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OR I G I N A L R E S E A R C H
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Purpose: Medium versus low weight (MW vs LW) chitosan-shelled oxygen-loaded nanodroplets (cOLNDs) and oxygen-free
nanodroplets (cOFNDs) were comparatively challenged for biocompatibility on human keratinocytes, for antimicrobial activity against
four common infectious agents of chronic wounds (CWs) – methicillin-resistant Staphylococcus aureus (MRSA), Streptococcus
pyogenes, Candida albicans and C. glabrata – and for their physical interaction with cell walls/membranes.
Methods: cNDs were characterized for morphology and physico-chemical properties by microscopy and dynamic light scattering. In
vitro oxygen release from cOLNDs was measured through an oximeter. ND biocompatibility and ability to promote wound healing in
human normoxic/hypoxic skin cells were challenged by LDH and MTT assays using keratinocytes. ND antimicrobial activity was
investigated by monitoring upon incubation with/without MW or LW cOLNDs/cOFNDs either bacteria or yeast growth over time. The
mechanical interaction between NDs and microorganisms was also assessed by confocal microscopy.
Results: LW cNDs appeared less toxic to keratinocytes than MW cNDs. Based on cell counts, either MW or LW cOLNDs and
cOFNDs displayed long-term antimicrobial efficacy against S. pyogenes, C. albicans, and C. glabrata (up to 24 h), whereas a short-
term cytostatic effects against MRSA (up to 6 h) was revealed. The internalization of all ND formulations by all four microorganisms,
already after 3 h of incubation, was showed, with the only exception to MW cOLNDs/cOFNDs that adhered to MRSA walls without
being internalized even after 24 h.
Conclusion: cNDs exerted bacteriostatic and fungistatic effects, due to the presence of chitosan in the outer shell and independently
of oxygen addition in the inner core. The duration of such effects strictly depends on the characteristics of each microbial species, and
not on the molecular weight of chitosan in ND shells. However, LW chitosan was better tolerated by human keratinocytes than MW.
For these reasons, the use of LW NDs should be recommended in future research to assess cOLND efficacy for the treatment of
infected CWs.
Keywords: chitosan nanodroplets, methicillin-resistant Staphylococcus aureus, Streptococcus pyogenes, Candida spp, chronic
wounds

Introduction
Chronic wounds (CWs) – nonhealing breaks of the skin epithelial continuity longer than 42 days – are usually
characterised by persistent hypoxia, intensified inflammation, and altered balances between matrix metallo-proteinases
(MMPs) and their endogenous inhibitors; moreover, microbial infection frequently complicates CW status.1–4 CWs affect
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a large fraction of the population worldwide – especially the elderly – jeopardising the physical health and the economic
system of industrialised countries. It is estimated that 1% to 2% of the population will experience a CW during their
lifetime.5 For this reason, it is important to find more effective treatments to heal CWs and to prevent serious
complications such as infections, which can lead to amputation, to improve health of patients.6

One of the most important problems to solve, in managing CWs, is the lack of oxygen due to persistent tissue
hypoxia. Oxygen is essential during the healing process, as a consequence, an inappropriate delivery of O2-rich blood to
the wound tissue obstacles the physiological healing course.7 Another important issue to deal with is medical therapy; in
fact, topical oxygen therapy, despite being cheap and associated with low toxicity, is not always able to trespass the skin
stratum corneum and to deliver the proper oxygen amount to fibroblasts, keratinocytes, and inflammatory cells to fully
restore their functions.8–10

The current situation is also worsened by antimicrobial wound management, representing an urgent challenge and
requiring new solutions with respect to antimicrobials applied topically for a long time, attempting to prevent infections by
human pathogens. Therefore, any treatments able to heal a significant percentage of wounds quickly, completely and
persistently, would substantially not only improve the clinical outcomes but also reduce the overall costs.6 Depending on
the etiopathological agent, skin infections differ in severity, from simple pustular lesions of the integument to more spreading
diseases.11 In particular, as emerged from bacterial profiling of CWs, the most commonly isolated bacterial species (spp) are
as follows: Staphylococcus aureus (93.5%), Enterococcus faecalis (71.1%), Pseudomonas aeruginosa (52.2%), coagulase-
negative Staphylococcus spp (45.7%), Proteus spp (43.1%) and anaerobic bacteria (39.1%).12 In this context, it should be
noticed that microbial wound colonization (mainly due to S. aureus, P. aeruginosa and S. pyogenes) was proved responsible
for a further delay in wound recovery, and it is additionally hampered by the development of drug resistance.13–15

Along with bacteria, fungal infections are often involved in worsening and delaying the healing process of CWs too,
being a common cause of morbidity, mortality and cost in critical care population.16–18 Ballard et al reported that fungi
were isolated at least once from 6.3% of burn patients, with positive cultures obtained from the wound itself.17

C. albicans is the main yeast isolated in fungal infections nevertheless, non-albicans Candida species now represent
a substantial portion of isolates identified in hospitals worldwide, with a noticeable clinical relevance to C. glabrata,
C. tropicalis, C. parapsilosis, and C. krusei.19–21

