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Ultrasound-activated 2H,3H-decafluoropentane-cored/chitosan-shelled nanodroplets are able to release
oxygen to cutaneous hypoxic tissues effectively and safely in vitro and in vivo.
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nanodropletsfor oxygen delivery to hypoxic cutaneous tissues
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Ultrasound (US)-activated perfluoropentane-coregiger-loaded nanobubbles (OLNBs) were recently
proposed as adjuvant therapeutic tools for pathedogf different etiology sharing hypoxia as a cornm
feature (e.g. diabetes-associated chronic woumdgrabic infections, cancer). Here we introducewa n
platform of oxygen nanocatrriers, constituted of 3thdecafluoropentane (DFP) as core fluorocarbon and
chitosan as shell polysaccharyde, and availabteein liquid or gel formulations. Such oxygen-ledd
nanodroplets (OLNDs) display spherical morpholddg00 nm diameters, cationic surfaces, good oxygen
carrying capacity (without singlet oxygen genenatidter sterilization by ultraviolet-C rays), and toaic
effects on human keratinocytds. vitro, OLNDs result more effective in releasing oxygenhipoxic
environments than former OLNBSs, either with or witlh complementary US administration (f = 1 MHz;
P =5 W).In vivo, sonication of topically applied OLNDs appearseesisi to allow significant and time-
sustained oxygen release. Taken together, the rgredata suggest that US-activated chitosan-
shelled/DFP-cored OLNDs might be an innovativetahié and cost-effective device to treat several
hypoxia-associated pathologies of the cutaneossess

due to fire accident risks; on the other hand, Ti@adequately
1. Introduction delivers oxygen deep into the skin to fibroblagesatinocytes,

and inflammatory cells which need it to restordrthenction® *°
Tissue hypoxia, defined as reduced oxygen delieeryipared to s Therefore, in the recent years intensive researah bheen
tissue demand, is a common feature of several ggsisociated  performed to develop new oxygen carriers, includiegioglobin
skin pathologies of different etiology, includingiabetes, — (Hb)-based carriers (dispensed as cell-free suspens
infection, and cancéf® Human skin is a remarkably plastic organ encapsulalt_elg within vehicles, or complexed with teutive
able to sustain environmental and traumatic ingmidl injury enzymgs)l. and perfluorocar_bon-contaln|ng_ formulations
throughout life. Its ability to quickly and effetily repair ss (emulsions and  polysaccharide-shelled  micro/nanleub

dsi ial f ival and | jated aycomplex  SUSPENSionsy
wounds is crucial for survival and is regulated dycomplex |, general, perfluorocarbons are sparingly soluisielecules

interplay among several wound components such aseeded for stabilizing air bubbles in the circwati they are
differentiated cells, stem cells, cytokine networkstracellular  extremely stable, biologically inert, and can benofactured at
matrix, and mechanical forcés.However, when a pro- s very high purity!’ When injected into the bloodstream, they arec
inflammatory milieu associated with hypoxia, in@ed excreted intact (that is, non-metabolized) in tRpired air. The
proteases, and bacterial burden develops aroundvthend, it ~ Pulmonary elimination half-life of the F-alkanes eds in

- . 17
fails some or all the stages which lead to healihgs becoming  ultrasound (US) contrast products is of the ordemoutes.
chronic®®  Pressure  ulcers burns diabetes-associate(FXtens've toxicity and absorption, distributiondaxcretion data

. o . s exist on neat and emulsified perfluorocarbons aseslt of
vasculopathies, and methicillin-resistéBtaphylococcus aureus

. . ) intensive research and development efforts on tee af
infected wounds are some typical examples of cklxr%uunds, perfluorocarbons in blood substitutes, liquid viatitn, and drug

and all of them share hypoxia as a main clinicafufee." ™ delivery!” Moreover, perfluorocarbon emulsions have bee~
Based on a deeper scientific understanding of oxplgsiology,  shown to be toxic to cancer cells but not to heattblls such as

and following the outcomes of randomized, prospectlinical -, erythrocytes®

investigations, it has been assunged that oxygemphien wound  pepending on  their  physico-chemical  characteristics

hmar:;gimeerr]]tatilsn r;?wwonl]ﬁggagriy' ﬁurreiggrigecgg'q::rs apz/or perfluorocarbons vaporize at different boling teraperes, thus
yp Y9 A Y9 generating bubbles. According to the Laplace lawsfoherical

