mL, particularly at
the 24 h incubation time that showed a coupon color almost similar to the control lacking a
biofilm. The results were linked to the reductions in biofilm mass (Fig. 4B). At 5 mg/mL
PLGA-PEI/NO NPs the biofilm mass reductions were 7.9%, 36%, and 73.1% after 8, 12, and
24 h incubation time, respectively. At 10 mg/mL, the reductions were 39.6%, 61.9%, and 94%
at 8, 12, and 24 h incubation time, respectively. The red dot box on Fig. 4A showed confocal
microscopy images of the planktonic bacteria after biofilm dispersal by 10 mg/mL PLGA-
PEI/NO NPs treatment, demonstrating that PLGA-PEI/NO NPs not only disperse the biofilm
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but kill the planktonic bacteria upon biofilm dispersal. The minimum inhibitory concentration

(MIC) of PLGA-PEI/NO NPs against MRS A is 0.625 mg/mL.

3.5. Formation and characterization of in vivo MRSA biofilm in wound

Prior to the in vive biofilm dispersal and wound healing studies, we first confirmed in
vivo formation of MRSA biofilms on wound beds of diabetic mice because MRSA biofilm on
diabetes-associated wounds has not been established elsewhere to our best knowledge. Fig.
S1A showed that the wound surface was fully covered by the MRSA biofilms. The EPS
matrix and the bacterial colony was found on the wound bed by SEM images (yellow arrow,
Fig. S1B) and by Gram staining images (yellow arrow, Fig. S1C), respectively. As shown in
Fig. S1D, 3D confocal images showed that the EPS matrix (red color) encloses bacterial
micro colonies (green color), further confirming the formation of MRSA biofilms. The cross-
sectional images of selected biofilm area showed the close-up view of the structural
organization of bacteria (green) and EPS (red) during the development of mature biofilm (Fig.

S1E). indicating that mature biofilms on the wound bed were successfully formed.

3.6. Invitro cytotoxiﬁ%y study

We evaluated in vitro cytotoxicity of blank NPs (i.e. PLGA NPs and PLGA-PEI NPs)
and PLGA-PEI/NO NPs on healthy mammalian fibroblast cells ﬁ929). Mammalian
fibroblast cells provide an excellent model due to their significant roles i wound healing and
maintaining the extracellular matrix [51]. As shown in Fig. 5, the blank PLGA NPs, PLGA-
PEI NPs, and PLGA-PEI/NO NPs groups showed cell viability over 80% in the NPs
concentration up to 5 mg/mL, indicating no toxicity to mammalian fibroblast cells (L929). At
a concgatration of 10 mg/mL, NPs exhibited 76.2%, 69,1%, and 664% of cell viability for
blank PLGA NPs, PLGA-PEI NPs, and PLGA-PEI/NO NPs, respectively. Since PLGA is
known as an FDA-approve&)iodegradable and biocompatible polymer, the cytotoxicity of
PLGA NPs might be due to the presence of ﬁhjgh number of particles used in in vitro
cytotoxicity study. The viabilities of fibroblast cells treated with PLGA-PEI NPs and PLGA-
PEIYNO NPs were not much different from those treated with blank PLGA NPs, revealing the
cytoto%ty of the NPs at 10 mg/mL is caused mostly by the high number of particles and NO
per se did not significantly affect the viability of fibroblast cells. It is worth to note that the
circumstance of in vitro cytotoxicity study is quite different from that of in vivo MRSA

biofilm-infected wounds. NPs used in in vitro cytotoxicity study contact directly on
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fibroblasts cells during incubation, whereas under in vive condition, NPs are applied on the
biofilm surface and thus are not likely to physically interact with skin fibroblast cells,
implying that in vitro cytotoxicity caused by a high number of particles can be ignored.
Furthermore, H&E staining results obtained from in vive wound tissues support that there is
no sign of cytotoxicity with PLGA-PEI/NO NPs treatment. PLGA-PEI/NO NPs group did not
show any sign of cytotoxicity such as the presence of foreign body and granuloma [52]. More
importantly, fibroblast cells were fully recovered without noticeable reduction of fibroblast
cells, demonstrating that in vitro cytotoxicity caused by a high number of blank NPs did not
occur under in vive circumstance (supporting information, Fig. S2).

Nevertheless, the toxicity of PLGA-PEI/NO NPs to L929 mammalian fibroblast cells is
minimal as compared to commercially available topical antiseptics and other NO-releasing
systems [33, 53-55]. Povidone iodine and chlorhexidine, both of which are well known
topical antiseptics, substantially decreased cell viability of human fibroblast cells by
approximately 89% and 100%, respectively [54, 55]. Despite the striking cytotoxicity,
however, povidone iodine and chlorhexidine are still clinically available because they can
effectively control infection and promote healing in bacteria-infected wounds [56].
Furthermore, several studies reported that NO-releasing systems are considered acceptable or
tolerable when they are less toxic than those commercial antiseptics [53, 57-59]. Thus, the in
vitro cytotoxicity of PLGA-PEI/NO NPs to L929 mammalian fibroblast cells would not be a

significant drawback to their potential biofilm-infected wound therapy.

