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oxygen to cutaneous hypoxic tissues effectively and safely in vitro and in vivo.  
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Ultrasound (US)-activated perfluoropentane-cored oxygen-loaded nanobubbles (OLNBs) were recently 
proposed as adjuvant therapeutic tools for pathologies of different etiology sharing hypoxia as a common 
feature (e.g. diabetes-associated chronic wounds, anaerobic infections, cancer). Here we introduce a new 10 

platform of oxygen nanocarriers, constituted of 2H,3H-decafluoropentane (DFP) as core fluorocarbon and 
chitosan as shell polysaccharyde, and available either in liquid or gel formulations. Such oxygen-loaded 
nanodroplets (OLNDs) display spherical morphology, ∼700 nm diameters, cationic surfaces, good oxygen 
carrying capacity (without singlet oxygen generation after sterilization by ultraviolet-C rays), and no toxic 
effects on human keratinocytes. In vitro, OLNDs result more effective in releasing oxygen to hypoxic 15 

environments than former OLNBs, either with or without complementary US administration (f = 1 MHz; 
P = 5 W). In vivo, sonication of topically applied OLNDs appears essential to allow significant and time-
sustained oxygen release. Taken together, the present data suggest that US-activated chitosan-
shelled/DFP-cored OLNDs might be an innovative, suitable and cost-effective device to treat several 
hypoxia-associated pathologies of the cutaneous tissues.  20 

1. Introduction 

Tissue hypoxia, defined as reduced oxygen delivery compared to 
tissue demand, is a common feature of several ageing-associated 
skin pathologies of different etiology, including diabetes, 
infection, and cancer.1-3 Human skin is a remarkably plastic organ 25 

able to sustain environmental and traumatic insult and injury 
throughout life. Its ability to quickly and effectively repair 
wounds is crucial for survival and is regulated by a complex 
interplay among several wound components such as 
differentiated cells, stem cells, cytokine networks, extracellular 30 

matrix, and mechanical forces.4 However, when a pro-
inflammatory milieu associated with hypoxia, increased 
proteases, and bacterial burden develops around the wound, it 
fails some or all the stages which lead to healing, thus becoming 
chronic.5-6 Pressure ulcers, burns, diabetes-associated 35 

vasculopathies, and methicillin-resistant Staphylococcus aureus-
infected wounds are some typical examples of chronic wounds, 
and all of them share hypoxia as a main clinical feature.1, 7-9  
Based on a deeper scientific understanding of oxygen physiology, 
and following the outcomes of randomized, prospective clinical 40 

investigations, it has been assumed that oxygen therapy in wound 
management is now mandatory.10 Current techniques for 
hyperoxygenation of wounds are hyperbaric oxygen therapy 
(HBOT) or topical oxygen therapy (TOT).5,10 Unfortunately, both 
HBOT and TOT approaches have several contra: on the one 45 

hand, HBOT is expensive, uncomfortable and even dangerous 

due to fire accident risks; on the other hand, TOT inadequately 
delivers oxygen deep into the skin to fibroblasts, keratinocytes, 
and inflammatory cells which need it to restore their function.5, 10  
Therefore, in the recent years intensive research has been 50 

performed to develop new oxygen carriers, including hemoglobin 
(Hb)-based carriers (dispensed as cell-free suspensions, 
encapsulated within vehicles, or complexed with protective 
enzymes).11-12 and perfluorocarbon-containing formulations 
(emulsions and polysaccharide-shelled micro/nanobubble 55 

suspensions).13-16 

In general, perfluorocarbons are  sparingly soluble molecules 
needed for stabilizing air bubbles in the circulation; they are 
extremely stable, biologically inert, and can be manufactured at 
very high purity.17 When injected into the bloodstream, they are 60 

excreted intact (that is, non-metabolized) in the expired air. The 
pulmonary elimination half-life of the F-alkanes used in 
ultrasound (US) contrast products is of the order of minutes.17 
Extensive toxicity and absorption, distribution, and excretion data 
exist on neat and emulsified perfluorocarbons as a result of 65 

intensive research and development efforts on the use of 
perfluorocarbons in blood substitutes, liquid ventilation, and drug 
delivery.17 Moreover, perfluorocarbon emulsions have been 
shown to be toxic to cancer cells but not to healthy cells such as 
erythrocytes.18  

70 

Depending on their physico-chemical characteristics, 
perfluorocarbons vaporize at different boling temperatures, thus 
generating bubbles. According to the Laplace law for spherical 
surfaces, being the difference between the outer and the inner gas 
pressure in bubbles inversely proportional to their radius, the 75 
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smaller the bubble radius, the higher the differential gas pressure, 
and the faster the gas diffusion.19  