HBOT) or topical oxygen therapy (TOT}° Unfortunately, both
I(—|BOT )and 1901- ap?)l?oaches ﬁgv(e se\)temhtra on thye one surfaces, being the difference between the outlaminner gas

hand, HBOT is expensive, uncomfortable and even efang s Pressure in bubbles inversely proportional to theuius, the

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1
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smaller the bubble radius, the higher the difféetmfas pressure, 2. Material and methods
and the faster the gas diffusith. 21 Materials

:n?ésro%rﬁrﬁ,%ﬂg h?étﬁgngh%Odegglop;Vme?lnt g; ne&g‘;‘;}ﬁiﬂggd Unless otherwise stated, all materials were frognfai-Aldrich

nanobubbles (OLNB&™°to counteract hypoxia in pathological® (St Louis, MO). Ethanol (96%) was obtained from Galrba
tissues. Perfluorocarbon-based OLMBs have been tepdo  (Milan, Italy); Epikuron 200® (soya phosphatidyldine 95%)
deliver clinically relevant oxygen amounts in dosmg Wwas kindly gifted by Degussa (Hamburg, Germany)mjie
significantly lower than those used for perfluondmmn-based acid, DFP, PFP, chitosan (medium MW), and
emulsion® OLMBs shelled with chitosan and cored with polyvinylpyrrolidone (PVP) were from Fluka (Buchs, LH
perfluoropentane (PFP) were described as an efficie, yitrapure water was obtained using a 1-800 Millp@ystem
biocompatible and stable oxygen delivery systamvitro.** (Molsheim, France): Ultra-Turrax SG215 homogeniaes from
Recently, bubble formulations were optimized to reabe .\ (Stau%en, Gerr"nany)' Delsa Nano C analyzer wasmr

nanometer size range leading to the developmemeuwof PFP- - .
cored OLNBs, shelled with distinct polysaccharidasluding Beckman Coulter (Brea, CA); Philips CM10 instrument Wam

chitosan and dextrafi® These OLNBs were shown to be Philips (Eindoven, The Netherlands); XDS-3FL miomse was
uptaken either by African green monkey fibroblagtéidney 7sfrom Optika (Ponteranica, Italy); Miniscope 100 EPR
cells (Vero) or human choriocarcinoma cells (JEGasd to spectrometer was from Magnettech (Berlin, GermaAgypxide
effectively inhibit HIF-J. pathway, the most common hypoxia- P25 was from Evonik (Essen, Germany); cell culRrMI 1640
dependent cell signaling route. Interestingly, atéin-shelled medium was from Invitrogen, (Carlsbad, CA); cell out
nanobubbles were shown capable to carry on moleaeer  panserin 601 medium was from PAN Biotech (Aidenbach,
than gaseous oxygen, such as DNAsuggesting intriguing Germany); LDO oxymeter, LCK310 ozone cuvette test nd
exploitation in gene theragy. DR5000 UV/Vis spectrophotometer were from Hach Lange

Ihn a(:)dltloq, the tl.ntetrp(;aé/ bEtIW ele " tflelecrq/nat;mﬂ.{ias_tz:]nd. US (Salford, UK); Synergy HT microplate reader wastir&io-Tek
as been investigated deeply. Injectable microsblith sizes Instruments (Winooski, VT) Zoletil 100 was from Wac (Carros

between 4-8 micrometer) are currently used as Uiast agents Cedex, France), Rompun was from Bayer (Leverkusen
in clinical practice with licensure by health auities’ N Germalny)' Vevo(r;) LAZR system for photoacoustic imagias ’
Furthermore, nanobubble-based contrast agentshvetg small ) . ggwar
enough to leave blood vessels, have begn par;ente:‘sstess from Fujifilm Visualsonics (Amsterdam, The Netherds);

. ' ) TINA TCM30 oxymeter was from Radiometer (Copenhagen,
structures in the extravascular space and theréftage targets Denmark) BALB)IC mice were bred under specific(pggn-freg
inaccessible to microbubblé&s Moreover, since microbubbles conditions' by Fujiilm Visualsonics (Amsterdam, The
g::i)itls)t/iclm;c:g\rﬁatijosn eg? Om?(;?jélljt?&(isb(:rhe g::h:r?;g?;;ndgo Netherlands) or at the Molecular Biotechnology Cef{@rino,

