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Oxygen-nanobubble biotechnology to enhance physiologic wound healing 

and tissue regeneration in vivo


Abstract	 


	 Physiologically, the healing mechanism operates as an orchestrated continuum 
of molecular responses, organized in 4 stages: 1) hemostasis, 2) acute inflammation, 3) 
tissue proliferation, and 4) remodeling. There is evidence indicating that, disruptions in 
the most upstream biological pathways in this continuum of normal healing, are strong 
prognosticators of downstream wound chronicity and pertinent complications. Clinical 
and epidemiological interest in wound healing is increasing on a global scale, due to a 
combination of the following factors: the rising prevalence in systemic vasculopathies 
predisposing to peripheral ischemia, tissue hypoxia, and suboptimal healing, such as 
diabetes mellitus, the aging world population, and the questionable capacity of the 
available management and prevention strategies to confront a potentially generalized 
surge in complicated wounds.


	 Administration of gaseous oxygen (O2) has consistently demonstrated beneficial 
outcomes in cutaneous wounds, reflecting the pivotal role of O2 in physiologic healing. 
A characteristic example is hyperbaric O2 therapy, which has become an established 
management strategy for diabetic wounds, alongside multiple clinical indications. Yet, 
an important limitation lies in the short-lived efficacy of O2 when administered in its 
gaseous form, as a result of passive diffusion through biological tissues in response to 
local O2 pressure gradients. Thereby, technologies supplying dissolved oxygen (DO) 
within aqueous solutions, namely DO solutions (DOS), are currently investigated as a 
novel approach to enhancing wound oxygenation. By enabling O2 to become gradually 
bioavailable in the liquid medium, a DOS can theoretically supply high oxygen amounts 
for longer periods compared to gas-based O2 therapies. However, sustaining DO levels 
without using potentially toxic artificial surfactants and complex chemical additives, 
remains one of the biggest challenges in the field.


	 The research described herein, aims to document the capacity to manufacture a 
DOS by exclusively leveraging the physics of the gas-liquid interphase, in the absence 
of chemical surfactants or additives, and to incorporate the cutting-edge technology of 
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O2 nanobubbles in formulations that are suitable for biomedical applications in wound 
healing and cutaneous regeneration. First, we conduct a comprehensive analysis of the 
existing technologies that can be used for supplying DO to healing tissues, with the 
aim to identify the most promising technological category for further investigation. Via a 
systematic co-evaluation of engineering principles, oxygenating effects, biomechanics 
of DO delivery, safety parameters, and healing-related efficacy for all technologies, we 
highlight the benefits of using a DOS containing no exogenous chemicals, and discuss 
the potential of O2 nanobubble technology in this approach. Concurrently, we introduce 
an original classification system for the DO technologies tested in healing applications. 


	 Then, we discuss the design, scientific rationale, and implementation of a novel 
in vivo protocol, aiming to facilitate the clinical translation of biotechnologies developed 
for healing applications, such as DO-supplying therapies. By simulating the design of 
early-stage clinical trials, and incorporating standardized methodological components 
from previous protocols, we enable a holistic examination of engineering fundamentals, 
quality-control requirements, biological safety, and a preliminary assessment of healing 
efficacy for new biotechnologies in the field. Of note, the experimental manipulations in 
the proposed protocol have been selected to maximize simplicity and reproducibility; 
to account for the fact that, a growing number of relevant research projects are carried 
out primarily by biochemical and biomedical engineers nowadays.


	 Next, we implement the aforementioned in vivo protocol to study a “plain” DOS 
containing no physical enhancements to sustain DO delivery, which was manufactured 
via infusion of high-purity (>99.9%) O2 into sterile normal saline (N/S; 0.9% NaCl) under 
predetermined conditions, without chemical additives. Our aim is the collection of 
preliminary data on the in vivo administration of a DOS with the aforementioned 
characteristics, including the magnitude and sustainability of DO levels in the final 
formulation, the best routes of administration, optimal dosing parameters, biological 
safety, and healing outcomes in full-thickness excisional wounds on healthy SKH1 
mice. Our findings suggest that the plain DOS can deliver high DO concentrations 
consistently and sustainably for at least 14 days, while being safe for in vivo 
administration intravenously, locally, and per os. Also, we show a promising effect of 
intravenous and per os administration of plain DOS in physiologic wound healing, 
macroscopically and histopathologically. 
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	 Finally, we implement the proposed in vivo protocol to evaluate a DOS 
manufactured by employing the cutting-edge technology of O2 nanobubbles, while also 
eschewing the use of exogenous chemicals; which we refer to as oxygen nanobubble-
enriched water solution (ONBW). Our findings show that the ONBW maintains high DO 
concentrations throughout a 14-day evaluation period, and is completely safe in vivo 
for systemic administration, either intravenously or per os. Furthermore, by monitoring 
full-thickness excisional wounds on healthy SKH1 mice, we extend our observations to 
show that, independently, two intravenous injections and per os intake of the ONBW 
can accelerate wound closure macroscopically, and improve epithelial regeneration 
and collagen deposition histopathologically.
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Βιοτεχνολογία νανοφυσαλίδων οξυγόνου για την ενίσχυση του μηχανισμού 

επούλωσης τραυμάτων και ιστικής αναγέννησης in vivo


Περίληψη	 


	 Κατά τη φυσιολογία, ο μηχανισμός επούλωσης τραυμάτων λειτουργεί ως ένα 
καλά ενορχηστρωμένο και συνεχές μονοπάτι κυτταρικών αντιδράσεων, το οποίο 
διαρθρώνεται σε 4 στάδια: 1) αιμόσταση, 2) οξεία φλεγμονή, 3) ιστικός 
πολλαπλασιασμός και 4) ιστική αναδιαμόρφωση. Μάλιστα, υπάρχουν επιστημονικά 
δεδομένα τα οποία υποδεικνύουν ότι, διαταραχές στις βιολογικές οδούς που 
εξελίσσονται στα πιο πρώιμα στάδια αυτού του συνεχούς μονοπατιού της φυσιολογικής 
επούλωσης, αποτελούν ισχυρούς προγνωστικούς παράγοντες για κλινική επιδείνωση σε 
επιπλεγμένη επούλωση και χρόνια τραύματα. Ταυτόχρονα, το κλινικό και 
επιδημιολογικό ενδιαφέρον με επίκεντρο την επούλωση τραυμάτων εκτοξεύεται 
παγκοσμίως, λόγω του συνδυασμού των ακόλουθων παραγόντων: της αυξανόμενης 
επίπτωσης συστηματικών αγγειοπαθειών που προδιαθέτουν σε περιφερική ισχαιμία, 
ιστική υποξία και προβληματική επούλωση, όπως ο σακχαρώδης διαβήτης, της 
γήρανσης του παγκόσμιου πληθυσμού και της αμφίβολης ικανότητας των διαθέσιμων 
θεραπευτικών επιλογών να αντιμετωπίσουν μια ολοένα και πιθανότερη, γενικευμένη 
έξαρση των επιλεγμένων τραυμάτων.


	 Η χορήγηση οξυγόνου σε αέρια μορφή (O2), έχει αποδειχθεί συστηματικά ότι 
οδηγεί σε ευεργετικά αποτελέσματα σε δερματικά τραύματα, αντικατοπτρίζοντας τον 
κεντρικό ρόλο του O2 στη φυσιολογική επούλωση. Το πλέον χαρακτηριστικό 
παράδειγμα είναι η θεραπεία με υπερβαρικό O2, η οποία έχει καθιερωθεί μεταξύ των 
αποτελεσματικότερων στρατηγικών αντιμετώπισης για τα διαβητικά τραύματα, καθώς 
επίσης και σε πολλές άλλες κλινικές ενδείξεις. Ωστόσο, ένας σημαντικός περιορισμός 
έγκειται στη βραχύβια αποτελεσματικότητα του O2 όταν χορηγείται σε αέρια μορφή, ως 
αποτέλεσμα της παθητικής διάχυσης διαμέσου των βιολογικών ιστών σε συνάρτηση με 
τις κατά τόπους βαθμιδώσεις στη μερική πίεση του O2. Στο πλαίσιο αυτό, νεότερες 
τεχνολογίες με τη δυνατότητα να παρέχουν διαλυμένο οξυγόνο (Dissolved O2, DO) 
μέσα σε υδατικά διαλύματα, γνωστά ως διαλύματα διαλυμένου οξυγόνου (Dissolved O2 
solutions, DOS), διερευνώνται ως μια καινοτόμος τεχνολογική προσέγγιση για τη 
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βελτιστοποίηση των θεραπειών οξυγόνωσης των τραυμάτων. Πράγματι, επιτρέποντας 
στο O2 να καθίσταται σταδιακά βιοδιαθέσιμο μέσα στο υδάτινο μέσο, ένα διάλυμα DOS 
μπορεί, θεωρητικά, να παρέχει υψηλές ποσότητες οξυγόνου για μεγαλύτερο χρονικό 
διάστημα σε σύγκριση με τις θεραπείες που χορηγούν O2 στην αέρια φάση. Ωστόσο, η 
μακρόχρονη διατήρηση υψηλών επιπέδων DO χωρίς τη χρήση δυνητικά τοξικών 
επιφανειοδραστικών παραγόντων και πολύπλοκων χημικών ενώσεων, παραμένει μία 
από τις μεγαλύτερες προκλήσεις στο συγκεκριμένο επιστημονικό πεδίο.


	 Η έρευνα που εκπονείται στην παρούσα διδακτορική διατριβή, μελετά τη 
δυνατότητα παραγωγής ενός διαλύματος DOS αξιοποιώντας αποκλειστικά τις αρχές 
της Φυσικής που διέπουν την αλληλεπίδραση μεταξύ υγρών και αερίων, χωρίς τη χρήση 
χημικών επιφανειοδραστικών παραγόντων ή άλλων προσθέτων, καθώς και την 
αξιοποίηση της τεχνολογίας αιχμής των νανοφυσαλίδων O2 σε βιοϊατρικές εφαρμογές 
για την επούλωση τραυμάτων και την αναγέννηση δερματικού ιστού. Αρχικά, 
διεξάγουμε μια ενδελεχή ανάλυση των διαθέσιμων τεχνολογιών με τη δυνατότητα να 
χρησιμοποιηθούν για παροχή DO σε ιστούς που επουλώνονται, στοχεύοντας στην 
ανάδειξη της πλέον υποσχόμενης τεχνολογικής κατηγορίας προς περαιτέρω 
διερεύνηση. Μέσω συστηματικής συναξιολόγησης του μηχανικού υπόβαθρου, του 
δυναμικού οξυγόνωσης, των μηχανισμών παροχής DO στου ιστούς, των παραμέτρων 
ασφαλείας και της αποτελεσματικότητας ως προς την αναγέννηση δερματικού ιστού 
για όλες τις τεχνολογίες, αναδεικνύουμε τα συγκριτικά πλεονεκτήματα της χρήσης 
διαλυμάτων DOS που παρασκευάζονται χωρίς χημικά πρόσθετα, και υπογραμμίζουμε 
τις δυνατότητες της τεχνολογίας νανοφυσαλίδων O2 στη συγκεκριμένη τεχνολογική 
κατηγορία. Παράλληλα, εισάγουμε ένα πρωτότυπο σύστημα ταξινόμησης για τις 
τεχνολογίες DO που μελετώνται σε εφαρμογές σχετικές με την επούλωση τραυμάτων.


	 Στη συνέχεια, παρουσιάζουμε τον ερευνητικό σχεδιασμό, την επιστημονική 
τεκμηρίωση και την πρακτική εφαρμογή ενός νέου in vivo πρωτοκόλλου, που 
αποσκοπεί στην επιτάχυνση της ανάπτυξης νέων βιοτεχνολογιών στον τομέα της 
επούλωσης τραυμάτων, όπως οι τεχνολογίες παροχής DO, και της ενσωμάτωσής τους 
στην κλινική πράξη. Προσομοιάζοντας το σχεδιασμό κλινικών δοκιμών αρχικού σταδίου, 
και ενσωματώνοντας εγκεκριμένες μεθοδολογίες από προηγούμενα πρωτόκολλα, το 
προτεινόμενο πρωτόκολλο παρέχει ένα λεπτομερή οδηγό για την ολιστική αξιολόγηση 
των βασικών αρχών μηχανικής, των απαιτούμενων ελέγχων ποιότητας, της βιολογικής 
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ασφάλειας και της θεραπευτικής αποτελεσματικότητας στην επούλωση τραυμάτων για 
όλες τις νέες βιοτεχνολογίες που αναπτύσσονται στο συγκεκριμένο τομέα. Σημειώνεται 
ότι, οι πειραματικοί χειρισμοί στο προτεινόμενο πρωτόκολλο έχουν επιλεγεί με γνώμονα 
την απλότητα και τη βέλτιστη επαναληψιμότητα, λαμβάνοντας υπόψιν και το γεγονός 
ότι, στην εποχή μας, ολοένα και αυξάνονται τα ερευνητικά έργα στο συγκεκριμένο 
πεδίο τα οποία εκτελούνται στο μεγαλύτερο ποσοστό τους από βιοχημικούς και 
βιοϊατρικούς μηχανικούς.


	 Στη συνέχεια, εφαρμόζουμε το προαναφερόμενο in vivo πρωτόκολλο για να 
μελετήσουμε ένα «απλό» διάλυμα DOS (plain DOS), το οποίο δεν περιέχει κανένα 
παράγοντα ικανό να ενισχύσει τα επίπεδα DO ούτε με χημικά πρόσθετα, αλλά ούτε και 
με φυσικό τρόπο. Το διάλυμα αυτό παρασκευάζεται μέσω έγχυσης O2 υψηλής 
καθαρότητας (>99,9%) σε αποστειρωμένο διάλυμα φυσιολογικού ορού (0.9% NaCl), 
υπό προκαθορισμένες συνθήκες. Στόχος μας είναι η συλλογή προκαταρκτικών in vivo 
δεδομένων σχετικά με τη χορήγηση ενός διαλύματος DOS με τα προαναφερθέντα 
χαρακτηριστικά, συμπεριλαμβανομένου του μεγέθους και του χρόνου παραμονής των 
επιπέδων DO στο προκύπτον διάλυμα, των βέλτιστων οδών χορήγησης, των 
παραμέτρων δοσολογίας, της βιολογικής ασφάλειας και της αποτελεσματικότητας σε 
τραύματα πλήρους εκτομής σε υγιή ποντίκια SKH1. Τα ευρήματά μας υποδεικνύουν ότι 
το διάλυμα plain DOS μπορεί να παρέχει υψηλές συγκεντρώσεις DO συστηματικά, για 
τουλάχιστον 14 ημέρες, ενώ είναι ασφαλές για in vivo χορήγηση ενδοφλεβίως, τοπικά 
και από το στόμα. Επίσης, τα δεδομένα μας υποστηρίζουν ότι τόσο η ενδοφλέβια, όσο 
και η από του στόματος χορήγηση του διαλύματος plain DOS έχει πολλά υποσχόμενα 
αποτελέσματα ως προς την ενίσχυση της φυσιολογικής επούλωσης, μακροσκοπικά και 
ιστοπαθολογικά.


	 Τέλος, εφαρμόζουμε το προτεινόμενο in vivo πρωτόκολλο για να αξιολογήσουμε 
ένα διάλυμα DOS που παρασκευάστηκε αξιοποιώντας την τεχνολογία αιχμής των 
νανοφυσαλίδων O2, αποφεύγοντας ταυτόχρονα τη χρήση εξωγενών χημικών ουσιών, το 
οποίο αναφέρουμε ως “διάλυμα εμπλουτισμένο με νανοφυσαλίδες O2” (O2 
nanobubble-enriched water, ONBW). Τα ευρήματά μας αποδεικνύουν ότι το διάλυμα 
ONBW διατηρεί υψηλές συγκεντρώσεις DO καθ' όλη τη διάρκεια της περιόδου 
αξιολόγησης των 14 ημερών, ενώ είναι απόλυτα ασφαλές για συστηματική χορήγηση in 
vivo, είτε ενδοφλεβίως είτε από το στόμα. Επιπλέον, μελετώντας τραύματα πλήρους 
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δερματικής εκτομής σε υγιή ποντίκια SKH1, επεκτείνουμε τις παρατηρήσεις μας 
δείχνοντας ότι, ανεξάρτητη χορήγηση με δύο ενδοφλέβιες ενέσεις ή με από του 
στόματος λήψη του διαλύματος ONBW, μπορεί να επιταχύνει τη μακροσκοπική 
σύγκλειση των τραυμάτων και να βελτιώσει την επιθηλιακή αναγέννηση και την 
εναπόθεση κολλαγόνου ιστοπαθολογικά.
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1 | Introduction 
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1.1 | Overview of the healing mechanism 

	 The healing mechanism, alternately referred to as the “healing response”, 
“healing process”, or “healing cascade” in the literature, represents a constellation of 
molecular pathways whose orchestrated function enables multicellular organisms to 
repair tissues having undergone trauma, typically as a consequence of an acute insult 
[Gurtner et al., 2008]. It is noteworthy that, evolutionarily, this particular ability of 
multicellular organisms has been highly conserved, with only minor, sporadic variations 
among the different phyla that typically stem from histologic differences. Although 
currently, the aforementioned terms are typically used to describe cutaneous wound 
healing, it warrants emphasis that the individual pathways involved, as well as the 
stages comprising the healing mechanism, are universally encountered across 
immunologic responses and human diseases; thus, expanding the biomedical and 
clinical significance of this mechanism beyond skin disruptions and superficial wounds. 
Nevertheless, to remain consistent with the literature in the field, the following 
paragraphs delve further into the healing mechanism by adhering to the example of 
cutaneous wounds.  


	 Physiologically, the healing mechanism can be divided in 4 sequential stages or 
phases: 1) hemostasis, 2) acute inflammation, 3) tissue proliferation, and 4) tissue 
remodeling [Singer and Clark, 1999; Schreml et al., 2010; Rodrigues et al., 2019]. 
Hemostasis is regarded, by some researchers, as part of the acute inflammatory 
response; regardless, both these stages are considered to begin immediately post-
wounding [Singer and Clark, 1999; Gurtner et al., 2008]. Incoming platelets, which are 
recruited via the activation of the coagulation cascade during hemostasis, contribute to 
the successful initiation of the healing mechanism not only by minimizing blood loss 
and microorganism invasion, but also by also secreting chemotactic factors and 
molecular mediators for the subsequent healing stages [Singer and Clark, 1999; 
Gurtner et al., 2008]. During acute inflammation, which is considered to extend until 
day 3 post-wounding [Figure 1.1], the predominant cellular type is the neutrophil. 
Neutrophils are indispensable for removing any invading microorganisms and foreign 
bodies, while stimulating phagocytosis [Dahlgren and Karlsson, 1999; Kurahashi and 
Fujii, 2015]. In turn, effective phagocytosis entails the cornerstone of normal wound 
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healing, as it coordinates both the associated immune responses and the subsequent 
tissue formation and regeneration [Dahlgren and Karlsson, 1999]. 


	 New tissue formation, or proliferation, is the third stage in the healing 
mechanism, starting approximately between days 2 and 3 post-wounding with an 
estimated total duration of 10 days [Gurtner et al., 2008; Falanga et al., 2022]. In 
cutaneous wounds, the proliferative stage involves the following biological processes: 
1) re-epithelialization of the wound bed, subsequently to the migration of keratinocytes 
across the damaged dermis and their gradual maturation, 2) angiogenesis, to replace 
any damaged blood vessels and increase blood flow and nutrients to the area of tissue 
damage, 3) granulation tissue formation by macrophages and migrating fibroblasts, 
and 4) collagen synthesis by fibroblasts and myofibroblasts, which will serve as the 
foundation of the permanent scar [Opalenik and Davidson, 2005; Werner et al., 2007]. 
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Figure 1.1: Overview of wound healing progression in acute versus chronic wounds. 
Illustrative comparison of healing processes in acute versus chronic wounds. Acute wounds 
follow a linear sequence of the recognized healing stages (left), while chronic wounds (right) 
experience irregular progression, with phases occurring unpredictably and lacking a defined 
timeline. Different sections of a chronic wound may be in distinct stages of healing 
simultaneously, complicating treatment as varying parts may require different or individualized 
therapeutic strategies. Adapted from Falanga et al., 2022. All rights reserved.



Ultimately, the stage of tissue remodeling begins, approximately two to three weeks 
post-wounding, while its total duration may exceed 12 months. In this stage, the 
previously-activated pathways gradually subside; for instance, vascular endothelial 
cells, macrophages, and myofibroblasts undergo apoptosis or migrate outside the 
wound bed, leaving an acellular matrix abundant with temporary (type III) collagen and 
extracellular-matrix proteins [Singer and Clark, 1999; Gurtner et al., 2008]. The 
remodeling of temporary (type III) collagen to type I collagen also occurs during this 
stage, catalyzed by matrix metalloproteinases [Lovvorn et al., 1999]. 


	 A pictorial overview of the aforementioned stages of the healing mechanism is 
presented in Figure 1.2. It should be pointed out that, in the absence of additional 
stressors or risk factors with the capacity to compromise tissue repair, these stages 
progress in a synchronized and well-organized sequence, with a degree of dynamic 
overlapping, as illustrated in Figure 1.1 [Singer and Clark, 1999; Rodrigues et al., 2019; 
Falanga et al., 2022]. Figure 1.1 also schematizes the linear and orderly healing 
response as expected in uncomplicated, acute wounds, in contrast to the disorganized 
natural history of complicated, chronic wounds. Of note, in the previous decades, the 
majority of our understanding of the healing stages and the significance of individual 
pathways, such as acute inflammation, was based on the interpretation of experimental 
data from rodents. Yet lately, with the evolution of advanced sequencing technologies, 
newer studies have corroborated the key components of our conceptualization of the 
healing mechanism, while strengthening our knowledge into the specific pathways and 
molecular mechanisms involved in each stage [Falanga et al., 2022].  


	 Additionally, there are two, potentially overlooked, characteristics of the healing 
mechanism that warrant acknowledgement, due to their clinical relevance. Interestingly, 
the majority of molecular pathways implicated in the healing mechanism are associated 
with innate immunity; which is the primary, non-specific, and evolutionally primitive part 
of the immune system, functioning as the first line of defense against tissue trauma and 
invading pathogens. The most illustrative example is the stage of acute inflammation, 
one of the earliest responses activated in the healing mechanism [MacLeod and 
Mansbridge, 2016]. In humans, acute inflammation is activated upon first encounter 
with an external stressor or via the initial manifestation of an internal pathology, with 
the aim to contain the primary insult while allowing the organism enough time to 
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orchestrate an antigen-specific response, which is part of the more evolutionally-
advanced, adaptive immunity [Arenas Gómez et al., 2020; Weavers and Martin, 2020]. 


	 The multifaceted role of acute inflammation in the healing mechanism, and the 
importance of its successful completion to the ultimate healing outcome, is 
summarized in Figure 1.3. Despite its upstream position in the linearly-organized 
pathway of normal healing, a failure during the acute inflammatory stage will impede 
progression towards tissue proliferation and remodeling, which, in turn, predisposes to 
chronicity of both the inflammatory response, and the wound itself. This aligns with the 
argument of some investigators in the field, supporting that upstream abnormalities in 
the earliest healing stages are the most crucial prognosticators of subsequent wound 
complications and chronicity [Fowler, 1990; Singh et al., 2004]. Importantly, beyond 
cutaneous wounds, a chronic and unresolved inflammatory response can be identified 
as the primary pathology of multiple human diseases, particularly as the main pathway 
preceding tissue degeneration and, eventually, atrophy. 
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Figure 1.2: Synoptic overview of the stages of normal wound healing: Of note, the four 
stages/phases of the healing mechanism in eukaryotes, as illustrated on this schematic, are 
evolutionarily preserved across multicellular organisms.



	 The second noteworthy characteristic of the healing mechanism, is that it has 
been highly conserved across multicellular organisms, evolutionarily. Even in sponges, 
simple organisms not consisting of a body axis, multiple cell layers, or distinct tissues 
[Nichols et al., 2006], it has been shown that soluble mediators contributing to 
mammalian healing, such as transforming growth factor-β (TGF-β), regulate the three-
dimensional orientation of sponge cells as well [Adamska et al., 2007]; a process 
which, by definition, is required for successful migration and proliferation of cells 
contributing to the healing mechanism. Similarly, in Drosophila melanogaster, pivotal 
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Figure 1.3: Inflammatory response in normal and chronic wound healing. In normal 
wound healing, the inflammatory phase transitions smoothly into the proliferative phase, 
characterized by immune cells shifting toward anti-inflammatory and tissue-repair functions 
(bottom right panel). In contrast, chronic wounds exhibit a prolonged inflammatory phase, 
where local inflammation persists uncontrolled, preventing progression to tissue repair and 
leaving the wound stuck in a disordered healing process (bottom left panel). Abbreviations: 
DAMP, damage-associated molecular pattern; DETC, dendritic epidermal T cell; MC, 
mastcell; MMP, matrix metalloproteinase; NET, neutrophil extracellular trap; NO, nitric oxide; 
ROS, reactive oxygen species; Treg cell, regulatory T cell. Adapted from Falanga et al., 2022. 
All rights reserved.



morphological events that occur during development, such as dorsal closure and 
tracheal fusion [Woolner et al., 2005; Samakovlis et al., 1996], resemble not only the 
wound healing response found in the same insects [Wood et al., 2002], but also the 
equivalent mechanism in humans. In turn, amphibians such as salamanders, have been 
more extensively studied over the years, due to their closer evolutionary relationship 
with mammals along with their extraordinary capacity to entirely regenerate amputated 
limbs; the latter have been described to sprout from a characteristic mass of 
undifferentiated cells in these organisms, called blastema [Kumar et al., 2007]. 
Interestingly, while the healing response in mammals shares a lot of similarities with the 
amphibians, the mammalian tissue-regenerating potential is believed to have been 
sacrificed in lieu of the deposition of fibrous tissue. In studies evaluating spinal-cord 
injuries in mice, neuronal regeneration does occur in the beginning, though rapidly 
counteracted by the compensatory migration of glial cells at the injury site, and 
physically limited by the subsequent production and intercalation of scar tissue; 
instead, functional neuronal recovery is possible when scar formation is inhibited 
[Klapka and Müller, 2006; Stichel and Müller, 1998]. In theory, the evolutional advantage 
of scar tissue lies in enhancing mechanical stability by rapidly filling tissue gaps, while 
reducing the risk of potentially-fatal infections by invading microorganisms. 
Collectively, despite the differences in skin histology among the different phyla and 
species, schematically illustrated in Figure 1.4, the universality of the healing 
mechanism is a remarkable phenomenon which can, and will continue to, be leveraged 
in multidimensional topics of academic and biomedical interest.


1.2 | Role of oxygen in the wound healing mechanism 

1.2.1 | Contributions of oxygen to the wound healing mechanism 

	 At a molecular level, oxygen (O2) has been documented to play a pivotal role in 
the majority of stages and molecular pathways contributing to normal wound healing. 
Of note, early in the acute inflammation stage, the rate-limiting enzyme of phagocytosis 
called nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, uses molecular 
O2 as its substrate in the following oxidation-reduction pathway, which yields reactive 
oxygen species (ROS):  
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	 Specifically, the majority of ROS generated via the aforementioned reaction are 
converted to hydrogen peroxide (H2O2). A fraction of this H2O2 is directly utilized for the 
production of highly toxic hypochlorous anion (HClO-) that contributes to phagocytosis. 
In turn, the remaining H2O2 acts as a molecular regulator in the subsequent process of 
angiogenesis; it also functions as a chemotactic mediator, attracting crucial biological 
substrates and cellular types that participate in the tissue proliferation and regeneration 
phases [Dahlgren and Karlsson, 1999; Kurahashi and Fujii, 2015]. A schematic 
overview of those chemical reactions, and their biological implications, is presented in 
Figure 1.5.
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Figure 1.4: Skin histology in different animals used in wound healing research, versus 
human skin. Drosophila melanogaster larvae (above, left), Caenorhabditis elegans (above, 
center), zebrafish (above, right), mouse (below, left), pig (below, center), and human (below, 
right). Note that swine (pig) skin has the closest histologic resemblance to human skin. 
Adapted from Boyko et al., 2017. All rights reserved.