This principle has led to the development of new oxygen-loaded 
microbubbles (OLMBs)14, 20 as well as oxygen-loaded 
nanobubbles (OLNBs)15-16 to counteract hypoxia in pathological 5 

tissues. Perfluorocarbon-based OLMBs have been reported to 
deliver clinically relevant oxygen amounts in dosages 
significantly lower than those used for perfluorocarbon-based 
emulsions.20 OLMBs shelled with chitosan and cored with 
perfluoropentane (PFP) were described as an efficient, 10 

biocompatible and stable oxygen delivery system in vitro.14 
Recently, bubble formulations were optimized to reach the 
nanometer size range leading to the development of new PFP-
cored OLNBs, shelled with distinct polysaccharides including 
chitosan and dextran.15-16 These OLNBs were shown to be 15 

uptaken either by African green monkey fibroblastoid kidney 
cells (Vero) or human choriocarcinoma cells (JEG-3) and to 
effectively inhibit HIF-1α pathway, the most common hypoxia-
dependent cell signaling route. Interestingly, chitosan-shelled 
nanobubbles were shown capable to carry on molecules other 20 

than gaseous oxygen, such as DNA21, suggesting intriguing 
exploitation in gene therapy.22  
In addition, the interplay between the micro/nanobubbles and US 
has been investigated deeply. Injectable microbubbles (with sizes 
between 4-8 micrometer) are currently used as US contrast agents 25 

in clinical practice with licensure by health authorities.17 
Furthermore, nanobubble-based contrast agents, which are small 
enough to leave blood vessels, have been patented to assess 
structures in the extravascular space and therefore image targets 
inaccessible to microbubbles.23 Moreover, since microbubbles 30 

greatly improve US echo signal24, and both gas delivery and 
acoustic attenuation of microbubbles are enhanced by heat, 
OLMBs with proper dimensions and characteristics are also 
suitable for future applications in hyperthermic therapies.25  

Interestingly, US - which is able to temporarily increase the  skin 35 

permeability - can be conveniently added to enhance the delivery 
of such medications to, or through, the skin in a non-invasive 
manner commonly known as sonophoresis.16, 26-28 The actual 
mechanism is intriguing. At first, US can induce bubble 
formation after acoustic droplet vaporization.29 Thereafter, bubble 40 

oscillations might lead to a stronger release mechanism due to 
cavitation.30 Finally, US might elicit sonoporation, temporarily 
enhancing skin leakage thus favoring transdermal drug release.28, 

31 Among the most recent applications, interesting integration of 
an injectable insulin-encapsulated nano-network with a focused 45 

US system has been reported to remotely regulate in vitro and in 
vivo insulin release in a diabetic murine model.32 

In the present work, we propose an innovative platform of new 
oxygen nanocarriers to treat dermal and sub-cutaneous tissues. 
Oxygen-loaded nanodroplets (OLNDs), based on 2H,3H-50 

decafluoropentane (DFP) as effective oxygen-storing core 
fluorocarbon and on chitosan as polysaccharidic shell component, 
were developed in liquid and gel formulations, with the latter 
being more suitable for topical administration. OLNDs were 
characterized for morphology, size, surface charge, stability, 55 

biocompatibility, oxygen content and absence of oxygen-derived 
species (ozone and singlet oxygen) possibly induced after UV-C 
sterilization. Furthermore, their effectiveness in oxygen release 
was assessed either in vitro or in vivo, and the role of US in 
eliciting such delivery throughout skin tissues was investigated. 60 

 

2. Material and methods 

2.1 Materials 
Unless otherwise stated, all materials were from Sigma-Aldrich 
(St Louis, MO). Ethanol (96%) was obtained from Carlo Erba 65 

(Milan, Italy); Epikuron 200® (soya phosphatidylcholine 95%) 
was kindly gifted by Degussa (Hamburg, Germany); palmitic 
acid, DFP, PFP, chitosan (medium MW), and 
polyvinylpyrrolidone (PVP) were from Fluka (Buchs, CH); 
ultrapure water was obtained using a 1-800 Millipore system 70 

(Molsheim, France); Ultra-Turrax SG215 homogenizer was from 
IKA (Staufen, Germany); Delsa Nano C analyzer was from 
Beckman Coulter (Brea, CA); Philips CM10 instrument was from 
Philips (Eindoven, The Netherlands); XDS-3FL microscope was 
from Optika (Ponteranica, Italy); Miniscope 100 EPR 75 

spectrometer was from Magnettech (Berlin, Germany); Aeroxide 
P25 was from Evonik (Essen, Germany); cell culture RPMI 1640 
medium was from Invitrogen, (Carlsbad, CA); cell culture 
Panserin 601 medium was from PAN Biotech (Aidenbach, 
Germany); LDO oxymeter, LCK310 ozone cuvette test kit, and 80 