Chitosan is one of the natural polymers which raised a strong interest for researchers due to some exceptional
properties such as biocompatibility, non-toxicity, low-cost and other pharmacological properties, such as antimicrobial,
antitumor, antioxidant, antidiabetic, immunoenhancing.22,23 The latest advances in chitosan-based antimicrobial materials
revealed a potent anti-bacterial and anti-fungal capacity.22–24 These data are in line with those of Rocha Neto et al25 who
reported that a bi-layer film of chitosan and hyaluronic acid allowed a potent anti-E. coli effect. Some researches
highlighted also that artificial hydrogels modified with chitosan exerted antibacterial efficacy against both S. aureus and
E. coli.26,27 Additionally, in the work of Feng et al,28 the hybrid coating of titanium with chitosan and MoS2 exhibited
a high antibacterial efficacy, versus E. coli and S. aureus, respect to pure titanium, and the effect was further enhanced by
using both photodynamic and photothermal irradiation. Of note, the antimicrobial activity of chitosan depends on several
factors related to chitosan (molecular weight, deacetylation degree, concentration), microorganism (species, cell age) and
environmental factors (pH, presence of metal cations, temperature).22,23

In this scenario, nanotechnologies had played an important role, and the development of new nanocarriers filled with
oxygen-solving fluorocarbons and shelled with polysaccharides – displaying antimicrobial properties – has paved the
way for new nanotherapies, mainly nanodroplets (NDs), in CW management able to counteract hypoxia in pathological
tissues.29–32 Structurally, these nanocarriers are characterised by typical outer polysaccharide-based shells and inner
fluorocarbon cores. In a previous work of our research group, it emerged that medium weight (MW) chitosan is the best
candidate polysaccharide, for the outer shell of NDs, due to its anti-inflammatory and antimicrobial properties.33

However, for the inner core, the 2H,3H-decafluoropentane (DFP) has the advantage to bind oxygen not only through
van der Waals forces but also through hydrogen intermolecular bonds.34 Consequently, DFP, in oxygen-loaded (OL)
NDs, binds oxygen molecules more efficiently, allowing slow and gradual oxygen release over time. Additionally, NDs
keep peculiar characteristics including size, surface charge, stability, biocompatibility, and responsiveness to ultrasound
(US), which contribute to deliver oxygen or drugs through cell membranes.31,32,35
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Based on these promising qualities, chitosan-shelled oxygen loaded nanodroplets (cOLNDs) have been presented as
innovative, nonconventional, cost-effective, and nontoxic therapeutic tools to be potentially employed to restore the
physiological invasive phenotype of immune cells in hypoxia-associated inflammation, but also preeclampsia and
cancer.36–38

In a previous research, we demonstrated that, even if MW chitosan had good performance as a shell component in
cOLNDs, it revealed mild biocompatibility with human keratinocytes, whereas low weight (LW) chitosan in cOLNDs
was associated with better physico-chemical characteristics and higher biocompatibility with skin cells.39 Additionally,
LW cOLNDs were proved effective in restoring normoxia-like migratory phenotypes of human keratinocytes in hypoxic
conditions, thereby promoting the activation of wound healing processes. However, no data on the effects of LW
cOLNDs on fungi and bacteria are still available.

For these reasons, in the present work, after preliminary checking of standard physico-chemical characteristics and
biocompatibility with human keratinocytes, MW and LW cOLNDs, as well as oxygen-free nanodroplets (cOFNDs), were
comparatively challenged for their antimicrobial activity against four common infectious agents of CWs: methicillin-
resistant S. aureus (MRSA), S. pyogenes, C. albicans and C. glabrata. Complementary analysis by confocal microscopy
was also performed to study the physical interaction between NDs and cell walls/membranes.

Materials and Methods
Manufacturing of Oxygen-Loaded Nanodroplets and Control Formulations
OLND formulations were produced according to the preparation protocol previously described in detail.39 Briefly, an
ethanol solution (Carlo Erba, Cornaredo, Italy) containing 1% w/v of Epikuron® 200 (Degussa, Hamburg, Germany) and
palmitic acid was mixed with DFP (Fluka, Buchs, Switzerland) under magnetic stirring to produce a pre-emulsion.
A phosphate buffered saline (PBS) solution was then added, and the sample was homogenized for 2 min using an Ultra-
Turrax SG215 homogenizer (IKA, Staufen, Germany). Thereafter, oxygen was supplied to the obtained nanosuspension
for 2 min. Finally, a drop-wise addition of an aqueous solution of MW chitosan (degree of deacetylation 75–85%, 190–
310 KDa, Sigma-Aldrich, Saint Louis, USA) or LW chitosan (degree of deacetylation 75–85%, 50–190 KDa, Sigma-
Aldrich) (2.7% w/v, pH 4.5) was performed under magnetic stirring to obtain the chitosan-shelled NDs. To produce
OFNDs the addition of oxygen was skipped. Similarly, oxygen-saturated solution (OSS) was obtained by saturating
a PBS solution with oxygen. For selected experiments (confocal microscopy studies), fluorescent labelled ND formula-
tions were prepared via conjugation of chitosan with fluorescein isothiocyanate (FITC, Sigma-Aldrich; FITC concentra-
tion: 10% for studies on human cells and 7% for studies on microbial cells).