NADPH + 2O2 ↔ NADP+ + 2O2− + H+



	 Furthermore, the pivotal role of O2 is elucidated by studying specific molecular 
pathways contributing to the normal healing stages. There is substantial evidence that 
O2 contributes to neutrophil chemotaxis [Klyubin et al., 1996], the respiratory burst 
[Babior, 1978], decreased infection rates [Greif et al., 2000; Belda et al., 2005], 
enhanced re-epithelialization [Said et al., 2005], angiogenesis [Berthod et al., 2006; 
Knighton et al., 1983; Sen et al., 2002; Roy et al., 2006], collagen formation [Kivisaari et 
al., 1975], collagen maturation [Eyre et al., 1984], and the overall tensile strength of the 
regenerated tissue [Stephens and Hunt, 1971]. Also, O2 is known for supply the 
necessary energy required throughout tissue repair; which, by definition, constitutes an 
energy-demanding process [Kivisaari et al., 1975; Vihersaari et al., 1974]. Interestingly, 
detailed data on the O2 requirements for unopposed progression of particular pathways 
in the healing mechanism also point towards the same conclusion regarding the role of 
O2. For example, NADPH oxidase reaches half its maximum efficacy during ROS 
production at a partial pressure of O2 (PO2) range of 45-80mmHg [Allen et al., 1997]. 
Meanwhile, at lower values, the bactericidal activity of neutrophils is significantly 
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Figure 1.5: Role of oxygen in NADPH oxidase activation and reactive oxygen species 
production in wound healing. (A) NADPH oxidase acts as a rate-limiting enzyme during the 
phagocytosis process, playing a key role in phase 2 of eukaryotic wound healing. (B) Once 
NADPH oxidase is activated, it triggers a self-regulating sequence of reactions that lead to 
the production of reactive oxygen species, including hydrogen peroxide (H₂O₂), which are 
essential for oxidative defense mechanisms. Adapted from USMLE World and FA for the 
USMLE Step 1, 2016. All rights reserved.



impaired [Edwards et al., 1984; Jonsson et al., 1984], reflecting the downstream impact 
of decreased NADPH oxidase activity on the healing outcome. For the rate-limiting 
hydroxylases catalyzing collagen synthesis, half maximum efficacy has been shown to 
be achieved at a PO2 of 25mmHg [Myllylä et al., 1977]. Collagen deposition by 
fibroblasts also occurs at a minimum PO2 range of 30-40mmHg [Myllylä et al., 1977; 
Hutton et al., 1967]. Of note, NADPH oxidase and collagen hydroxylases have 
demonstrated a dose-dependent relationship with PO2, before reaching their maximum 
efficacy at approximately 250 and 300mmHg, respectively [Allen et al., 1997; Myllylä et 
al., 1977]. Albeit limited, there is also clinical evidence supporting the benefits of 
adequate O2 supply in wound healing. In a double-blind randomized controlled trial of 
500 patients undergoing colonic resection, a 50% increase in inspired O2 concentration 
was accompanied by an equivalent decrease in surgical wound infections [Greif et al., 
2000]. Also, collagen synthesis has been found to be proportional to local perfusion 
and ensuing PO2 in subcutaneous wounds treated postoperatively [Jonsson et al., 
1991]. 


	 Considering the aforementioned evidence, along with the significance of the 
physiologic completion of the most upstream healing stages as a prerequisite for 
normal and successful progression of the entire healing mechanism, as discussed in 
the precious section of this Chapter, we can advocate that O2 is fundamental for both 
the successful initiation and the unopposed progression of normal wound healing.


1.2.2 | Wound healing under hypoxic conditions 

	 In turn, inadequate O2 supply has been documented itself as a major culprit of 
chronic wounds. Interestingly, it has been hypothesized that the longer hypoxia lasts, 
the more pronounced are its inhibitory effects in tissue repair [Siddiqui et al., 1996]. 
Over the years, numerous in vitro and in vivo studies have reported a strongly negative 
correlation between the duration of hypoxia, and the physiological activity of multiple 
pathways mediating wound restoration [Hohn et al., 1976; Edwards et al., 1984; 
Jönsson et al., 1988; Siddiqui et al., 1996; Allen et al., 1997; Hopf et al., 2005]. 
Particular examples in specific pathways, where prolonged hypoxia has been shown to 
impact crucial steps in the healing mechanism, include ROS formation [Edwards et al., 
1984; Allen et al., 1997], neutrophil chemotaxis and phagocytosis [Hohn et al., 1976; 
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Jönsson et al., 1988], angiogenesis [Hopf et al., 2005], and granulation tissue formation 
[Sano and Ichioka, 2015]. Meanwhile, vasculature disruptions can be irreversible under 
hypoxia, as indicated by the lack of response to external angiogenic factors [Hopf et 
al., 2005]. Also, failure to functionally restore tissues under hypoxic conditions has 
been verified in vivo [Sano and Ichioka, 2015; Shandall et al., 1985], as well as in 
human studies on the natural history of anastomotic leakage [Sheridan et al., 1987].


1.3 | The emerging global-health issue implicating wound healing 

	 Complications in wound healing, and non-healing wounds in particular, are 
considered an emerging global health issue. Within the decade from 2000 to 2010, 
annual healthcare expenditures dedicated to wound healing increased from $14 billion 
worldwide [Walmsley, 2002], to $25 billion in the United States alone [Sen et al., 2009]. 
According to more recent evidence, the latter has further increased up to 
approximately $50 billion in the United States [Fife and Carter, 2012; Nussbaum et al., 
2018; Rodrigues et al., 2019]. Among the multiple potential etiologies associated with 
complicated wound healing and chronic wounds, such as burn injuries, surgical 
incisions, genetic disorders, and traumatic lacerations [Leavitt et al., 2016; Wang et al., 
2024], the rate at which wound-related costs are rising closely resembles the 
escalating prevalence of systemic vascular comorbidities and risk factors predisposing 
to problematic wound healing. 


	 Among the latter, epidemiological awareness is particularly raised towards type 
2 diabetes mellitus (DM). Indeed, its global prevalence is estimated to exceed 642 
million cases by 2040 [International Diabetes Federation, 2015], a quarter (25%) of 
which are considered high-risk for developing persisting wounds during their lifetime 
[International Working Group on the Diabetic Foot, 2003]. The most characteristic 
example of diabetic wounds involves diabetic foot ulcers, which account for the 
majority of non-healing wounds and for approximately 80% of non-traumatic limb 
amputations, both on a global scale [International Working Group on the Diabetic Foot, 
2003; Serena, 2014]. Moreover, the concurrent population aging not only correlates 
positively with type 2 DM rates [International Diabetes Federation, 2015], but may also 
serve as an independent risk factor for abnormal wound healing and chronicity [Wu et 
al., 1999; Gottrup, 2004]. Despite the availability of numerous management strategies 
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introduced to enhance the healing mechanism over the years [Figure 1.6], the 
epidemiological concern persists due to the questionable efficacy of the existing 
management options and the lack of gold-standard treatments, especially for 
complicated wounds [Das and Baker, 2016]. 


1.4 | Limitations of the available technological approaches to enhancing 

wound oxygenation 

	 Based on the pivotal role of O2 in wound healing, numerous technologies have 
been proposed over the years, as a means to optimize healing outcomes by enhancing 
wound O2 levels [de Smet et al., 2017]. The most characteristic example is hyperbaric 
O2 therapy (HBOT), which has become an established management strategy for 
complicated wounds in patients with diabetes mellitus, alongside other clinical 
indications [Wang et al., 2003; de Smet et al., 2017]. Devices supplying topical O2 
therapy have also been successfully introduced, enabling continuous local application 
on wounds in the home setting [Sayadi et al., 2018]. However, none of these 
approaches has been applied as definite treatment to date. Mainly, this can be 
attributed to technical limitations when superfluous O2 is administered in its gaseous 
form; which, in turn, lead to extremely short-lived biological effects, as a result of 
passive diffusion within tissues in response to local O2 pressure gradients. 


	 Meanwhile, the FDA-approved HBOT requires expensive infrastructure and daily 
hospitalizations for several hours. Therefore, apart from cost-effectiveness, the ensuing 
high rates of patient non-compliance, as a consequence of the demanding treatment 
schedule, can compromise the otherwise well-documented healing benefits [de Smet 
et al., 2017; Wang et al., 2003]. Furthermore, HBOT has numerous adverse effects and 
contraindications, mostly due to the fact that it employs prolonged lung ventilation in a 
pressurized chamber of 2-3 atmospheres, under unnaturally-high pressures. Examples 
include systemic O2 toxicity [Narkowicz et al., 1993], respiratory comorbidities, 
diseases of the ear and sinuses, claustrophobia, hyperthermia, congenital 
spherocytosis, and  pregnancy  [Kindwall, 1999; Broussard, 2004]. Regarding topical 
O2 therapy, which is typically administered via wound-attaching devices supplying O2 
at atmospheric pressures, this approach can overcome many of the limitations inherent 
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in HBOT [Gordillo and Sen, 2003]. Yet, physical restrictions needed for continuous local 
application, and the possibility of fire accidents remain two important issues with the 
portable equipment used. Thereby, novel technologies with the capacity to establish 
both increased and prolonged wound oxygenation, are actively tested worldwide 
[Sayadi et al., 2018].


1.5 | The promising potential of novel technologies supplying dissolved 

oxygen  

	 In this setting, biotechnologies supplying dissolved O2 (DO) within the aqueous 
phase, may introduce a breakthrough in the ongoing quest for novel approaches to 
increased and prolonged wound oxygenation. Given the liquid microenvironment 
surrounding the cells in living tissues, namely the extracellular fluid, a DO approach 
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Figure 1.6: Schematic diagram summarizing the available management options for 
wound healing, as documented by clinical availability in the United States. Graphical 
synopsis of the available therapeutic interventions in standard and advanced wound care 
units in the United States of America, highlighting the vastly unmet clinical need for safe, 
effective, consistent, and affordable wound management worldwide. Adapted from Das et al. 
2016. All rights reserved.



could theoretically enhance O2 supplementation safely and efficiently [Androjna et al., 
2008]. In fact, the enabling effects of DO have been quantified by comparing gaseous 
O2 to DO delivery in vitro; cutaneous oxygenation via the latter was significantly more 
efficient in both speed and magnitude [Roe et al., 2010]. Also, DO technologies 
enhance clinical flexibility in routes of administration, with a broad range from localized 
applications via wound dressings [Roe et al., 2010], to intravascular uses [Kheir et al., 
2012], and even liquid-ventilation applications [Legband et al., 2014]. In terms of 
topical wound treatment in particular, air exposure has been proven inadvisable in early 
stages [Hinman and Maibach, 1963]; meanwhile, there are indications that the entire 
healing mechanism can be substantially up-regulated in the presence of a moist/wet 
wound bed, provided that it remains non-infected [Junker et al., 2013]. Although a 
comparative study evaluating the costs of gas-based versus DO-based treatments is 
pending, it can be hypothesized that in terms of manufacturing, operational, and 
healthcare expenditure, DO technologies might offer a more balanced cost-
effectiveness relationship, since no life-threatening infrastructure is involved.


1.6 | Research objectives 

	 Given the documented contributions of O2 to the healing mechanism, the rising 
need for novel technologies to broaden the clinical implementation of enhanced wound 
oxygenation, and the promising yet largely unexplored potential of DO administration in 
wound healing and actively-regenerating tissues, collectively discussed throughout this 
Chapter, this dissertation has the following research objectives:


• To identify and comprehensively study the available technologies that can be 
leveraged for DO administration in healing wounds and actively-regenerating 
tissues, via a systematic analysis and critical co-evaluation of their engineering 
fundamentals, oxygenating effects, biomechanics of DO delivery to tissues, 
safety parameters, and healing-related efficacy


• To pinpoint the technological approach with the most promising cost-
effectiveness projection, among the available technologies enabling DO supply 
to healing tissues, for subsequent biomedical testing
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• To design and introduce a comprehensive in vivo protocol, encompassing a 
spherical investigation of the engineering fundamentals, quality-control 
processes, biological safety, and preliminary healing efficacy for DO 
technologies explored in wound healing applications, with the aim to 
standardize procedural parameters, facilitate experimental execution, and 
ultimately accelerate the biomedical translation of novel, technologically-relevant 
treatment factors in the field of wound healing and cutaneous regeneration


• To successfully implement the proposed in vivo protocol to independently study 
two DO-supplying technologies, manufactured by leveraging the physics of the 
gas-liquid interphase without chemical surfactants or exogenous additives, with 
the following secondary objectives: 


• identification of the most efficient routes of administration in vivo 


• description of the manufacturing and quality-control fundamentals 
for the DO-supplying technologies tested


• validation of their biological safety in vivo, and 


• assessment of their healing efficacy in vivo 
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2 | Dissolved oxygen technologies in wound healing and tissue 

regeneration 

The contents of this chapter also appear in Wound Repair and Regeneration as:


Ntentakis, D. P., Ntentaki, A. M., Delavogia, E., Kalomoiris, L., Venieri, D., 
Arkadopoulos, N., & Kalogerakis, N. (2021). Dissolved oxygen technologies as a novel 
strategy for non-healing wounds: A critical review. Wound repair and regeneration: 
official publication of the Wound Healing Society [and] the European Tissue Repair 
Society, 29(6), 1062–1079. https://doi.org/10.1111/wrr.12972
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2.1 | Background information 

	 Complications in the healing mechanism, and the associated prevalence of non-

healing wounds, are expected to rise exponentially in the upcoming decades 
[Walmsley, 2002; Sen et al., 2009]; alongside the increasing rates of systemic vascular 
comorbidities, predominantly type 2 diabetes [International Diabetes Federation, 2015], 
which keep escalating in the aging world population. Epidemiological concern is further 
exacerbated by the lack of gold-standard treatments in the field, especially for high-risk 
wounds, and the questionable capacity of the existing treatment approaches to 
counterbalance the projected increase in wound prevalence. Notably, these concerns 
persist despite the availability of numerous management strategies introduced over the 
years [Das and Baker, 2016]. 


	 Among the latter, technologies supplying gaseous oxygen to enhance wound 
healing, such as hyperbaric oxygen therapy (HBOT) and topical oxygen therapy, have 
been accompanied by substantial clinical benefits [Wang et al., 2003; de Smet et al., 
2017], enabled by the established role of adequate wound oxygenation on the 
successful completion of the healing mechanism [Tandara and Mustoe, 2004; 
Rodriguez et al., 2008]. Yet, their clinical applications are far from becoming broadly 
generalized, mainly due to technical limitations and pertinent complications; the most 
important of which, is the extremely short half-life of gaseous oxygen when 
administered in living tissues, as it succumbs to the principles of passive diffusion via 
the lipid bilayers of cell membranes. To overcome this limitation, aqueous solutions 
enriched with dissolved oxygen (DO) are investigated as a novel and highly-promising 
technological alternative to enhancing wound oxygenation. At this stage though, a 
collective and comparative analysis of the available technologies for supplying DO to 
healing tissues, has not been systematically conducted.


	 In this Chapter, we systematically study the technological approaches enabling 
DO administration for wound healing and tissue-regenerating applications. For each of 
the technological approaches we identified, we evaluate its technical fundamentals, 
oxygenating effects, the biomechanics underlying DO supply, and the ensuing healing-
related outcomes, as presented in the existing literature. Also, via a collective and 
critical interpretation of the aforementioned engineering and biological parameters, we 
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introduce an original classification system for the DO technologies that are being, or 
have been, tested in healing applications. Subsequently, we discuss pivotal aspects for 
the practical implementation of these technologies in real-life biomedical applications, 
such as the optimal timing of DO administration, dosing requirements, and potential 
safety concerns. Finally, we pinpoint crucial limitations in the existing literature, that 
should be addressed by future research in the field. Ultimately, the points presented in 
this work could contribute to an easier integration of DO technologies in the biomedical 
and clinical setting. To our knowledge, this is the first systematic analysis and 
classification of DO technologies investigated for healing applications in the literature.


2.2 | Methods 

2.2.1 | Literature search 

	 A systematic literature search was designed and conducted according to the 
Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) 
statement [Moher et al., 2009; Figure 2.1] and the Population, Intervention, 
Comparison, Outcomes, and Study design (PICOS) framework [Petticrew and Roberts, 
2006]. The following databases were systematically searched: EMBASE, Medline, Web 
of Science, Cochrane, PubMed as supply by the publisher, Scopus, and Google 
Scholar. Of the 457 articles originally identified, 450 remained after removal of 
duplicates.


2.2.2 | Data selection 

	 A total of 450 articles were carefully reviewed, using Endnote X9 for reference 
management. All clinical and experimental studies evaluating DO technologies in 
wound healing were included. For the scope of this work, our search was restricted to 
aqueous solutions enhancing oxygenation via DO, excluding articles testing artificial O2 

carriers. Letters to the editor, congress abstracts, and articles published in a language 
other than English were not considered. A total of 40 articles met met the 
aforementioned eligibility criteria, in the process illustrated on the PRISMA flow 
diagram in Figure 2.1.
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2.2.3 | Data extraction and organization 

	 Our stepwise analysis sequentially focussed on each study’s methodology, the 
healing endpoints assessed, the statistically significant outcomes, and the engineering 
fundamentals for each DO technology tested. For every original article, the following 

O2-nanobubbles enhance wound healing & skin regeneration in vivo ￼  19

Figure 2.1: Flow diagram summarizing the literature search conducted according to the 
PRISMA guidelines [35]. Via the implementation of the PRISMA guidelines [Moher et al., 
2009], combined with the systematic criteria applied during data extraction and organization 
(section 2.3.3 in this Chapter), our methodology enabled the effective categorization of all 
DO-supplying technologies that are being, or have been, tested for applications related to 
wound healing and tissue regeneration, into distinct categories based on their engineering 
background, manufacturing process, and DO-supplying parameters. Abbreviations: 
PRISMA, preferred reporting items for systematic reviews and meta-analyses; DO, dissolved 
oxygen. 



parameters were collectively recorded in Table S.1: first author, year of publication, 
level of evidence (LoE), subject (cell cultures, animal species, or humans), number of 
subjects/sample size (n), wound duration (acute if wounds were followed for <6 weeks, 
or chronic if either infected, ischemic, or simply evaluated for over 6 weeks), wound 
model (wound etiology; partial or full thickness when applicable), treatment timeline 
(duration; frequency), follow-up duration, treatment groups, control groups, measured 
endpoints, and positive outcomes (significant if p<0.05, non-significant if p>0.05). LoE 
was identified according to the Oxford Centre for Evidence-Based Medicine [Howick et 
al., 2011].


	 DO technologies were further analyzed based on the manufacturing 
fundamentals establishing their enhanced O2 content. The following technical details 

were recorded per technological group in Table S.2: manufacturing and application 
parameters, O2 supply/origin during the manufacturing process and additional 

materials apart from O2 (core materials, coating materials and extra solutes). Resulting 

O2 levels (in vitro, in vivo, or clinically) and the physical parameters during O2 

administration (pressure and temperature) are presented with the corresponding 
healing data in Tables S.3 – S.6.


2.3 | Classification of technological approaches enabling dissolved oxygen 

supply in vivo 

	 To our knowledge, this is the first classification of DO technologies evaluated for 
applications pertinent to wound healing and tissue regeneration. Based on the rationale 
described in section 2.3 of this Chapter, all original studies meeting the predetermined 
inclusion criteria (40) were classified among the following 4 technological approaches: 
DO solutions (17), oxygenating (O2) dressings (9), oxygenating (O2) hydrogels (11), and 
oxygenating (O2) emulsions (3), respectively. The healing outcomes pertaining to each 
technological group are presented separately, preceded by a paragraph summarizing 
the engineering fundamentals of the DO-supplying technology used. 


	 In this section, we focus on statistically significant results; a complete list of 
methodological details per study is included in Tables S.1 and S.2, for qualitative 
comparisons. An overview of the significant healing outcomes achieved with each DO 
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technology is provided in Figure 2.2. Healing endpoints and outcomes are presented in 
Tables S.3 – S.6, in correlation with the oxygenation parameters of biomedical interest. 
Statistical comparisons were impeded by the methodological variability even among 
studies evaluating the same technology; these are summarized in section 2.4 of this 
Chapter.


2.3.1 | Dissolved oxygen solutions 

	 In this approach, O2 gas was directly dissolved in water-based solutions aiming 
for gradual release upon administration. Further classification in Table S.2 and S.3 
highlights the distinct engineering approaches investigated for healing applications. 
Initially, molecular O2 was equilibrated with normal saline leading to O2-saturated 
solutions. Although significant, their oxygenating effect was relatively short-lived; thus, 
they have been mainly used as control treatments, in studies testing more complicated 
oxygenating technologies [Magnetto et al., 2014; Khadjavi et al., 2015; Prato et al., 
2015; Gulino et al., 2015; Basilico et al., 2015]. In a series of 3 cases evaluating this 
approach after plastic surgery, cosmetic and healing benefits were restricted to the 
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Figure 2.2: Overview of the 4 main categories of DO technologies identified, along with 
their outcomes on three key pathways of wound healing: epithelialization, angiogenesis, 
and collagen synthesis. Evaluation of dissolved oxygen (DO) technologies in wound healing. 
Four main technological approaches were identified: 1. DO solutions, 2. Oxygen (O2) 
dressings, O2 hydrogels, and O2 emulsions. Wound oxygenation was significantly enhanced 
with the majority of these DO technologies. Effects on key healing pathways, such as 
epithelialization, angiogenesis, and collagen synthesis were characterized by higher degree of 
variability.



short timeframe of daily administration; furthermore, mixture with multiple constituents 
and the subjectivity of photographic evaluation did not favor larger-scale clinical testing 
[Onouye et al., 2000]. Upon electrolysis, a similar saline formula can be enriched with 
both O2 and chloride free radicals, whose antibacterial effect has been shown to overall 
enhance the healing process in diabetic patients [Paola et al., 2006]. 


In the pursuit of increased and prolonged O2 delivery however, research has 
recently emphasized on O2-loaded ultra-fine particles (OUPs). Despite technical and 
physical variations, all OUP designs aim for maximum O2 content per unit size. Such 
highly-pressurized O2 would favor instantaneous collapse in aqueous solutions, 
according to Laplace’s law. Yet clinically significant oxygenation mandates improved 
OUP stability, for a long-lasting effect. To decelerate O2 diffusion in water, artificial 
coating materials have been tested. Via high-speed centrifugation, OUPs can be 
engulfed by complex carbohydrates such as chitosan [Magnetto et al., 2014, Khadjavi 
et al., 2015; Bisazza et al., 2008; Cavalli et al., 2009a] or dextran [Prato et al., 2015; 
Gulino et al., 2015; Basilico et al., 2015; Cavalli et al., 2009b]. Alternatively, 
phospholipid coatings are formed via sonication-driven emulsification with O2, at the 
beginning of each solution’s preparation [Feshitan et al., 2014; Fiala et al., 2020]. To 
enhance O2 content, some researchers added O2-binding perfluorocarbons (PFCs) to 
the OUP core; mainly perfluoropentane (PFP) and decafluoropentane (DFP). Core 
materials determine OUP nomenclature and physical state at body temperature. For 
example, homogenization with gaseous PFP yields O2 ultra-fine bubbles (PFP-OUBs) 
[Magnetto et al., 2014; Prato et al., 2015; Bisazza et al., 2008; Cavalli et al., 2009a; 
Cavalli et al., 2009b], whereas a liquid DFP core forms O2-loaded nanodroplets 
(OLNDs) at 25 oCelsius [Magnetto et al., 2014; Khadjavi et al., 2015; Prato et al., 2015; 
Gulino et al., 2015; Basilico et al., 2015].  


	 Recently, OUBs manufactured without any additional materials achieved 
oxygenation of remarkable magnitude and duration [Matsuki et al., 2012; Matsuki et al., 
2014; Ebina et al., 2013; Noguchi et al., 2017; Matsuoka et al., 2018]. By applying 
Bernoulli’s hydrodynamic principle, cylindrical water acceleration produces a 
centrifugal pressure gradient that enables mixture with 100% O2 from a different inlet. 
In the common outlet, shearing forces from abrupt pressure and temperature changes 
generate O2 micro-bubbles (OMBs) [Tsuge, 2014]. Shortly, OMBs collapse to create 

O2-nanobubbles enhance wound healing & skin regeneration in vivo ￼  22



stable OUBs with a potential lifespan of 70 days and mean diameters of less than 
10μm [Ebina et al., 2013; Noguchi et al., 2017; Matsuoka et al., 2018]. Stability of these 
“plain” OUBs is founded upon electrochemical phenomena almost exclusive to the 
nanoscale. In fact, the latter mostly pertain to the OUB surface charge, the liquid 
medium, and the manufacturing process rather than the enclosed gas itself [Tsuge, 
2014].  

	 Following mixture with hypoxic saline, PFP-OUB solutions restored normoxic 
DO concentration within 24 hours [Bisazza et al., 2008; Cavalli et al., 2009a; Cavalli et 
al., 2009b]. Although mostly down-regulated [Bisazza et al., 2008; Cavalli et al., 2009a], 
hypoxia-inducible factor 1-alpha (HIF-1α) expression may vary depending on oxidative 
stress intensity [Bisazza et al., 2008]. In vitro, chitosan-OLNDs achieved significantly 
higher DO concentration after ultrasound application [Magnetto et al., 2014]. O2 skin 
penetration was also enhanced by sonication [Magnetto et al., 2014]; illustrated as 
ΔDO in Table S.3. In vitro administration of similar OLNDs under hypoxia normalized 
the ratio of matrix metalloproteinases to their tissue-specific inhibitors (MMPs/TIMPs) 
[Khadjavi et al., 2015]. Subsequent studies evaluated dextran-OLNDs in human cell 
lines playing a fundamental role in cutaneous healing; such as keratinocytes [Prato et 
al., 2015], monocytes [Gulino et al., 2015], and endothelium [Basilico et al., 2015]. 
Outcomes were similar in terms of DO increase [Prato et al., 2015], O2 penetration 
[Prato et al., 2015], and MMP/TIMP equilibrium [Gulino et al., 2015; Basilico et al., 
2015] over 24 hours. In the majority of in vitro experiments, oxygenating effects were 
significantly more pronounced in severe hypoxia [Magnetto et al., 2014; Khadjavi et al., 
2015; Prato et al., 2015; Gulino et al., 2015; Basilico et al., 2015; Cavalli et al., 2009a; 
Cavalli et al., 2009b]. Highest efficiency in O2 release was achieved when OUPs were 
dissolved in an aqueous environment, compared to similar gel formulations [Magnetto 
et al., 2014; Prato et al., 2015]. 


	 Versus untreated controls, OLNDs increased transcutaneous O2 partial pressure 
(TcPO2) and oxidized hemoglobin (OxyHb) in healthy mice for 15 minutes [Magnetto et 
al., 2014; Prato et al., 2015]. Brief sonication (10-135min in vitro, 10min in vivo) 
increased both the duration and the magnitude of O2 delivery [Magnetto et al., 2014; 
Prato et al., 2015; Cavalli et al., 2009a; Cavalli et al., 2009b], sometimes in a time-
dependent manner in vitro [Cavalli et al., 2009a; Cavalli et al., 2009b]. The enabling 

O2-nanobubbles enhance wound healing & skin regeneration in vivo ￼  23



effect of ultrasound was concurrently investigated in all in vitro study groups [Magnetto 
et al., 2014; Prato et al., 2015; Cavalli et al., 2009a; Cavalli et al., 2009b]; yet in vivo 
statistical comparisons included OLNDs and negative controls only [Magnetto et al., 
2014; Prato et al., 2015]. Phosphate-buffered saline containing phospholipid-coated 
OMBs successfully abrogated systemic hypoxia following acute lung trauma in rats 
[Feshitan et al., 2014; Fiala et al., 2020]. Both continuous and intermittent intra-
peritoneal infusion improved survival in pneumothorax [Feshitan et al., 2014] and acute 
respiratory distress syndrome [Fiala et al., 2020] protocols respectively, over a 
maximum period of 48 hours. However, clinical and histological markers of lung trauma 
were inconsistently affected [Feshitan et al., 2014; Fiala et al., 2020].