DR5000 UV/Vis spectrophotometer were from Hach Lange 
(Salford, UK); Synergy HT microplate reader was from Bio-Tek 
Instruments (Winooski, VT) Zoletil 100 was from Virbac (Carros 
Cedex, France); Rompun was from Bayer (Leverkusen, 
Germany); Vevo® LAZR system for photoacoustic imaging was 85 

from Fujifilm Visualsonics (Amsterdam, The Netherlands); 
TINA TCM30 oxymeter was from Radiometer (Copenhagen, 
Denmark).  BALB/c mice were bred under specific pathogen-free 
conditions by Fujifilm Visualsonics (Amsterdam, The 
Netherlands) or at the Molecular Biotechnology Center (Torino, 90 

Italy). 

2.2 Preparation of oxygen carrier and control formulations  

Preparation of liquid and gel formulations 
To obtain a liquid formulation of OLNDs (preparation A, Table 
1), 1.5 ml DFP along with 0.5 ml PVP and 1.8 ml Epikuron® 200 95 

solved in 1% w/v ethanol and 0.3 % w/v palmitic acid solution 
were homogenized in 30 ml water for 2 min at 24000 rpm by 
using Ultra-Turrax SG215 homogenizer. Thereafter, the solution 
was saturated with O2 for 2 min. Finally, 1.5 ml chitosan 
(medium MW) solution was added drop-wise whilst the mixture 100 

was homogenized at 13000 rpm for 2 min. For a liquid 
formulation of OLNBs the protocol developed by Cavalli and 
colleagues16 was applied by using PFP as a core fluorocarbon. 
Oxygen-free nanodroplets (OFNDs) and nanobubbles (OFNBs) 
were prepared according to OLND/OLNB protocols without 105 

adding O2. For oxygen-saturated solution (OSS), OLND 
preparation protocol was applied omitting the addiction of 
chitosan and DFP. To obtain gel formulations (preparations B, 
Table 1), 0.8 mg hydroxyethylcellulose (HEC) were solved in 20 
ml water, and subsequently mixed 1:1 with OLND, OFND, 110 

OLNB, OFNB, or OSS water formulations. For more details on 
the structure and composition nanodroplets and nanobubbles, see 
Figure 1 and Table 1. 
 

Sterilization 115 

OLNDs, OFNDs, OLNBs, OFNBs, and OSS were sterilized 
through UV-C exposure for 20 min. Thereafter, UV-C-treated 
materials were incubated with cell culture RPMI 1640 medium in 
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a humidified CO2/air-incubator at 37°C up to 72 h. No signs of 
microbial contamination were found when the samples were 
checked by optical microscopy.  
 

2.3 Characterization of nanodroplet and nanobubble 5 

formulations 

Morphology, size, particle size distribution and zeta potential 
The morphology of nanodroplet and nanobubble formulations 
was assessed  by transmitting electron microscopy (TEM) 
(Philips CM10) and by optical microscopy (XDS-3FL). 10 

Nanodroplet and nanobubble formulations were dropped onto a 
Formwar-coated copper grid and air-dried before observation. 
Average diameters, polydispersity indexes, and zeta potentials of 
nanodroplets and nanobubbles were determined by dynamic light 
scattering using Delsa Nano C instrument, which portrays the 15 

particle size distribution of samples in the diameter range 0.6 nm 
- 7µm. Each reported value is the average of 10 independent 
measurements of 3 different formulations. The polydispersity 
index assesses the size distribution within a nanodroplet or 
nanobubble population. For the zeta potential determination, 20 

formulation samples were placed into an electrophoretic cell, 
where an electric field of approximately 30 V/cm was applied. 
The electrophoretic mobility was converted into zeta potential 
using the Smoluchowski equation.33 Each sample was analyzed  
in triplicate. 25 

Oxygen content 
Oxygen content of OLNDs, OLNBs and OSS was estimated by 
adding known amounts of sodium sulphite and measuring the 
generated sodium sulphate, according to the reaction 1: 
    Na2SO3 + ½ O2 → Na2SO4                (1) 30 

Stability 
The stability of formulations stored at 4°C, 25°C or 37°C was 
evaluated over time up to 6 months by assessing morphology, 
sizes and zeta potential of nanodroplets and nanobubbles by 
optical microscopy and light scattering. 35 

2.4 Biocompatibility assessment 

Human keratinocyte cell cultures 
A long-term cell line of human keratinocytes immortalized from 
a 62-year old Caucasian male donor (HaCaT)34 was used to 
assess OLND biocompatibility. Cells were grown as monolayers 40 

in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% foetal bovine serum (FBS), 100 U/ml penicillin, 100 
µg/ml streptomycin (PEN-STREP) and 2 mM L-glutamine in a 
humidified CO2/air-incubator at 37°C. Before starting the 
experiments, cells were plated at a standard concentration (106 45 

cells / 2 ml). 