Nanodroplet in vitro Characterization
The NDs were in vitro characterized from the physico-chemical point of view, as previously described.31,39 The
morphology of NDs was assessed by transmission electron microscopy (TEM) using a Philips CM10 instrument
(Eindhoven, The Netherlands). The samples were dropped onto a Formvar-coated copper grid and air-dried before
observation.

Dynamic light scattering was used to determine the average diameters, polydispersity indexes, and zeta potentials of
NDs, as previously detailed.31,39 The tests were carried out on ND samples diluted in deionized water at a scattering
angle of 90° and at a temperature of 25°C using a 90Plus Particle Size Analyzer (Brookhaven, New York City, NY,
USA). To determine the zeta potential, ND samples were placed in an electrophoretic cell, where an electric field of 15
V/cm was applied. Using the Smoluchowski equation, the electrophoretic mobility was translated to a zeta potential
value.40 Each analysis was performed in triplicate. The osmolarity and viscosity of the NDs were measured at 25°C using
a Knauer osmometer and an Ubbelohde capillary viscosimeter (Schott Gerate, Mainz, Germany), respectively.

The oxygen content of OLNDs was determined by quantifying with a gravimetric method the produced sodium
sulphate after the addition of known amounts of sodium sulphite to the samples.39 Moreover, the oxygen release kinetics
from OLNDs were in vitro evaluated by a dialysis method. A dialysis bag (Spectra/Por cellulose dialysis membrane, cut-
off 12,000–14,000 Da) containing the MW or LW OLNDs was placed in a hypoxic receiving medium (NaCl 0.9% w/v
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solution having an oxygen concentration decreased by an N2 purge to 1 mg/L). The oxygen concentration released from
the OLND samples into the hypoxic receiving phase was measured using Hach Lange LDO oximeter, at fixed times up to
24 h. The oxygen released by an oxygen-saturated solution was also evaluated as control. The oximeter was calibrated in
air before each analysis until stable temperature, and humidity conditions were achieved.

All ND formulations were sterilized through UV-C exposure for 20 min, as previously described in detail.39

Nanodroplet Biocompatibility Assessment by Cytotoxicity and Cell Viability Tests
Human Cells
HaCaTcell line, immortalized from a 62-year-old Caucasian male donor, was used as a source of human keratinocytes, and it
was obtained from the American Type Culture Collection (Manassas, VA, USA). HaCaT cells were grown in a humidified
CO2/air-incubator at 37°C as monolayers in Dulbecco’s Modified Eagle Medium – high glucose (DMEMHG) supplemented
with 10% foetal bovine serum, 100 U/mL penicillin, 100 μg/mL streptomycin and 2 mM L-glutamine.

Determination of Nanodroplets Cytotoxicity on Human Cells by Lactate Dehydrogenase Assay
The possible cytotoxic action of NDs was evaluated as the release of lactate dehydrogenase (LDH) by the cells in the
extracellular environment.

Cells were cultured in 6-well plates (3 × 105 cells/well) in 2 mL/well of integrated cell culture medium, at regular
conditions with 5% CO2 at 37°C overnight to allow cell adhesion. Then, the cells were treated or not with 10% v/v MW
or LW cOLNDs and cOFNDs and exposed to normoxia (20% O2) in a normal CO2 cell culture incubator or hypoxia (1%
O2) in a hypoxia chamber, for different times. Sterile water was placed inside the chamber to maintain moist conditions.
Hypoxic condition was created by filling the chamber with 1% O2, 5% CO2 and balanced N2. The chamber was sealed
and placed in a 37°C cell culture incubator.

Following exposure-times, the medium was harvested and centrifuged at 13,000 g for 30 min at room temperature, while
the cells, after being scrapped and washed with PBS, were resuspended in triethanolamine solution (TRAP) and sonicated.
Five μL of cell lysates and 50 μL of cell supernatants were diluted with TRAP and more with 0.5 mM sodium pyruvate and
0.25 mM reduced form of nicotinamide adenine dinucleotide (NADH). Results were analyzed by measuring the absorbance
at 340 nm (Synergy HT microplate reader), and cytotoxicity was presented as the ratio of extracellular to total (intracellular+
extracellular) LDH activity. LDH activities (intracellular and extracellular) were expressed as μmol of oxidized NADH/min/
well.

Evaluation of Nanodroplet Action on Cell Viability by 3-(4,5-dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide Assay
The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay was used to evaluate cell viability and
was based on the protocol described by Argenziano et al.39 Cells were incubated for 24 h without or with 10% v/v MWor
LW cOLNDs and cOFNDs, and exposed to normoxia (20% O2) in a normal CO2 cell culture incubator or hypoxia (1%
O2) in a hypoxia chamber at 37°C, as above detailed. Results were analyzed with the Synergy HT reader at a test
wavelength of 550 nm and at a reference wavelength of 650 nm. The data were expressed as viability percentages.