37. vaa biofilm dispersal and wound healing activities

The in yjvo biofilm dispersal and wound healing activities of PLGA-PEI/NO NPs were
evaluated in MRSA biofilm-infected wounds in diabetic mice and non-diabetic mice. PLGA-
PEI NPs without NO were used as a control. As shown in Fig. 6A and S3A, PLGA-PEI/NO
NPs treatment dispersed the biofilm followed by accelerated wound healing in diabetic ICR
mice and Balb/c mice, whereas untreated and blank NPs (PLGA-PEI NPs) did not affect the
biofilm or the wound size. In PLGA-PEI/NO NPs treated groups, the in vivo MRSA biofilm
dispersal was observed at day 8 post-injury in both diabc& mice model. Following the
biofilm dispersal (from day 8 post-injury), the wound area of mice skin lesions relative to the
initial 8-mm wound was also significantly reduced (Fig. 6B and S3B). The percentage of
wound closure observed at last day (day 12 post-injury) was 92.2% (P < 0.05) in diabetic ICR
mice and 95.5% (P < 0.05) in Balb/c mice (Fig. 6C and S3C). The occurrence of MRSA
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biofilm infection may aao happen in a non-diabetic condition, thus we also investigated the
potency of our system the treatment of MRSA biofilm-infected wound in non-diabetic
ICR and Balb/c mice. The effects of PLGA-PEI/NO NPs on biofilm dispersal and wound
healing in non-diabetic ICR and Balb/c mice were similar to the observations in diabetic
condition (Fig. S4). The PLGA-PEI/NO NPs group showed nearly complete wound closure
and re-epithelialization by the day 12 post-injury in all wound models. Interestingly, PLGA-
PEINO NPs group showed in vivo biofilm dispersal followed by the fast wound closure from
the day 8 post-injury. In contrast, the untreated and PLGA-PEI NPs group showed neither
biofilm dispersal nor wound healing at all. The delayed wound healing in the untreated and
PLGA-PEI NPs group particularly in diabetic model can be attributed to diabetic condition

which is a well-known cause of chronic wounds [60].

3.8. Histological analyses

We also examined the progress of wound healing by histological examination of H&E
staining and Masson’s trichrome staining, which visualized the skin layer morphology and
collagen deposition respectively. Unlike in the untreated and PLGA-PEI NPs groups, the
PLGA-P&NO NP-treated mice group showed a skin morphology similar to norm&qkin in
diabetic ICR and Balb/c mice model (Fig. 7 and S3D). The microscopic images of H&E and
Masson’s trichrome staining of untreated and PLGA-PEI NPs group showed open wound and
early epithelialization, ulceration, and an abundance of mononuclear inflammatory cells with
deep inflammatory infiltration passila through the dermal layer and a lack of collagen. By
contrast, PLGA-PEI/NO NPs group showed increased numbers of fibroblast-like cells (Fig.
S2) and cgllagen deposition along with decreased numbers of mononuclear inflammatory
cells and healed skin structures close to normal heal% skin. The effect of NO in collagen
formation would be mainly due to the deterrence %collagcn degradation by MRSA in the
infected tissue or the posttranslational escalation of collagen synthesis instead of de novo
transcription of the pertinent collagen genes [26, 61]. The histological results in the non-

diabetic group (Fig. S4D) did not differ from those in the diabetic group.

3.9. Reduction of wound bacterial burden
Finally, bacterial burden in the wound was evaluated by CFU counts to determine
bacteria viability and by Gram staining to detect bacterial colonies in the wounded skin (Fig.

8A and 8B). As shown in Fig. 8A, the PLGA-PEI/NO NPs group have an approximately 2-
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log reduction (~90% killing) in bacterial viability at day 8 post-injury in STZ-induced diabetic
ICR mice and almost no bacteriawad was detected at day 12 post-injury. The untreated and
PLGA-PEI NPs group showed no significant change in bacterial viability; however, the
number of bacteria that colonized the wound increased. In line with the result, the Gram
staining images (Fig. 8B) of the tissue at day 12 showed intradermal infections on untreated
and PLGA-PEI NPs groups as indicated by purple color. However, the PLGA-PEI/NO NPs
group did not show bacterial skin infections, indicating that PLGA-PEI/NO NPs can
completely eradicate the bacteria. In vivo biofilm dispersal was also visualized by a confocal
microscope. As shown in Fig. 8C, the biofilm matrix (EPS stained in red by TRITC)
gradually decreased from day O to day 10. It also showed that there was reduction in the

number of bacteria colonized the inside of the biofilm matrix.