OLND cytotoxicity 
The potential cytotoxic effects of OLNDs were estimated by 
measuring the release of lactate dehydrogenase (LDH) from 
HaCaT cells into the extracellular medium. Briefly, cells were 50 

incubated in 10% FBS DMEM medium for 24 h in the absence 
and in the presence of increasing doses (100-400 µl) of OLNDs, 
either in normoxic (20% O2) or hypoxic (1% O2) conditions, in a 
humidified CO2/air-incubator at 37°C. Alternatively, 0,5% Triton 
X-100 was added to cells as an effective cytotoxic agent (positive 55 

control). Then, 1 ml of cell supernatants was collected and 

centrifuged at 13000g for 2 min. Cells were washed with fresh 
medium, detached with trypsin/ EDTA (0.05/0.02% v/v), washed 
with PBS, resuspended in 1 ml of TRAP (82.3 mM 
triethanolamine, pH 7.6), and sonicated on ice with a 10 s burst. 5 60 

µl of cell lysates and 50 µl of cell supernatants were diluted with 
TRAP and supplemented with 0.5 mM sodium pyruvate and 0.25 
mM NADH (300 µL as a final volume) to start the reaction, 
which was monitored by measuring the absorbance of the sample 
at 340 nm (37 °C) with Synergy HT microplate reader. Both the 65 

intracellular and extracellular enzyme activities were expressed as 
µmol of oxidized NADH/min/well. Finally, cytotoxicity was 
calculated as the ratio between extracellular and total 
(intracellular + extracellular) LDH activities. 

Human keratinocyte cell viability 70 

Cell viability was evaluated using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. HaCaT cells were 
incubated in 10% FBS DMEM medium for 24 h without/with 
increasing doses (100-400 µl) of OLNDs, either in normoxic 
(20% O2) or hypoxic (1% O2) conditions, in a humidified 75 

CO2/air-incubator at 37°C. Alternatively, 0,5% Triton X-100 was 
added to cells as an effective inhibitor of cell viability (positive 
control). Thereafter, 20 µL of 5 mg/mL MTT in PBS were added 
to cells for 3 additional hours at 37 °C. The plates were then 
centrifuged, the supernatants discarded and the dark blue 80 

formazan crystals dissolved using 100 µL of lysis buffer 
containing 20% (w/v) sodium dodecyl sulfate (SDS), 40% N,N-
dimethylformamide (pH 4.7 in 80% acetic acid). The plates were 
then read on Synergy HT microplate reader at a test wavelength 
of 550 nm and at a reference wavelength of 650 nm. 85 

2.5 In vitro determination of oxygen release from OLNDs 

Oxygen release with US and trespassing of skin membranes  
To study the ability of US-activated OLNDs to release O2 
through biological membranes, a high frequency US transducer (f 
= 2.5 MHz; P = 5 W) was used, combined with a home-made 90 

apparatus formed by two sealed cylindrical chambers (the lower 
or donor chamber containing OLND, OFND, OLNB, OFNB or 
OSS solutions, the upper or recipient  chamber containing  
hypoxic solution) separated by a layer of pig ear skin employed 
as a model of biological membrane (see Figure 4A for details). 95 

The US transducer was alternatively switched on and off at 
regular time intervals of 5 min for an overall observational period 
of 135 min, and the oxygen concentration in the recipient 
chamber was monitored every 45 min by Hach Langhe LDO 
oxymeter. Because of the local heating caused by US, the O2 100 

sensor was positioned laterally in the recipient chamber in order 
to prevent possible damage, whereas the transducer was held in a 
fixed position, within the donor compartment. The acoustic 
power of the transducer was determined through a balance's 
radiation force with a reflecting target, with an uncertainty of 4%. 105 

2.6 In vivo determination of oxygen release from OLNDs 

Mice 
Before performing the experiments, healthy BALB/c mice were 
partially shaved by hair-removing cream (abdomens or hind 
limbs depending on the study, as described in the following 110 

paragraphs) and anaesthetized by intramuscular injection of a 
mixture of tiletamine/zolazepam 20 mg/Kg (Zoletil 100) and 5 
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mg/Kg xylazine (Rompun). All procedures were performed  in 
accordance with the EU guidelines and with the approval of the 
Università di Torino animal care committee.  

Measurement of oxygen transcutaneous pressure (tcpO2) with 
US 5 

The shaved abdomens of three anaesthetized mice were topically 
treated with OLNDs and sonicated for 30 sec using a home-made 
US equipment (f = 1 MHz, P = 5 W). Before and after treatment, 
tcpO2 was measured through TINA TCM30 oxymeter according 
to manufacturer’s instructions. Notably, tcpO2 measurement is a 10 

well-consolidated technique extensively used also in clinical 
practice.35 All tcpO2 measurements were taken after physiological 
stabilization. 
 