Bacteria and Yeasts
Clinical microbial strains were isolated from human ulcerated wounds of patients from Infermi Hospital (Biella, Italy).
These strains are part of the collection of the Bacteriology and Mycology Laboratory, thus no institutional review board
or ethics committee is necessary. MRSA were cultured on Mannitol Salt Agar (MSA; Oxoid SpA, Rodano, Italy),
S. pyogenes on Trypticase Soy Agar (TSA; Oxoid SpA), and Candida spp. on Sabouraud dextrose (SAB agar; Oxoid
SpA) at 37°C.
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Evaluation of Nanodroplet Uptake by Bacteria and Yeasts Through Confocal
Microscopy Analyses
MRSA and S. pyogenes [109 colony forming units (CFUs)/mL] were incubated without or with 10% v/v FITC-labeled
OLNDs or OFNDs for 3 h and 24 h with agitation at 37°C. At each incubation time, bacteria and different formulation
suspensions (50 μL) were transferred on glass slides, dried in air, and subsequently stained with 5 μg/mL PI in a humid
chamber at 37°C for 15 min.

C. albicans and C. glabrata (108 CFUs/mL) were stained with 10 μg/mL PI and incubated without or with 10% v/v
FITC-labeled OLNDs or OFNDs, for 3 h and 24 h with agitation at 37°C. Then, 10 μg/mL propidium iodide (PI) was
added to the mix for 1 h at 37°C and at each incubation time, 100 μL suspensions from yeasts and different formulations
were transferred on glass slides.

For microscopy analysis, bacteria and yeasts were mounted in a mounting medium and covered by cover slips.
Samples were examined using an Olympus IX70 inverted laser scanning confocal microscope, and images were captured
using FluoView 300 software (Olympus Biosystems).

In vitro Determination of Anti-Bacterial and Anti-Fungal Activity of Nanodroplets
MRSA and S. pyogenes (104 CFUs/mL) or C. albicans and C. glabrata (105 CFUs/mL) were, respectively, incubated in
Trypticase Soy Broth (TSB; Oxoid SpA) alone (control) or in SAB broth alone (control) or with 10% v/v OSS, 0.139%
MW or LW chitosan solution, and MW or LW cOFND or cOLND formulations for 4, 6, and 24 h at 37°C. At the
different incubation time, serial dilutions from each sample, in 0.9% NaCl saline solution, were obtained, spread on
suitable agar, and then incubated at 37°C for 24 h, to achieve the number of CFU/mL.

Statistical Analysis
For every investigational study, at least three independent experiments were executed, and each condition was performed
at least in duplicate. Data were expressed as means ± standard errors of the mean (SEM), whereas representative pictures
for imaging results were selected. All data were analyzed for significance by a one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test (GraphPad Software San Diego, USA). A p value <0.05 was deemed significant.

Results
The physico-chemical characteristics of ND formulations either loaded with oxygen or unloaded are reported in Table 1.

The sizes of NDs were in the nanometer range (~300–550 nm as average diameters), with LW cOLND diameters
(~400 nm) being smaller than MW cOLND diameters (~550 nm), and all OLNDs being larger than their oxygen-free
counterpart. These results were supported by TEM analysis, which revealed the ND spherical shape and core-shell
structure (data not shown). All polydispersity indexes were included between 0.19 (MW cOLNDs) and 0.22 (LW
cOLNDs). Zeta potentials ranged from +30.20 mV (MW cOLNDs) to +32.46 mV (LW cOLNDs). Either MW or LW
cOLNDs showed a similar oxygen content (~35 mg/L). The OLND capability to release oxygen in a hypoxic receiving

Table 1 Physico-Chemical Characterization of ND Formulations

Formulation Average Diameter ± SD
(nm)

Polydispersity Index
± SD

Zeta Potential ± SD
(mV)

Osmolarity ± SD
(mOsm)

Viscosity ± SD
(cP)

LW cOFNDs 305.3 ± 18.5 0.20 ± 0.02 31.95 ± 3.05 285 ± 0.4 1.34 ± 0.02

MW cOFNDs 360.8 ± 25.3 0.21 ± 0.01 30.45 ± 2.46 284 ± 0.3 1.39 ± 0.02

LW cOLNDs 420.4 ± 20.7 0.22 ± 0.02 32.46 ± 2.98 282 ± 0.6 1.32 ± 0.01

MW cOLNDs 545.7 ± 32.1 0.19 ± 0.01 30.20 ± 2.86 284 ± 0.5 1.38 ± 0.02

Notes: MW or LW cNDs either loaded with oxygen (cOLNDs) or unloaded (cOFNDs) were in vitro characterized measuring their average diameter, polydispersity index
and zeta potential by dynamic light scattering. Osmolarity and viscosity were determined using an osmometer and an Ubbelohde capillary viscosimeter, respectively. Results
are shown as mean ± SD from ten ND formulations.
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phase was in vitro investigated in comparison with an OSS (Figure 1). The oxygen was released from both the cOLNDs
by passive diffusion with a prolonged release kinetics of up to 24 h. No significant differences in the release profile were
observed between the two types of OLNDs. On the contrary, oxygen from the OSS diffused quickly in the hypoxic phase
but then the oxygen concentration decreased rapidly.