“Plain” OUB solutions demonstrated a dose-dependent oxygenating effect in 
healing -related protocols both in vitro and in vivo [Matsuki et al., 2012; Matsuki et al., 
2014; Noguchi et al., 2017; Matsuoka et al., 2018]. Among fluid-resuscitation 
constituents, normal saline (0.9% NaCl) was verified as the ideal microenvironment to 
combine optimal OUB stability with efficient O2 delivery [Matsuki et al., 2012; Matsuki 
et al., 2014]. OUB-enriched water significantly promoted physical growth in healthy 
developing mice per os [Ebina et al., 2013]. Such an anabolic status simulates 
accelerated tissue regeneration during proliferative healing [Ebina et al., 2013]. Notably, 
in vitro application of similarly-engineered ultra-fine bubbles containing air (21% O2) 
yielded analogous outcomes [Ebina et al., 2013]. Peripheral nerve regeneration 
[Matsuoka et al., 2018] and osteoclast inhibition [Noguchi et al., 2017] were also found 
proportional to OUB concentration, in subsequent in vitro experiments by the same 
group. In vivo, the aforementioned solutions enhanced not only the regeneration of 
fully-transected sciatic nerve [Matsuoka et al., 2018], but also bone sustainability under 
osteoclastic stimulation [Noguchi et al., 2017]. Expression of healing-related growth 
factors was also significantly up-regulated in vitro [Matsuoka et al., 2018]. OUBs were 
not only detectable, but could also maintain their oxygenating effect for nearly 70 days 
post-production at 4 degrees Celsius [Ebina et al., 2013].


	 Furthermore, ultrasound application varied substantially among the DO 
technological subgroups. For phospholipid-coated OMBs, sonication energy was used 
to emulsify the gas-liquid interphase with the covering material, at the beginning of the 
manufacturing process [Feshitan et al., 2014; Fiala et al., 2020]. Brief ultrasound 
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application (~30 seconds) facilitated the rupture of larger-diameter bubbles in “plain” 
OUB solutions [Matsuki et al., 2012; Matsuki et al., 2014; Ebina et al., 2013; Noguchi et 
al., 2017; Matsuoka et al., 2018]. Regarding core-enhanced OUP solutions, O2 delivery 
was enhanced by the sonication-driven OUP oscillation [Magnetto et al., 2014; 
Khadjavi et al., 2015; Prato et al., 2015; Gulino et al., 2015; Basilico et al., 2015].  

2.3.2 | Oxygenating dressings 

	 Over the years, wound dressings have been classified by multiple criteria 
including main function [Purna and Babu, 2000], predominant material [Queen et al., 
2004], physical form [Falabella, 2006], and attachment to healing surface [van Rijswijk, 
2006]. In our analysis, oxygenating (O2) dressings are further sub-categorized to 

facilitate the association between different biotechnologies and healing outcomes 
[Table S.4]. A considerable number of researchers used H2O2 as an O2-releasing 

intermediate [Tur et al., 1995; Chandra et al., 2015; Harrison et al., 2007; Wright et al., 
2003]. H2O2 is typically generated via oxidation of implantable biomaterials such as 

sodium percarbonate and calcium peroxide [Chandra et al., 2015; Harrison et al., 
2007]; alternatively, it can be exogenously administered through the overlying dressing 
for intermittent control of wound O2 [Wright et al., 2003], or integrated in a cream [Tur et 

al., 1995]. Other dressings come pre-loaded with O2 using proprietary technologies 

[Lairet et al., 2014; Zellner et al., 2015; Gueldner et al., 2017; Kellar et al., 2013]. The 
latter are typically encased by a polymer O2-binding matrix, in either foam [Zellner et 

al., 2015; Kellar et al., 2013] or powder configurations [Gueldner et al., 2017]. 
Interestingly, the cutting-edge technology of microfluidics can also be incorporated in 
bandages to provide dynamic wound oxygenation [Lo et al., 2013]. Although this 
design required continuous connection to an O2 tank, it enabled accelerated O2 

equilibration in the 60-second range [Lo et al., 2013]. Such real-time monitoring and 
supply might be applied for individualized wound care, meeting each tissue’s O2 

demands at every healing stage. Table S.2 provides an overview of technical and O2-

releasing parameters for the aforementioned dressings; the ensuing oxygenation 
outcomes are presented in Table S.4.
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Detailed healing endpoints and outcomes are presented in Table S.1. In rodent 
models of acute [Tur et al., 1995; Harrison et al., 2007] and chronic [Wright et al., 2003] 
wounds, the effect of H2O2-based dressings on wound closure remains inconclusive. 

Enhanced re-epithelialization [Harrison et al., 2007; Wright et al., 2003] was 
accompanied by improved flap survival [Harrison et al., 2007], preservation of skin 
histology [Harrison et al., 2007], and local anti-bacterial defense [Wright et al., 2003]. 
On the other hand, wound closure was not noticeably benefited despite a dose-
dependent increase in local perfusion upon macroscopic evaluation; this effect was 
most evident on days 2 and 15 post-trauma, and became insignificant after the first 20 
days [Tur et al., 1995]. Via H2O2, Chandra et al. achieved continuous O2 supply for 3-4 

days before requiring dressing replacement [Chandra et al., 2015]. In their porcine 
protocol of acute surgical wounds, pivotal steps such as wound re-epithelialization, 
collagen deposition, and angiogenesis were significantly enhanced [Chandra et al., 
2015]. 


	 Although promising, experimental data on pre-loaded O2 dressings also exhibit 

variable O2 delivery.  In vitro, poly-oxygenated aluminum hydroxide (Ox66TM) improved 

cellular viability, proliferation, and migration on scratch assays; yet, significant effects 
were restricted to specific dose ranges [Gueldner et al., 2017]. In a full-thickness 
porcine model, healing outcomes were benefited by an oxygenated foam dressing both 
macroscopically and histologically [Zellner et al., 2015]. However, the most distal 

quarters of the wound flap demonstrated increased subcutaneous necrosis and 
fibrosis, compared to control flaps on the same animal [Zellner et al., 2015]. Even more 
contradictory are the available clinical data, from small case series with diverging 
methodologies [Lairet et al., 2014; Kellar et al., 2013]. Cutaneous hydration and 
expression of structural proteins were increased by application of the “OxygeneSys" 
foam dressing on healthy skin; meanwhile, inflammatory and toxicity markers were 
significantly down-regulated [Kellar et al., 2013]. In a small randomized study, healing 
and cosmetic results were favorable; yet additional limitations related to follow-up 
variability and subjectivity of macroscopic evaluations impact clinical significance 
[Lairet et al., 2014]. Microfluidic dressings enhanced O2 delivery in vitro throughout 
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a14-day evaluation [Lo et al., 2013]. With the exception of collagen maturation though, 
no significant healing benefits were recorded in diabetic mice [Lo et al., 2013]. 

2.3.3 | Oxygenating hydrogels 

	 Oxygenating (O2) hydrogels are composed of synthetic (methacrylates, 
polyvinylpyrrolidone) or natural (alginate) polymers, integrated in a water-dominant 
gelatinous phase by 70-90% [Boateng et al., 2008]. They have been designed for 
topical wound treatments via three distinct approaches, each incorporating a different 
oxygenating technology. Once the hydrogel core has been finalized [Table S.2], it can 
be directly saturated with atmospheric air [Patil et al., 2016] or 100% O2 for 10 to 30 
minutes at 5PSI [Patil et al., 2016; Patil et al., 2018; Patil et al., 2019; Wijekoon et al., 
2013; Akula et al., 2017; Almeleh, 2013; Moen et al., 2018]. In this scenario, the most 
extensively tested polymer is a methacrylamide chitosan modified with perfluorocarbon 
chains (MACF) [Patil et al., 2016; Patil et al., 2018; Patil et al., 2019; Wijekoon et al., 
2013; Akula et al., 2017; Almeleh, 2013]. It is synthesized via a sequence of chitosan 
modifications including fluorination, freeze-drying, polymerization under ultraviolet 
radiation (for 20 minutes), and mixture with exogenous chemicals [Table S.2]. MACF-
based O2 hydrogels (2% w/v) are directly applied on the wound.


Alternatively, O2 is produced upon contact with the wound surface [Queen et al., 
2007; Ivins et al., 2007; Moffatt et al., 2014; Chen et al., 2020]. Hydrogels are 
embedded in two separate sheets of a specialized dressing containing glucose and 
glucose oxidase, respectively. The latter interact for the first time once applied to the 
wound, and O2 is instantly released via a hydrogen peroxide (H2O2) intermediate 
[Queen et al., 2007; Ivins et al., 2007; Moffatt et al., 2014]. Such an oxidative reaction 
mimics H2O2 generation during leukocyte respiratory burst. Lesser amounts of 
molecular iodine (<0.04%) are also produced, probably contributing to local 
bactericidal conditions [Queen et al., 2007; Ivins et al., 2007; Moffatt et al., 2014]. A 
secondary dressing, for example a gauge, is concurrently attached to secure physical 
coverage in most hydrogel technologies. Recently, Chen et al. presented a novel 
approach to O2-generating hydrogels, evaluated in cell cultures and animal protocols 
[Chen et al., 2020]. In this design, O2 is produced via photosynthesis and respiration by 
microalgae pre-embedded in the hydrogel sheets [Chen et al., 2020]. 
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	 Variability in oxygenation magnitude and healing parameters are presented in 
Table S.5. In vitro, MACF hydrogels established elevated O2 levels for up to 5 days 
[Wijekoon et al., 2013]. O2-loading capacity, duration and magnitude of O2 release, 
cellularity, and metabolic activity increased with the addition of fluorine residues, 
especially in a chain conformation [Wijekoon et al., 2013]. Although less pronounced, 
analogous effects were observed on biosynthetic pathways of neonatal fibroblasts and 
keratinocytes under hypoxia [Akula et al., 2017]. In this case, oxygenation peaked 
within 2 hours of hydrogel application, and gradually dropped to control levels by 20 
hours [Akula et al., 2017]. In vivo though, the outcomes of MACF O2 hydrogels in full-
thickness wound models have been largely inconsistent. For example, epithelialization 
showed no significant difference between O2- and air-saturated (21% O2) hydrogels 
[Patil et al., 2016], nor in comparison to the MACF hydrogel core before saturation with 
100% O2  [Patil et al., 2018; Patil et al., 2019]. Improvements in collagen synthesis 
might be more reproducible [Patil et al., 2016; Patil et al., 2018; Patil et al., 2019]; 
similarly though, significant differences were only recorded in comparison to a non-
oxygenating control dressing, rather than the MACF hydrogel core prior to O2 
saturation [Patil et al., 2018; Patil et al., 2019]. Scarce clinical data from three case 
series and one randomized comparative trial focussed on chronic venous ulcers 
[Almeleh, 2013; Queen et al., 2007; Ivins et al., 2007; Moffatt et al., 2014] and hydrogel 
cost-effectiveness [Moffatt et al., 2014]. Yet, small samples and lack of untreated 
controls in these studies preclude clinically applicable conclusions [Almeleh, 2013; 
Queen et al., 2007; Ivins et al., 2007; Moffatt et al., 2014]. Superiority of DO in terms of 
skin penetration was also reproduced with microalgae hydrogels, versus topical gas O2 
[Chen et al., 2020]. These hydrogels achieved favorable outcomes in DO production, 
healing-related parameters, and associated immunoreactivity both in vitro and in vivo; 
however, the necessity for light exposure and additional constituents that include living 
microorganisms might generate cost-effectiveness concerns, especially in large-scale 
clinical testing [Chen et al., 2020]. 

2.3.4 | Oxygenating emulsions 

	 Oxygenating (O2) emulsions were manufactured in cream format for topical 
wound treatment [Davis et al., 2007; Li et al., 2013; Li et al., 2015]. In these immiscible 
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formulations, O2 supersaturation is achieved via the addition of miniature PFC droplets 
and a surfactant oil. PFCs enable superior O2 transfer than hemoglobin, mediated by 
linear gas-exchange kinetics proportional to PFC concentration [Riess and Le Blanc, 
1982]. Yet they are practically insoluble in water; thus, droplet diameters are kept in the 
low micrometer scale [Riess and Le Blanc, 1982], while the hydrophilic surfactant is 
required for cohesion in a continuous aqueous state [Davis et al., 2007; Li et al., 2013; 
Li et al., 2015; Spears, 2002]. To prevent rapid outgassing and premature O2 
dissolution, these emulsions are stored under high pressure [Table S.2]. When topically 
applied on wounds, the high O2-carrying capacity of PFCs is represented by a slow yet 
prolonged oxygenating effect.


	 In porcine partial-thickness wounds, O2 emulsions significantly enhanced 
epithelialization [Davis et al., 2007; Li et al., 2013; Li et al., 2015], granulation tissue 
formation [Li et al., 2013; Li et al., 2015], collagen synthesis [Li et al., 2013; Li et al., 
2015], and angiogenesis [Li et al., 2013; Li et al., 2015] in terms of speed and efficacy 
[Table S.6]. For the majority of healing outcomes, maximum benefits from additional O2 
were recorded on day 4 post-trauma; with the exception of VEGF production and 
subsequent angiogenesis, which peaked on day 7 [Li et al., 2013; Li et al., 2015]. Initial 
O2 content was 2ml per ml of emulsion prior to dispensation, which could surpass the 
O2-dissolving capacity of regular water by up to twenty times [Davis et al., 2007; Li et 
al., 2013; Li et al., 2015]. Most partial-thickness wounds were fully epithelialized before 
day 14 [Davis et al., 2007; Li et al., 2013]. Detailed follow-up duration and treatment 
intervals are presented on Table S.1. All treatment groups were compared to non-
treated controls, plus another group where the emulsion vehicle (PFC + surfactant) was 
administered without adding O2. Notably, the aforementioned healing pathways were 
also benefited in the vehicle-only groups; although to a significantly lesser magnitude 
than O2 emulsions could enable.


2.4 | Discussion 

	 DO technologies introduce a highly promising strategy for efficient, persistent, 
and affordable wound oxygenation. Our qualitative analysis verifies our original 
hypothesis, and supports further investigation in the management of non-healing 
wounds. Statistical comparisons were impeded by technical and methodological 
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variations, even among similar technological approaches. Instead, the following 
paragraphs are dedicated to research gaps that require further attention, focusing 
specifically on DO technologies. We anticipate that once properly addressed, the 
ensuing data shall facilitate integration of such biotechnologies in routine healthcare.


2.4.1 | The promising potential of oxygen ultra-fine bubble technology 

	 From our perspective, “plain” OUB solutions entail the strongest potential for 
healing applications. This technology has already been tested in agricultural and 
environmental settings, achieving unprecedented oxygenation outcomes [Agarwal et 
al., 2011; Etchepare et al., 2017]. The latter are attributed to the unique physical 
properties demonstrated by OUBs in water solutions, as a result of their miniature size. 
In the articles we reviewed, mean OUB diameter was reported lower than 2μm [Matsuki 
et al., 2012; Matsuki et al., 2014; Ebina et al., 2013; Noguchi et al., 2017; Matsuoka et 
al., 2018]. At this size range, O2 dissolution is substantially up-regulated by a higher 
pressure gradient though the OUB shell, according to Laplace’s law [Matsuki et al., 
2012; Tsuge, 2014]. Apart from magnitude, oxygenating effects are concurrently 
enhanced in duration. OUB rising velocity is exponentially decreased by their smaller 
radius, favoring longevity in aqueous solutions; in the available literature, OUBs were 
detected for up to 70 days after production [Ebina et al., 2013]. Additional OUB stability 
is forged by repulsive electrochemical phenomena almost exclusive to the nanoscale, 
collectively described by zeta (ζ) potential [Tsuge, 2014]. In contradiction to regular 
physics of the gas-liquid interface, hydrodynamics of buoyancy, coalescence, and 
dissolution appear to work synergistically to the benefit of oxygenation.


Besides the technical background, biomedical parameters further support 
“plain” OUBs for wound healing. Nanometer diameters not only ensure vascular 
patency, but also permit unobstructed movement through fenestrated capillaries. For 
comparison purposes, the filter pores in extracorporeal membranous oxygenation 
(ECMO) devices are measured in the 28–40μm range [Barak and Katz, 2005]. Clinical 
safety is also reinforced by the manufacturing process; a multi-step mixture of O2 and 
water, that does not require exogenous materials. Meanwhile, normal saline has already 
been documented as the most ideal microenvironment for OUBs [Matsuki et al., 2012; 
Matsuki et al., 2014]. Since this is the typical formulation for fluid resuscitation in 
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medicine, clinical integration of such OUB solutions could be expedited. Furthermore, 
this approach also permits intravascular administration; the latter may expand 
therapeutic applications towards systemic O2 delivery. Flexibility in isotope selection 
without compromising their oxygenating effects [Ebina et al., 2013] also broadens 
clinical utility, especially for disinfection. In our categorization of DO solutions, “plain” 
OUB technology achieved the most consistent outcomes in both oxygenation and 
healing [Table S.3]. 

2.4.2 | Potential safety concerns with surfactant materials and chemical reactions 

	 Meanwhile, alternative DO formulations raise multifaceted safety concerns. In 
part, the latter are associated with inherent toxicity of constituents other than O2 and 
water. Among these chemicals [Table S.2], PFCs are the most frequently encountered 
despite their hydrophobic nature; indeed, they have been included in core-enhanced 
OUP solutions [Magnetto et al., 2014; Prato et al., 2015; Gulino et al., 2015; Basilico et 
al., 2015; Bisazza et al., 2008; Cavalli et al., 2009a; Cavalli et al., 2009b], O2 emulsions 
[Davis et al., 2007; Li et al., 2013; Li et al., 2015], and the majority of O2 hydrogels [Patil 
et al., 2016; Patil et al., 2018; Patil et al., 2019; Wijekoon et al., 2013; Akula et al., 2017; 
Almeleh, 2013]. Extensive environmental exposure predisposes to dose-related 
hepatotoxicity [Butenhoff et al., 2002], and gestational DM [Zhang et al., 2015]; both 
these conditions can independently impair healing via coagulation and microvascular 
disorders, respectively. Equally concerning is the high risk of long-term accumulation in 
the lungs, even after 12 months of PFC administration [Nosé, 2004]. Similarly, chitosan 
cytotoxicity has been reported in human keratinocytes [Wiegand et al., 2010], lung 
fibroblasts, and endothelium [Je et al., 2006]. Such effects may progress unpredictably 
in vivo, as they seem to strongly correlate with the degree of chitosan de-acetylation 
[Je et al., 2006]. Certain surfactants from O2 emulsions have been associated with life-
threatening pro-inflammatory [Lowe, 1999] and hemodynamic [Castro and Briceno, 
2010] adverse events; in this setting, an FDA-approved hydrogel for salvage of 
ischemic myocardium during percutaneous coronary angioplasty (PCA) was recently 
withdrawn [F-D-C Reports, 1990]. Interestingly, substances like polyvinylpyrrolidone 
(PVP) and emulsion vehicles may exert an inhibitory effect on O2 kinetics [Cavalli et al., 
2009b] and the healing mechanism [Eaglstein and Mertz, 1980]. In an aging and largely 
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vasculopathic global population, such lipids and complex carbohydrates might not 
represent the ideal constituents for oxygenating formulations.


A similar verdict can be reached with a projected risk-benefit assessment. Via 
the aforementioned technologies, O2 delivery and healing outcomes have been rather 
inconsistent [Table S.1]. Within dressings for example, O2 is frequently released by 
oxidative reactions that simulate bactericidal respiratory burst [Tur et al., 1995; 
Chandra et al., 2015; Harrison et al., 2007]. Such a strategy possibly entails both local 
and systemic toxicities, secondary to chemical byproducts, pH disruptions, and 
exothermic heat generation. It may also propagate a vicious cycle of repetitive trauma 
and incomplete healing.; this might be worsened by frequent dressing replacements, 
especially in the case of adhesive products. Regarding O2 emulsions, additional 
complications pertain to frozen shipping, storage, and specialized conditions prior to 
liquified administration [Castro and Briceno, 2010]. In turn, hydrogels have been 
associated with decreased patient compliance, as their elasticity can complicate daily 
manipulations [Morgan, 1999]. 


	 Generally, healing benefits from enhanced oxygenation should be maximized in 
an adequately moisturized microenvironment [Androjna et al., 2008; Roe et al., 2010]. 
In our analysis, this was reflected on the inconsistent healing outcomes among indirect 
approaches to DO, such as O2 dressings and O2 hydrogels [Tables S.4 and S.5]. In 
OUP technologies, comparisons between gel and aqueous formulations also verified a 
statistically significant benefit for O2 dissolution in liquid media [Magnetto et al., 2014; 
Prato et al., 2015]. Meanwhile, in vivo oxygenation was significantly improved only after 
ultrasound application; an effect that was maintained for maximum 15 minutes 
[Magnetto et al., 2014; Prato et al., 2015]. Effective duration should obviously be 
prolonged before such technologies can be considered for actual patients. Notably, 
sonication was administered at the highest therapeutic doses for humans [Table S.2]; 
this may not only impact patient compliance, but could also raise safety concerns 
related to membrane permeability and intracellular H2O2 accumulation [Juffermans et 
al., 2006]. 

2.4.3 | Optimal timing to enhance wound oxygenation 
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	 To ensure maximum efficacy, the timing of wound oxygenation should also be 
investigated. Normally, healing progresses via four universal stages: hemostasis, acute 
inflammation, proliferation, and remodeling [Singer and Clark, 1999; Gurtner et al., 
2008]. Although sequential, these phases are characterized by variable overlapping in 
terms of participating cellular types [Gurtner et al., 2008]; for this reason, healing 
experiments are preferably designed in vivo to better simulate the actual mechanism, 
when possible [Boyko et al., 2017]. Successful completion of all the implicated 
pathways is founded upon adequate O2 supply. In fact, O2 contributes to neutrophil 
chemotaxis [Klyubin et al., 1996], respiratory burst [Babior, 1978], decreased infections 
[Greif et al., 2000; Belda et al., 2005], enhanced re-epithelialization [Said et al., 2005], 
angiogenesis [Berthod et al., 2006; Knighton et al., 1983; Sen et al., 2002; Roy et al., 
2006], and successful collagen deposition [Kivisaari et al., 1975; Eyre et al., 1984; 
Stephens and Hunt, 1971]; it also provides sufficient energy throughout tissue repair 
[Kivisaari et al., 1975; Vihersaari et al., 1974]. In this setting, additional oxygenation 
could be beneficial regardless of the healing stage. Over the years, this argument has 
been supported by multiple studies on the healing outcomes of O2-based therapies, 
regardless of the technology used [de Smet et al., 2017; Wang et al., 2003]. However, 
specific effects per healing stage are yet to be fully clarified.


	 It is widely believed that hypoxia (1-2% O2) acts beneficially within the first hours 
following trauma. This was based on its up-regulating effects on dermal fibroblast 
proliferation [Siddiqui et al., 1996; Falanga and Kirsner, 1993], mobility [Mogford et al., 
2002; O’Toole et al., 1997], as well as the expression of transforming growth factor-
beta 1 (TGF-1) [Falanga et al., 1991], procollagen [Falanga et al., 1993], collagen 
[Falanga et al., 2002], platelet-derived growth factor (PDGF) by endothelial cells 
[Kourembanas et al., 1990], and vascular endothelial growth factor (VEGF) by various 
implicated cell types [Shweiki et al., 1992]. While the aforementioned data were 
obtained in vitro, they have not been reproduced in vivo; in fact, they are substantially 
blunted in vivo to the point of being insignificant to the healing outcome. For example, 
induction of VEGF expression by hypoxia was significantly lower than the effect of 
vascular trauma itself [Corral et al., 1999]. Thus, hypoxia was not required to stimulate 
angiogenesis in vivo [Corral et al., 1999]. Variability between in vitro and in vivo 
observations can be attributed to multiple parameters affecting normal healing. 
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Probably the one with the highest clinical relevance, is the subject’s age. In vitro 
enhancement of TGF-1, PDGF, and VEGF expression by hypoxia was not reproduced 
neither in aged wound models in vivo [Wu et al., 1999; Corral et al., 1999; Brucker et 
al., 1996], nor in aged human cell lines [Mogford et al., 2002; Xia et al., 2001]. Since 
most systemic comorbidities predisposing to non-healing wounds affect older patients, 
even transient hypoxia might not enhance tissue repair. 


	 From our analysis, early hypoxia should not be over-stressed when applying O2-
based healing therapies. Maximum benefits from O2 emulsions were recorded until day 
4 post-trauma; with the only exception of VEGF production and subsequent 
angiogenesis, which peaked on day 7 [Li et al., 2013; Li et al., 2015]. Tissue survival 
was significantly improved only at days 2 and 3 from application of the H2O2 dressing 
by Harrison et al. [Harrison et al., 2007]. Additional data suggest a detrimental effect of 
hypoxia on hemostasis [Görlach et al., 2000], energy supply [Knighton et al., 1981; 
Gupta and Raghubir, 2005], and bacterial killing both in vitro [Allen et al., 1997] and in 
vivo [Edwards et al., 1984; Niethammer et al., 2009]. These molecular pathways start 
within the first hours post-trauma. On the other hand, chronic hypoxia is notorious for 
its catastrophic consequences on the healing process, as summarized in the 
Introduction section. In combination with the overlapping among healing stages, such 
data may advocate the necessity of adequate oxygenation as early as possible. Further 
research in the field is warranted, especially in the in vivo and clinical settings.


2.4.4 | Quantification of oxygen requirements for safe and effective healing 	

applications 

	 Furthermore, we should specify the amount of supplementary O2 permitting 
uncomplicated healing. Clinically, TcPO2 measurements are already applied as 
prognostic markers in high-risk wounds [Padberg et al., 1996]. Normal TcPO2 
approximates 40mmHg for the subcutaneous, in a 30-40mmHg range; pressures lower 
than 30mmHg are frequently encountered in acute cutaneous wounds [Chang et al., 
1983]. Chronic wounds are typically classified as severely hypoxic, and local O2 tension 
(PO2) fluctuates below the 20mmHg cutoff [Sheffield, 1988; Shah, 2011]. O2 demands 
are accentuated by the hyper-metabolic state in all healing tissues; by nature, this 
energy expenditure is preferentially covered via oxidative phosphorylation [Gupta and 
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Raghubir, 2005; Matsuda et al., 1987]. Appropriate PO2 is highlighted by the Km values 
of key enzymes in the healing mechanism. For example, NADPH oxidase reaches half 
its maximum efficacy during ROS production at a range of 45-80mmHg [Allen et al., 
1997]. At lower values, bactericidal activity of neutrophils is significantly impaired 
[Edwards et al., 1984; Jonsson et al., 1984], reflecting the downstream effect of 
decreased NADPH oxidase activity. For the rate-limiting hydroxylases in collagen 
synthesis, Km is achieved at a PO2 of 25mmHg [Myllylä et al., 1977]. Collagen 
deposition by fibroblasts also occurs at a minimum O2 range of 30-40mmHg. [Myllylä et 
al., 1977; Hutton et al., 1967]. In fact, both NADPH oxidase and collagen hydroxylases 
demonstrate a dose-dependent relationship with PO2, before reaching their maximum 
effect at approximately 250 and 300mmHg, respectively [Allen et al., 1997; Myllylä et 
al., 1977]. In a double-blind randomized controlled trial of 500 patients undergoing 
colonic resection, 50% increase in inspired O2 concentration was accompanied by an 
equivalent decrease in surgical wound infections [Greif et al., 2000]. Furthermore, 
collagen synthesis was directly proportional to local perfusion and ensuing PO2 in 
subcutaneous wounds postoperatively [Jonsson et al., 1991]. Angiogenesis may also 
demonstrate a similar dose-dependent relationship with O2 [Hopf et al., 2005]. In the 
experiments by Matsuoka et al., VEGF and PDGF expression showed a linear 
correlation to O2 levels, after mixture with “plain” OUB solutions [Matsuoka et al., 
2018].