2.7 Statistical analysis 15 

For every formulation, the characterization was performed in 
triplicate on ten independent preparations, and results are shown 
as means ± SD (light scattering and oxygen measurement) or as a 
representative image (TEM and optical microscopy). Results 
from cell studies (LDH and MTT) are shown as means ± SEM 20 

from three independent experiments. Results from oxygen release 
studies are shown as means ± SD (release with US either in vitro 
or in vivo) from three independent experiments or mice. SD or 
SEM were respectively used for descriptive or inferential 
information, as previously reviewed.36 All data were analyzed by 25 

Student’s t test (software: Fig. P for Windows, Fig.P Corporation, 
Hamilton, ON, Canada) or by a one-way Analysis of Variance 
(ANOVA) followed by Tukey's post-hoc test (software: SPSS 
16.0 for Windows, SPSS Inc., Chicago, IL). 

3. Results 30 

3.1 Characterization of OLND formulations 
After manufacturing, OLND properties were challenged by 
comparison with several control preparations including OLNBs, 
oxygen-free nanodroplets (OFNDs), oxygen-free nanobubbles 
(OFNBs), and oxygen-saturated solution (OSS), all prepared in 35 

liquid (water) or gel (2% HEC) formulations (see Table 1). 
OLNDs and control preparations were characterized for: i) 
morphology, by optical microscopy and TEM; ii) average 
diameters, particle size distribution, polydispersity index and zeta 
potential, by dynamic light scattering; and iii) oxygen content 40 

through a chemical assay. Results are shown in Table 2 and 
Figure 2.  
Either nanodroplets or nanobubbles displayed spherical shapes 
and nanometer sizes, with average diameters ranging from ∼720 
nm (OLNDs) to ∼740 nm (OLNBs) for oxygen-loaded carriers 45 

and from ∼320 nm (OFNBs) to ∼330 nm (OFNDs) for oxygen-
free carriers. Moreover, nanodroplets and nanobubbles displayed 
cationic zeta potentials ranging from ∼+35 mV for oxygen-loaded 
carriers to ∼+40 mV for oxygen-free carriers.  
OLNDs also displayed a good oxygen-storing capacity of about 50 

0.45 g/ml of oxygen. Such an amount was comparable with that 
of OLNBs or OSS, thus justifying the use of similar volumes of 
OLND, OLNB and OSS preparations in further experiments 
testing oxygen release abilities.  
Since OLNDs were sterilized through a 20-min UV-C irradiation, 55 

the possible generation of ozone and singlet oxygen was also 
investigated (see Supporting Information, Figure S1). As 

emerged from analysis through a spectrophotometric assay and 
EPR spectroscopy, no ozone and singlet oxygen generation was 
detected in OLNDs after UV-C treatment.  60 

 
3.2 OLND biocompatibility assessment 
OLND toxicity was evaluated by testing in vitro cultures of 
human HaCaT keratinocytes. As shown in Figure 3 (Panel 3A: 
LDH assay; Panel 3B: MTT assay), increasing volumes of OLND 65 

suspensions (100-400 µl/ 2 ml cell culture medium) were not 
toxic in normoxic conditions (20% O2), and eventually improved 
keratinocyte viability in hypoxic conditions (1% O2). As 
expected, 0,5% Triton X-100, an effective cytotoxic agent 
employed as  positive control,  induced 100% cell death (not 70 

shown). 
 
3.3 In vitro oxygen release from US-treated OLNDs 
In vitro OLND abilities to release oxygen were evaluated both 
without (see Supporting Information, Figure S2) or with 75 

complementary US administration (see Figure 4). The ability of 
high frequency US to trigger OLND trespassing of the dermal 
layer and to subsequently enhance oxygen release was tested in 
vitro by using a home-made apparatus consisting of two sealed 
cylindrical chambers (oxygen-donor and oxygen-recipient, 80 

respectively) separated by a layer of pig ear skin (see Figure 4A). 
Oxygen delivery from OLNDs, as well as OLND ability to 
trespass biological membrane after sonication were compared 
either to water or gel (2% HEC) formulations of OFNDs, 
OLNBs, OFNBs, and OSS. Results are shown in Figure 4B-C 85 

(Panel 4B: water formulations; Panel 4C: 2% HEC formulations). 
US highly improved the ability of both liquid and gel OLND 
formulations to cross the pig skin membrane and to release 
oxygen into the hypoxic chamber, being such oxygen release 
(∼0.35-0.45 mg/L) significantly larger than that obtained from 90 

OFNDs, OLNBs, OFNBs, and OSS formulations. 
 