As showed in (Figure 2A), MW cOFNDs significantly (p<0.001) reduced viability of human keratinocytes, either in
normoxic or hypoxic conditions, determining an increase in cytotoxicity percentages with respect to controls. On the
contrary, no cytotoxic effect was exerted by both MW cOLNDs and LW cOFNDs/cOLNDs (Figure 2A). These data were
further confirmed by the MTT results (Figure 2B): a significant (p<0.001 and p<0.05) decrease into HaCaT cells viability
percentages, compared to controls, in the presence of MW cOFNDs, in both oxygen conditions, was obtained.
Additionally, only in hypoxia, also MW cOLNDs and LW cOFNDs/cOLNDs determined a significant (p<0.05) reduction
into viability percentages of human keratinocytes (Figure 2B).

Figure 1 In vitro oxygen release kinetics from cOLNDs and oxygen-saturated solution (OSS). The LW or MW cOLND capability to release oxygen in a hypoxic receiving
phase was evaluated through an oximeter. Results are shown as mean ± SD from three independent experiments.

Figure 2 cND cytotoxicity and effects on human keratinocyte viability, under normoxic and hypoxic conditions. HaCaT cells (3x 105 cells/mL for LDH studies and 1.6×105

cells/mL for MTT studies) were left untreated or treated with MW or LW cOLNDs and cOFNDs for 24 h in normoxia (20% O2, black columns) or hypoxia (1% O2, white
columns). After collection of cell supernatants and lysates, cytotoxicity percentage was measured through LDH assay (A) and cell viability percentage was measured through
MTT assay (B). Results are shown as means ± SEM from three independent experiments. Data were also evaluated for significance by ANOVA. Vs normoxic control cells: a

p<0.001; vs hypoxic control cells: b p<0.05.
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Confocal microscopy on the interaction between MRSA and NDs (Figure 3) showed that, starting from the earlier
observational time-point (3 h) and thereafter (24 h, data not shown), MW cOLNDs and cOFNDs seemed to adhere to
MRSA wall without being internalized (A), whereas LW cOLNDs and cOFNDs appeared to be avidly uptaken and
internalized by the staphylococci (B). Regarding anti-staphylococcal results (Figure 4), at the earliest incubation time-
point (4 h) only LW chitosan-shelled NDs significantly (p<0.001) reduced MRSA growth; then, after 6 h of incubation,
all NDs and free chitosan solutions significantly (p<0.001) inhibited bacterial growth, with LW chitosan-shelled NDs
being more effective than MW chitosan-shelled ones (p<0.0001). In the longer incubation time-point (24 h) no effects
were observed for any chitosan-containing formulations.

Regarding S. pyogenes, as reported in Figure 5A: MW cOLND/OFNDs; B: LW cOLNDs/OFNDs, all NDs appeared
to be avidly uptaken and internalized by streptococci starting from the earlier observational time-point (3 h) and up to 24
h of incubation (data not shown). Results for anti-streptococcal ND activity are shown in Figure 6: all NDs significantly

Figure 3 Confocal microscopy images of MW cND adhesion to MRSA bacterial wall and LW cND internalization by MRSA. MRSA (109 CFUs/mL) were left alone or
incubated with 10% v/v FITC-labeled MW (A) or LW (B) cOLNDs or cOFNDs for 3 h. After staining bacteria with PI, confocal fluorescent images were taken using FITC
and TRITC filters. Data are shown as representative images from three independent experiments. Red: PI. Green: FITC. Magnification: 100X.

Figure 4 Anti-MRSA activity of cNDs and free chitosan. MRSA (104 CFUs/mL) were incubated alone or with OSS (10% v/v), free MWor LW chitosan (0.139% m/v) solution,
MW or LW cOFND suspensions (10% v/v), and MW or LW cOLND suspensions (10% v/v) in sterile conditions at 37°C and their growth was monitored for 4, 6, and 24
h. At each incubation time, the samples were spread on TSA agar medium to determine the CFUs/mL. Results are shown as means ± SEM from three independent
experiments and expressed as Log CFUs/mL. Data were evaluated for significance by ANOVA. Vs controls: a p<0.0001; vs MW cNDs: b p<0.001.
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(p<0.001) inhibited S. pyogenes growth up to 24 h of incubation, with no significant differences being observed between
MW and LW chitosan-shelled NDs. Both MW and LW free chitosan solutions significantly (p<0.001) reduced bacterial
growth after 6 h of incubation (Figure 6).

The physical interaction between NDs and C. albicans or C. glabrata is reported in Figure 7 and in Figure 8,
respectively. In detail, all NDs appeared to be avidly uptaken and internalized by both yeasts already at the earlier
observational time-point (3 h) and at the later time-point (24 h) of incubation too (data not shown). Moreover, as shown
in Figure 9, all NDs and free chitosan solutions significantly (p<0.0001) inhibited C. albicans growth up to 24 h of
incubation. No significant differences between MW and LW chitosan solutions and NDs were observed up to 3 h of
incubation, whereas after 6 h and even more after 24 h, the inhibitory effects of LW chitosan solution and cOLNDs/

Figure 5 Confocal microscopy images of both MW and LW cND internalization by S. pyogenes. S. pyogenes (109 CFUs/mL) were left alone or incubated with 10% v/v FITC-
labeled MW (A) or LW (B) cOFNDs or cOLNDs for 3 h. After staining bacteria with PI, confocal fluorescent images were taken using FITC and TRITC filters. Data are
shown as representative images from three independent experiments. Red: PI. Green: FITC. Magnification: 100X.