	 In order for universal clinical applications, an ideal 40mmHg PO2 cutoff should 
be maintained efficiently and safely. Duration is determined by physical form, route of 
administration, wound accessibility, and O2 consumption in each particular tissue. For 
example, systemic delivery is limited in cases of local vasculature disruption; such 
treatments require higher initial doses, so that the resulting O2 gradient can uniformly 
supply the entire wound surface. In our analysis, O2 levels in OUP-enriched gels were 
substantially lower than in aqueous solutions with the same OUP content [Magnetto et 
al., 2014; Prato et al., 2015]. Despite the lack of statistical comparisons, O2 dressings 
and O2 hydrogels demonstrated significant inconsistency in healing outcomes [Patil et 
al., 2016; Patil et al., 2018]. Safety entails manufacturing parameters, as well as 
adverse sequelae from potential O2 redundancy [Bert, 1943]. Integration of hyperoxia-
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induced biomarkers [Roy et al., 2006] and regular follow-up may ultimately prevent or 
compensate for hyperoxia risk in healing tissues.


2.4.5 | Methodological variability in the wound healing literature 

	 Methodological variability is an established limitation in the healing literature, 
and studies evaluating O2-enhancing treatments are no exception [de Smet et al., 
2017]. In our analysis, inconsistencies ranged from the timepoints of endpoint 
evaluation, the assessment techniques, the absence of control groups, the frequency 
and dosage of DO technologies, to the wound models themselves. For example, 
oxygenating outcomes after applying a DO formula have been reported as PO2, ΔPO2 
(sometimes without the independent numerical measurements), DO concentration, or 
as ΔDO. Statistical comparisons were sometimes impossible even among similar 
technologies testing the same endpoint. For example, PO2 achieved after 15 minutes 
of ultrasound application on chitosan OLNDs solution [Magnetto et al., 2014] cannot be 
compared to ΔPO2 values from dextran OLNDs solutions after 60min [Prato et al., 
2015]. Since DO technologies comprise a novel approach towards wound oxygenation, 
the majority of available data are experimental. Instead of actual wound models, many 
studies simulated universal healing conditions in vitro, typically hypoxia. Thus, clinical 
translation is currently decelerated by the low LoE of available data. Detailed 
methodological inconsistencies in the studies we analyzed are collectively illustrated 
on Table S.1.


2.4.6 | Conclusions and future research needs 

	 From our perspective, systematic analyses like the one presented herein 
(Chapter 2 of this dissertation) should suggest specific solutions to address the current 
literature limitations. In order for comparable data and reproducible protocols, 
worldwide experts need to reach a consensus specifying the basic endpoints in all 
wound models, as well as the techniques and timepoints for their evaluation; 
particularly when it comes to healing efficacy, and healing speed. Meanwhile, the 
following in vivo experiments are required prior to extensively testing DO technologies 
in clinical practice. First, we need a comparative study evaluating “plain” OUBs 
containing no chemical surfactants, versus OUP solutions in terms of magnitude and 
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duration of O2 delivery. All formulations should be applied under identical ambient 
conditions, with and without brief sonication. A complete experimental design shall 
incorporate both positive and negative control groups for every healing parameter 
assessed; all data should be recorded at the same pre-designated timepoints for every 
group. If properly executed, such a protocol can provide substantial evidence for the 
most promising DO formulation in wound healing. A subsequent study shall address 
the optimal route of administration, as well as treatment intervals for the preferred 
technology. Minimum PO2 target in the wound bed should be set at 40mmHg, and 
dosage timeline will be determined by O2 half-life in the formula applied. Finally, 
another protocol should be dedicated to the effects of DO during each of the healing 
phases independently. Such a design will not only validate the true role of acute 
hypoxia, but also highlight its potential downstream impact on the healing mechanism. 
Ideally, these experiments should be performed in the same rodent wound model at 
standardized conditions. Clinical translation would be significantly accelerated if the 
observed outcomes could be reproduced in a swine model; swine tissue repair is the 
closest resemblance to human healing [Sullivan et al., 2001]. If still promising, such 
safety and efficacy data shall expedite randomized clinical trials in the field. Ultimately, 
bioengineered aqueous formulations may provide a definite solution against a 
constantly expanding global health issue.


	 In conclusion, DO-supplying technologies should be further investigated in 
terms of their clinical potential in enhancing wound oxygenation. “Plain” OUB solutions  
manufactured without chemical surfactants or exogenous additives, entail a highly-
promising approach among the available DO technologies, as they have the technical 
capacity to establish the appropriate O2 levels for effective wound oxygenation, with 
the longest duration, and the best possible safety profile, at least theoretically at this 
point. Therefore, at this early stage of research and clinical development on this topic, 
additional and targeted experimental data are required to introduce DO technologies as 
treatment factors in the rapidly-expanding cohort of complicated wounds globally.
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3 | Experimental design and methodology   

Parts of the contents of this chapter are also represented in the following submission to 
Journal of the American College of Surgeons:


Dimitrios Ntentakis, Anastasia Maria Ntentaki, Eleni Delavogia, Petroula Seridou, Zoi 
Kollia, Nikolaos Sfakianos, Victor San Martin Carvalho Corrêa, Patroklos Katafygiotis, 
Danae Venieri, Nikolaos Arkadopoulos, Nicolas Kalogerakis. Dissolved oxygen and O2-
nanobubble biotechnologies enhance physiologic wound healing and cutaneous 
regeneration in vivo. (2024) Submitted at Journal of the American College of Surgeons.
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3.1 | Background information 

	 Over the years, numerous experimental protocols have been introduced for 
evaluating aspects of the healing mechanism, either in vitro or in vivo. Yet, currently, no 
consensus has been reached regarding which particular protocol should be prioritized 
according to the objectives of each research project, nor gold-standard guidelines exist 
to guide investigators during protocol selection. As a consequence, the literature in the 
field of wound healing is characterized by notable methodological variability, not only in 
basic-science but also in clinical protocols. In the systematic analysis of the particular 
subset of studies testing DO technologies in healing applications, presented in Chapter 
2 of this dissertation, we pinpoint the methodological inconsistencies most interesting 
from an academic perspective, and discuss their role in decelerating, and sometimes 
even impeding, the clinical translation of novel biotechnologies in wound healing. Also, 
we highlight another pertinent parameter associated with the same outcome, which is 
the relative scarcity in data evaluating the healing outcomes of DO technologies in vivo, 
compared to in vitro data. However, the inherent complexity of the healing mechanism, 
which relies on the orchestrated interplay of multiple cellular types and molecular 
pathways [Gurtner et al., 2008], makes it quite challenging to simulate and accurately 
evaluate it in vitro. Furthermore, to our knowledge, there is no in vivo protocol designed 
to enable a comprehensive investigation of the translational potential of novel 
biotechnologies in wound healing; which, from our perspective, should include a 
concurrent examination of engineering fundamentals, quality-control requirements, 
concerns for biological safety, and a preliminary assessment of healing efficacy. 


	 To collectively address those limitations, in this Chapter we describe the design 
and rationale behind the construction of an in vivo protocol encompassing all the 
aforementioned components. This protocol was designed as an analogy to early-stage 
clinical trials, with equal emphasis on the validation of safety for each novel treatment 
factor tested, along with the evaluation of key endpoints indicating healing efficacy. It 
comprises a synthesis of standardized methodologies from previous studies, with 
optimizations as deemed appropriate for the scope of this work. Furthermore, our 
protocol design prioritizes practicality and simplicity, to the benefit of feasibility and 
reproducibility; parameters which we consider pivotal for the successful development 
and testing of novel biotechnologies in particular, as these projects are frequently 
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carried out by multidisciplinary teams led by biochemical and biomedical engineers, 
instead of biologists or physician scientists. 


	 For the scope of this dissertation, the proposed protocol has been tailored for 
the evaluation of two biotechnologies from the category of dissolved oxygen solutions 
(DOS), manufactured without chemical surfactants or exogenous additives, in terms of 
their potential benefits in wound healing and cutaneous-regenerating applications. To 
provide an illustrative example of the minor adjustments that may considered during 
the concurrent testing of more than one treatment factors, even when they originate 
from the same technological category, our experimental design has been divided into 
two sequential phases, Phase 1 and Phase 2. Each phase was conducted 
independently, and was dedicated to a single DOS biotechnology from the ones tested 
in this dissertation. A chronological synopsis of this protocol, illustrating key time-
points in the DOS manufacturing and quality-control processes, the in vivo wound 
model, and the assessments of biological safety and healing efficacy, is presented in 
Figure 3.1. All the procedures described herein were conducted under completely 
sterile conditions, and following sterilization of the equipment used.
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Figure 3.1: Graphical synopsis of the protocol design of this study, illustrating the key 
time-points for the production of each DOS biotechnology, the quality-control 
processes, and the in vivo assessments of biological safety and healing efficacy, on a 
chronological order. Day -3 marks the time-point when each of the two DOS 
biotechnologies evaluated in this study, the plain DOS in Phase 1 and the ONBW in Phase 2, 
were manufactured. Quality control processes were conducted daily and prior to any in vivo 
use, based on the physical parameters specific to each DOS formulation; for instance, [DO] 
monitoring and DLS screening for the presence of large-diameter (≥28μm) bubbles, were 
performed daily in both Phases 1 and 2. Additional nanoparticle tracking analyses and zeta-
potential recording were conducted exclusively during Phase 2 experiments, to monitor the 
characteristics of OUBs within the ONBW. To enhance safety prior to any in vivo use, 
detection of at least one bubble with diameter ≥28μm led to exclusion of the corresponding 
sample from all further experiments. At day 0, two full-thickness cutaneous wounds were 
simultaneously excised with an 8mm surgical punch per mouse dorsum, under general 
anesthesia with ketamine (100mg/kg) and xylazine (5mg/kg). Postoperatively, the SKH1 mice 
were randomly divided to equally-populated, sex-matched experimental groups, according to 
DOS administration; Phase 1 included 32 mice divided into 4 groups of plain DOS 
administration (PO, LO, IV, CO), and Phase 2 included 36 mice divided into 3 groups of 
ONBW administration (PO, IV, CO). IV administration was performed retro-orbitally at days 0 
and 5. LO administration was performed via irrigation directly on each wound surface with a 
syringe, daily, in Phase 1. Mice in the PO group consumed each DOS ad libitum. In vivo 
safety was monitored daily, based on severe adverse events and standardized safety and 
tolerability measures. VC (in mm2/day) was calculated from macroscopic photographs for all 
the timeframes among days 0, 3, 7, and 10. ER (hematoxylin & eosin) was assessed on days 
3 and 10, by dividing the length of re-epithelialization to the length of each wound bed on the 
horizontal axis. CR (Masson’s trichrome) was evaluated on Day 10, by dividing the area of
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3.2 | Manufacturing, storage, and quality control of dissolved oxygen 

solutions 

	 In this dissertation, two distinct engineering approaches for manufacturing a 
DOS were sequentially employed and tested, both excluding the use of exogenous 
chemicals and surfactants and conducted under completely sterile conditions. For 
both formulations, sterile normal saline solution (N/S; 0.9% NaCl) was consistently 
used as the aqueous medium. The latter was selected because of its non-polarity, the 
additional flexibility it introduces while testing potential routes of administration in vivo, 
along with preexisting data demonstrating its superiority for manufacturing O2 super-
saturated fluids among the liquid formulations most frequently used clinically [Matsuki 
et al., 2012; Matsuki et al., 2014]. Collectively, each manufacturing process was 
repeated at least three times for standardization purposes, at the Laboratory of 
Biochemical and Environmental Engineering of the School of Chemical and 
Environmental Engineering of the Technical University of Crete (Chania, Crete, Greece). 
All the equipment utilized during the manufacturing and quality control processes for 
each DOS biotechnology had been fully sterilized prior to the start of each experiment, 
and all the procedures described herein were also conducted under sterile conditions.


	 The DOS biotechnology studied in Phase 1, is an original formulation containing 
no physical enhancements to sustain DO concentrations; which is referred to as “plain” 
DOS, according to our proposed classification system for the DOS biotechnologies 
being investigated for healing applications, presented in Chapter 2 of this dissertation. 
At day -3 of our protocol design [Figure 3.1], twenty eight, 500mL, borosilicate (Boro 
3.3) glass bottles (IVYX Scientific, Seattle, WA, USA), designed with high anti-corrosive 

properties and thermal resistance (140oC), were autoclaved at 121oC for 20 minutes, 

and then filled with sterile N/S. Subsequently, the plain DOS was aseptically produced 
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Figure 3.1 (continued): blue-stained collagen pixels to the total area corresponding to each 
wound bed. All pertinent methodological details are discussed in the subsequent sections of 
the main text of this Chapter. Abbreviations: DOS, dissolved oxygen solution; [DO], 
dissolved oxygen concentration in mg/L; DLS, dynamic light scattering; PO, per os intake; 
LO, local administration; IV, intravenous administration; CO, negative controls; VC, 
macroscopic velocity of wound closure; ER, histopathologic epithelialization ratio; CR, 
histopathologic collagenation ratio; ONBW, oxygen nanobubble-enriched water; OUBs, 
oxygen ultra-fine bubbles. 



via infusion of oxygen gas (O2) with purity higher than 99.9% into each bottle, via an air 
diffuser, at a flow rate of 7 L/min, for 10 minutes, under controlled temperature and 
pressure conditions. The bottles containing the plain DOS were tightly sealed with 
open-topped screw caps provided by the manufacturer, each integrating a semi-
transparent impermeable silicone septum to prevent pressure fluctuations. An 
additional period of 30 minutes was allowed for effective equilibration of the O2 gas 
molecules within the liquid medium. To replace any atmospheric air entrapped within 
each bottle’s headspace, additional infusion of high-purity (>99.9%) O2 was performed 
by inserting the sterile 30-gauge needle of an O2-filled 10mL syringe, through the cap’s 
silicone septum. Then, the caps were encased in laboratory film (Parafilm M; Pechiney 
Plastic Packaging, Chicago, IL, USA), and all bottles were stored at room temperature 
and atmospheric pressure. During storage, the 28 identical bottles containing plain 
DOS were grouped in pairs. Each pair of bottles was randomly assigned to one of the 
14 consecutive days in our protocol design [Figure 3.1]. One bottle from each pair was 
designated to be used for all in vivo administrations on each corresponding protocol 
day. Meanwhile, the duplicate bottle was kept for independent monitoring of DO 
concentrations and gas-bubble formation for quality-control purposes, on that same 
protocol day.


	 The DOS biotechnology tested in Phase 2, was an oxygen nanobubble-enriched 
water (ONBW) formulation. At protocol day -3 [Figure 3.1], 160 liters of sterile N/S were 
filtered through 0.2μm pore filters in an isolated tank, which was subsequently 
connected to a commercially-available device (MK2 Nanobubbler; Fine Bubble 
Technologies Pty Ltd., Cape Town, South Africa) that generates O2 ultra-fine bubbles 
(OUBs). Concurrently, high-purity (>99.9%) O2 was infused through a different inlet on 
the same device, at a flow rate of 22L/min, for 30 minutes, resulting in a 10% air/liquid 
mixture. ONBW was manufactured by continuously recirculating the sterile N/S 
reservoir through the aforementioned O2-enriched environment, using a multiphase 
pump (PBU 201 E10; EDUR, Germany) than enabled high-speed centrifugations within 
the device. A schematic illustration of the ONBW manufacturing process is presented 
in Figure 3.2. All the subsequent steps including packaging in sterile glass bottles, time 
for gas-liquid equilibration, replacement of any atmospheric air within the bottles, 
storage in pairs, and random assignment of paired bottles to each protocol day, were 
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performed identically to plain DOS manufacturing in Phase 1, as described in the 
previous paragraph.


	 In both Phases 1 and 2, quality control processes were focussed on ensuring 
that each DOS biotechnology could achieve enhanced DO concentrations, with 
appropriate sustainability for biomedical applications, while being safe for in vivo use. 
DO concentrations, expressed in mg/L, were recorded in each DOS biotechnology, 
daily. For comparison purposes, DO measurements were also performed in samples of 
regular N/S containing no additional O2, which were stored in similar 500mL glass 
bottles and under the same conditions as the corresponding DOS biotechnology 
tested. The aforementioned measurements were obtained using a standardized optical 
DO probe (HQ30d Portable Meter Kit; Hack, Düsseldorf, Germany), also fitted with 
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Figure 3.2: Schematic illustration of the manufacturing process yielding the ONBW, the 
DOS biotechnology evaluated in experimental Phase 2. The ONBW was manufactured 
using a commercially-available device (MK2 Nanobubbler; Fine Bubble Technologies Pty Ltd., 
Cape Town, South Africa). The latter generates O2 ultra-fine bubbles (OUBs) by continuously 
recirculating 160 liters of sterile N/S with high-purity (>99.9%) O2, infused from a different 
inlet at a flow rate of 22L/min, via a patented high-speed centrifugation device, for a period of 
30 minutes. Abbreviations: DOS, dissolved oxygen solution; ONBW, oxygen nanobubble-
enriched water. 



pressure and temperature sensors. Regarding safety, dynamic light scattering (DLS) 
analyses were conducted daily (SALD-7500nano; Shimadzu Corporation, Columbia, 
MD, USA), to screen for larger-diameter bubbles (≥28μm) as a prognosticator of the 
potential risk of gas embolism from any naturally-forming bubbles. The 28μm-diameter 
cutoff was adopted from the minimum acceptable size specifications of the filter pores 
used in clinical-grade extracorporeal membranous oxygenation (ECMO) devices [Barak 
and Katz, 2005]. Detection of even a single large-diameter bubble (≥28μm) was 
considered unacceptable, and the corresponding sample was excluded from further 
experiments.


	 Also, the following quality-control procedures were exclusively conducted in the 
ONBW during Phase 2, as they pertain to the physics specifically characterizing OUB-
enriched solutions. Mean OUB concentration, diameter, and size distribution were 
measured every other day via nanoparticle tracking analysis (Nanosight, Malvern, UK), 
and were evaluated as additional safety indicators. Also, the zeta potential was 
monitored every other day due to its documented correlation with OUB physical 
stability within aqueous solutions [Tsuge, 2014], using an electrophoresis instrument 
(Zetasizer Nano ZS90; Malvern, UK). 


3.3 | Animal model 

	 In vivo wound-healing experiments were conducted in SKH1 hairless mice, as in 
previous studies [Lim et al., 2006; Benavides et al., 2009]; animal characteristics were 
wild type, aged between 8 and 12 weeks, with a female to male ratio of one to one 
(sex-matched). The hairless SKH1 mouse strain was selected due to its naturally 
atrophic hair follicles, which eliminate the necessity for skin shaving prior to wound 
excision and, thus, any associated cutaneous irritations causing additional stress to the 
animals. Also, an equal number of female and male mice was consistently used, to 
neutralize any potentially-confounding effects associated with gender-related 
differences in the healing outcomes [Ashcroft, 2004; Gilliver et al., 2008; Grada et al., 
2018]. All the mice used in this study were born and raised in the same certified facility  
(National Center for Scientific Research (NCSR) Demokritos; Athens, Greece), to 
minimize external confounders. Since their birth, and throughout the duration of each in 
vivo experiment, the mice were housed in a temperature-controlled environment 
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(22-25°C), on a 12:12 hour light-dark cycle, and provided with food and water ad 
libitum. 


	 Prior to the start of each in vivo experiment, mice of the same sex were housed 
in groups of three to five. From protocol day 0 [Figure 3.1], when the excisional wounds 
were created, and throughout the period of in vivo testing and data collection for each 
DOS biotechnology, every mouse was housed separately to decrease the risk of post-
operative infections. The aforementioned living conditions, and all the procedures 
described in the following subsections, were pre-approved by the Institutional Animal 
Care and Use Committee of the NCSR Demokritos, as well as the Decentralized 
Administration of Attica, Greece in accordance with the Directive 2010/63/EU of the 
European Parliament on the Protection of Animals Used for Scientific Purposes 
[European Parliament, 2010].


3.4 | In vivo wound model 

	 Surgical procedures for cutaneous wound excision were based on standardized 
protocols for evaluating the healing mechanism in mice [Wang et al., 2013; Chen et al., 
2015], with occasional adaptations according to the specific objectives of this work. At 
protocol day 0, the dorsal skin surface of each mouse was sequentially disinfected with 
10% povidone iodine solution (wt/vol; #40000-040; Cardinal Health, Dublin, OH, USA), 
and 70% ethanol solution (vol/vol; #40000-040; Pharmco; Greenfield Global Inc., 
Shelbyville, KY, USA), applied sequentially. General anesthesia was induced with an 
intra-peritoneal (IP) injection of a solution containing ketamine (100 mg/kg) and xylazine 
(5 mg/kg), using a dose of 10μL per gram of body mass [Zhao et al., 2016]. 
Subsequently, two full-thickness cutaneous wounds were simultaneously excised with 
an 8mm biopsy punch (Acu-Punch; Acuderm, Ft. Lauderdale, FL, USA) per mouse 
dorsum, at approximately 3mm below the shoulder blades, as previously described 
[Wang et al., 2013; Chen et al., 2015]. In the immediate post-operative period, the 
wounds were covered with a sterile transparent dressing (Tegaderm; 3Μ, St. Paul, MN, 
USA) [Wang et al., 2013; Chen et al., 2015] to minimize the risk of infection, and each 
mouse was monitored until complete recovery from surgery and general anesthesia. All 
wounds were evaluated on a daily basis, throughout the remaining duration of each in 
vivo experiment, until protocol day 10 [Figure 3.1]. The procedures were performed at 
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the certified facility of the NCSR Demokritos, under standardized and sterile 
conditions. A stepwise guide, including technical and procedural details involved in the 
excision and monitoring of the wounds, is presented in Table 3.4 at the final section of 
this Chapter.


	 For the research objectives of this dissertation, in accordance with the rationale 
of this protocol, an acute wound model was preferred to assess the biological safety 
and preliminary healing efficacy of both the plain DOS and the ONBW. Of note, it has 
been suggested that, disruptions in any of the earliest physiological stages implicated 
in the healing response, namely inflammation, proliferation, and remodeling, can be 
considered among the strongest predictors of downstream wound chronicity, 
recurrence, and relevant complications [Fowler, 1990; Singh et al., 2004]. Therefore, 
while experimental testing of the aforementioned DOS biotechnologies in chronic 
wounds is pending, the translational relevance of the data extracted using this protocol 
is not necessarily affected by the non-complicated natural history of the wounds. 


	 Furthermore, the splinting manipulation described in the established protocol by 
Wang and colleagues [Wang et al., 2013], with overlaid silicone rings sutured in healthy 
skin along the wound perimeter, was omitted. This decision was based on more recent 
insights regarding the role of contraction in rodent cutaneous healing [Chen et al., 
2015; Park et al., 2015], the increasing adoption of a similar non-splinting approach by 
numerous recent studies in the field [Lim et al., 2006; Valacchi et al., 2011; Tiganescu 
et al., 2014; Öri et al., 2017; Seo et al., 2021; Yampolsky et al., 2024], and our strong 
emphasis on animal well-being. Indeed, the described protocol eliminates the 
additional surgical manipulations and physical stress associated with the splinting 
process, thus significantly reducing total surgical time, general anesthesia duration, 
and dosing. Therefore, it aligns with the principles of the 3Rs (Replacement, Reduction, 
Refinement) for in vivo experiments, as designated by the European Regulations 
[Russell and Burch, 1959; European Parliament, 2010], without compromising the 
validity of the experimental data referring to the healing mechanism [Chen et al., 2015; 
Park et al., 2015; Yampolsky et al., 2024]. A representative wound created with the 
aforementioned protocol on the dorsum of an SKH1 mouse, also illustrating the 
macroscopic image scale, is presented in Figure 3.3. 
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3.5 | Experimental groups and treatment administration 

	 Identifying the most appropriate routes of administration, based on the collective 
interpretation of data on biological safety, tolerability, and healing efficacy is a pivotal 
step during the development of any novel treatment factor. Thereby, the route of DOS 
administration was the only criterion applied to determine the different experimental 
groups, in both Phases 1 and 2.  In Phase 1, 32 SKH1 mice (wild type, 8-12 weeks old, 
1:1 female:male), were randomly divided to four treatment groups based on plain DOS 
administration: intravenous (IV), local (LO), per os (PO), and negative controls (CO). 
Analogously, in Phase 2, 36 SKH1 mice (wild type, 8-12 weeks old, 1:1 female:male), 
were randomly assigned to three treatment groups according to ONBW administration: 
IV, PO, and CO.


	 For IV administration, each mouse was injected 150μL of plain DOS (Phase 1) or 
ONBW (Phase 2) in the retro-bulbar sinus, using a sterile 1mL syringe and a 30-gauge 
needle, according to a standardized protocol for retro-orbital injections [Yardeni et al., 
2011]. As illustrated on Figure 3.1, two injections were administered per mouse in the 
IV group of each experiment: the first at day 0, under the general anesthesia that had 
already been induced preoperatively, and the second at day 5, under general 
anesthesia with 2% isoflurane gas. The 150μL IV dose was considered safe, according 
to mammal body water homeostasis; and was verified by approximating the intra-
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Figure 3.3: A representative wound created with the described protocol, photographed 
in the immediate postoperative period, at Day 0.



vascular volume of a 25g mouse as a function of extra-cellular fluid (ECF) volume and 
body mass, by adapting the following equation from human physiology [Goljan, 2013]: 


￼ 


	 For LO administration (Phase 1), 500μL of plain DOS were directly irrigated on 
each wound surface, with a sterile 1mL syringe. A 30-gauge needle was used to 
tangentially approach the wound bed, by carefully sliding through an opening created 
between the healthy skin surrounding each wound, and the transparent wound 
dressing (Tegaderm; 3Μ, USA). LO administration was performed on a daily basis, 
under general anesthesia with either ketamine and xylazine at day 0, or with 2% 
isoflurane gas during protocol days 1-9. In the PO groups, either plain DOS (Phase 1) 
or ONBW (Phase 2) was directly used in lieu of drinking water, and the mice consumed 
it ad libitum throughout the duration of each in vivo experiment, from day 0 to day 10. 
The volume of fluid intake was systematically recorded for all mice in the PO groups, 
daily. Finally, mice in the CO groups received no treatment; with the exception of local 
washing of the wound surface with sterile N/S, as needed.


3.6 | In vivo safety assessment 

	 As in the case of every novel treatment factor tested clinically, our protocol was 
designed to thoroughly assess the biological safety and tolerability of the two DOS 
biotechnologies containing no exogenous chemicals, the plain DOS and the ONBW. 
For this purpose, we carefully selected and evaluated standardized endpoints that 
could accurately represent the health status and well-being of the mice used in our 
experiments [Bachmanov et al., 2002]. Those are collectively presented in Table 3.1, 
alongside the precise criteria, schedule, and grading systems employed to evaluate 
each corresponding safety/tolerability endpoint: body weight, food and water intake, 
burrowing behavior, spontaneous behavior, posture, breathing, behavior after 
provocation/weighing, movement after provocation/weighing, as well as the condition 
of the coat, body, eyes, and wounds [Deacon, 2006; Arras et al., 2007; National 
Research Council, 2009; Hohlbaum et al., 2018]. 


ECF(ml ) = 20/100 * (BodyMass) = 20/100 * 25g = 5ml
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	 Furthermore, incidence of any of the following 7 complications was considered 
as a severe adverse event (AE) in our protocol: 1) death, 2) local inflammation/infection 
persisting for more than 24 hours, 3) occurrence of non-healing cutaneous wounds/
ulcers, 4) hemorrhage from any orifice that was unresponsive to treatment, 5) water 
consumption less than 5mL for more than 24 hours, 6) decrease in body mass equal or 
higher than 15% of the original measurement recorded at day 0, and 7) combination of 
abnormalities in physical appearance and behavior [Table 3.1]. A pictorial overview of 
the endpoints used to assess animal safety, tolerability, and the incidence of AEs is 
presented in Figure 3.4. 