3.4 In vivo oxygen release from US-treated OLNDs 
In vivo OLND abilities to release oxygen were evaluated both 
without or with complementary US administration. Surprisingly, 95 

as emerged by investigation through photoacoustic imaging, 
OLNDs did not appear more effective than OSS and OFNDs in 
enhancing mouse oxy-Hb levels in the absence of US 
complementary administration (see Supporting Information, 
Figure S3). Therefore, the potential  of high frequency US to 100 

improve tissue oxygenation by OLNDs was evaluated. The 
shaved abdomens of five anaesthetized mice were topically 
treated with OLNDs, sonicated for 30 sec, and monitored for 15 
min through transcutaneous oxymetry. As shown in figure 5, US 
effectively promoted transdermal oxygen delivery in a time-105 

sustained manner for all the observational period. 
 
4. Discussion  
In the present work we aimed at outdoing OLNB technology by 
developing a new platform of nanocarriers, namely OLNDs, 110 

which displayed higher efficiency in gas delivery than former 
OLNBs without losing their favorable properties (e.g. nanometer 
size range, stability, sensitivity to US, lack of toxicity, low 
manufacturing costs, ease of scale-up). The major novelty of 
OLNDs is the oxygen-storing core structure consisting in DFP. 115 

Page 5 of 14 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  5 

Unlike PFP, the gaseous fluorocarbon present in the nanobubble 
core, DFP is liquid at body temperature and for this reason the 
new nanocarriers are actually called nanodroplets. Nonetheless, 
DFP still keeps good oxygen-solubilizing capabilities as for 
PFP.37-38  5 

On the other hand, chitosan was chosen to build the 
polysaccharidic shell of OLNDs. This polysaccharide is a 
positively charged, partially deacetylated form of chitin, a natural 
substance found abundantly in the exoskeletons of insects and the 
shells of crustaceans.39-40 The repeating units of chitosan are β(1-10 

4)-linked glucosamines, thus it contains a large number of 
hydroxyl- and amino-groups providing several possibilities for 
derivatization or grafting of desirable bioactive groups.41-42 
Chitosan also displays high biocompatibility,40, 43 healing 
capabilities,44 anti-cancer activity45 and anti-microbial 15 

properties43 against some bacteria (e.g. methicillin-resistant 
Staphylococcus aureus)46 and fungi (e.g. Candida albicans).47 
Due to these characteristics, it has been investigated for use in 
several biomedical applications, including wound dressings43 and 
drug carriers.42  20 

Either nanodroplets or nanobubbles displayed spherical shapes 
and nanometer sizes, with average diameters ranging from ∼720 
nm (OLNDs) to ∼740 nm (OLNBs). The slightly larger size of 
nanobubbles with respect to nanodroplets appears to be a likely 
consequence of the chosen fluorocarbon for the inner core. Both 25 

OLND and OLNB formulations are prepared at room 
temperature; however, PFP and DFP are characterized by 
different hydrophobicity, surface tension, and boiling point (32°C 
and 51°C, respectively).37-38 Therefore, at room temperature PFP 
is nearer to boil than DFP, thus provoking higher expansion of 30 

OLNB liquid inner core with respect to OLNDs, and leading to 
an increase of the nanobubble radius. 
Moreover, nanodroplets and nanobubbles displayed cationic zeta 
potentials ranging from ∼+35 mV for oxygen-loaded carriers to 
∼+40 mV for oxygen-free carriers. These values implicate that 35 

OLNDs are physically stable as a consequence of the electrostatic 
repulsion of the polymer chains. Indeed, the zeta potential 
measures charge repulsion or attraction between particles and is a 
fundamental parameter to determine nanoparticle physical 
stability, with zeta potentials lower than -30 mV or higher than 40 

+30 mV being generally required for physical stability of colloid 
systems.33 Consistently, further monitoring of sizes and zeta 
potentials of OLNDs confirmed their physical stability over time 
(not shown). The cationic surfaces were a clear consequence of 
the presence of chitosan, which is positively charged, in the 45 

shell.39-40 Interestingly, it has been proposed that surface-charged 
nanoparticles are exquisitely suitable for topical treatment, as 
surface charges enhance nanoparticle interaction with skin and 
improve their therapeutic effect on inflamed cutaneous tissues, 
either without48 or with concomitant US treatment.49 In particular, 50 

cationic nanoparticles are generally recommended for topical 
treatment due to the anionic nature of the skin.50-51  
OLNDs also displayed a good oxygen-storing capacity (0.45 
g/ml), not accompanied by the generation of cytotoxic oxygen-
derived reactive species such as ozone and singlet oxygen after 55 