Figure 6 Anti-S. pyogenes activity of cNDs and free chitosan on S. pyogenes. S. pyogenes (104 CFUs/mL) were incubated alone or with OSS (10% v/v), free MW or LW
chitosan (0.139% m/v) solution, MW or LW cOFND suspensions (10% v/v), and MW or LW cOLND suspensions (10% v/v) in sterile conditions at 37°C and their growth
was monitored for 4, 6, and 24 h. At each incubation time, the samples were spread on TSA agar medium to determine the CFUs/mL. Results are shown as means ± SEM
from three independent experiments and expressed as Log CFUs/mL. Data were evaluated for significance by ANOVA. vs controls: a p<0.0001; b p<0.001.
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cOFNDs on fungal growth appeared significantly (p<0.0001) stronger than those induced by MW chitosan solution and
cOLNDs/cOFNDs. Similarly, all NDs and free chitosan solutions significantly (p<0.0001) inhibited C. glabrata growth
by up to 24 h of incubation (Figure 10), but no significant differences between MW and LW chitosan solutions and NDs
were observed against C. glabrata at any times.

Free oxygen solution did not affect either bacteria or yeast growth at any times.

Figure 7 Confocal microscopy images of both MW and LW cND internalization by C. albicans. C. albicans (108 CFUs/mL) were left alone or incubated with 10% v/v FITC-
labeled MW (A) or LW (B) cOFNDs or cOLNDs for 3 h. After staining yeasts with PI, confocal fluorescent images were taken using FITC and TRITC filters. Data are shown
as representative images from three independent experiments. Red: PI. Green: FITC. Magnification: 100X.

Figure 8 Confocal microscopy images of both MW and LW cND internalization by C. glabrata. C. glabrata (108 CFUs/mL) were left alone or incubated with 10% v/v FITC-
labeled MW (A) or LW (B) cOFNDs or cOLNDs for 3 h. After staining yeasts with PI, confocal fluorescent images were taken using FITC and TRITC filters. Data are shown
as representative images from three independent experiments. Red: PI. Green: FITC. Magnification: 100X.
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Discussion
The present work aimed at comparatively challenging MW and LW cOLNDs or cOFNDs for their antimicrobial
properties against four CW common infectious agents: MRSA, S. pyogenes, C. albicans, and C. glabrata.

It is worth noting that chitosan, a biocompatible biopolymer, showed a wide spectrum of antimicrobial activity against
Gram-positive and Gram-negative bacteria as such. Here, we investigated the activity as a component of NDs.

NDs, prepared as liquid formulations suitable for in vitro studies, are characterised by a typical core-shell structure,
with DFP in the inner core and chitosan as shell component. In particular, two alternative chitosan species (MW or LW
chitosan) have been considered.29–31,39 The choice of the perfluorocarbon as the core component is crucial, as it can
influence the oxygen encapsulation and effectiveness of the NDs, being able to dissolve oxygen. Since DFP carbon
backbone bound ten fluorine and two hydrogen atoms, it can establish hydrogen bonds between hydrogen and oxygen

Figure 9 Anti-C. albicans activity of cNDs and free chitosan. C. albicans (105 CFUs/mL) were incubated alone or with OSS (10% v/v), free MWor LW chitosan (0.139% m/v)
solution, MW or LW cOFND suspensions (10% v/v), and MW or LW cOLND suspensions (10% v/v) in sterile conditions at 37°C and their growth was monitored for 4, 6,
and 24 h. At each incubation time, the samples were spread on SAB agar medium to determine the CFUs/mL. Results are shown as means ± SEM from three independent
experiments and expressed as Log CFUs/mL. Data were evaluated for significance by ANOVA. Vs controls: ap<0.0001; vs MW cNDs: bp<0.001; Vs controls: cp<0.05.

Figure 10 Anti-C. glabrata activity of cNDs and free chitosan. C. glabrata (105 CFUs/mL) were incubated alone or with OSS (10% v/v), free MWor LW chitosan (0.139% m/
v) solution, MWor LW cOFND suspensions (10% v/v), and MWor LW cOLND suspensions (10% v/v) in sterile conditions at 37°C and their growth was monitored for 4, 6,
and 24 h. At each incubation time, the samples were spread on SAB agar medium to determine the CFUs/mL. Results are shown as means ± SEM from three independent
experiments and expressed as Log CFUs/mL. Data were evaluated for significance by ANOVA. Vs controls: ap<0.0001.
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atoms. Thus, DFP is able to easily store oxygen, greatly improving its delivery into hypoxic environments.41 Based on
these premises, oxygen releasing kinetics can play a key role in the effectiveness of NDs on cell cultures.42