	 In both Phases 1 and 2, daily monitoring of the aforementioned safety and 
tolerability outcomes was conducted by two investigators independently, by filling 
predetermined checklists containing the scoring systems for grading each outcome, as 
summarized in Table 3.1. All safety assessments were consistently performed prior to 
any in vivo experiment scheduled for that same protocol day. 
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Figure 3.4: Pictorial overview of the endpoints used to comprehensively assess animal 
safety, tolerability, and the incidence of severe adverse events.



Table 3.1: Systematic criteria for the evaluation of in vivo safety, tolerability, and 
severe adverse-event rates following either plain DOS or ONBW administration 
during Phase 1 or Phase 2 experiments, respectively.


Evaluation 
methods

Time-points Grading/scoring/
documentation

Well-being & tolerability parameters
Body weight Recorded in g Day 0 (pre-

operatively); 
Day 3; Day 10

N/A

Food intake 1 Recorded in g; 
expressed in g of 
food intake per 30g 
of body weight 

24h before each 
corresponding 
body weight 
measurement 
(Day -1; Day 2; 
Day 9)

N/A

Water intake 1 Recorded in mL; 
expressed in mL of 
water intake per 30g 
of body weight  

24h before each 
corresponding 
body weight 
measurement 
(Day -1; Day 2; 
Day 9)

N/A

Burrowing 
behavior 2

Observation in a 
clean cage, 2h after 
placing a 
standardized burrow 
filled with 200g of 
food pellets; 
expressed as the 
percentage (%) of 
food pellets 
displaced from the 
burrow after 2h

48h prior to 
excisional 
wound creation 
(Day -2), and 
each 
experimental 
day involving 
administration 
of anesthesia 
(Day 0; Day 3; 
Day 7)

Normal: Approximately 60g of food 
pellets burrowed/displaced

Spontaneous 
behavior 3

Observation, 
recorded in a blinded 
manner by 3 
examiners

Daily, between 
7:30 and 
8:30am

Score 0: Sudden movements, 
backwards movements, transient 
involuntary muscular contraction of 
any body part, kicking with hind 
paws, licking/biting the wound


Score 1: Sleeping, resting, digging, 
running, walking, rearing, climbing, 
eating, drinking, grooming, sniffing;
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Posture 3 Observation, 
recorded in a blinded 
manner by 3 
examiners 

Daily, between 
7:30 and 
8:30am

Score 0: Hunched, arched back, 
crouched


Score 1: Lying, sitting, moving;

Breathing 3 Observation, 
recorded in a blinded 
manner by 3 
examiners

Daily, between 
7:30 and 
8:30am

Score 0: Exerted, irregular


Score 1: Undisturbed, regular; 

Behavior after 
provocation/
weighing 3

Observation, 
recorded in a blinded 
manner by 3 
examiners

Daily, between 
7:30 and 
8:30am

Score 0: Apathetic, sedated, highly 
aggressive, increased vocalization


Score 1: Alert, ready to take flight;

Movement 
after 
provocation/
weighing 3

Observation, 
recorded in a blinded 
manner by 3 
examiners

Daily, between 
7:30 and 
8:30am

Score 0: Decelerated/slowed, 
crawling, immobile, lameness, tiptoe 
gait


Score 1: No aberration in moving 
pattern;

Coat condition 
3

Observation, 
recorded in a blinded 
manner by 3 
examiners

Daily, between 
7:30 and 
8:30am

Score 0: Ruffled, dirty, unkempt, 
piloerection, hair loss (alopecia)


Score 1: Clean, smooth, well-
groomed;

Body  
condition 3

Observation, 
recorded in a blinded 
manner by 3 
examiners

Daily, between 
7:30 and 
8:30am

Score 0: Sunken flanks, swollen 
areas, ascites


Score 1: Good, unchanged as 
judged from external appearance;

Eye condition 3 Observation, 
recorded in a blinded 
manner by 3 
examiners

Daily, between 
7:30 and 
8:30am

Score 0: Discharge


Score 1: Clear, bright;

Wound 
condition 3

Observation, 
recorded in a blinded 
manner by 3 
examiners

Daily, between 
7:30 and 
8:30am

Score 0: Dirty, bloody, uncleaned, 
signs of self-injury, signs of 
inflammation/necrosis, i.e., unusual 
color (e.g., red, pale) or swollen


Score 1: Clean, dry, smooth;

Severe adverse events

Evaluation 
methods

Time-points Grading/scoring/
documentation
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Death 4 Observation and 
physical examination

Daily, 
throughout each 
experimental 
day

Adverse event recorded upon 
incidence of ≥1 case

Local 
inflammation/
infection for 
>24h 4

Observation of 
redness, swelling, 
signs of pain/
discomfort; reported 
in a blinded manner 
by 3 examiners

Daily, between 
7:30 and 
8:30am

Adverse event recorded upon 
incidence of ≥1 case

Non-healing 
cutaneous 
wounds/ulcers

Observation, reported 
in a blinded manner 
by 3 examiners

Daily, between 
7:30 and 
8:30am

Adverse event recorded upon 
incidence of ≥1 case

Hemorrhage 
from any 
orifice, 
unresponsive 
to treatment  4

Observation, reported 
in a blinded manner 
by 3 examiners

Daily, between 
7:30 and 
8:30am

Adverse event recorded upon 
incidence of ≥1 case

Water 
consumption 
<5mL for >24h 

Observation, reported 
in a blinded manner 
by 3 examiners

Daily, between 
7:30 and 
8:30am

Adverse event recorded upon 
incidence of ≥1 case

Decrease in 
body mass 
≥15% of day 0 
measurement 4

Observation, reported 
in a blinded manner 
by 3 examiners

Daily, between 
7:30 and 
8:30am

Adverse event recorded upon 
incidence of ≥1 case

Evaluation 
methods

Time-points Grading/scoring/
documentation
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3.7 | Macroscopic quantification of the velocity of wound closure 

	 To evaluate the velocity of wound closure (VC) macroscopically, both wounds of 
each mouse were photographed (iPhone 12 Pro Max, Wide 5.1mm lens [26mm 
equivalent], f/1.6, 5.6x zoom), at a set distance (25cm), under standardized lighting 
conditions, using a dedicated photography station. Photographs were taken at four 
time-points: at day 0 postoperatively, under the general anesthesia induced with 
ketamine and xylazine prior to wound excision, and at days 3, 7, and 10 under general 
anesthesia with 2% isoflurane gas, for 45-60 seconds [Wang et al., 2013]. At each 
time-point, three photographs were taken per mouse, for reference: the first illustrated 
both wounds symmetrically, the second focussed on the right-sided wound, and the 
third focussed on the left-sided wound. The transparent wound dressing (Tegaderm; 

Abnormal 
physique & 
behavior 4

Observation, reported 
in a blinded manner 
by 3 examiners

Daily, between 
7:30 and 
8:30am

Adverse event recorded upon 
incidence of ≥1 case of the following 
combination: 1) poor physical 
appearance (hair, posture, grunting); 
2); abnormal behavior (mobility, 
unconsciousness, unsolicited 
vocalizations, self-mutilation); 3) 
abnormal/exaggerated responses to 
external stimuli

Evaluation 
methods

Time-points Grading/scoring/
documentation

Table 3.1 Notes: For the safety and tolerability criteria that were not assessed daily, the 
evaluation time-points correspond to the protocol days designated in our experimental 
design, applying to both Phases 1 and 2; for reference, Day 0 is the time-point when all 
cutaneous wounds were excised, and thus, the starting point of each in vivo experiment. 
Assessments for severe adverse events were conducted daily, by documenting the absolute 
number of cases corresponding to each event, per time-point. Water consumption was also 
monitored daily, due to the presence of PO-treated mice in both Phases 1 and 2, which 
consumed each corresponding DOS tested ad libitum. 1, evaluation methods, time-points, 
and grading/scoring systems adapted from Hohlbaum et al., 2018; 2, evaluation methods, 
time-points, and grading/scoring systems adapted from Deacon, 2006(a); 3, evaluation 
methods, time-points, and grading/scoring systems adapted from Arras et al., 2007; 4, 
evaluation methods, time-points, and grading/scoring systems adapted from the National 
Research Council, Humane Endpoints for Animals in Pain, 2009. Abbreviations: DOS, 
dissolved oxygen solution; ONBW, oxygen nanobubble-enriched water; g, grams; h, hours; 
mL, milliliters; N/A, not applicable.
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3Μ, USA) was not removed for photography, unless it was substantially deformed or 
detached; in which cases, photographs were taken before and after complete removal 
of the old dressing, as well as following the placement of a new dressing, up to day 7. 
At days 7 and 10, all photographs were taken without dressings, as the majority of 
them had been almost entirely removed by the animals. With this approach, 
standardized photographs from all the wounds, with or without the dressing, were 
available at each time-point; thus reducing variability, and the potentially confounding 
effect from the presence of the dressings on the subsequent statistical analyses.


	 The photographs were analyzed using the open-source Fiji software [Schindelin 
et al., 2012]. The stepwise mathematical process for calculating VC is illustrated in 
Figure 3.5. First, open wound surface at a time-point x (OWSx), expressed in square 
millimeters, was measured manually with the Fiji freehand tool, and automatically using 
a custom Fiji macro. Each OWS value represented the wound surface area not covered 
by macroscopically visible epithelium, at a specific time-point in our experimental 
design [Figure 3.1]. The automated measurements were only used as a tool to 
externally validate the wound measurements recorded manually; with the latter 
considered more accurate in general, as they do not rely exclusively on image 
segmentation and color difference. Unless there was a difference ≥10% in the OWS 
measurements of the same wound in the photograph illustrating both wounds from that 
mouse symmetrically, versus the photograph focussing on that particular wound, the 
OWS value kept for further analyses was from the photograph illustrating both wounds 
symmetrically, to enhance standardization among all wounds. Similarly, the OWS 
measurements analyzed further were the ones recorded manually with the Fiji freehand 
tool, unless there was a ≥10% difference from the automatic OWS measurement of the 
same wound; in which cases, the average of the 2 measurements (manual and 
automatic) for that particular wound was recorded, and used for all subsequent 
calculations. In the second step, the absolute value of wound closure was calculated 
for each wound, as the difference in the OWS values (ΔOWS) between two specific 
time-points in our protocol, as previously described [Wang et al., 2013; Park et al., 
2015]. Finally, the velocity of wound closure (VC; mm2/days) was determined by 
dividing the wound closure values to each corresponding timeframe, between two of 
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the four time-points in our protocol design (days 0, 3, 7, 10) [Figure 3.1], using the 
following equation: 


￼ 


3.8 | Tissue harvesting and processing for histopathology studies 

	 Specimens for histopathological analyses were collected at two time-points, day 
3 and day 10 [Wang et al., 2013]. At day 3, an equal number of female and male mice 
from each experimental group were randomly selected to be euthanized via IP injection 
of a lethal dose (50μL/g) from the ketamine/xylazine solution used for preoperative 
anesthesia [section 3.4 In vivo wound model], followed by cervical dislocation. The 
number of animals sacrificed at protocol day 3 represented half of the total number of 
animals from each experimental group; for example, in Phase 1 experiments, 2 female 

VC = ΔOWS /Δt
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Figure 3.5: The stepwise mathematical equations for calculating macroscopic velocity 
of wound closure (VC), as an endpoint for preliminarily assessing healing efficacy. 
Macroscopic velocity of wound closure (VC), expressed in mm²/day, was determined based 
on measurements of open wound surface at each protocol day x (OWSx, mm²). The 
difference (ΔOWSx-y, mm²) between days x and y represented the area of wound closure 
during the corresponding timeframe between days x and z. This difference was then divided 
by the corresponding timeframe (Δtx-y, days) to calculate VC (VC = ΔOWSx-y/Δtx-y, mm²/
days).



mice and 2 male mice were randomly euthanized from each group (PO, LO, IV, CO) at 
day 3, which originally included 8 mice at day 0 (4 females and 4 males). Then, upon 
careful detachment of the transparent dressing when applicable, a rectangular 
cutaneous flap surrounding the original wound areas with approximately 5-10mm 
uninjured margins at each direction, was excised with a sterile No. 11 surgical blade. 
Each flap contained both cutaneous wounds from each mouse, as well as the 
underlying subcutaneous and panniculus carnosus layers. Immediately after excision, 
each specimen was placed on the crude surface of qualitative filter paper (Whatman 
Qualitative Filter Paper; Sigma-Aldrich, Inc., St. Louis, MO, USA), so that it could retain 
its original horizontal configuration. The next step was fixation in 10% formalin solution 
(37% formaldehyde) for 48 hours; then, the specimens were stored in 70% ethanol 
solution, until they were embedded in paraffin. The process was supervised by our 
team’s pathologist (PK), and remained blinded to the other investigators. At day 10, the 
same process was repeated for the remaining mice in each experimental group. The 
subsequent embedding, sectioning, and staining processes were performed by an 
external collaborator (iHisto, Inc., Salem, MA, USA).


3.9 | Histopathologic quantification of epithelialization and collagenation 

	 Paraffin-embedded, 5μm-thick sections were stained with hematoxylin and 
eosin (H&E) or Masson’s trichrome according to established protocols [Schrementi et 
al., 2008; Chen et al., 2013; Zhao et al., 2016], for histopathologic evaluation of two 
fundamental pathways in the cutaneous healing mechanism, epithelialization and 
collagenation, respectively. Whole slide imaging (Bright-field; MoticEasyScan Infinity 
60; Motic Hong Kong Limited, Kowloon, Hong Kong) was performed by an external 
collaborator (iHisto, Inc., USA), to produce digital slides which integrate continuous 
optical magnification up to the equivalent of a 40x objective lens. The digital slides 
were initially evaluated using the open-source QuPath software [Bankhead et al., 2017], 
and high-resolution static images were exported for further analyses with Fiji 
[Schindelin et al., 2012], at a magnification scale of 200-500μm, similarly to slide 
photomicrography. The wound margins were determined based on the established 
anatomical landmarks for SKH1 mouse skin [Öri et al., 2017; Seo et al., 2021], and 
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independently verified by a pathologist. A rectangle shape was drawn to demarcate 
each wound area.


	 Epithelialization was quantified with H&E staining at two time-points, days 3 and 
10. For each wound, the epithelialization ratio was determined by measuring the length 
of the epithelialized wound bed (El), represented by a horizontal red line on each slide, 
which was divided by the length of the original wound area (Wl), represented by a 
different black (Phase 1)/dark blue (Phase 2) line on the same slide, using Fiji. The 
following equation was used:


￼  


	 Collagenation was quantified with Masson’s trichrome staining at day 10, as it 
represents a more advanced healing stage compared to epithelialization [Gurtner et al., 
2008]. The amount of blue-stained collagen deposited in each wound bed was 
measured using Fiji, in a two-step process. First, we demarcated the entire wound bed 
using the Fiji freehand tool, and measured the total number of pixels. Then, we applied 
contrast and color thresholds to precisely isolate blue-stained pixels exclusively within 
the wound bed, using an preexisting Fiji plugin and a custom Fiji command line (macro 
available upon request). The collagenation ratio was determined by the number of blue 
pixels (Cp) divided by the total number of pixels (Wp) in each wound bed, using the 
following equation:


￼ 


	 All the aforementioned quantifications of epithelialization and collagenation were 
performed in a blinded manner with regards to the experimental group, by two 
investigators. By definition, image scale was eliminated as a variable from all our 
histopathological analyses, as the numbers used for the calculation of each ratio 
originated from the same image, and were obtained under the exact same 
magnification.


3.10 | Statistical analyses  

Epithelialization = El /Wl

Collagenation = Cp /Wp
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	 Αs previously recommended for studies evaluating novel treatment factors, 
sample size was calculated based on the law of diminishing returns for Phase 1 
experiments, [Festing and Altman, 2002], and using g*power analysis for Phase 2 
experiments (available upon request) based on the healing-related data extracted from 
Phase 1; because the two treatment factors evaluated in this work belong to the same 
biotechnological category, as described in Chapter 2 of this dissertation. Normality of 
distribution and homogeneity of variance were studied with the Kolmogorov-Smirnov, 
Shapiro-Wilk, and Levene’s tests, using IBM SPSS Statistics (Version 27) and Prism 
(GraphPad 9.0, San Diego, CA, USA). Subsequent statistical analyses and graphical 
illustrations were conducted using Prism.


	 Daily measurements of DO concentrations were compared between each DOS 
biotechnology and a regular N/S solution, using the independent-samples t-test or the 
Mann–Whitney U test, according to each sample’s distribution. In vivo safety and 
tolerability data were qualitatively evaluated, based on standardized outcome 
measures and categorical scoring systems collectively summarized in Table 3.1 [Arras 
et al., 2007; National Research Council, 2009; Hohlbaum et al., 2018]. DOS route of 
administration served as the only independent variable in the analyses of all in vivo 
data. Investigators were blinded to experimental groups during the analyses of all data 
pertaining to healing outcomes. Of the two excisional wounds per mouse dorsum, one 
was randomly selected to be analyzed as a biological replicate. Data referring to 
macroscopic and histopathologic assessments of healing efficacy (VC, ER, CR) were 
described as mean  ±  standard deviation (SD) or mean ranks, depending on each 
dataset’s normality of distribution. Normally distributed data were analyzed using one-
way analysis of variance (ANOVA) followed by Tukey’s honest significant difference 
(HSD) test, or Brown-Forsythe and Welch ANOVA followed by Dunnett's T3 test, 
depending on each sample’s homogeneity of variance. Non-normally distributed data 
were analyzed using the non-parametric version of one-way ANOVA on ranks (Kruskal-
Wallis H test), followed by Dunn’s multiple comparisons test. Each set of VC 
comparisons referred to a specific timeframe between two of the predesignated time-
points in our experimental design, namely days 0, 3, 7, and 10 [Figure 3.1]. Analyses of 
the histopathologic outcomes, ER and CR, were specific to each corresponding time-
point (day 3, day 10). The cutoff for statistical significance was defined as p< 0.05.
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3.11 | Procedural guides 

	 This section presents a collection of stepwise procedural guides, formatted as 
tables, each dedicated to one of the main experimental manipulations required to 
successfully conduct the described protocol. The enclosed tables can be used as a 
surgical/procedural checklist by researchers using this protocol, to ensure that all 
experimental steps are executed in the appropriate sequence while also having 
immediate access to important technical details.


Table 3.2: Distribution and number of SKH1 mice per experimental group during 
Experimental Phase 1.

Experimental 
Groups 
(Experimental 
Phase 1)

Route of plain 
DOS 

administration

Dosing 
frequency of 

plain DOS

Initial 
sample size 
per group 

(n0)

Sample size 
at the time of 

the 1st 
biopsy (n3)

Sample size 
at the time of 

the 2nd 
biopsy (n10)

1.I (LO) Local 
administration 
of 1mL of plain 
DOS to each 

wound surface

Daily 8 8 4

1.II (IV) Intravascular 
injection of 

0.15mL retro-
orbitally

1) Day 0

2) Day 5


(1 injection 
every 5 days, 
beginning on 

day 0) 

8 8 4

1.III (PO) Per os intake ad 
libitum, plain 
DOS in lieu of 
drinking water

Daily (ad 
libitum)

8 8 4

1.IV (CO) Ν/Α

(rinsed with N/S 

PRN)

Ν/Α 8 8 4

Abbreviations: DOS, dissolved oxygen solution; n0, number of laboratory animals on day 0; 
n3, number of laboratory animals on postoperative day 3; n10, number of laboratory animals 
on postoperative day 10; N/A, not applicable; N/S, normal saline solution NaCl 0.9%; PRN, 
per needed.
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Table 3.3: Distribution and number of SKH1 mice per experimental group during 
Experimental Phase 2.

Experimental 
Groups 
(Experimental 
Phase 2)

Route of 
ONBW 

administration

Dosing 
frequency of 

ONBW

Initial 
sample size 
per group 

(n0)

Sample size 
at the time of 

the 1st 
biopsy (n3)

Sample size 
at the time of 

the 2nd 
biopsy (n10)

2.I (IV) Intravascular 
injection of 

0.15mL retro-
orbitally

1) Day 0

2) Day 5


(1 injection 
every 5 days, 
beginning on 

day 0) 

12 12 6

2.II (PO) Per os intake ad 
libitum, ONBW 

in lieu of 
drinking water

Daily (ad 
libitum)

12 12 6

2.III (CO) Ν/Α

(rinsed with N/S 

PRN)

Ν/Α 12 12 6

Abbreviations: ONBW, oxygen nanobubble-enriched water; n0, number of laboratory animals 
on day 0; n3, number of laboratory animals on postoperative day 3; n10, number of laboratory 
animals on postoperative day 10; N/A, not applicable; N/S, normal saline solution NaCl 0.9%; 
PRN, per needed.

Table 3.4: Surgical procedures on day 0 and parameters of the excisional wound 
model implementation across experimental Phases 1 and 2.

Surgical Procedures (day 0) Implementation in the Proposed Protocol

Wound Model Full-thickness excision wound model on the dorsal skin of the 
mouse

Anesthetic Solution for 
General Anesthesia

In a total volume of 5 mL, 4.25 mL of sterile N/S is mixed with 0.5 
mL of ketamine solution (100 mg/mL) and 0.25 mL of xylazine 
solution (10 mg/mL). In the resulting 5 mL anesthetic solution, the 
concentration of ketamine is 10 mg/mL and that of xylazine is 0.5 
mg/mL.
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Induction of General 
Anesthesia

Using a 1mL syringe, 0.1mL of the anesthetic solution (N/S 
solution containing 10mg/mL ketamine and 0.5mg/mL xylazine) 
will be administered IP per 10g of body weight. Each mouse will 
receive a dose of 100mg/kg ketamine and 5mg/kg xylazine. The 
depth of anesthesia will be monitored based on the response to 
the pedal reflex.

Preoperative Surgical Site 
Preparation

1) povidone-iodine solution

2) 70% (vol/vol) ethanol

Number of Wounds per 
Mouse

2 per mouse (created simultaneously using a skin punch biopsy)

Wound Diameter 8mm (punch biopsy diameter: Acu Punch, Acuderm, Ft. 
Lauderdale, FL)

Splinting (Suturing of 
Silicone Rings)

N/A

Hemostasis Local application of light pressure PRN

Postoperative Surgical Site 
Disinfection

70% (vol/vol) ethanol application around the wounds

Postoperative Analgesia 1) 20ml bupivacaine 0.25% w/v (immediately after surgery, and 
PRN on days 1-14)


2) carprofen 0.005mg/g SC (for additional analgesia PRN, on 
days 1-14)

Wound Coverage Sterile transparent dressing (Tegaderm; 3Μ, St. Paul, MN, USA)

Antibiotic Administration PRN, only in cases of postoperative infections (after day 0), in 
consultation with the facility's veterinary team

Anesthesia recovery 1) Monitoring well-being and recovery for the first 40 minutes 
postoperatively


2) Heating pads PRN, for the first 20-40 minutes postoperatively

Monitoring Daily monitoring of animal safety and tolerability parameters, and 
the incidence of severe AEs throughout each Experimental Phase 
(days 0-10), as detailed in Table 3.1

Surgical Procedures (day 0) Implementation in the Proposed Protocol

Abbreviations: N/S, normal saline solution NaCl 0.9%; IP, intraperitoneal administration; N/A, 
not applicable; PRN, per needed; SC, subcutaneous injection; AEs, adverse events.
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Table 3.5: Steps followed for each route of administration of plain DOS (Phase 1) 
and ONBW (Phase 2) in animal models.

Route of DOS 
Administration

Execution Steps

Local Irrigation to the 
Wound Surface

1) If the mouse is not already anesthetized—> induce anesthesia 
with 2% isoflurane gas


2) Carefully position the needle of a 1 mL syringe tangentially 
between the transparent wound dressing (Tegaderm; 3Μ, USA) 
covering the wounds and the mouse's skin


3) Using a 1 mL syringe, irrigate each wound with 1 mL of plain 
DOS (Phase 1), maintaining a smooth injection flow without 
applying high pressure

Intravascular 
Administration (retro-
orbitally)

1) Immobilize the mouse following the procedure used for IP 
injections (stabilize the mouse by grasping the dorsal skin and 
pulling toward the midline → in the case of retro-orbital 
injections, this handling should expose part of the mouse's orbit)


2) Inject 0.15mL plain DOS (Phase 1) or ONBW (Phase 2) retro-
orbitally per mouse using a 1 mL syringe

Per Os Intake (ad 
libitum)

Plain DOS (Phase 1) or ONBW (Phase 2) will be provided in lieu of 
drinking water in the respective cages, and the mice will consume it 
ad libitum  daily throughout the duration of the in vivo experiment, 
from day 0 to day 10

Abbreviations: DOS, dissolved oxygen solution; ONBW, oxygen nanobubble-enriched water; 
IP, intraperitoneal administration.

Table 3.6: Steps for performing euthanasia and subsequent specimen collection 
at the time-points specified for each experimental Phase.

Experimental 
Procedures

Execution Steps

Euthanasia

1) Using a 2 mL syringe, administer IP a lethal dose (50μL/g) from the 
anesthetic solution used for preoperative anesthesia on day 0 (N/S 
solution containing 10mg/mL ketamine and 0.5mg/mL xylazine)


2) Assess the pedal reflex 60 seconds after IP administration of the 
anesthetic solution


3) Complete the euthanasia by cervical dislocation → carefully ensuring 
no pressure is applied to the wounds under study.

O2-nanobubbles enhance wound healing & skin regeneration in vivo ￼  63



Biopsy Sampling

1) Collect a rectangular cutaneous flap, extending to the subcutaneous 
and panniculus carnosus layers, containing both wounds with 
approximately 5-10mm uninjured margins at each direction, with a 
sterile No. 11 surgical blade


2) Place the specimen on the crude surface of qualitative filter paper 
(Whatman Qualitative Filter Paper; Sigma-Aldrich, Inc., St. Louis, MO, 
USA), to retain its original horizontal configuration


3) Fix the tissue sample in 10% (vol/vol) formalin solution for 48h; then 
submerge the specimen in 70% (vol/vol) ethanol solution until 
histopathological processing

Experimental 
Procedures

Execution Steps

Abbreviations: IP, intraperitoneal administration; N/S, normal saline solution NaCl 0.9%. 
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Table 3.7: Sequential steps for the macroscopic assessment of wound healing in 
animal models, at the time-points specified for each experimental Phase.

Macroscopic 
Assessment

Execution Steps

Wound 
Photography 
(days 0, 3, 7, 
10)

1) Anesthesia


a. On day 0 mice will already be anesthetized with preoperative 
administration of 0.1mL of the anesthetic solution (N/S solution 
containing 10mg/mL ketamine and 0.5mg/mL xylazine) per 10g of body 
weight IP


b. For mice that will undergo euthanasia for biopsy collection —> using a 2 
mL syringe, administer IP a lethal dose (50μL/g) from the anesthetic 
solution used for preoperative anesthesia on day 0 (N/S solution 
containing 10mg/mL ketamine and 0.5mg/mL xylazine)


c. For mice that will not undergo euthanasia at the given time-point —> 
induce anesthesia with 2% isoflurane gas


2) Pedal reflex assessment to determine the depth of anesthesia


3) At days 0 and 3—> photographs were taken without removal of the 
transparent wound dressing (Tegaderm; 3Μ, USA); in case it was substantially 
deformed or detached, photographs were taken before and after complete 
removal of the old dressing, and following the placement of a new dressing. At 
days 7 and 10—> photographs were taken without dressings (almost entirely 
removed by the animals).


4) Capture the wounds from a set distance (25cm) under standardized lighting 
conditions, using the same device and settings (iPhone 12 Pro Max, Wide 
5.1mm lens [26mm equivalent], f/1.6, 5.6x zoom) at a dedicated photography 
station. Take three photographs per mouse at each time-point: one illustrating 
both wounds symmetrically, one focussing on the right-sided wound, and one 
focussing on the left-sided wound.