’ Italy).
OLMBs with proper dimensions and characteristics al%o V)
suitable for future applications in hyperthermiertpies™ 2.2 Preparation of oxygen carrier and control formulations
Interestingly, US - which is able to temporarilgiiease the skin

permeability - can be conveniently added to enhainealelivery To obtain a liquid formulation of OLNDs (preparatid\, Table
of such medications to, or through, the skin inaa-mvasive ’

mannercommonly known as sonophore¥is?*#® The actual * 1), 1.5 ml DFP along with 0.5 ml PVP and 1.8 mikEpon® 200
mechanism is intriguing. At first, US can induce bble solved in 1% w/v ethanol and 0.3 % wiv pa_llmltlcchsolutlon
formation after acoustic droplet vaporizatfrihereafter, bubble ~Were homogenized in 30 ml water for 2 min at 24000 by
oscillations might lead to a stronger release meisha due to  using Ultra-Turrax SG215 homogenizer. Thereaftee, solution
cavitation®® Finally, US might elicit sonoporation, temporarily was saturated with Ofor 2 min. Finally, 1.5 ml chitosan
enhancing skin leakage thus favoring transdermag deleasé® 1o, (medium MW) solution was added drop-wise whilst thixture
31 Among the most recent applications, interestirtggration of was homogenized at 13000 rpm for 2 min. For a dqui
an injectable insulin-encapsulated nano-network witfocused 5 mulation of OLNBs the protocol developed by Cavalhd
\Lj\?oslzzhe“r: rr:e?:aggeig ;egizgiﬂg?nﬁmgtﬂzég?mmﬁm andin colleague¥ was applied by using PFP as a core fluorocarbon.
’ Oxygen-free nanodroplets (OFNDs) and nanobubbldaNE3)

In the present work, we propose an innovative ptaifof new . .
oxygen nanocarriers to treat dermal and sub-cutenéissues wswere prepared according o OLND/OLNB protocols witho
.., adding Q. For oxygen-saturated solution (OSS), OLND

Oxygen-loaded nanodroplets (OLNDs), based on 2H,3H- . . o -
decafluoropentane (DFP) as effective oxygen-storicgre prgparatlon protocol was gpplled om|tt|n_g the . of
chitosan and DFP. To obtain gel formulations (prafians B,

fluorocarbon and on chitosan as polysaccharidit shenponent, .

were developed in liquid and gel formulations, witie latter Table 1), 0.8 mg hydroxyethylcel!ulose (HEC_) werbved in 20

being more suitable for topical administration. N were noml water, and subsequently mixed _1'1 with OLND, @.?N
OLNB, OFNB, or OSS water formulations. For more dstan

E?oa::r;(;:egtzisi(ljit fo(r)xmoerrp])hcczjlﬁ?g/r,]t j;?i:::ﬁ? ch:haggg:c)e/’d the structure and composition nanodroplets and masties, see
P Y, 09 gexy Figure 1 and Table 1.

species (ozone and singlet oxygen) possibly indadent UV-C

sterilization. Furthermore, their effectivenessoxygen release

was assessed eithir vitro or in vivo, and the role of US in us Sterilization

eliciting such delivery throughout skin tissues wagstigated. OLNDs, OFNDs, OLNBs, OFNBs, and OSS were sterilized
through UV-C exposure for 20 min. Thereafter, UV-€ated
materials were incubated with cell culture RPMI @édedium in

Preparation of liquid and gel formulations

2 | Journal Name, [year], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]
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a humidified CQ/air-incubator at 37°C up to 72 h. No signs of centrifuged at 13000g for 2 min. Cells were washéith ¥esh
microbial contamination were found when the samplese medium, detached with trypsin/ EDTA (0.05/0.02%)yivashed
checked by optical microscopy. with PBS, resuspended in 1 ml of TRAP (82.3 mM
e triethanolamine, pH 7.6), and sonicated on ice &itD s burst. 5
ul of cell lysates and 50 pl of cell supernatangsendiluted with
TRAP and supplemented with 0.5 mM sodium pyruvaig @25
mM NADH (300 uL as a final volume) to start the reaction,
Morphology, size, particle size distribution and zeta potential which was monitored by measuring the absorbanteeo$ample
The morphology of nanodroplet and nanobubble foatms o 340 nm (37 °C) with Synergy HT microplate readgath the
was assessed by transmitting electron microscopM{ intracellular and extracellular enzyme activitiesrevexpressed as
w (Philips  CM10) and by optical microscopy (XDS-3FL). pmol of oxidized NADH/min/well. Finally, cytotoxicjt was
Nanodroplet and nanobubble formulations were drdpp&o a calculated as the ratio between extracellular ardal t
Formwar-coated copper grid and air-dried beforeenlagion. (intracellular + extracellular) LDH activities.
Average diameters, polydispersity indexes, and petantials of
nanodroplets and nanobubbles were determined bgnaigniight 70 Human keratinocyte cell viability
1s scattering using Delsa Nano C instrument, which rpgst the  Cell viability was evaluated using 3-(4,5-dimethiatrol-2-yl)-
particle size distribution of samples in the diaeneange 0.6 nm  2,5-diphenyltetrazolium bromide (MTT) assay. HaCallscwere
- 7um. Each reported value is the average of 10 inciguen incubated in 10% FBS DMEM medium for 24 h withouttwi