UV-C sterilization, a well-established and effective procedure to 
kill viruses, bacteria, and fungi.52-55 The absence of singlet 
oxygen production appears extremely reassuring, as it could 

adversely alter several crucial biomolecules including DNA, 
proteins and lipids, leading to  cytotoxicity and/or disease 60 

development.56-57 The potential toxicity of OLNDs was also 
excluded by testing in vitro cultures of human HaCaT 
keratinocytes, a skin cell line immortalized from a 62-year old 
Caucasian male donor.34 This specific cell line was chosen since 
hypoxia-associated pathologies of dermal tissues such as chronic 65 

wounds are more frequent in the elderly.58 Additionally, hypoxia-
dependent regulation of keratinocyte proteases associated with 
wound repair processes, e.g. matrix metalloproteinases, is 
strongly influenced by the donor’s age.59 According to our 
results, OLND suspensions were not toxic in normoxic conditions 70 

(20% O2) and eventually improved keratinocyte viability in 
hypoxic conditions (1% O2).  
Thereafter, OLND abilities to release oxygen were evaluated both 
in vitro and in vivo. Intriguingly, OLNDs released larger amounts 
of oxygen than OLNBs and OSS in a time-sustained manner in 75 

vitro. However, in vivo experiments did not reproduce these 
promising results. Indeed, as emerged by analysis through 
photoacoustic imaging - an innovative hybrid imaging technique 
based on the light absorption and the acoustic transmission 
properties of tissues that measures blood oxygen saturation and 80 

total Hb concentration60-62 - OLNDs did appear more effective 
than OSS and OFNDs, however OLND-induced blood 
oxygenation rapidly decreased, and after only 10 min oxy-Hb 
levels were similar to those observed before starting the 
treatment. Transdermal oxygen delivery could be limited by low 85 

skin permeability due to the stratum corneum, the outermost layer 
of the skin.63-64  
Notably, US might promote in our system a cascade of events 
strongly impacting on the oxygen release kinetics, although the 
actual microscopic events (e.g. nanodroplets vaporization, cell 90 

poration, etc) have to be investigated more deeply. Therefore, the 
ability of high frequency US to trigger OLND trespassing of the 
dermal layer and to subsequently enhance oxygen release was 
tested either in vitro or in vivo. In vitro, US improved the ability 
of both liquid and gel OLND formulations to cross the pig skin 95 

membrane and to release oxygen into the following hypoxic 
chamber, being such oxygen release significantly larger than that 
from OFNDs, OLNBs, OFNBs, and OSS formulations. This 
experimental evidence was also confirmed in vivo, since US 
promoted  transdermal oxygen delivery through the skin of 100 

OLND-treated mice in a time-sustained manner. Sonication 
appears therefore essential to induce oxygen release from OLNDs 
after topical treatment. 

5. Conclusions 

In conclusion, new OLNDs display in vitro a greater capability to 105 

deliver oxygen than former OLNBs and OSS. In vivo, US is 
essential to induce sustained transdermal oxygen delivery from 
OLNDs. Since US-activated OLNDs appear a very promising 
device for treating hypoxic wounds, including critical limb 
ischemia, diabetic foot, and bedsores, preclinical and clinical 110 

studies are strongly envisaged. 
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Table 1. Composition of OLND, OFND, OLNB, OFNB and OSS formulations. Preparations A: water liquid formulations. Preparations B: 2% HEC gel 
formulations. 

Ingredients 

OLNDs OFNDs OLNBs OFNBs OSS 
Prep. 

A  
(%w/v) 

Prep. 
 B (%w/v) 

Prep. 
 A (%w/v) 

Prep. 
 B (%w/v) 

Prep. 
 A (%w/v) 

Prep. 
 B 

(%w/v) 

Prep. 
 A (%w/v) 

Prep. 
 B (%w/v) 

Prep. 
 A (%w/v) 

Prep. 
 B (%w/v) 

chitosan 
(medium MW) 0,139 0,068 0,139 0,068 0,139 0,068 0,139 0,068 / / 

DFP 6,868 3,370 6,868 3,370 / / / / / / 

PFP / / / / 7,011 3,437 7,011 3,437 / / 

palmitic acid 0,015 0,007 0,015 0,007 0,015 0,007 0,015 0,007 0,020 0,010 

Epikuron® 200  0,051 0,025 0,051 0,025 0,051 0,025 0,051 0,025 0,060 0,030 

pvp 0,070 0,034 0,070 0,034 0,070 0,034 0,070 0,034 0,080 0,040 

ethanol 3,989 1,956 3,989 1,956 3,989 1,956 3,989 1,956 4,400 2,160 

filtered H2O 88,868 92,580 88,868 92,580 88,725 92,513 88,725 92,513 95,440 95,800 

HEC / 1,960 / 1,960 / 1,960 / 1,960 / 1,960 

O2* YES YES NO NO YES YES NO NO YES YES 
 

* O2 is merely indicated for its presence/absence in the solution (YES/NO), as it was added in excess to reach saturation; the specific O2 content was further 
measured during characterization, as shown in Table 2. 
 