5) Completion of the Procedure 


a. For mice that will undergo euthanasia for biopsy collection → proceed 
with euthanasia and biopsy collection


b. For mice that will not undergo euthanasia at the given time-point → return 
the mouse to its cage and monitor for anesthesia recovery
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Collection of 
Macroscopic 
Data & 
Evaluation of 
Primary 
Endpoints

1) ΔOWSx-y (mm²): Using Fiji software, calculate OWS open wound surface at 
each time-point x (OWSx, mm²) for all wounds. Then, the absolute value of 
wound closure between two specific time-points x and y is calculated as the 
difference in the OWS values on these time-points (ΔOWSx-y), following the 
formulas illustrated in Figure 3.5 —> assessment of the speed and efficacy of 
the healing mechanism


2) VCx-y (mm²/days): Calculate by dividing the absolute value of wound closure 
between time-points x and y (ΔOWSx-y, mm²) by the corresponding timeframe 
(Δtx-y, days) , following the formulas illustrated in Figure 3.5 —> assessment 
of the speed and efficacy of the healing mechanism

Macroscopic 
Assessment

Execution Steps

Abbreviations: N/S, normal saline solution NaCl 0.9%; IP, intraperitoneal administration; 
ΔOWSx-y, change in open wound surface (OWS, mm²), calculated as the difference between 
OWSy and OXSx values measured on the corresponding y and x time-points; OWS, open 
wound surface, expressed in mm²; VCx-y, velocity of wound closure during the timeframe 
Δty-x= Day y - Day x, calculated based on the ΔOWSx-y during the corresponding timeframe; 
Δtx-y, timeframe calculated as Day y - Day x, expressed in days.

Table 3.8: Experimental procedures per day of Experimental Phases 1 and 2.

Time-point Experimental Procedures

Day 0 • Weigh each animal and assess for well-being parameters

• Surgically induce wounds on the dorsal skin of the mice [excisional wound 

model, no splinting, coverage with transparent wound dressing (Tegaderm; 
3Μ, St. Paul, MN, USA)] → under general anesthesia


• Wound Photography

• Plain DOS (Phase 1) or ONBW (Phase 2) administration via the route of 

administration designated for each experimental group in the respective 
Experimental Phase, following the steps presented on Table 3.5 

• local irrigation

• intravascular

• per os (ad libitum, in lieu of drinking water)


• Monitoring of anesthesia recovery for each animal

• Place the animals in cages (1 mouse/cage to reduce the risk of wound 

infections)
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Day 1 • Safety and well-being assessment of each animal 

• Record and treat any postoperative complications (e.g., pain, infection)

• Plain DOS (Phase 1) or ONBW (Phase 2) administration via the route of 

administration designated for each experimental group in the respective 
Experimental Phase, following the steps presented on Table 3.5 

• local irrigation

• per os (Plain DOS or ONBW provided is replaced with sealed plain 

DOS or ONBW, respectively)

Day 2 • Safety and well-being assessment of each animal 

• Record and treat any postoperative complications (e.g., pain, infection) 

• Plain DOS (Phase 1) or ONBW (Phase 2) administration via the route of 

administration designated for each experimental group in the respective 
Experimental Phase, following the steps presented on Table 3.5 

• local irrigation

• per os (Plain DOS or ONBW provided is replaced with sealed plain 

DOS or ONBW, respectively)

Day 3 • Safety and well-being assessment of each animal 

• Record and treat any postoperative complications (e.g., pain, infection) 

• Wound Photography (Table 3.7)

• Plain DOS (Phase 1) or ONBW (Phase 2) administration via the route of 

administration designated for each experimental group in the respective 
Experimental Phase, following the steps presented on Table 3.5 

• local irrigation

• per os (Plain DOS or ONBW provided is replaced with sealed plain 

DOS or ONBW, respectively)

• Euthanasia and biopsy collection (Table 3.6)

Day 4 • Safety and well-being assessment of each animal

• Record and treat any postoperative complications (e.g., pain, infection)

• Plain DOS (Phase 1) or ONBW (Phase 2) administration via the route of 

administration designated for each experimental group in the respective 
Experimental Phase, following the steps presented on Table 3.5 

• local irrigation

• per os (Plain DOS or ONBW provided is replaced with sealed plain 

DOS or ONBW, respectively)

Day 5 • Safety and well-being assessment of each animal

• Record and treat any postoperative complications (e.g., pain, infection) 

• Plain DOS (Phase 1) or ONBW (Phase 2) administration via the route of 

administration designated for each experimental group in the respective 
Experimental Phase, following the steps presented on Table 3.5 

• local irrigation

• intravascular

• per os (Plain DOS or ONBW provided is replaced with sealed plain 

DOS or ONBW, respectively)

Time-point Experimental Procedures
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Day 6 • Safety and well-being assessment of each animal

• Record and treat any postoperative complications (e.g., pain, infection) 

• Plain DOS (Phase 1) or ONBW (Phase 2) administration via the route of 

administration designated for each experimental group in the respective 
Experimental Phase, following the steps presented on Table 3.5 

• local irrigation

• per os (Plain DOS or ONBW provided is replaced with sealed plain 

DOS or ONBW, respectively)

Day 7 • Safety and well-being assessment of each animal

• Record and treat any postoperative complications (e.g., pain, infection) 

• Wound Photography (Table 3.7)

• Plain DOS (Phase 1) or ONBW (Phase 2) administration via the route of 

administration designated for each experimental group in the respective 
Experimental Phase, following the steps presented on Table 3.5 

• local irrigation

• per os (Plain DOS or ONBW provided is replaced with sealed plain 

DOS or ONBW, respectively)

Day 8 • Safety and well-being assessment of each animal

• Record and treat any postoperative complications (e.g., pain, infection)

• Plain DOS (Phase 1) or ONBW (Phase 2) administration via the route of 

administration designated for each experimental group in the respective 
Experimental Phase, following the steps presented on Table 3.5 

• local irrigation

• per os (Plain DOS or ONBW provided is replaced with sealed plain 

DOS or ONBW, respectively)

Day 9 • Safety and well-being assessment of each animal

• Record and treat any postoperative complications (e.g., pain, infection)

• Plain DOS (Phase 1) or ONBW (Phase 2) administration via the route of 

administration designated for each experimental group in the respective 
Experimental Phase, following the steps presented on Table 3.5 

• local irrigation

• per os (Plain DOS or ONBW provided is replaced with sealed plain 

DOS or ONBW, respectively)

Day 10 • Safety and well-being assessment of each animal

• Record and treat any postoperative complications (e.g., pain, infection)

• Wound Photography (Table 3.7)

• Euthanasia and biopsy collection (Table 3.6)

Time-point Experimental Procedures

Abbreviations: DOS, dissolved oxygen solution; ONBW, oxygen nanobubble-enriched water.
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4 | Plain dissolved oxygen solution (DOS) biotechnology for excisional 

wounds in vivo 

The contents of this chapter are also represented in the following submission to 
Journal of the American College of Surgeons:


Dimitrios Ntentakis, Anastasia Maria Ntentaki, Eleni Delavogia, Petroula Seridou, Zoi 
Kollia, Nikolaos Sfakianos, Victor San Martin Carvalho Corrêa, Patroklos Katafygiotis, 
Danae Venieri, Nikolaos Arkadopoulos, Nicolas Kalogerakis. Dissolved oxygen and O2-
nanobubble biotechnologies enhance physiologic wound healing and cutaneous 
regeneration in vivo. (2024) Submitted at Journal of the American College of Surgeons.
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4.1 | Background information 

Non-healing wounds comprise an insidious yet burgeoning global health issue, 
underlined by the rapid increase in pertinent healthcare costs [Walmsley, 2002; Sen et 
al., 2009]. Their etiopathogenesis and prognosis have been consistently linked to tissue 
hypoxia [Shandall et al., 1985; Sheridan et al., 1987; Sano and Ichioka, 2015], 
highlighting the established role of adequate oxygenation in the successful completion 
of the healing mechanism [Tandara and Mustoe, 2004; Rodriguez et al., 2008]. 
Interestingly, numerous in vitro and in vivo studies have described a strongly negative 
correlation between the duration of hypoxia, and the physiological activity of multiple 
pathways mediating wound restoration [Hohn et al., 1976; Edwards et al., 1984; 
Jönsson et al., 1988; Siddiqui et al., 1996; Allen et al., 1997; Hopf et al., 2005]. 
Meanwhile, any disruption in the pathways defining the most upstream healing stages, 
namely inflammation, proliferation, and remodeling, can be considered as a strong 
predictor of downstream wound chronicity, recurrence, and relevant complications 
[Fowler, 1990; Singh et al., 2004]. Epidemiological urgency is associated with the rising 
prevalence in systemic vasculopathies predisposing to peripheral ischemia and 
suboptimal healing, such as diabetes [International Working Group on the Diabetic 
Foot, 2003; International Diabetes Federation, 2015], the aging world population [Wu et 
al. 1999; Gottrup, 2004], along with the questionable capacity of current management 
and prevention strategies to confront a generalized escalation in persisting wounds 
[Das and Baker, 2016]. 


	 To address the anticipated escalation in clinical demands, biotechnologies 
supplying dissolved oxygen (DO) are currently investigated as novel management 
strategies. Apart from enhancing wound oxygenation, what makes DO use particularly 
intriguing in healing applications is the potential to significantly improve treatment 
intervals, safety, and patient compliance compared to the clinically-established 
technologies supplying gaseous oxygen (O2), such as hyperbaric O2 therapy (HBOT) 
[Wang et al., 2003; de Smet et al., 2017]. However, achieving a biologically significant 
outcome without using potentially toxic chemical surfactants to prolong DO half-life 
remains one of the biggest challenges in the DO field.
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	 Hence, in this Chapter, we study an O2-saturated, aqueous-based DO solution 
(DOS), which we refer to as plain DOS, since it contains no physical enhancements to 
sustain DO levels. We discuss the technical and quality-control fundamentals for the 
plain DOS, manufactured by employing the principles of the gas-liquid interphase while 
eschewing the use of chemical additives. Subsequently, we evaluate its suitability for 
biomedical applications by daily monitoring DO concentrations and the diameter of any 
naturally-forming gas bubbles, over a consecutive fourteen-day period. Also, we 
analyze macroscopic and histopathological endpoints to characterize its safety profile, 
and to preliminarily assess its healing efficacy in full-thickness excisional mouse 
wounds, while identifying the most effective routes of administration. Collectively, our 
findings suggest that a plain DOS with the described specifications can deliver high DO 
concentrations consistently and sustainably, while being safe for in vivo administration 
and showing promising efficacy in physiologic wound healing.


4.2 | Methods 

	 This section provides an overview of the experimental design and methodology 
followed while conducting this work, which corresponds to the experimental Phase 1 
discussed in Chapter 3 of this dissertation. Extended description of the manufacturing 
and quality control processes employed for producing the plain DOS, along the in vivo 
wound model, our endpoint selection for evaluating safety and healing efficacy, and our 
analytical methods accompanied by the underlying scientific rationale, per case, are 
detailed in Chapter 3 of this dissertation. A graphical timeline of the protocol design, 
encompassing all the endpoints assessed along with the main time-points 
corresponding to each assessment, is illustrated in Figure 4.1. A pictorial overview of 
key methodological parameters implicated in the experiments of Phase 1 is presented 
in Figure 4.2.
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Figure 4.1: Graphical synopsis of the protocol design of experimental Phase 1, 
illustrating the key timepoints corresponding to the production of the plain DOS 
biotechnology, the quality-control processes, and the in vivo assessments of biological 
safety and healing efficacy, on a chronological order. Plain DOS was manufactured on day 
-3 of the protocol timeline, followed by quality-control processes which were conducted daily 
and prior to any in vivo use. The latter included daily [DO] measurements (in mg/L), and DLS 
screening for the presence of large-diameter (≥28μm) bubbles; detection of at least one 
bubble with diameter ≥28μm led to exclusion of the corresponding plain DOS sample from all 
further experiments. At day 0, two full-thickness cutaneous wounds were simultaneously 
excised with an 8mm surgical punch per mouse dorsum, under general anesthesia with 
ketamine (100mg/kg) and xylazine (5mg/kg). Postoperatively, the SKH1 mice were randomly 
divided to 4 equally-populated, sex-matched experimental groups (PO, LO, IV, CO), 
according to plain DOS administration starting from day 0. IV administration was performed 
retro-orbitally, at days 0 and 5. LO administration was performed via irrigation directly on 
each wound surface with a syringe, daily. Mice in the PO group consumed the plain DOS in 
lieu of drinking water, ad libitum. The mice in the negative control (CO) group received no 
treatment, as there is no gold-standard treatment intervention for wound healing clinically. In 
vivo safety was monitored daily, based on severe adverse events and standardized safety and 
tolerability measures. VC (in mm2/day) was calculated from macroscopic photographs for all 
the timeframes among days 0, 3, 7, and 10. ER (hematoxylin & eosin) was assessed on days 
3 and 10, by dividing the length of re-epithelialization to the length of each wound bed on the 
horizontal axis. CR (Masson’s trichrome) was evaluated on Day 10, by dividing the area of 
blue-stained collagen pixels to the total area corresponding to each wound bed. All pertinent 
methodological details are detailed in Chapter 3 of this dissertation, whereas key points are 
summarized in section 4.2 of this Chapter. Abbreviations: DOS, dissolved oxygen solution; 
[DO], dissolved oxygen concentration in mg/L; DLS, dynamic light scattering; PO, per os 
intake; LO, local administration; IV, intravenous administration; CO, negative controls;



4.2.1 | Study approval 

	 Plain DOS manufacturing and quality-control processes were approved by the 
Laboratory of Biochemical Engineering and Environmental Biotechnology of the School 
of Chemical and Environmental Engineering, at the Technical University of Crete 
(Technical University of Crete; Chania, Greece). Animal procedures and experiments 
were approved by the Institutional Animal Care and Use Committee of the National 
Center for Scientific Research (NCSR) Demokritos (NCSR Demokritos; Athens, 
Greece), and the Decentralized Administration of Attica, Greece, in accordance with the 
Directive 2010/63/EU of the European Parliament on the Protection of Animals Used for 
Scientific Purposes [European Parliament, 2010].
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Figure 4.2: Synoptic overview of the DOS biotechnology, the animal parameters, and the 
wound model used in experimental Phase 1. Abbreviations: DO, dissolved oxygen; DOS, 
dissolved oxygen solution; pDOS, plain dissolved oxygen solution; N/S, normal saline (0.9% 
NaCl); PO, per os intake; LO, local administration; IV, intravenous administration; CO, negative 
controls; IP, intraperitoneally. 

Figure 4.1 (continued): VC, macroscopic velocity of wound closure; ER, histopathologic 
epithelialization ratio; CR, histopathologic collagenation ratio; ONBW, oxygen nanobubble-
enriched water; OUBs, oxygen ultra-fine bubbles. 



4.2.2 | Manufacturing, storage, and monitoring of the plain DOS 

	 The DOS biotechnology studied in experimental Phase 1 contained no physical 
enhancements to sustain DO concentrations, while excluding the use of exogenous 
chemicals and surfactants a priori; thereby, it was referred to as “plain” DOS, according 
to our proposed classification system analyzed in Chapter 2 of this dissertation. At 
protocol day -3 [Figure 4.1], the plain DOS was aseptically produced via infusion of 
high-purity (>99.9%) O2 into sterile normal saline solution (N/S; 0.9% NaCl), at a flow 
rate of 7 L/min, for 10 minutes, under controlled temperature and pressure conditions.


	 Regarding quality control, the plain DOS was packaged in tightly-sealed, 
autoclaved, 500mL, borosilicate glass bottles (IVYX Scientific, Seattle, WA, USA) to 
minimize oxygen losses from contact with atmospheric air, and stored at room 
temperature and pressure. DO concentrations, expressed in mg/L, were recorded daily 
for the plain DOS and a regular N/S solution used for comparisons, under identical 
physical parameters, using standardized equipment (HQ30d Portable Meter Kit; Hack, 
Düsseldorf, Germany). Also, dynamic light scattering (DLS) analyses were conducted 
daily (SALD-7500nano; Shimadzu Corporation, Columbia, MD, USA), to screen for 
larger-diameter bubbles (≥28μm) as a prognosticator of the potential risk of gas 
embolism from any naturally-forming bubbles.


4.2.3 | Animals and in vivo wound model 

	 Thirty two SKH1 hairless mice (wild type, 1:1 female:male), with a median weight 
of 25.31g (8-12 weeks old), were randomly divided to four treatment groups according 
to plain DOS administration: intravenous (IV), local (LO), per os (PO), and negative 
controls (CO). At day 0, two full-thickness cutaneous wounds were simultaneously 
excised with an 8mm biopsy punch (Acu-Punch; Acuderm, Ft. Lauderdale, FL, USA) 
per mouse dorsum, under general anesthesia with ketamine (100 mg/kg) and xylazine 
(5 mg/kg), as previously described [Wang et al., 2013; Chen et al., 2015]. 
Postoperatively, the wounds were covered with a sterile transparent dressing 
(Tegaderm; 3Μ, St. Paul, MN, USA) to minimize the risk of infection, and each mouse 
was monitored until complete recovery from surgery and anesthesia. In each treatment 
group, the plain DOS was administered after successful recovery from surgery and 
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anesthesia at day 0, and then prior to the daily assessments of biological safety until 
protocol day 10 [Figure 4.1]. All wounds were daily evaluated throughout the remaining 
duration of each in vivo experiment, until day 10 [Figure 4.1]. 


4.2.4 | Experimental groups and plain DOS treatment administration 

	 IV administration was performed in the retro-bulbar sinus, using a standardized 
technique [Yardeni et al., 2011]. Each mouse was injected 150μL of plain DOS, twice in 
total during experimental Phase 1: once at day 0, and then at day 5, under general 
anesthesia. For LO administration, 500μL of plain DOS were directly irrigated on each 
wound surface underneath the transparent dressing, under general anesthesia, daily. In 
the PO group, the plain DOS was used in lieu of drinking water, which the mice 
consumed ad libitum throughout the duration of each experiment [Figure 4.1]. Mice in 
the CO groups received no treatment.


4.2.5 | In vivo safety and healing endpoints 

	 All mice were monitored for their safety and well-being daily, based on 
standardized scoring systems characterizing tolerability and adverse events (AEs) 
[Arras et al., 2007; National Research Council, 2009; Hohlbaum et al., 2018; 
Supplement S.6]. Specifically, 13 well-being parameters were evaluated: body weight, 
food and water intake, burrowing behavior, spontaneous behavior, posture, breathing, 
behavior after provocation/weighing, movement after provocation/weighing, as well as 
the condition of the coat, body, eyes, and wounds [Deacon, 2006; Arras et al., 2007; 
National Research Council, 2009; Hohlbaum et al., 2018]. Additionally, the occurrence 
of the following 7 conditions, characterized as severe AEs, was cautiously monitored: 
1) death, 2) local inflammation/infection persisting for more than 24 hours, 3) 
occurrence of non-healing cutaneous wounds/ulcers, 4) hemorrhage from any orifice 
that was unresponsive to treatment, 5) water consumption less than 5mL for more than 
24 hours, 6) decrease in body mass equal or higher than 15% of the original 
measurement recorded at day 0, and 7) combination of abnormalities in physical 
appearance and behavior. Collectively, the aforementioned endpoints used to assess 
animal safety, tolerability, and the incidence of AEs, alongside the criteria, timeline, and 
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grading systems applied for evaluating each of them, are presented in Table 3.1 and 
Figure 3.4 of Chapter 3 of this dissertation.


	 Regarding healing efficacy, all wounds were photographed at days 0, 3, 7, and 
10, under standardized conditions. The macroscopic velocity of wound closure (VC, in 
mm2/days) was assessed from measurements of the wound surface area obtained from 
these photographs, in correlation with each of the timeframes among days 0, 3, 7, and 
10, the key predetermined time-points of this protocol. Furthermore, wound specimens 
containing the mouse skin and subcutaneous in healthy margins were collected at days 
3 and 10, for histopathological analyses of epithelialization (Hematoxylin/eosin; day 3, 
day 10) and collagenation (Masson’s trichrome; day 10) ratios. 


4.2.6 | Statistics 

	 Statistical analyses and graphical illustrations were conducted using IBM SPSS 
Statistics (Version 27) and Prism (GraphPad 9.0, San Diego, CA, USA). DO 
concentrations were compared between the plain DOS biotechnology and regular N/S, 
using the independent-samples t-test. Route of administration of the plain DOS served 
as the only independent variable in the analyses of in vivo data. Safety and tolerability 
data were qualitatively evaluated, based on standardized outcome measures and 
categorical scoring systems [Arras et al., 2007; National Research Council, 2009; 
Hohlbaum et al., 2018]. Investigators were blinded to experimental groups during the 
analyses of all data pertaining to healing outcomes. Of the two excisional wounds per 
mouse dorsum, one was randomly selected to be analyzed as a biological replicate. 
Data assessing healing outcomes (VC, ER, CR) were described as mean   ±   standard 
deviation (SD) or mean ranks, according to each sample’s distribution; subsequently, 
they were analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s 
honest significant difference (HSD) test, or the non-parametric version of one-way 
ANOVA on ranks (Kruskal-Wallis H test) followed by Dunn’s multiple comparisons test, 
respectively. Each set of macroscopic VC comparisons referred to a specific timeframe 
between two of the predesignated timepoints in our experimental design, namely days 
0, 3, 7, and 10 [Figure 4.1]. Histopathological comparisons were specific to each 
corresponding timepoint (day 3, day 10). The cutoff for statistical significance was 
defined as p<0.05.
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4.3 | Results 

4.3.1 | Enhanced DO concentrations are maintained in the plain DOS consistently for 

14 days  

	 Given the established role of oxygen as a prerequisite for physiological wound 
healing [Tandara and Mustoe, 2004; Rodriguez et al., 2008], we evaluated both the 
magnitude and the sustainability of DO concentrations in the plain DOS. Mean DO 
concentrations were significantly higher in the plain DOS versus the regular N/S 
solution used as comparator (22.87mg/L versus 6.78mg/L, p<0.001), upon daily 
measurements for 14 consecutive days under identical physical parameters [Table 4.1]. 
Moreover, DO concentrations remained consistently enhanced in the plain DOS 
throughout the duration of in vivo experiments, for 14 days [Figure 4.3]. The 
corresponding graph plotting DO concentrations in the plain DOS versus time, in Figure 
4.3, can be divided in three segments; an initial segment spanning the first 6 protocol 
days, which showed an anticipated decline in DO concentrations based on the 
principles determining gas dissolution, a second segment where DO concentrations 
appeared to reach a plateau close to the median DO concentration at approximately 
21.27mg/L on protocol day 7, at one week since plain DOS production, and a final 
segment with slowly-declining DO levels until protocol day 10. Based on these data, 
we hypothesized that the plain DOS would be capable of effectively supplying DO to 
tissues throughout our in vivo experiments, and, secondarily, contribute to the healing 
mechanism.


Table 4.1: Consecutive measurements of DO concentrations in the plain DOS and 
the control saline solution per protocol day, along with the corresponding 
physical conditions of temperature and pressure, and an overview of the 
subsequent statistical analysis.   


Time-point [DO] in pDOS (mg/L) [DO] in control N/S (mg/L) Temperature (oC) Pressure

Day -3 30.76 7.23 25.4 Atmospheric

Day -2 25.84 7.11 26.1 Atmospheric

Day -1 26.78 6.88 25.9 Atmospheric

Day 0 25.56 6.97 26.3 Atmospheric

Time-point
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4.3.2 | Plain DOS treatment is safe and well-tolerated in healthy SKH1 mice 

regardless of intravenous, local, or per os administration  

	 Next, we performed a stepwise investigation of safety and tolerability for each of 
the IV, LO, and PO groups receiving the plain DOS treatment, in comparison to the CO 
group. Daily, and prior to any in vivo use, consecutive DLS analyses confirmed the 

Day 1 25.19 6.83 26.0 Atmospheric

Day 2 23.77 6.79 25.5 Atmospheric

Day 3 21.27 6.75 25.1 Atmospheric

Day 4 21.67 6.72 26.2 Atmospheric

Day 5 21.72 6.74 25.9 Atmospheric

Day 6 21.69 6.75 26.1 Atmospheric

Day 7 20.78 6.67 25.0 Atmospheric

Day 8 19.62 6.63 25.4 Atmospheric

Day 9 18.53 6.54 25.7 Atmospheric

Day 10 17.07 6.41 25.2 Atmospheric

Median (IQR) 21.71 (4.57) 6.75 (0.19) 25.8 (0.7) N/A

Mean ± SD 22.87 ± 3.66 6.78 ± 0.21 25.7 (0.42) N/A

p value p<0.001 N/A N/A

[DO] in pDOS (mg/L) [DO] in control N/S (mg/L) Temperature (oC) PressureTime-point

Table 4.1 Notes: The plain DOS was manufactured at the beginning of protocol day -3, 
whereas day 0 represents the time-point when all excisional wounds were created in vivo. 
[DO] measurements were recorded for three days prior to any in vivo administration, to verify 
the plain DOS’s suitability for further biological testing, and subsequently throughout the 
duration of each in vivo experiment, on a daily basis. An independent-samples t-test was 
performed to compare the mean [DO] values between the plain DOS (22.87mg/L, n=14) and 
the control solution (6.78mg/L, n=14), showing a statistically significant difference (p<0.001), 
with a large effect size (Cohen's d=6.21). The [DO] measurements were recorded under 
temperature- and pressure-controlled conditions, consistently maintaining atmospheric 
pressure; meanwhile, median temperature was 25.8oC (IQR, 0.7). Detailed data from the 
statistical analyses are included in the Table S.7. Abbreviations: DO, dissolved oxygen; 
pDOS, plain dissolved oxygen solution; [DO], dissolved oxygen concentration in mg/L; N/S, 
normal saline solution 0.9% NaCl; N/A, not applicable; IQR, interquartile range; SD, standard 
deviation.
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absence of large-diameter bubbles (≥28μm) from all DOS samples (data not shown, 
available upon request), thus minimizing the possibility of microvascular gas embolism. 
Subsequently, and throughout the duration of in vivo experiments, the absolute number 
of life-threatening or severe AEs recorded was zero [Table S.8]. Analogously, no 
substantial abnormalities were found in any of the dedicated well-being and tolerability 
measures evaluated [Table S.8]. Collectively, the safety and tolerability data from the IV, 
LO, and PO groups demonstrated a pattern similar to the untreated controls (CO), 
suggesting that plain DOS administration has no impact on SKH1 mouse health and 
homeostasis. For reference, the precise DO amount, in milligrams, that each animal 
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Figure 4.3: Plain DOS demonstrates significant DO sustainability for at least 14 days, 
which can be consistent with real-life biomedical applications. Daily [DO] measurements 
were recorded with a standardized DO sensor (HQ30d Portable Meter Kit; Hack, Düsseldorf, 
Germany), for 14 days, under identical physical parameters (median temperature, 25.8oC 
(IQR, 0.7); atmospheric pressure), in both the plain DOS and a control N/S solution (0.9% 
NaCl) studied for comparisons. In the plain DOS, median [DO] was 21.71mg/L (IQR, 4.57; 
range, 17.07 – 30.76 mg/L). Also, [DO] measurements appeared to reach a plateau of 
21.27mg/L, approximately at protocol day 3 corresponding to 7 days post-production, which 
was maintained for 4 days thereafter followed by a slowly-declining trend until the final time-
point (protocol day 10). In the control N/S solution with no additional oxygen, [DO] levels were 
mostly stable as expected, with a median value of 6.75mg/L (IQR, 0.19) throughout the 
duration of Phase 1 experiments. Given the absence of chemical surfactants to prolong DO 
half-life, the recorded DO sustainability in the plain DOS is considered promising, and 
supports further in vivo testing in biomedical indications associated with hypoxia and



received in the IV and PO groups of plain DOS administration, are presented in Tables 
S.12 and S.13, respectively.