measurements of 3 different formulations. The pisyersity ~ increasing doses (100-400 pl) of OLNDs, either arnmoxic
index assesses the size distribution within a napet or 7 (20% Q) or hypoxic (1% @ conditions, in a humidified
20 nanobubble population. For the zeta potential dsteation, CO/air-incubator at 37°C. Alternatively, 0,5% Tritonr200 was
formulation samples were placed into an electrogiorcell, added to cells as an effective inhibitor of cebhility (positive
where an electric field of approximately 30 V/cmsnapplied. control). Thereafter, 20L of 5 mg/mL MTT in PBS were added
The electrophoretic mobility was converted intoazgbtential ~ t0 cells for 3 additional hours at 37 °C. The platezre then

using the Smoluchowski equati®hEach sample was analyzecr centrifuged, the supernatants discarded and thé ddue
25 in triplicate. formazan crystals dissolved using 1QQ of lysis buffer

containing 20% (w/v) sodium dodecyl sulfate (SD&)% N,N-
Oxygen content , dimethylformamide (pH 4.7 in 80% acetic acid). Thates were
Oxygen content of OLNDs, OLNBs and OSS was estimied e, read on Synergy HT microplate reader at awestlength
adding known amounts of sodium sulphite and meagutiie .t 550 nm and at a reference wavelength of 650 nm.

generated sodium sulphate, according to the reattio
o NaSO; + % O, — NaSO, (1) 2.5 In vitro deter mination of oxygen release from OLNDs

52.3 Characterization of nanodroplet and nanobubble
formulations

Stability Oxygen release with US and trespassing of skin membranes

The stability of formulations stored at 4°C, 25°C3%#°C was 10 study the ability of US-activated OLNDs to releaQ
evaluated over time up to 6 months by assessinghotogy,  through biological membranes, a high fre_quenc;_/ taBsducer (f
sizes and zeta potential of nanodroplets and ndes by * = 2.5 MHz; P =5 W) was used, combined with a honseie

35 optical microscopy and light scattering. apparatus formed by two sealed cylindrical chamiies lower
or donor chamber containing OLND, OFND, OLNB, OFNB or

2.4 Biocompatibility assessment 0SS solutions, the upper or recipient chamber atoimg
Human keratinocyte cell cultures hypoxic solution) separated by a layer of pig dén £mployed
A long-term cell line of human keratinocytes imnadized from s as a model of biological membrane (see Figure 4Adftails).
a 62-year old Caucasian male donor (HaGhWas used to The US transducer was alternatively switched on effdat
40 assess OLND biocompatibility. Cells were grown asalayers regular time intervals of 5 min for an overall ohsgional period
in Dulbecco’s modified Eagle’s medium (DMEM) supplented  of 135 min, and the oxygen concentration in theipient
with 10% foetal bovine serum (FBS), 100 U/ml petiitjl 100 chamber was monitored every 45 min by Hach Langb®© L
pg/ml streptomycin (PEN-STREP) and 2 mM L-glutamineai 100 0OXymeter. Because of the local heating caused by thiS,G
humidified CQJair-incubator at 37°C. Before starting the sensor was positioned laterally in the recipierdgncber in order
s experiments, cells were plated at a standard coratem (16 to prevent possible damage, whereas the transeseheld in a
cells /2 ml). fixed position, within the donor compartment. Theouastic
power of the transducer was determined through lanba's

OLND cytotoxicit o . . . ;
cytotoxicity 105 radiation force with a reflecting target, with amcertainty of 4%.