 
 
Table 2. Physical-chemical characterization of OLNDs, OFNDs, OLNBs, OFNBs and OSS 

  

Outer shell 
polysacchari

de 

Inner 
core 

fluoro
carbo

n 

fluorocarbon 
boiling point 

O2 content  
(g/ml+SD) diameters  

(nm+SD) 
polydispersity 

index 
zeta potential 

(mV+SD) 

before UV after UV 

OLND chitosan DFP 51 °C 0,46 ± 0,01 0,45±0,01 726,55 ± 123,07 0,24 +35,38 ± 1,00 

OFND chitosan DFP 51 °C / / 332,70 ± 101,10 0,11 +34,97 ± 1,00 

OLNB chitosan PFP 32 °C 0,45 ± 0,01 0,44 ± 0,01 745,20 ± 117,89 0,19 +39,20 ± 1,00 

OFNB chitosan PFP 32 °C / / 320,40 ± 100,90 0,10 +38,65 ± 1,00 

OSS / / / 0,41 ± 0,01 0,40 ± 0,01 / / / 
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Figure 1.Schematic structure of OLND or OLNB liquid and gel formulations. 
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5 

Figure 2. OLND and OLNB morphology and size distribution. OLND and OLNB water formulations were checked for morphology by TEM or by optical 
microscopy and for size distribution by light scattering. Results are shown as representative images from ten different preparations for each formulation. 
Panel A. TEM image of OLNDs. Magnification: 15500X. Panel B. Optical microscopy image of OLNDs. Magnification: 630X. Panel C. OLND size 
distribution. Panel D. TEM image of OLNBs. Magnification: 52000X. Panel E. Optical microscopy image of OLNBs. Magnification: 630X. Panel F. 
OLNB size distribution. 10 
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Figure 3. Lack of OLND toxicity on human keratinocytes. Human keratinocytes (106 cells/2 ml DMEM medium supplemented with 10% FCS)  were left 
untreated or treated with different doses (100-400 µl) of OLNDs for 24 h in normoxia (20% O2; white-squared curve) or hypoxia (1% O2; black-squared 
curve). Thereafter,  OLND cytotoxicity was measured through LDH assay (Panel A), and HaCaT cell viability by MTT assay (Panel B). Results are 
shown as means ± SEM from three independent experiments. Data were also evaluated for significance by Student’s t test. Panel A. Versus normoxic 5 

untreated cells: p not significant. Panel B. Versus normoxic untreated cells: * p < 0.05; ** p < 0.01; *** p < 0.005. 

 
 

 
Figure 4. US-activated OLND oxygen release and sonophoresis through skin membranes in vitro. US abilities to induce sonophoresis and oxygen release 10 

from OLND and control liquid or gel formulations were evaluated by using a home-made apparatus with two sealed cylindrical chambers (lower chamber: 
OLNDs, OFNDs, OLNBs, OFNBs or OSS; upper chamber: hypoxic solution) separated by a layer of pig ear skin. The US transducer (f = 2.5 MHz; P = 5 
W) was alternatively switched on and off at regular time intervals of 5 min for an overall observational period of 135 min, and oxygen concentration was 
monitored in the recipient chamber every 45 min by Hach Langhe LDO oxymeter. Panel A. Schematic structure of the home-made apparatus employed in 
the experiments. Panel B. Sonophoresis and oxygen release from US-activated liquid (water) formulations. Results are shown as means ± SD from three 15 

independent experiments. Data were also evaluated for significance by ANOVA. Versus OLND formulation: p < 0.04. Panel C. Sonophoresis and oxygen 
release from US-activated gel (2% HEC) formulations. Results are shown as means ± SD from three independent experiments. Data were also evaluated 
for significance by ANOVA. Versus OLND formulation: p < 0.02. 
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 5 

 
 
 

Figure 5. Topical treatment with US-activated OLNDs effectively 
enhances tcpO2 in vivo. Shaved abdomens of anaesthetized mice were 
topically treated with OLND gel formulation and sonicated for 30 sec 
using a home-made US equipment (f = 1 MHz; P = 5 W). Before and after 
treatment, tcpO2 was monitored every 5 min for 15 min through TINA 
TCM30 oxymeter. Data are shown as means ± SD of three mice. Results 
were also analyzed for statistical significance by Student’s t test. Versus 
untreated mice: p < 0.03. 
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HIGHLIGHTS 
 
Ultrasound-activated 2H,3H-decafluoropentane-cored/chitosan-shelled nanodroplets are able to release 10 

oxygen to cutaneous hypoxic tissues effectively and safely in vitro and in vivo. 
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