4.3.3 | Plain DOS treatment administered intravenously accelerates macroscopic 

wound closure in healthy SKH1 mice  

	 Despite the presumed potential of DOS biotechnologies in wound-healing 
applications, dedicated data evaluating their healing efficacy in vivo, are scarce. Here, 
we measured three outcomes to evaluate the plain DOS’ effect on the speed and the 
tissue-regenerating capacity of the healing response in healthy SKH1 mice: the 
macroscopic velocity of wound closure (VC, in mm2/day), and the histopathological 
ratios of newly-formed cutaneous epithelium (ER) and collagen deposition (CR) versus 
the total size of each wound bed. 


	 VC was calculated for all the timeframes among protocol days 0, 3, 7, and 10, 
from macroscopic wound photographs [Figure 4.4.A]. Mean VC was found significantly 
accelerated in the mice receiving the plain DOS IV versus the CO group, for the 
following timeframes: days 0 to 7 (p=0.005)  [Figure 4.4.C], 3 to 7 (p=0.022) [Figure 
4.4.E], 0 to 10 (p=0.049) [Figure 4.4.D], and 3 to 10 (p=0.024) [Figure 4.4.F]. Also, mean 
VC trended higher in the PO group compared to the CO for the majority of timeframes, 
with the largest difference recorded between days 3 and 7 still without reaching the 
statistical significance cutoff (p=0.072) [Figure 4.4.E]. In turn, LO administration 
demonstrated the least noticeable effect on VC, following a pattern similar to the PO 
group for the timeframes between days 3 and 7 (p=0.373) [Figure 4.4.E], and days 3 to 
10 (p=0.494) [Figure 4.4.F], while approximating the mean values of the CO group 
between days 0 and 7 (p=0.999) [Figure 4.4.C], and from day 0 to day 10 (p>0.999) 
[Figure 4.4.D]. Meanwhile, no significant differences in mean VC were observed 
between any of the groups from day 0 to day 3 [Figure 4.4.B], or from day 7 to day 10 
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Figure 4.3 Caption (continued): ischemia, such as cutaneous wound healing as in this study. 
Abbreviations: DO, dissolved oxygen; DOS, dissolved oxygen solution; pDOS, plain 
dissolved oxygen solution; [DO], dissolved oxygen concentration in mg/L; IQR, interquartile 
range; N/S, normal saline (0.9% NaCl).



[Figure 4.4.G]. Detailed statistical data from the corresponding ANOVA and post-hoc 
tests are presented in Table S.9.


4.3.4 | Plain DOS treatment administered intravenously and per os enhances wound 

epithelialization and collagenation in healthy SKH1 mice  

	 Subsequently, we investigated the restoration of cutaneous epithelium and the 
area of collagen deposition in each wound bed at two predetermined time-points, days 
3 and 10. At day 3, mean ER was significantly elevated in the mice receiving the plain 
DOS IV compared to the CO (p=0.012), and in the PO group versus the CO (p=0.026) 
[Figures 4.5.Α, 4.5.C]. Also, a trend increase in mean ER was observed with LO 
administration versus the CO group (p=0.279) [Figure 4.5.C]. 


	 At day 10, mean ER exceeded 0.98 (98.0%) in all experimental groups [Figure 
4.5.D], in alignment with the corresponding macroscopic observations [Figure 4.4.A]. 
Concurrently, mean CR was found significantly increased with IV plain DOS 
administration compared to the CO group (p=0.018), and with PO plain DOS intake 
versus the CO (p=0.011) [Figures 4.5.B, 4.5.E], demonstrating a pattern analogous to 
the ER data from day 3 [Figure 4.5.C]. Meanwhile in the LO group, mean CR 
approximated the measurements of the CO group (p>0.999) [Figure 4.5.E]; a finding 
which aligns with the macroscopic VC data corresponding to the same timeframe 
[Figure 4.4.D], which spans the entire duration of in vivo experiments from day 0 to day 
10. Additional numerical and statistical data are presented in Tables S.10 and S.11, for 
epithelialization and collagenation ratios, respectively.
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Figure 4.4: Plain DOS treatment administered IV can accelerate wound closure 
macroscopically, in healthy SKH1 mice evaluated at pre-determined timeframes post-
trauma, in Phase 1 experiments. For reference, day 0 represents the time-point when two 
full-thickness wounds were simultaneously excised with an 8mm surgical punch per mouse 
dorsum, under general anesthesia with ketamine (100mg/kg) and xylazine (5mg/kg). At day 3, 
half of the mice from each group, sex-matched, were randomly selected to be sacrificed for 
tissue harvesting and histopathological studies, while day 10 was the final time-point for all in 
vivo experiments in our protocol design. (A) Representative macroscopic photographs depict 
healing progression in all experimental groups (CO, IV, LO, PO), captured at protocol days 0, 
3, 7, and 10 under standardized conditions (iPhone 12 Pro Max, Wide 5.1mm lens [26mm



4.4 | Discussion 

	 The work discussed in this Chapter contributes to the limited in vivo evidence 
evaluating DOS biotechnologies for healing applications, as a novel alternative to help 
alleviate the predicted growth in patient needs globally. Of note, our work supports that 
a DOS suitable for biomedical applications can be manufactured by a targeted mixture 
of high-purity (>99.9%) O2 with sterile N/S under controlled temperature and pressure 
conditions; via a process that excludes a priori exogenous chemicals and surfactants 
while prioritizing the use of affordable equipment, and is easily reproducible. Of note, 
the plain DOS tested here contained no physical enhancements that could help sustain 
DO levels. Our findings demonstrate that the plain DOS can effectively deliver high DO 
levels consistently and effectively for at least 14 days; both the DO concentrations we 
recorded, and the corresponding timeframe of 14 days, are among the highest in the 
literature, encouraging further biomedical testing. Also, we verify that the proposed 
plain DOS is safe and well-tolerated in vivo via three routes of administration: IV, LO, 
and PO. Furthermore, by monitoring full-thickness excisional wounds on healthy SKH1 
mice, we extend our observations to show that, independently, two IV injections and ad 
libitum PO intake of the DOS may accelerate wound closure macroscopically, and 
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Figure 4.4 (continued): equivalent], f/1.6, 5.6x zoom). All photographs were analyzed with 
the open-source Fiji software [Schindelin et al., 2012], both manually and automatically using 
a custom Fiji macro (available upon request). (B-G) Macroscopic velocity of wound closure 
(VC), expressed in mm²/day, was determined based on measurements of open wound 
surface at each protocol day x (OWSx). The difference (ΔOWSx-y) between days x and y 
represented wound closure area, which was then divided by the corresponding timeframe 
(Δtx-y, days) to calculate VC (VC = ΔOWSx-y/Δtx-y, mm²/day). Mean VC per experimental 
group (CO, IV, LO, PO) was calculated for all the timeframes among protocol days 0, 3, 7, and 
10, and statistically compared among the groups per timeframe, as detailed in Table S.9; (B) 
from day 0 to day 3 (n=16 per group); (C) from day 0 to day 7 (n=8 per group); (D) from day 0 
to day 10 (n=8 per group); (E) from day 3 to day 7 (n=8 per group); (F) from day 3 to day 10 
(n=8 per group); (G) from day 7 to day 10 (n=8 per group). The data in the graphs represent 
mean VC values. Scale = 1mm. Abbreviations: CO, negative controls; IV, intravenous 
administration retro-orbitally; LO, local administration via irrigation on the wound surface with 
a syringe; PO, per os intake ad libitum; VC, macroscopic velocity of wound closure (in mm2/
day); *, p<0.05; **, p<0.01.



improve epithelial regeneration and collagen deposition histopathologically. A detailed 
analysis of the findings presented in this Chapter, and their significance in association 
with the state-of-the-art knowledge and the results from relevant studies previously 
published in the field, is discussed in Chapter 6 of this dissertation. To our knowledge, 
our work represents one of the first studies to comprehensively evaluate the technical 
parameters, biological safety, and healing efficacy of a DOS with the aforementioned 
characteristics; paving the way for additional and targeted investigation towards the 
multifaceted potential of DOS biotechnologies in biomedical and clinical applications. 


O2-nanobubbles enhance wound healing & skin regeneration in vivo ￼  84

Figure 4.5 Caption: For reference, day 0 represents the time-point when two full-thickness 
wounds were simultaneously excised with an 8mm surgical punch per mouse dorsum, under 
general anesthesia with ketamine (100mg/kg) and xylazine (5mg/kg). At day 3, half of the 
mice from each group, sex-matched, were randomly selected to be sacrificed for tissue 
harvesting and histopathological studies, while day 10 was the final time-point for all in vivo 
experiments in our protocol design. (A) Representative histopathological slides stained with 
hematoxylin and eosin, illustrate wound epithelialization per experimental group (CO, IV, LO, 
PO) at day 3. The slides were prepared and digitalized with whole slide imaging by an 
external collaborator (iHisto, Inc., Salem, MA, USA), producing digital slides that integrated 
continuous optical magnification up to the equivalent of a 40x objective lens. These slides 
were studied using the open-source QuPath software [Bankhead et al., 2017]; high-resolution 
static images were captured under an identical magnification scale of 500μm, and were

Figure 4.5: Plain DOS treatment administered IV and PO can enhance wound re-
epithelialization and collagenation histopathologically, in healthy SKH1 mice evaluated 
at pre-determined time-points post-trauma, in Phase 1 experiments.
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Figure 4.5 (continued): exported for ER quantification to Fiji [Schindelin et al., 2012]. (C). At 
day 3, ER was calculated by dividing the length of the linear segment of the wound that was 
re-epithelialized, by the total linear length of the wound on the horizontal axis; the latter was 
identified based on the presence of cutaneous anatomical landmarks and organelles, 
microscopically. The resulting ER values were converted to percentages (% ER), and 
statistically analyzed as detailed in Table S.10. The data in the graphs represent mean values 
for each experimental group (CO, IV, LO, PO), at day 3. n=8 per group. (D) A similar analysis 
was conducted for the ER measurements recorded at day 10 [Table S.10]. (B) Representative 
histopathological slides stained with Masson’s trichrome, illustrate collagen deposition in the 
wound beds per experimental group (CO, IV, LO, PO), at day 10. The slides were prepared 
and studied as described above for the H&E-stained sections illustrating wound 
epithelialization, at a 500μm scale. (E) CR was calculated by dividing the number of blue-
stained pixels representing collagen deposition in the surface area of each wound bed, by the 
total number of pixels in the surface area spanning the entire wound bed; the latter was 
demarcated using the Fiji freehand tool, following microscopic identification of the original 
wound margins. The resulting CR values were converted to percentages (% CR), and were 
statistically analyzed as detailed in Table S.11. n=8 per group. The data in the graph represent 
mean values for each experimental group, at day 10. Abbreviations: CO, negative controls; 
IV, intravenous administration retro-orbitally; LO, local administration via irrigation on the 
wound surface with a syringe; PO, per os intake ad libitum; H&E, hematoxylin and eosin stain; 
ER, epithelialization ratio; Masson’s, Masson’s trichrome stain; CR, collagenation ratio; *, 
p<0.05; **, p<0.01.



5 | Oxygen nanobubble-enriched (ONBW) water biotechnology for 

excisional wounds in vivo 

The contents of this chapter are also represented in the following submission to 
Journal of the American College of Surgeons:


Dimitrios Ntentakis, Anastasia Maria Ntentaki, Eleni Delavogia, Petroula Seridou, Zoi 
Kollia, Nikolaos Sfakianos, Victor San Martin Carvalho Corrêa, Patroklos Katafygiotis, 
Danae Venieri, Nikolaos Arkadopoulos, Nicolas Kalogerakis. Dissolved oxygen and O2-
nanobubble biotechnologies enhance physiologic wound healing and cutaneous 
regeneration in vivo. (2024) Submitted at Journal of the American College of Surgeons.
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5.1 | Background information 

Clinical administration of gaseous oxygen (O2) has consistently demonstrated 
beneficial outcomes in cutaneous wounds, reflecting the pivotal contributions of O2 to 
the physiological healing response [Tandara and Mustoe, 2004; Rodriguez et al., 2008]. 
The most characteristic example is hyperbaric O2 therapy (HBOT), which has become 
an established management strategy for complicated wounds in patients with diabetes 
mellitus, alongside other clinical indications [Wang et al., 2003; de Smet et al., 2017]. 
Devices supplying topical O2 therapy have also been successfully introduced, enabling 
continuous local application on wounds [Sayadi et al., 2018]. However, an important 
limitation lies in the short-lived efficacy of O2 when administered in its gaseous form, as 
a result of passive diffusion within biological tissues in response to local O2 pressure 
gradients. In the example of HBOT, this limitation necessitates frequent dosing 
sessions, typically on a daily basis, and lung ventilation under unnaturally-high 
pressures to establish a sustained elevation in blood oxygen content; which, in turn, 
requires the use of specialized equipment available exclusively in a hospitalized 
environment [Tibbles and Edelsberg, 1996]. Collectively, these factors can lead to 
substantial patient discomfort and non-adherence to treatment protocols, potentially 
compromising the anticipated healing benefits. Meanwhile, epidemiological interest in 
wound management is increasing on a global scale [Walmsley, 2002; Sen et al., 2009], 
due to a combination of the following factors: the rising prevalence in systemic 
vasculopathies predisposing to peripheral ischemia and suboptimal healing, such as 
diabetes [International Working Group on the Diabetic Foot, 2003; International 
Diabetes Federation, 2015], the aging world population [Wu et al., 1999; Gottrup, 
2004], along with the questionable capacity of current management and prevention 
strategies to confront a potentially generalized surge in persisting wounds [Das and 
Baker, 2016]. 


	 Thereby, biotechnologies supplying dissolved oxygen (DO) within aqueous-
based solutions, referred to as DO solutions (DOS), are being investigated as a novel 
approach to enhancing wound oxygenation. By enabling O2 to become gradually 
bioavailable into the liquid medium, a DOS can theoretically supply high oxygen 
concentrations for longer periods, compared to both HBOT and topical O2 therapies. 
However, sustaining DO levels without using artificial surfactants and complex 
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chemical additives, remains challenging. For instance, numerous DOS formulations 
currently developed for healing applications are manufactured on the basis of Ο2 ultra-
fine particles (OUPs) [Ntentakis et al., 2021]. OUPs are engineered with the 
incorporation of core-enhancing and coating chemicals, namely perfluorocarbons 
(PFCs), decafluoropentane (DFP), chitosan, and dextran, via high-speed centrifugation 
and sonication-driven emulsification processes [Bisazza et al., 2008; Cavalli et al., 
2009a, Cavalli et al., 2009b; Magnetto et al., 2014; Khadjavi et al., 2015; Prato et al., 
2015; Gulino et al., 2015; Basilico et al., 2015]. Although promising in terms of DO 
sustainability, the aforementioned chemicals have been associated with significant 
toxicities in human cell lines [Je et al., 2006; Wiegand et al., 2010], and dose-
dependent complications in the human body upon repetitive exposure [Butenhoff et al., 
2002; Nosé, 2004; Zhang et al., 2015]. Eliminating the risk of multifaceted and 
cumulative toxicities, while harnessing the potential benefits of DO in aqueous 
solutions, could introduce a potent therapeutic candidate for healing applications. 


	 In this Chapter, we investigate the biomedical potential of another DO 
technology classified in the DOS category, manufactured without exogenous chemicals 
or surfactants; but instead, by leveraging the physics of the gas-liquid interphase and 
the cutting-edge technology of ultra-fine gas bubbles, namely an oxygen nanobubble-
enriched water solution (ONBW). We describe the engineering background and quality-
control steps for producing an ONBW suitable for biomedical applications. The latter 
include daily measurements of DO concentrations over 14 days, accompanied by 
recordings of the diameter, size distribution, and zeta potential of the O2 ultra-fine 
bubbles (OUBs) in the ONBW, as markers of OUB physical stability, longevity, and their 
ensuing ability to supply high DO amounts with consistency and safety. Then, to further 
ascertain the biological safety of systemic ONBW administration in mice, we monitor a 
series of standardized tolerability endpoints and adverse events (AEs). Furthermore, we 
study macroscopic and histopathological markers of cutaneous restoration, to evaluate 
the ONBW’s efficacy in healing full-thickness excisional wounds on healthy SKH1 mice. 
Our findings support a highly promising potential of ONBW biotechnology in healing 
applications, as it maintained substantially elevated DO concentrations throughout our 
14-day evaluation period, while being safe for systemic administration in vivo and 
contributing to faster and effective restoration of rodent wounds.  
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5.2 | Methods 

This section presents a synopsis of the experimental design and methodology 
followed while conducting this work, which corresponds to the experimental Phase 2 
discussed in Chapter 3 of this dissertation. A detailed description of the manufacturing 
and quality control processes employed for producing the ONBW, the in vivo wound 
model, our endpoint selection for assessing safety and healing efficacy, along with our 
analytical methods and the academic rationale, per case, are included in Chapter 3 of 
this dissertation. A graphical timeline of the protocol design, showing all the endpoints 
assessed and the main time-points corresponding to each assessment, is illustrated in 
Figure 5.1. Key methodological parameters implicated in the experiments of Phase 2 
are highlighted in Figure 5.2.
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Figure 5.1: Graphical synopsis of the protocol design of experimental Phase 2, 
illustrating the key timepoints corresponding to the production of ONBW biotechnology, 
the quality-control processes, and the in vivo assessments of biological safety and 
healing efficacy, on a chronological order. ONBW was manufactured on day -3 of the 
protocol timeline, followed by quality-control processes which were conducted daily and prior 
to any in vivo use. The latter included daily [DO] measurements (in mg/L), DLS screening for 
the presence of large-diameter (≥28μm) bubbles; NTA to monitor the concentration and size 
distribution of OUBs, and ζ potential as a marker of electrostatic repulsion and physical 
stability of OUBs; detection of at least one bubble with diameter ≥28μm led to exclusion of 
the corresponding ONBW sample from all further experiments. At day 0, two full-thickness 
cutaneous wounds were simultaneously excised with an 8mm surgical punch per mouse 
dorsum, under general anesthesia with ketamine (100mg/kg) and xylazine (5mg/kg). 
Postoperatively, the SKH1 mice were randomly divided to 3 equally-populated, sex-matched 
experimental groups (PO, IV, CO), according to ONBW administration starting from day 0. IV 
administration was performed retro-orbitally, at days 0 and 5. Mice in the PO group 
consumed the ONBW in lieu of drinking water, ad libitum. The mice in the negative control 
(CO) group received no treatment, as there is no gold-standard treatment intervention for 
wound healing clinically. In vivo safety was monitored daily, based on severe adverse events 
and standardized safety and tolerability measures. VC (in mm2/day) was calculated from 
macroscopic photographs for all the timeframes among days 0, 3, 7, and 10. ER (hematoxylin 
& eosin) was assessed on days 3 and 10, by dividing the length of re-epithelialization to the 
length of each wound bed on the horizontal axis. CR (Masson’s trichrome) was evaluated on 
Day 10, by dividing the area of blue-stained collagen pixels to the total area corresponding to 
each wound bed. All pertinent methodological details are detailed in Chapter 3 of this 
dissertation, whereas key points are summarized in section 5.2 of this Chapter. 
Abbreviations: ONBW, oxygen nanobubble-enriched water; [DO], dissolved oxygen 
concentration in mg/L; DLS, dynamic light scattering; NTA, nanoparticle tracking analysis; 



5.2.1 | Study approval 

	 ONBW manufacturing and quality-control processes were approved by the 
Laboratory of Biochemical Engineering and Environmental Biotechnology of the School 
of Chemical and Environmental Engineering, at the Technical University of Crete 
(Technical University of Crete; Chania, Greece). Animal procedures and experiments 
were approved by the Institutional Animal Care and Use Committee of the National 
Center for Scientific Research (NCSR) Demokritos (NCSR Demokritos; Athens, 
Greece), and the Decentralized Administration of Attica, Greece, in accordance with the 
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Figure 5.2: Synoptic overview of the DOS biotechnology, the animal parameters, and the 
wound model used in experimental Phase 2. Abbreviations: DO, dissolved oxygen; ONBW, 
oxygen nanobubble-enriched water; OUBs, oxygen ultra-fine bubbles; N/S, normal saline 
(0.9% NaCl); IV, intravenous administration; PO, per os intake; CO, negative controls; IP, 
intraperitoneally. 

Figure 5.1 (continued): ζ (zeta), zeta potential; PO, per os intake; IV, intravenous 
administration; CO, negative controls; VC, macroscopic velocity of wound closure; ER, 
histopathologic epithelialization ratio; CR, histopathologic collagenation ratio; OUBs, oxygen 
ultra-fine bubbles. 



Directive 2010/63/EU of the European Parliament on the Protection of Animals Used for 
Scientific Purposes [European Parliament, 2010].


5.2.2 | Manufacturing, storage, and monitoring of the ONBW 

	 The DOS biotechnology studied in experimental Phase 2 employs the physics of 
the gas-liquid interphase and the cutting-edge technology of OUBs; it is referred to as 
ONBW throughout this Chapter. As in the case of the plain DOS studied in Chapter 4 of 
this dissertation, the use of exogenous chemicals and surfactants was excluded from 
ONBW manufacturing a priori. At protocol day -3 [Figure 5.1], the ONBW was 
aseptically produced using a commercially-available device (MK2 Nanobubbler; Fine 
Bubble Technologies Pty Ltd., Cape Town, South Africa). The latter generates OUBs by 
continuously recirculating 160 liters of sterile normal saline solution (N/S; 0.9% NaCl) 
with high-purity (>99.9%) O2, infused from a different inlet at a flow rate of 22L/min, via 
a patented high-speed centrifugation device, for a period of 30 minutes.


	 Regarding quality control, the ONBW was packaged in tightly-sealed, 
autoclaved, 500mL, borosilicate glass bottles (IVYX Scientific, Seattle, WA, USA) to 
minimize oxygen losses from contact with atmospheric air, and stored at room 
temperature and pressure. DO concentrations, expressed in mg/L, were recorded daily 
for the ONBW and a regular N/S solution used for comparisons, under identical 
physical parameters, using standardized equipment (HQ30d Portable Meter Kit; Hack, 
Düsseldorf, Germany). Dynamic light scattering (DLS) analyses were also conducted 
daily (SALD-7500nano; Shimadzu Corporation, Columbia, MD, USA), to screen for 
larger-diameter bubbles (≥28μm) as a prognosticator of the potential risk of gas 
embolism from any naturally-forming bubbles. Additionally, mean OUB diameter and 
size distribution were validated via nanoparticle tracking analysis (NTA; Nanosight, 
Malvern, UK). Finally, zeta potential (ζ), an indicator of the unique electrostatic repulsion 
that OUBs demonstrate in the nanoscale, and thus, a marker of physical stability and 
sustainability of OUBs within the aqueous medium of the ONBW, was recorded using 
an electrophoresis instrument (Zetasizer Nano ZS90; Malvern, UK) [Tsuge, 2014].


5.2.3 | Animals and in vivo wound model 
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	 Thirty six SKH1 hairless mice (wild type, 1:1 female:male), with a median weight 
of 27.00g (8-12 weeks old), were randomly divided to three treatment groups according 
to ONBW administration: intravenous (IV), per os (PO), and negative controls (CO). At 
day 0, two full-thickness cutaneous wounds were simultaneously excised with an 8mm 
biopsy punch (Acu-Punch; Acuderm, Ft. Lauderdale, FL, USA) per mouse dorsum, 
under general anesthesia with ketamine (100 mg/kg) and xylazine (5 mg/kg), as 
previously described [Wang et al., 2013; Chen et al., 2015]. Postoperatively, the 
wounds were covered with a sterile transparent dressing (Tegaderm; 3Μ, St. Paul, MN, 
USA) to minimize the risk of infection, and each mouse was monitored until complete 
recovery from surgery and anesthesia. The ONBW was administered after successful 
recovery from surgery and anesthesia at day 0, and then prior to the daily assessments 
of biological safety until protocol day 10 [Figure 5.1]. All wounds were daily evaluated 
throughout the remaining duration of each in vivo experiment, until day 10 [Figure 5.1]. 


5.2.4 | Experimental groups and ONBW treatment administration 

	 IV administration was performed in the retro-bulbar sinus, using a standardized 
technique [Yardeni et al., 2011]. Each mouse was injected 150μL of ONBW, twice in 
total during experimental Phase 2: once at day 0, and then at day 5, under general 
anesthesia. In the PO group, the ONBW was used in lieu of drinking water, which the 
mice consumed ad libitum throughout the duration of each experiment [Figure 5.1]. 
Mice in the CO groups received no treatment.


5.2.5 | In vivo safety and healing endpoints 

	 All mice were monitored for their safety and well-being daily, based on 
standardized scoring systems characterizing tolerability and adverse events (AEs) 
[Arras et al., 2007; National Research Council, 2009; Hohlbaum et al., 2018; 
Supplement S.6]. Specifically, 13 well-being parameters were evaluated: body weight, 
food and water intake, burrowing behavior, spontaneous behavior, posture, breathing, 
behavior after provocation/weighing, movement after provocation/weighing, as well as 
the condition of the coat, body, eyes, and wounds [Deacon, 2006; Arras et al., 2007; 
National Research Council, 2009; Hohlbaum et al., 2018]. Additionally, the occurrence 
of the following 7 conditions, characterized as severe AEs, was cautiously monitored: 
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1) death, 2) local inflammation/infection persisting for more than 24 hours, 3) 
occurrence of non-healing cutaneous wounds/ulcers, 4) hemorrhage from any orifice 
that was unresponsive to treatment, 5) water consumption less than 5mL for more than 
24 hours, 6) decrease in body mass equal or higher than 15% of the original 
measurement recorded at day 0, and 7) combination of abnormalities in physical 
appearance and behavior. The aforementioned endpoints used to assess animal safety, 
tolerability, and the incidence of AEs, alongside the criteria, timeline, and grading 
systems applied for evaluating each of them, are presented in Table 3.1 and Figure 3.4 
of Chapter 3 of this dissertation.


	 Regarding healing efficacy, all wounds were photographed at days 0, 3, 7, and 
10, under standardized conditions. The macroscopic velocity of wound closure (VC, in 
mm2/days) was assessed from measurements of the wound surface area obtained from 
these photographs, in correlation with each of the timeframes among days 0, 3, 7, and 
10, the key predetermined time-points of this protocol. Furthermore, wound specimens 
containing the mouse skin and subcutaneous in healthy margins were collected at days 
3 and 10, for histopathological analyses of epithelialization (Hematoxylin/eosin; day 3, 
day 10) and collagenation (Masson’s trichrome; day 10) ratios. 


5.2.6 | Statistics 

	 Statistical analyses and graphical illustrations were conducted using IBM SPSS 
Statistics (Version 27) and Prism (GraphPad 9.0, San Diego, CA, USA). DO 
concentrations were compared between the ONBW and regular N/S, using the Mann–
Whitney U test. Route of administration of the ONBW served as the only independent 
variable in the analyses of in vivo data. Safety and tolerability data were qualitatively 
evaluated, based on standardized outcome measures and categorical scoring systems 
[Arras et al., 2007; National Research Council, 2009; Hohlbaum et al., 2018]. 
Investigators were blinded to experimental groups during the analyses of all data 
pertaining to healing outcomes. Of the two excisional wounds per mouse dorsum, one 
was randomly selected to be analyzed as a biological replicate. Data assessing healing 
outcomes (VC, ER, CR) were described as mean   ±   standard deviation (SD) or mean 
ranks, according to each sample’s distribution; subsequently, they were analyzed using 
one-way analysis of variance (ANOVA) followed by Tukey’s honest significant difference 
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(HSD) test, or the non-parametric version of one-way ANOVA on ranks (Kruskal-Wallis 
H test) followed by Dunn’s multiple comparisons test, respectively. Each set of 
macroscopic VC comparisons referred to a specific timeframe between two of the 
predesignated timepoints in our experimental design, namely days 0, 3, 7, and 10 
[Figure 5.1]. Histopathological comparisons were specific to each corresponding 
timepoint (day 3, day 10). The cutoff for statistical significance was defined as p<0.05.