The potential cytotoxic effects of OLNDs were estied by
measuring the release of lactate dehydrogenase XLiD#n 2.6 In vivo deter mination of oxygen release from OLNDs
so HaCaT cells into the extracellular medium. Brieflglls were
incubated in 10% FBS DMEM medium for 24 h in the ealze
and in the presence of increasing doses (100-406f|OLNDs, partially shaved by hair-removing cream (abdomenshind
either in normoxic (20% ) or hypoxic (1% @) conditions, in & |, jimhs depending on the study, as described in tikeviing
humidified CQ/air-incubator at 37°C. Alternatively, 0,5% Triton paragraphs) and anaesthetized by intramusculactioie of a

ss X-100 was added to cells as an effective cytotagient (positive mixture of tiletamine/zolazepam 20 mg/Kg (Zoletd@) and 5
control). Then, 1 ml of cell supernatants was oidd and

Mice
Before performing the experiments, healthy BALB/c micere

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3



Page 5 of 14 RSC Advances

5

10

15

20

o

2!

a

30

35

4

o

45

50

55

mg/Kg xylazine (Rompun). All procedures were perfedm in emerged from analysis through a spectrophotomesgay and
accordance with the EU guidelines and with the ayqarof the EPR spectroscopy, no ozone and singlet oxygen geoerwas
Universita di Torino animal care committee. eo detected in OLNDs after UV-C treatment.

Measurement of oxygen transcutaneous pressure (tcpO,) with . o
us 3.2 OLND biocompatibility assessment

The shaved abdomens of three anaesthetized mieetogcally OLND toxicity was evaluated by testing vitro cultures of
treated with OLNDs and sonicated for 30 sec usihgrae-made ~ human HaCaT keratinocytes. As shown in Figure 3 gPaA:
US equipment (f = 1 MHz, P = 5 W). Before and afteatment, LDH assay; Panel 3B: MTT assay), increasing voluafé3LND
tcpO, was measured through TINA TCM30 oxymeter according Suspensions (100-400/ 2 ml cell culture medium) were not
to manufacturer’s instructions. Notably, top@easurement is a OXIC in normoxic conditions (20% 4 and eventually improved
well-consolidated technique extensively used alsociinical ~ Keratinocyte viability in hypoxic conditions (1% 0 As

practice?® All tcpO, measurements were taken after physiological €xPected, 0,5% Triton X-100, an effective cytotoxigent
stabilization. 7o employed as positive control, induced 100% celatd (not

shown).

2.7 Statistical analysis ]

For every formulation, the characterization wasfqrened in ~ 3:31nvitro oxygen release from US-treated OLNDs

triplicate on ten independent preparations, andliesre shown [N Vitro OLND abilities o release oxygen were evaluatgth bo
as means + SD (light scattering and oxygen meammgror as a s Without (see Supporting - Information, Figure S2) wiith
representative image (TEM and optical microscofggsults ~ cOmplementary US administration (see Figure 4). abidity of
from cell studies (LDH and MTT) are shown as mearSEM  high frequency US to trigger OLND trespassing o termal
from three independent experiments. Results frongemyelease  |ayer and to subsequently enhance oxygen releaseestedn
studies are shown as means + SD (release with ti&r@i vitro ~ Vitro by using a home-made apparatus consisting of eated
or in vivo) from three independent experiments or mice. SD #rcylindrical - chambers  (oxygen-donor and oxygen-riecih
SEM were respectively used for descriptive or iefeial  respectively) separated by a layer of pig ear (@ Figure 4A).
information, as previously reviewd8lAll data were analyzed by ~Oxygen delivery from OLNDs, as well as OLND abilitp
Student's t test (software: Fig. P for Windows,.Pigorporation, ~ réspass biological membrane after sonication veemepared
Hamilton, ON, Canada) or by a one-way Analysis ofisface either to water or gel (2% HEC) formulations of OFND
(ANOVA) followed by Tukey's post-hoc test (softwarBPSS OLNBs, OFNBs, and OSS. Results are shown in FigureC4B-

16.0 for Windows, SPSS Inc., Chicago, IL). (Panel 4B: water formulations; Panel 4C: 2% HEC foatiahs).
US highly improved the ability of both liquid anclgOLND
3. Results formulatipns to cross '_[he pig skin mgmbrane andretease
oxygen into the hypoxic chamber, being such oxygaease
3.1 Characterization of OLND formulations o ((D.35-0.45 mg/L) significantly larger than that dbtad from

After manufacturing, OLND properties were challethigby OFNDs, OLNBs, OFNBs, and OSS formulations.

comparison with several control preparations inclgdOLNBS,

oxygen-free nanodroplets (OFNDs), oxygen-free nabbles 3.4 In vivo oxygen release from US-treated OLNDs