The suitability of NDs for specific applications is related to their size, composition and charge. In first-generation
NDs, MW chitosan was firstly investigated as a candidate polysaccharide for the composition of the outer shell,43 due to
its biocompatibility and antimicrobial properties.33 MW cOLNDs displayed dimensions in a nanosized range (~700 nm).
On the contrary, their oxygen-free counterparts showed smaller diameters (~400 nm). Such a difference in size between
oxygen-loaded and oxygen-free formulations is a direct consequence of oxygen encapsulation in NDs. A similar
behaviour was previously observed for dextran-shelled oxygen loaded NDs.24,25

Positive charge values of about +40 mV for both NDs confirm the presence of chitosan on the ND shell surfaces and
suggest the physical stability of the nanosystems. Interestingly, cationic nanocarriers are suitable for topical treatments as
their positive charges interact strongly with the anionic surface of the skin. In an interesting study by Wu et al,44 cationic
fluorophore PMI-conjugated PS-NH3

+ (amino-functionalised polystyrene latex nanoparticles) displayed brighter fluores-
cence at the skin surface than anionic PMI-conjugated PS-CO2-(carboxyl-functionalised polystyrene nanoparticles).

Alongside the use of MW chitosan, here we developed LW chitosan shelled NDs taking into account the highest
biocompatibility evidenced previously. Indeed, in a recent work, alternative chitosan species and derivatives were
considered for shell manufacturing of second-generation NDs to improve biocompatibility with skin cells.39 According
to the results from the study, methylglycol-chitosan OLNDs were strongly reduced by 50% human keratinocyte viability
and thus were excluded from the subsequent studies. Both LW and glycol chitosan-shelled OLNDs displayed cationic
surfaces and ≤500 nm average diameters, with LW chitosan-shelled OLNDs being the smallest ones with the higher
stability. Based on these data, LW chitosan emerged as the best candidate molecule to be compared to MW chitosan for
ND manufacturing.

Notably, the biocompatibility with human cells represents a crucial issue, since the potential use in vivo of oxygen
nanocarriers is related to their toxicity to eukaryotic cells. Interestingly, LW chitosan (especially chitosan with molecular
weight <10,000 Da) has been reported to be associated with lower toxicity and higher water solubility compared to
chitosan molecules characterised by higher molecular weight.45 Moreover, chitosan antimicrobial activity related to
nanocarriers has been reported to depend on the molecular weight and degree of deacetylation of the chitosan employed
during formulation manufacturing.46 These findings might also be exploited in the future to develop antimicrobial-loaded
LW chitosan NDs as an adjuvant treatment for infected CW management.

All LW cOLNDs showed spherical shape, core-shell structure, and average diameters of ~400 nm. Such sizes are
larger than those of their oxygen-free counterparts due to oxygen encapsulation, but almost half of those previously
measured in first-generation MW cOLNDs.

The physico-chemical characteristics of nanocarriers are an important parameter as they can affect the nanoparticle
interactions with cells. Moreover, during preclinical studies, their properties might influence the interactions with human
skin and the rate and extent with which nanocarriers could be able to release the associated active molecules into the
stratum corneum. After manufacturing and physico-chemical characterisation, MW cOLNDs and LW cOLNDs were
challenged for their biocompatibility with human skin cells and for their antimicrobial properties against selected bacteria
and yeasts. Indeed, the main goal was to reach the lowest cytotoxicity of human cells and the highest killing activity
against pathogens. Another benefit of these NDs is the possibility to deliver oxygen to counteract hypoxia generally
present in the wound environment. In our previous studies, increasing concentrations of nanocarrier suspensions were
tested on human keratinocytes, with 10% v/v emerging as the most effective and less toxic concentration to be used in the
subsequent experiments.31,47

MW and LW cOLNDs were firstly checked for biocompatibility. HaCaT cell line was chosen as a source of human
keratinocytes, most represented cells (>90%) in the skin epithelium. Keratinocytes protect against pathogens, making
them crucial during all wound healing stages.2 Interestingly, the production of keratinocytic MMPs, playing crucial roles
during the remodelling phase of wound healing, was demonstrated to be altered by hypoxia and dependent on the donor’s
age.48 Thus, cell type and source appear to be critical in our context, since hypoxia-associated dermal pathologies are
more common during the elderly.
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As expected, hypoxia affected human keratinocyte viability.31,33 MW cOLNDs did not affect the viability of human
keratinocytes either in normoxia or in hypoxia, in contrast with MW cOFNDs, which were mildly toxic. On the other hand,
the presence of LW chitosan in the shell of NDs (either loaded or unloaded with oxygen) led to enhanced viability of human
keratinocytes (Figure 2), confirming the dependence of chitosan molecular weight on biocompatibility with HaCaT cells.49

NDs were also able to interact with microbial cells. As observed through confocal microscopy, MW cOLNDs were
shown to physically interact with MRSA and C. albicans, although in a different manner (Figures 3 and 7). Indeed, NDs
just adhered to MRSA cell walls, whereas they were avidly uptaken only by yeasts. Bacteria present a cell wall of
peptidoglycans containing multiple glycine residues and lipoteichoic acids.50 Although the exact molecular mechanisms
have not yet been elucidated, positively charged chitosan residues (protonated amine groups) may bind to the negatively
charged bacterial surface (lipoteichoic acid in Gram-positive bacteria), leading to altered membrane permeability.51 On
the other hand, Candida cell wall is thinner compared to that of bacteria and differs in composition due to the presence of
mainly mannoproteins and β-glucans.52 In particular, Gram-positive bacteria differ greatly from yeasts in their surface
structure, and this difference can justify different interactions between nanocarriers and microbes.