4. Conclusion

In this study, we successfully prepared PEI/NONOates-doped PLGA NPs (PLGA-
PEI/NO NPs), examined their NO release and biofilm-binding ability, and evaluated anti-
biofilm, antibacterial, and wound healing activities in MRSA biofilm-infected wounds in
diabetic mice. PLGA-PEI/NO NPs have a sufficient NO loading along with a prolonged NO
release over 4 days. PLGA-PEI/NO NPs effectively bound to the surface of the MRSA
biofilm matrix, resulting in potent biofilm dispersal. Moreover, PLGA-PEI/NO NPs showed
the complete removal of SA biofilms, the reduced wound bacterial burden, and the
accelerated wound closure in MRSA biofilm-infected wounds in diabetic mice. Therefore, our
novel biofilm-binding, NO-releasing NPs represent a promising NO delivery system for the

treatments of biofilm-infected chronic wounds.
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Figure Captions

Fig. 1. Schematic illustration of preparation of PLGA-PEI/NO NPs.

Fig. 2. Characterization of NPs. (a) SEM images of PLGA-PEI NPs and PLGA-PEI/NO NPs;
bars represent 500 nm. (b) Size distribution of PLGA-PEI NPs and PLGA-PEI/NO NPs by
gNano analysis; insets represent zeta potential measurement by Malvern Zetasizer. (c) In vitro
release profile of PLGA-PEI/NO NPs. All samples were placed in SWF at 37 °c; data are

presented as the mean + SD; n=4.

Fig. 3. Adhesion of NPs to the biofilm matrix. (a) 2D images showed biofilm EPS (red)
stained with tritc and NPs (green) stained with coumarin-6. All samples were incubated for 2

h. (b) Schematic presentation of NP binding to the biofilm matrix.

Fig. 4. In vitro anti-biofilm activity of PLGA-PEI/NO NPs. MRSA biofilms were grown on
coupon for up to 24 h in the presence or absence of PLGA-PEI NPs or PLGA-PEI/NO NPs. (a)
Crystal violet-stained biofilms on coupon; deep blue color indicates biofilm and yellow color
indicates biofilm dispersal. enlarged confocal microscopy images showed live bacteria stained
with SYTO-9 (green color) and dead bacteria stained with PI (red color). (b) Biofilm biomass
determined by crystal violet staining (ODssg). values, mean + sd; replicates, n=6; *P<0.05,

compared to untreated group.

Fig. 5. Viability (%) of L929 mouse fibroblast cells after 24 h exposure to PLGA NPs, PLGA-PEI
NPs, and PLGA-PEI/NO NPs at various concentration (n = 8).

Fig. 6. Biofilm-infected wounds in STZ-induced diabetic ICR mice. (a) Representative
photographs of healing in STZ-induced diabetic ICR mice with MRSA biofilm challenge
treated with or without PLGA-PEVNO NPs. (b) Wound area reduction percentage of mice
skin lesions relative to the initial 8-mm wound. data shown are mean + SD; n=10, different
wounds; *P<0.05, compared with untreated group. (c) Wound closure percentage of mice skin

lesions at last day relative to the initial 8-mm wound.

Fig. 7. Histological analysis (H&E and Masson’s trichrome stain) of MRSA biofilm-infected
wounds in STZ-induced diabetic ICR mice at last day. Scale bar = 50 pm; EP = epidermal;
DE = dermal junction; HD = hypodermis; G = granulation tissue; M = wound matrix. Orange

arrows indicate early epithelialization, red arrows indicate fibroblast cells, and black arrows
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denote mononuclear inflammatory cells. Blue color in trichrome stained images indicates

collagen arranged in parallel to the surface.

Fig. 8. Bacterial burden in the wound. (a) Viability of bacteria in the wound determined using
the CFU method. (b) Gram staining of the skin tissue. Purple color spots marked with arrows
represent MRSA colonies. At day 2, 8, and 12 after biofilm infection, wounds were swabbed
and the bacterial burden was examined. (c) 3D in vivo biofilm dispersal in biopsy samples
collected on day O and on treatment days 4, 6, 8, and 10, analyzed by confocal microscopy

(side view images).
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Fig. 4.
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Table 1. Characterization of NPs

Amount of Size (nm)
PDI Zeta Potential
NPs loaded NO
. (mV)
(pmoles/g NPs) Zetasizer gNano

PLGA NPs N.D 252 £45 246+ 49 0.133 24317
PLGA-PEI NPs N.D 26511 248 £ 46 0.091 +345x1.2
PLGA-PEI/NO NPs 1221 240 £ 2 247 £ 26 0.080 +346=x1.1

Values are expressed as mean = SD of three different batches of particles
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Highlights

® Nitric oxide has been successfully incorporated into the polymeric nanoparticles
(PLGA-PE/NO NPs).

® PLGA-PEI/NO NPs effectively bind to the surface of the biofilm matrix, causing
strong biofilm dispersal in vitro and in vivo.

® PLGA-PEI/NO NPs can effectively treat biofilm-infected wound in diabetic mice
model by clearing the infection and promoting wound healing.

® The novel biofilm-binding, NO-releasing NPs represent a promising technology for

the development of high-efficacy treatments for biofilm-infected chronic wounds.
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