(OFNBs), and oxygen-saturated solution (OSS), apared in  |n vivo OLND abilities to release oxygen were evaluatethbo
liquid (water) or gel (2% HEC) formulations (see Tatl). o without or with complementary US administrationriisingly,
OLNDs and control preparations were characterized f) as emerged by investigation through photoacoustiaging,
morphology, by optical microscopy and TEM; i) age  OLNDs did not appear more effective than OSS an#lDs¥=in
diameters, particle size distribution, polydispgréidex and zeta  enhancing mouse oxy-Hb levels in the absence of US
potential, by dynamic light scattering; and iii)ygen content  complementary administration (see Supporting Infiiom,
through a chemical assay. Results are shown in Tabéd . Figure S3). Therefore, the potential of high fremoy US to
Figure 2. improve tissue oxygenation by OLNDs was evaluatéde
Either nanodroplets or nanobubbles displayed spleshapes shaved abdomens of five anaesthetized mice werizaltyp
and nanometer sizes, with average diameters rafigng720  treated with OLNDs, sonicated for 30 sec, and nooeit for 15
nm (OLNDs) to[I740 nm (OLNBs) for oxygen-loaded carriers min through transcutaneous oxymetry. As showngaré 5, US

and from[B320 nm (OFNBs) tdB30 nm (OFNDs) for oxygen- s effectively promoted transdermal oxygen delivery d@ntime-
free carriers. Moreover, nanodroplets and nanolasbtiisplayed  sustained manner for all the observational period.

cationic zeta potentials ranging frdi35 mV for oxygen-loaded

carriers to’+40 mV for oxygen-free carriers. 4. Discussion

OLNDs also displayed a good oxygen-storing capamit@bout  |n the present work we aimed at outdoing OLNB tedbay by

0.45 g/ml of oxygen. Such an amount was comparafitethat ., developing a new platform of nanocarriers, namelyNOs,

of OLNBs or OSS, thus justifying the use of simNadumes of  which displayed higher efficiency in gas delivehat former
OLND, OLNB and OSS preparations in further experitaen OLNBs without losing their favorable properties (engnometer
testing oxygen release abilities. size range, stability, sensitivity to US, lack afxicity, low

Since OLNDs were sterilized through a 20-min UV-@dgiation, manufacturing costs, ease of scale-up). The majwelty of

the possible generation of ozone and singlet oxyges also ;5 OLNDs is the oxygen-storing core structure consisiin DFP.
investigated (see Supporting Information, Figure).SAs

4 | Journal Name, [year], [voll, 00-00 This journal is © The Royal Society of Chemistry [year]
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Unlike PFP, the gaseous fluorocarbon present im#ttobubble  adversely alter several crucial biomolecules inicigdDNA,
core, DFP is liquid at body temperature and fos tldason the e proteins and lipids, leading to cytotoxicity and/disease
new nanocarriers are actually called nanodropltnetheless, development®® The potential toxicity of OLNDs was also
DFP still keeps good oxygen-solubilizing capatsbtias for  excluded by testingin vitro cultures of human HaCaT
PFp37-38 keratinocytes, a skin cell line immortalized fromba-year old
On the other hand, chitosan was chosen to build theCaucasian male dondtThis specific cell line was chosen since
polysaccharidic shell of OLNDs. This polysacchari®e a e hypoxia-associated pathologies of dermal tissueb as chronic
positively charged, partially deacetylated fornchitin, a natural ~ wounds are more frequent in the eldéfiydditionally, hypoxia-
substance found abundantly in the exoskeletonssefcis and the  dependent regulation of keratinocyte proteasescassd with
shells of crustacean$® The repeating units of chitosan §i(@- wound repair processes, e.g. matrix metalloproseisa is
4)-linked glucosamines, thus it contains a largenber of strongly influenced by the donor's afeAccording to our
hydroxyl- and amino-groups providing several pa$isés for 7o results, OLND suspensions were not toxic in norrma@xinditions
derivatization or grafting of desirable bioactiveogps®“*?  (20% Q) and eventually improved keratinocyte viability in
Chitosan also displays high biocompatibifity, ** healing  hypoxic conditions (1% §).

capabilites! anti-cancer activi? and anti-microbial  Thereafter, OLND abilities to release oxygen waralgated both
propertie§® against some bacteria (e.g. methicillin-resistantin vitro andin vivo. Intriguingly, OLNDs released larger amounts
Staphylococcus aure)?$ and fungi (e.g.Candida albicans*’ s of oxygen than OLNBs and OSS in a time-sustainednein
Due to these characteristics, it has been investiglor use in  vitro. However,in vivo experiments did not reproduce these
several biomedical applications, including woundsding®® and promising results. Indeed, as emerged by analysisugh
drug carrier$? photoacoustic imaging - an innovative hybrid imagtachnique
Either nanodroplets or nanobubbles displayed sphleshapes based on the light absorption and the acousticstnéssion
and nanometer sizes, with average diameters radging(7720 so properties of tissues that measures blood oxygamaten and
nm (OLNDs) to[740 nm (OLNBs). The slightly larger size of total Hb concentratidfi®® - OLNDs did appear more effective
nanobubbles with respect to nanodroplets appeake ta likely than OSS and OFNDs, however OLND-induced bloou
consequence of the chosen fluorocarbon for therinoe. Both oxygenation rapidly decreased, and after only 16 oxy-Hb
OLND and OLNB formulations are prepared at room levels were similar to those observed before st@grtihe
temperature; however, PFP and DFP are characterimed ss treatment. Transdermal oxygen delivery could betdichby low
different hydrophobicity, surface tension, and ingilpoint (32°C skin permeability due to the stratum corneum, tiemnost layer
and 51°C, respectivelyy:* Therefore, at room temperature PFP of the skin®%*