These analyses were expanded to other microorganisms by using chitosan NDs only, based on their formerly mentioned
advantages in terms of biocompatibility with human cells. As for C. albicans, MW cOLNDs were also internalised by
C. glabrata (Figure 8). However, MW cOLNDs were also avidly uptaken by S. pyogenes (Figure 5), in contrast to MRSA.
Notably, MRSA is characterised by a complex cell wall,53 whereas S. pyogenes are covered by capsules with anti-phagocytic
properties.54 Therefore, both membranes are different in molecular composition, thus possibly justifying different interactions
between chitosan nanocarriers and bacteria. However, the molecular mechanisms responsible for MW cOLND internalisation
by S. pyogenes are yet to be elucidated. LW chitosan-shelled NDs were internalised by all four microorganisms (MRSA,
S. pyogenes, C. albicans, and C. glabrata): based on these data, adhesion and internalisation were hypothesised to be
associated with short-term and long-term antimicrobial effects, respectively. This hypothesis is generally confirmed by the
results obtained from microbiological assays, with one exception. Indeed, whenever NDs did adhere to MRSA cell wall, their
antibacterial effects lasted up to 6 hours only (Figure 4). On the contrary, all tested oxygen nanocarriers displayed long-lasting
(up to 24 hours) antimicrobial effects against S. pyogenes, C. albicans, and C. glabrata upon cell internalisation (Figures 6, 9
and 10). The only exception to this pattern is represented by LW cOLND-treated MRSA: in this case, the antibacterial effects
of NDs lasted for 6 hours only, despite their internalisation by bacteria. The dependence of the antimicrobial properties of NDs
on the presence of chitosan in their shells appears likely, as confirmed by data obtained with the free chitosan solution alone,
which are similar. Finally, the oxygen presence (OLNDs) or absence (OFNDs) within the core of all the formulations did not
interfere with their antimicrobial effects against both bacteria and fungi.

The mechanisms of interaction between NDs and microorganisms can also result in leakage of intracellular constituents
causing death of bacteria and yeasts. In the literature on bacteria, experimental data obtained by Helander et al provided evidence
that chitosan disrupts the barrier properties of the outer membrane of Gram-negative bacteria under specific conditions.55

Although the strongest antimicrobial activity of chitosanwas observed at acidic pH, antimicrobial effects of nanocarrier at neutral
pH have been reported, according to data by Jeon et al, showing that chitosan microparticles still had significant unexpected
antimicrobial activity at pH 7.56 In this context, Regiel-Futyra et al described the effects of gold chitosan-based nanocomposites
on S. aureus and P. aeruginosa, observing significant and progressive damage to the cell wall.57 The authors underlined the
importance of direct contact between materials and bacteria to achieve at least bacteriostatic effects. Furthermore, they stressed
that the issue of chitosan molecular weight might influence its different sites of interaction with bacterial cells. MW chitosan
exerts bacteriostatic effects, which depend on the analysed bacterial strain, due to the interactions of NDs with bacterial cell wall,
according to the fact that the medium molecular weight of the polymer seems to enable only surface interactions.58

As far as it concerns chitosan fungistatic activity, the uptake of chitosan NDs by yeasts may also cause cell wall
permeabilisation resulting from binding of chitosan NDs to the surface of Candida. According to Peña et al, yeast
permeabilisation might, in turn, cause the inhibition of main metabolic pathways, depriving cells of their energy
sources.59 Specific binding of nanocarriers to yeasts might promote K+ efflux, extracellular acidification, inhibition of
Rb+ uptake, increased transmembrane potential difference, and increased uptake of Ca2+, thus causing the inhibition of
some metabolic pathways, such as respiration and fermentation.59 These modifications regarding ion homeostasis and
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metabolism may also be likely to occur with our formulations. Nevertheless, specific antifungal molecular mechanisms
triggered by NDs are yet to be investigated.

Conclusion
According to the results obtained from the present study, both MW and LW cOLNDs and cOFNDs exerted long-term
fungistatic activity against C. albicans and C. glabrata, long-term bacteriostatic activity against S. pyogenes, and short-
term bacteriostatic activity against MRSA. All NDs were internalized by all bacteria and fungi, with the exception of
MW cNDs, which only adhered to MRSA cell wall. On the other hand, LW cNDs displayed more advantageous physico-
chemical characteristics and higher biocompatibility with human skin cells than MW cNDs. LW chitosan appeared as the
best candidate for ND manufacturing: future research aimed at testing LW cND potential role for the controlled release of
antimicrobial agents for reaching long-term efficacy, to treat CWs will be carried out.
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