is nearer to boil than DFP, thus provoking highgpamsion of  Notably, US might promote in our system a cascadevents
OLNB liquid inner core with respect to OLNDs, arehdling to strongly impacting on the oxygen release kinetathough the
an increase of the nanobubble radius. 90 actual microscopic events (e.g. nanodroplets vaption, cell
Moreover, nanodroplets and nanobubbles displaygdnia zeta poration, etc) have to be investigated more dedfigrefore, the
potentials ranging froni*+35 mV for oxygen-loaded carriers to ability of high frequency US to trigger OLND tregsing of the
#+40 mV for oxygen-free carriers. These values iogté that dermal layer and to subsequently enhance oxygeraselwas
OLNDs are physically stable as a consequence daéldwatrostatic  tested eithem vitro or in vivo. In vitro, US improved the ability
repulsion of the polymer chains. Indeed, the zetdemtial os of both liquid and gel OLND formulations to crosetpig skin
measures charge repulsion or attraction betweditlparand isa membrane and to release oxygen into the followiggokic
fundamental parameter to determine nanoparticlesipaly  chamber, being such oxygen release significanthyelathan that
stability, with zeta potentials lower than -30 mY lngher than  from OFNDs, OLNBs, OFNBs, and OSS formulations. This
+30 mV being generally required for physical stépibf colloid experimental evidence was also confirmedvivo, since US
systems?® Consistently, further monitoring of sizes and zeta promoted transdermal oxygen delivery through thin of
potentials of OLNDs confirmed their physical stébibver time OLND-treated mice in a time-sustained manner. Suitn
(not shown). The cationic surfaces were a cleaseguence of  appears therefore essential to induce oxygen eefeasi OLNDs
the presence of chitosan, which is positively chdrgin the  after topical treatment.

shell>** Interestingly, it has been proposed that surféeged

nanoparticles are exquisitely suitable for topit@atment, as 5. Conclusions

surface charges enhance nanoparticle interactiom skin and
improve their therapeutic effect on inflamed cutaue tissues,
either without® or with concomitant US treatmefitin particular,
cationic nanoparticles are generally recommendedtdpical
treatment due to the anionic nature of the 8ki.

OLNDs also displayed a good oxygen-storing capa@ityts
g/ml), not accompanied by the generation of cytataxygen-
derived reactive species such as ozone and siogjefen after
UV-C sterilization, a well-established and effectpm®cedure to
kill viruses, bacteria, and funtfi®® The absence of singlet Acknowledgements

oxygen production appears extremely reassuringjt amuld  \we gratefully acknowledge Compagnia di San Paol@rféb-

105 In conclusion, new OLNDs displag vitro a greater capability to
deliver oxygen than former OLNBs and OSS8. vivo, US is
essential to induce sustained transdermal oxygéiiede from
OLNDs. Since US-activated OLNDs appear a very psomgi
device for treating hypoxic wounds, including @i limb

1o ischemia, diabetic foot, and bedsores, preclinevadl clinical
studies are strongly envisaged.
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Table 1. Composition of OLND, OFND, OLNB, OFNB and OSSrfarations. Preparations A: water liquid formulagoPreparations B: 2% HEC gel

formulations.

OLNDs OFNDs OLNBs OFNBs OSS
Ingredients pr' Prep. Prep. Prep. Prep. Prep. Prep. Prep. Prep. Prep.
(W) B (%w/v) A (Yow/v) B (%ow/v) A (%w/v) (%6wiv) A (Y%w/v) B (%ow/v) A (%w/v) B (%w/v)
chitosan
(medium MW) 0,139 0,068 0,139 0,068 0,139 0,068 39,1 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 ,019 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 ,9561 4,400 2,1€C
filtered H20 88,868 92,580 88,868 92,580 88,725 582, 88,725 92,513 95,440 95,800
HEC / 1,960 / 1,960 / 1,960 / 1,960 / 185,
o2* YES YES NO NO YES YES NO NO YES YES

* 02 is merely indicated for its presence/absendaéé solution (YES/NO), as it was added in ex¢essach saturation; the specific O2 content wethién
measured during characterization, as shown in Table

Table 2. Physical-chemical characterization of OLNDs, OFNDENBs, OFNBs and OSS

Inner

O, content
%qu;cschhea” " ﬂi c;rr(z fluorocarbon (g/ml+SD) diameters polydispersity ~ zeta potential
poly boiling point (nm+SD) index (mV+SD)
de carbo
n before UV after UV
OLND chitosan DFP 51°C 046+0,01 0,45+0,01 736323,07 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 ,285117,89 0,19 +39,20 £ 1,00
OFNB chitosan PFP 32°C / / 320,40 + 100,90 0,10 +38,65 + 1,00
0SS / / / 0,41+0,01 0,40+0,01 / / /
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Figure 2. OLND and OLNB morphology and size distribution. OMnd OLNB water formulations were checked for nmaipgy by TEM or by optical

microscopy and for size distribution by light sedttg. Results are shown as representative imagesten different preparations for each formulation

Panel A. TEM image of OLNDs. Magnification: 15500Ranel B. Optical microscopy image of OLNDs. Mamzifion: 630X. Panel C. OLND size

distribution. Panel D. TEM image of OLNBs. Magnéton: 52000X. Panel E. Optical microscopy imageOdiNBs. Magnification: 630X. Panel F.
10 OLNB size distribution.
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Figure 3. Lack of OLND toxicity on human keratinocytes. Haimkeratinocytes (f@ells/2 ml DMEM medium supplemented with 10% FG&re left
untreated or treated with different doses (100-40@f OLNDs for 24 h in normoxia (20% fHwhite-squared curve) or hypoxia (1%,; ®lack-squared
curve). Thereafter, OLND cytotoxicity was measutebugh LDH assay (Panel A), and HaCaT cell vigblhy MTT assay (Panel B). Results are

5 shown as means = SEM from three independent expetgmData were also evaluated for significanc&Student’s t test. Panel A. Versus normoxic
untreated cells: p not significant. Panel B. Vensasnoxic untreated cells: < 0.05; **p < 0.01; *** p < 0.005.
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10 Figure 4. US-activated OLND oxygen release and sonophotiesgisigh skin membranes in vitro. US abilitiesrtiduce sonophoresis and oxygen release
from OLND and control liquid or gel formulations meeevaluated by using a home-made apparatus witlséaled cylindrical chambers (lower chamber:
OLNDs, OFNDs, OLNBs, OFNBs or OSS; upper chambgpokic solution) separated by a layer of pig ean.skhe US transducer (f = 2.5 MHz; P =5
W) was alternatively switched on and off at regtilae intervals of 5 min for an overall observatibperiod of 135 min, and oxygen concentration was
monitored in the recipient chamber every 45 mirHagh Langhe LDO oxymeter. Panel A. Schematic airecdf the home-made apparatus employed in

15 the experiments. Panel B. Sonophoresis and oxyglease from US-activated liquid (water) formulatioResults are shown as means + SD from three
independent experiments. Data were also evaluatesignificance by ANOVAVersusOLND formulation:p < 0.04. Panel C. Sonophoresis and oxyge 1
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Figure 5. Topical treatment with U@etivated OLNDs effective
enhances tcpOin vivo. Shaved abdomens of anaesthetized mice
topically treated with OLND gel formulation and gémated for 30 s¢ 5
using a home-made US equipment (f = 1 MHz; P = 5B¥jae and afte
treatment, tcp@was monitored every 5 min for 15 min through TI
TCM30 oxymeter. Data are shown as means + SD etthrice. Resul
were also analyzed for statistical significanceStydent’s t test. Vers
untreated micep < 0.03.

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



RSC Advances Page 14 of 14

TABLE OF CONTENTS

COLOR GRAPHICS

In vitro P In vivo
were # |
LR MR
’ O Mice

Lack of toxicity B

)

OXYGEN LOADED NANODROPLETS| _I

Outer shell:
chitosan
Inner core:

ygen-storing d

Pig skin

HIGHLIGHTS

o Ultrasound-activated 2H,3H-decafluoropentane-catetisan-shelled nanodroplets are able to releacc
oxygen to cutaneous hypoxic tissues effectively safdlyin vitro andin vivo.

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 13