5.3 | Results 

5.3.1 | Enhanced DO concentrations are maintained in the ONBW consistently for 14 

days  

	 Based on the promising data from Phase 1 experiments testing the plain DOS, 
here in Phase 2 we focussed on a different DOS biotechnology, the ONBW. Although 
biochemically similar to plain DOS, since chemical surfactants were also excluded from 
its manufacturing, the ONBW was additionally enriched with OUBs; whose unique 
physical properties might contribute to enhanced DO levels, at least theoretically 
[Tsuge, 2014]. Upon daily measurements under identical conditions, median DO 
concentrations were 21.08mg/L in the ONBW, versus 7.89mg/L in the regular N/S 
solution used as comparator [Table 5.1]. Statistically, the corresponding mean-rank 
values were significantly higher in the ONBW compared to the regular N/S (21.50mg/L 
versus 7.50mg/L, p<0.001, Table 5.1). Furthermore, those significantly enhanced DO 
concentrations were maintained in the ONBW throughout the 14 consecutive days in 
our protocol, following an overall slowly-declining trend with time. As illustrated on the 
graph of Figure 5.3 in more detail, there were more prominent fluctuations in DO 
concentrations during the first 6 days post-production, though consistently above the 
median concentration of 21.08mg/L, followed by more stable DO measurements 
between 16.22mg/L and 20.28mg/L for the remaining days in our experimental design 
[Figure 5.3].


	 Meanwhile, serial measurements of zeta potential in the ONBW indicated a 
consistently present electrostatic repulsion among the OUBs [Supplement S.13]. The 
latter has been previously associated with increased physical stability and, thus, OUB 
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longevity and prolonged oxygen supply within OUB-enriched solutions [Tsuge, 2014]. 
Notably, the nature of the association between OUB stability as quantified via zeta 
potential, and the sustainability of DO concentrations in our 14-day experiments, could 
not be further clarified. Based on the available data, we could only hypothesize that the 
ONBW would be able to deliver enhanced DO amounts to tissues in vivo, and over a 
14-day period conducive with biomedical applications; thus, making it a promising 
biotechnology for in vivo testing, particularly for indications that require adequate 
oxygen levels such as cutaneous wound healing [Tandara and Mustoe, 2004; 
Rodriguez et al., 2008]. 


Table 5.1: Serial measurements of DO concentrations in the ONBW and the 
control saline solution per protocol day in Phase 2 experiments, along with the 
corresponding physical conditions of temperature and pressure, and an overview 
of the associated  statistical analysis.   


Time-point [DO] in ONBW (mg/L) [DO] in control N/S (mg/L) Temperature (oC) Pressure

Day -3 31.47 8.18 23.40 Atmospheric

Day -2 27.86 8.05 21.50 Atmospheric

Day -1 26.60 8.15 21.10 Atmospheric

Day 0 27.29 8.03 21.10 Atmospheric

Day 1 23.06 8.05 21.80 Atmospheric

Day 2 26.55 8.10 23.50 Atmospheric

Day 3 21.87 7.87 23.70 Atmospheric

Day 4 20.28 7.90 24.70 Atmospheric

Day 5 18.99 7.70 25.20 Atmospheric

Day 6 18.27 7.85 24.50 Atmospheric

Day 7 19.43 7.50 22.40 Atmospheric

Day 8 18.78 7.30 22.50 Atmospheric

Day 9 17.45 7.10 22.90 Atmospheric

Day 10 16.22 6.95 22.80 Atmospheric

Median (IQR) 21.08 (7.76) 7.89 (0.55) 22.85 (1.9) N/A

M RANK 21.50 7.50 N/A N/A

Time-point
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5.3.2 | ONBW treatment is safe and well-tolerated in healthy SKH1 mice with 

intravenous and per os administration 

	 The first step during the in vivo testing of the ONBW was a comprehensive 
evaluation of its biological safety and tolerability, via systemic administration in the IV 
and PO experimental groups. Safety assessments were conducted daily, following a 
protocol identical to the one described in Chapter 3 of this dissertation [Table 3.1]. 
Notably, before in vivo administrations, daily DLS and nanoparticle tracking analyses 
documented the absence of large-diameter (≥28μm) bubbles (data not shown, 
available upon request). Concurrently, zeta potential monitoring showed a sustained 
electrostatic repulsion among the OUBs, as mentioned in the previous subsection. 
Collectively, these data suggested that the occurrence of either preexisting large 
bubbles, or new ones generated via coalescence of smaller bubbles within the ONBW 
over time, would be extremely low; which, in turn, practically eliminated the risk of gas 
embolism [Figure S.1]. Throughout the duration of in vivo experiments, no severe AEs, 
safety concerns, or tolerability issues were recorded, regardless of IV or PO 
administration, similarly to the untreated mice in the CO group [Table S.15]. Thus, 
ONBW was considered safe and uneventful for systemic administration in SKH1 mice. 

p value p<0.001 N/A N/A N/A

[DO] in ONBW (mg/L) [DO] in control N/S (mg/L) Temperature (oC) PressureTime-point

Table 5.1 Notes: The ONBW was manufactured at protocol day -3. Day 0 represents the 
time-point when all excisional wounds were created in vivo. [DO] measurements were 
obtained for three days prior to any in vivo administration, to verify the ONBW’s suitability for 
further biological testing, and subsequently throughout the duration of each in vivo 
experiment, on a daily basis. The M RANK values refer to the Mann-Whitney U test, and were 
calculated to compare the [DO] measurements between the ONBW (M Rank = 21.50mg/L, 
n=14) and the control N/S solution (M Rank = 7.50mg/L, n=14), which showed a statistically 
significant difference (U 0.00; z -4.50; p<0.001), with a large effect size (r=0.85). The [DO] 
measurements were recorded under temperature- and pressure-controlled conditions, 
consistently maintaining atmospheric pressure; meanwhile, median temperature was 22.85oC 
(IQR, 1.9). Detailed data from the statistical analyses are included in the Table S.14. 
Abbreviations: DO, dissolved oxygen; ONBW, oxygen nanobubble-enriched water; [DO], 
dissolved oxygen concentration in mg/L; N/S, normal saline solution 0.9% NaCl; N/A, not 
applicable; IQR, interquartile range.
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For reference, the precise DO amount, in milligrams, that each animal received in the IV 
and PO groups of ONBW administration, are presented in Tables S.19 and S.20, 
respectively.
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Figure 5.3: The ONBW formulation demonstrates sustainability of enhanced DO 
concentrations [DO] for at least 14 days, a timeframe compatible with clinical 
translation in biomedical applications. Daily [DO] measurements were recorded with a 
standardized DO sensor (HQ30d Portable Meter Kit; Hack, Düsseldorf, Germany) for 14 days 
under identical physical parameters (median temperature, 22.85oC (IQR, 1.9); atmospheric 
pressure), in both the ONBW and the control N/S solution (0.9% NaCl) studied for 
comparisons. In the ONBW, median [DO] was 21.08mg/L (IQR, 7.76; range, 16.22 – 31.47 
mg/L). After the first 7 days post-production, [DO] measurements demonstrated only minor 
fluctuations, ranging from 16.22mg/L to 20.28mg/L, with a slowly declining trend until the 
final time-point (protocol day 10). In the control N/S solution with no additional oxygen, [DO] 
levels remained stable as originally expected, at a median value of 7.89mg/L (IQR, 0.55) 
throughout the duration of Phase 2 experiments. Given the absence of chemical surfactants 
to prolong DO half-life, the recorded DO sustainability in the ONBW is considered promising, 
and supports further in vivo testing in biomedical indications associated with hypoxia and 
ischemia, such as cutaneous wound healing as in this study. Abbreviations: DO, dissolved 
oxygen; ONBW, ONBW, oxygen nanobubble-enriched water; [DO], dissolved oxygen 
concentration in mg/L; IQR, interquartile range; N/S, normal saline (0.9% NaCl).



5.3.3 | ONBW treatment administered intravenously and per os accelerates 

macroscopic wound closure in healthy SKH1 mice  

	 Similarly to Phase 1, macroscopic VC was determined from wound photographs 
taken on days 0, 3, 7, and 10  [Figure 5.4.A], and calculated based on wound closure 
for each timeframe between two of the aforementioned protocol days. Mean VC was 
significantly increased in the mice administered the ONBW IV, compared to the 
untreated CO group, during the following timeframes: days 0 to 3 (p<0.0001) [Figure 
5.4.B], 0 to 7 (p=0.002) [Figure 5.4.C], and 0 to 10 (p=0.015) [Figure 5.4.D]. Also, mean 
VC was significantly higher in the mice receiving the ONBW PO versus the CO group, 
across the following timeframes: days 0 to 3 (p=0.029) [Figure 5.4.B], 0 to 7 (p<0.0001) 
[Figure 5.4.C], 0 to 10 (p=0.001) [Figure 5.4.D], 3 to 7 (p=0.013) [Figure 5.4.E], and 3 to 
10 (p=0.005) [Figure 5.4.F]. Comparing the outcomes of the two routes of systemic 
ONBW administration over time, mean VC demonstrated a steeper acceleration with IV 
administration early, from day 0 to day 3, versus PO intake (p<0.0001, day 0 to day 3) 
[Figure 5.4.B], followed by a gradually attenuating effect towards day 10, when it 
became similar to the mean VC in the PO group (p=0.590, day 0 to day 10, Figure 
5.4.D). Meanwhile, PO intake led to a more gradually-enhancing effect on VC when 
compared to IV administration, with their difference peaking between days 3 and 7 
(p<0.0001) [Figure 5.4.E], and from day 3 to day 10 (p<0.0001) [Figure 5.4.F], ultimately 
culminating to a negligible difference from the IV group for the timeframe spanning the 
entire duration of in vivo experiments, from day 0 to day 10 (p=0.590, Figure 5.4.D). 
Furthermore, there were no differences in mean VC among the experimental groups for 
the timeframe from day 7 to day 10 [Figure 5.4.G], in accordance with the 
corresponding findings from Phase 1 experiments (Chapter 4). Detailed statistical data 
and analyses parameters for Phase 2 VC assessments are presented in Table S.16.
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Figure 5.4: ONBW treatment administered IV and PO can accelerate wound closure 
macroscopically, in healthy SKH1 mice evaluated at pre-determined timeframes post-
trauma, in Phase 2 experiments.: Day 0 represents the time-point when two full-thickness 
wounds were simultaneously excised with an 8mm surgical punch per mouse dorsum, under 
general anesthesia with ketamine (100mg/kg) and xylazine (5mg/kg). At day 3, half of the 
mice from each group, sex-matched, were randomly selected to be sacrificed for tissue 
harvesting and histopathological studies, while day 10 was the final time-point for all in vivo 
experiments in our protocol design. (A) Representative macroscopic photographs depict 
healing progression in all experimental groups (CO, IV, PO), captured at protocol days 0, 3, 7, 
and 10 under standardized conditions (iPhone 12 Pro Max, Wide 5.1mm lens [26mm 
equivalent], f/1.6, 5.6x zoom). All photographs were analyzed with the open-source Fiji 



5.3.4 | ONBW treatment administered intravenously and per os enhances wound 

epithelialization and collagenation in healthy SKH1 mice  

	 Analogously to Phase 1 experiments, our next step in the assessment of ONBW 
healing efficacy involved the histopathological quantification of epithelialization (ER) 
and collagenation (CR) ratios, from measurements in wound specimens harvested at 
protocol days 3 and 10 [Figures 5.5.Α, 5.5.Β]. At day 3, mean ER was significantly 
higher with IV administration of ONBW compared to the untreated CO (p=0.003), and 
with PO intake versus the CO (p=0.028) [Figure 5.5.C]. At day 10, mean ER 
measurements were above 0.99 in all experimental groups [Figure 5.5.D, Table S.17], 
corroborating the macroscopic observations indicating successful wound closure at 
the same time-point [Figure 5.4.A]. Furthermore, mean CR was found significantly 
enhanced in the mice receiving the ONBW IV compared to the CO group (p<0.001), 
and in the PO group versus the CO (p=0.005) [Figure 5.5.E]. The corresponding 
datasets, and details regarding the statistical analyses of ER and CR data, are 
presented in Tables S.17 and S.18, respectively.
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Figure 5.4 (continued): software [Schindelin et al., 2012], both manually and automatically 
using a custom Fiji macro (available upon request). (B-G) Macroscopic velocity of wound 
closure (VC), expressed in mm²/day, was determined based on measurements of open 
wound surface at each protocol day x (OWSx). The difference (ΔOWSx-y) between days x and 
y represented wound closure area, which was then divided by the corresponding timeframe 
(Δtx-y, days) to calculate VC (VC = ΔOWSx-y/Δtx-y, mm²/days). Mean VC per experimental 
group (CO, IV, PO) was calculated for all the timeframes among protocol days 0, 3, 7, and 10, 
and statistically compared among the groups per timeframe, as detailed in Table S.16; (B) 
from day 0 to day 3 (n=21-24 per group, in the only timeframe preceding mouse sacrifice); (C) 
from day 0 to day 7 (n=12 per group); (D) from day 0 to day 10 (n=12 per group); (E) from day 
3 to day 7 (n=12 per group); (F) from day 3 to day 10 (n=12 per group); (G) from day 7 to day 
10 (n=12 per group). The data in the graphs represent mean VC values. Scale = 1mm. 
Abbreviations: ONBW, oxygen nanobubble-enriched water; CO, negative controls; IV, 
intravenous administration retro-orbitally; PO, per os intake ad libitum; VC, macroscopic 
velocity of wound closure (in mm2/day); *, p<0.05; **, p<0.01;  **** p<0.0001.
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Figure 5.5: ONBW treatment administered IV and PO can enhance wound re-
epithelialization and collagenation histopathologically, in healthy SKH1 mice evaluated 
at pre-determined time-points post-trauma, in Phase 2 experiments. (A) Representative 
histopathological slides stained with hematoxylin and eosin, illustrate wound epithelialization 
per experimental group (CO, IV, PO) at day 3. The slides were prepared and digitalized with 
whole slide imaging by an external collaborator (iHisto, Inc., Salem, MA, USA), producing 
digital slides that integrated continuous optical magnification up to the equivalent of a 40x 
objective lens. These slides were studied using the open-source QuPath software [Bankhead 
et al., 2017]; high-resolution static images were captured under an identical magnification 
scale of 500μm, and were exported for ER quantification to Fiji [Schindelin et al., 2012]. (C). 
At day 3, ER was calculated by dividing the length of the linear segment of the wound that 
was re-epithelialized, by the total linear length of the wound on the horizontal axis; the latter 
was identified based on the presence of cutaneous anatomical landmarks and organelles, 
microscopically. The resulting ER values were converted to percentages (% ER), and 
statistically analyzed as detailed in Table S.17. The data in the graphs represent mean values 
for each experimental group (CO, IV, PO), at day 3. n=12 per experimental group. (D) A similar 
analysis was conducted for the ER measurements recorded at day 10 [Table S.17]. (B) 
Representative histopathological slides stained with Masson’s trichrome, illustrate collagen 
deposition in the wound beds per experimental group (CO, IV, PO), at day 10. The slides were 
prepared and studied as described above for the H&E-stained sections illustrating wound 
epithelialization, captured at a magnification scale of 200μm. (E) CR was calculated by 
dividing the number of blue-stained pixels representing collagen deposition in the surface 
area of each wound bed, by the total number of pixels in the surface area spanning the entire 
wound bed; the latter was demarcated using the Fiji freehand tool, following microscopic 
identification of the original wound margins, as described above. The resulting CR values 
were converted to percentages (% CR), and were statistically analyzed as detailed in Table 
S.18. The data in the graph represent mean values for each experimental group, at day 10. 



5.4 | Discussion 

The findings presented in this Chapter add to the limited in vivo data evaluating 
the novel class of DOS formulations for healing applications, as a enabling technology 
to make wound-oxygenation therapies more efficient and accessible to the growing 
number of people affected by complicated wounds worldwide. Also, this is the first 
comprehensive analysis collectively evaluating the engineering principles, quality-
control processes, biological safety, and healing efficacy of a DOS applying the cutting-
edge technology of O2 ultra-fine and nanobubbles in vivo, to our knowledge. Our data 
indicate that the proposed treatment factor using the aforementioned technology, the 
ONBW, can supply high DO amounts consistently and sustainably for at least 14 days. 
The DO concentrations recorded, ranging from 31.47 at protocol day -3 to 16.22mg/L 
at day 10, are equivalent to the highest comparable DO concentrations published in the 
literature. Combined with their sustainability for 14 consecutive days, the DO levels in 
the ONBW are highly promising for further biomedical exploration. This is strengthened 
by the remarkable biological safety of the ONBW in vivo, as our findings suggest that 
systemic ONBW administration, either IV or per os, has no impact on mouse health and 
homeostasis. Notably, these findings also mitigate the theoretical risk of gas embolism, 
which had been a key limitation for preceding technologies in the field, such as micro-
bubble formulations, and the main reason why they could not be advanced into clinical 
development. Furthermore, our promising data on healing efficacy, achieved with both 
IV and per os administration of the ONBW, align with the outcomes of previous in vivo 
studies evaluating similar formulations though for different indications, ranging from 
physical development in healthy mice [Ebina et al., 2013], to sciatic nerve regeneration 
following complete crushing [Matsuoka et al., 2018], and preserved bone mass in a 
mouse osteoporosis model [Noguchi et al., 2017]. A detailed analysis of the findings 
presented in this Chapter, and their significance in association with the state-of-the-art 
knowledge and the results from relevant studies previously published in the field, is 
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Figure 5.5 (continued): n=12 per experimental group. Abbreviations: ONBW, oxygen 
nanobubble-enriched water; CO, negative controls; IV, intravenous administration retro-
orbitally; PO, per os intake ad libitum; H&E, hematoxylin and eosin stain; ER, epithelialization 
ratio; Masson’s, Masson’s trichrome stain; CR, collagenation ratio; *, p<0.05; **, p<0.01; ***, 
p<0.001.



discussed in Chapter 6 of this dissertation. Collectively, these data highlight the 
multifaceted potential of DOS biotechnologies in general, and of OUB-enriched 
formulations in particular, in a spectrum of biomedical indications implicating stages of 
the healing mechanism and/or tissue hypoxia.
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6 | Discussion 

The contents of this chapter are also represented in the following submission to 
Journal of the American College of Surgeons:


Dimitrios Ntentakis, Anastasia Maria Ntentaki, Eleni Delavogia, Petroula Seridou, Zoi 
Kollia, Nikolaos Sfakianos, Victor San Martin Carvalho Corrêa, Patroklos Katafygiotis, 
Danae Venieri, Nikolaos Arkadopoulos, Nicolas Kalogerakis. Dissolved oxygen and O2-
nanobubble biotechnologies enhance physiologic wound healing and cutaneous 
regeneration in vivo. (2024) Submitted at Journal of the American College of Surgeons.
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6.1 | Synopsis of research findings 

	 In this dissertation, we introduce the first systematic classification of the 
technologies enabling dissolved oxygen (DO) supplementation for wound healing and 
tissue-regenerating applications. Specifically, we identify four main technological 
categories: 1) dissolved oxygen solutions (DOS), 2) oxygenating dressings, 3) 
oxygenating hydrogels, and 4) oxygenating emulsions, each divided into subcategories 
based on their engineering fundamentals, manufacturing, and the biomechanics of DO 
supplementation. Following the systematic investigation of all these DO technologies, 
we focus on the category of aqueous-based DOS formulations containing no chemical 
surfactants or exogenous additives, which we consider the most promising approach 
for supplying DO to healing tissues. Subsequently, we propose a new in vivo protocol, 
designed to experimentally simulate a Phase 1 clinical trial while combining 
standardized methodologies from pre-existing protocols, as the initial step in the 
evaluation of novel biotechnologies targeted towards healing applications. Then, we 
successfully implement the proposed protocol to independently investigate the 
translational potential and biomedical suitability of two DOS biotechnologies, 
manufactured by exclusively leveraging the physics of the gas-liquid interphase while 
avoiding completely the use of chemical additives. Particularly, we discuss the 
technical and quality-control fundamentals required for the production and storage of 
two DOS biotechnologies with the aforementioned characteristics: a plain DOS, 
containing no physical enhancements to sustain DO levels, and an aqueous solution 
integrating the cutting-edge technology of ultra-fine gas bubbles, referred to as oxygen 
nanobubble-enriched water (ONBW). Then, we document their capacity to establish 
high DO concentrations consistently, for at least 14 days. Also, we verify that DOS 
administration is safe and well-tolerated in vivo, via three routes of administration: IV, 
LO, and PO. Furthermore, by monitoring full-thickness excisional wounds on the dorsal 
skin of healthy SKH1 mice, we extend our observations to show that, independently, 
two IV injections and ad libitum PO intake of either the plain DOS or the ONBW, may 
accelerate wound closure macroscopically, and improve epithelial regeneration and 
collagen deposition histopathologically.


6.2 | Current status of dissolved oxygen solutions studied for healing applications 
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	 In our proposed classification of DO technologies tested in the field of wound 
healing, presented in Chapter 2 of this dissertation, we identify three main engineering 
approaches for producing an aqueous-based DOS. The latest, and probably the most 
prevalent in the literature, yields solutions enriched with artificial oxygen (Ο2) ultra-fine 
particles (OUPs) [Bisazza et al., 2008; Cavalli et al., 2009a, Cavalli et al., 2009b; 
Magnetto et al., 2014; Khadjavi et al., 2015; Prato et al., 2015; Gulino et al., 2015; 
Basilico et al., 2015]. OUPs are engineered through the incorporation of core-
enhancing and coating chemicals, namely perfluorocarbons (PFCs), decafluoropentane 
(DFP), chitosan, and dextran. Such chemicals are added to augment the OUP Ο2-
carrying capacity and half-life, respectively, and thus the resulting DO concentrations in 
OUP-enriched solutions. The second engineering approach is based on Ο2 ultra-fine 
bubbles (OUBs). With their nanoscale diameters, OUBs introduce an alternative 
strategy to sustain DO delivery, by leveraging the unique set of physical properties they 
exhibit within aqueous solutions [Tsuge, 2014]. Briefly, OUB-enriched solutions are 
generated by subjecting a mixture of pure Ο2 and water to a sequence of high-speed 
centrifugations, employing Bernoulli's hydrodynamic principle, occasionally followed 
by brief sonication with specialized equipment to eliminate larger-diameter bubbles 
[Matsuki et al., 2012; Matsuki et al., 2014; Ebina et al., 2013; Tsuge, 2014; Noguchi et 
al., 2017; Matsuoka et al., 2018]. The third approach, and the simplest from a technical 
standpoint, entails the direct mixture of Ο2 with water to produce an Ο2-saturated DOS, 
upon equilibration of the two phases. 


	 Naturally, at this early stage of research and biomedical development for the 
majority of technologies in the DOS category, their promising potential in would healing 
is mainly inferred from basic-science findings. However, it is prudent to acknowledge 
that only a fraction of these findings originates from in vivo experiments. For instance, 
only three articles studying OUB solutions contain in vivo data with potential correlation 
to the healing mechanism, with animal monitoring over a follow-up spectrum from 4 to 
12 weeks [Ebina et al., 2013; Noguchi et al., 2017; Matsuoka et al., 2018]; these data 
are discussed in detail in the following sections of this Chapter. Similarly, in the field of 
OUP solutions, in vivo data are limited to the evaluation of sonophoresis-induced Ο2 
release by only two studies, and over a maximum timeframe of 15 minutes [Magnetto 
et al., 2014; Prato et al., 2015]. Instead, the majority of available evidence entails 
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isolated in vitro assessments of molecular pathways that correspond to different stages 
of the healing process [Bisazza et al., 2008; Cavalli et al., 2009a; Magnetto et al., 2014; 
Khadjavi et al., 2015; Prato et al., 2015; Gulino et al., 2015; Basilico et al., 2015]; these 
findings are discussed in detail in Chapter 2 of this dissertation. Yet, the inherent 
complexity of the healing physiology, which relies on the orchestrated interplay of 
multiple cellular types and signaling pathways, is quite challenging to simulate and 
accurately study in vitro [Boyko et al., 2017]; as presented in Chapter 1 of this 
dissertation. Thus, at this point, experimental data focussing on the in vivo properties, 
biological safety, and healing efficacy of DOS biotechnologies, as the ones presented 
in Chapters 4 and 5 of this dissertation, are important for advocating further biomedical 
testing and clinical translation.


	 Apart from the scarcity in data evaluating the outcomes of DOS administration in 
vivo, an additional factor that can decelerate, and even impede, the clinical translation 
of DOS biotechnologies in wound healing, is the huge methodological variability among 
the existing studies. A detailed list of the most significant among these methodological 
inconsistencies, is presented in the systematic analysis conducted in Chapter 2 of this 
dissertation. Regardless of the particular methodological inconsistencies though, it can 
be expected that, this variability dramatically impacts reproducibility, and thus, the 
validity of the ensuing research findings in the era of evidence-based medicine; which, 
in turn, can discourage not only researchers, but also potential investors to commit to 
such a project. Furthermore, it limits the ability to conduct rigorous comparisons 
among different DO-based interventions assessed for the same, or similar, indications 
in different studies; which, again, significantly hinders the decision-making processes 
preceding further investigation and development of a novel DOS biotechnology. In this 
setting, the comprehensive protocol discussed in Chapter 3 of this dissertation, and 
the rationale behind its design, can be regarded as a first step towards the direction of 
enhancing the comparability and reproducibility of pertinent in vivo data.


6.3 | Significance of measurements of DO concentrations 

	 Verifying the capacity to establish significantly elevated DO levels, and 
sustainably over a period conducive to real-life clinical applications, is a pivotal step in 
the development of any biotechnology designed to enhance wound oxygenation. In 
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this study, DO concentrations were significantly higher in the plain DOS and the ONBW 
versus regular N/S, under identical pressure and temperature conditions. Of note, the 
majority of relevant DO measurements published in the literature have been obtained 
within the first 60 minutes upon production of each DOS formulation [Bisazza et al., 
2008; Cavalli et al., 2009a; Ebina et al., 2013; Magnetto et al., 2014; Basilico et al., 
2015; Gulino et al., 2015; Khadjavi et al., 2015; Prato et al., 2015; Noguchi et al., 2017; 
Matsuoka et al., 2018]. During this timeframe, our DO recordings of 30.76 mg/L and 
31.47 mg/L in the plain DOS and the ONBW, respectively, stand at par with the highest 
DO concentrations from previous studies. The latter range from 8.50 to 30.00 mg/L 
(recorded at 25-37°C) in the OUP literature, including DO measurements from Ο2-
saturated solutions (OSS) similar to our plain DOS that have been used as control 
formulations in the OUP literature [Bisazza et al., 2008; Cavalli et al., 2009a; Khadjavi et 
al., 2015], and between 18.00 and 31.70 mg/L (recorded at 0.1 MPa, which is 
equivalent to atmospheric pressure, and at 25°C) in articles studying OUB solutions 
[Ebina et al., 2013; Noguchi et al., 2017; Matsuoka et al., 2018]. 


	 It is noteworthy that a subset of articles using different endpoints for DO 
quantification, have reported extremely variable DO measurements corresponding to 
the first hour post-production. Two characteristic examples are the data referring to 
oxygen-storing capacity, ranging from 400-420 mg/L in particular OUP and OSS 
formulations [Magnetto et al., 2014; Basilico et al., 2015; Gulino et al., 2015; Prato et 
al., 2015], as well as the measurements of DO release subsequently to OUP activation 
with ultrasound, recorded at 0.40-0.45 mg/L [Magnetto et al., 2014; Prato et al., 2015]. 
Apart from the distinct nature of each of those endpoints, such divergence from the 
values representing direct measurements of DO concentrations could also reflect 
differences in the duration of O2 infusion whilst manufacturing each DOS formulation, 
the techniques and equipment applied to obtain these DO measurements, along with 
inconsistencies in temperature and pressure conditions. Concurrently, they could also 
be linked to the presence of additional chemical constituents, with or without 
surfactant properties; which, even in minute quantities, may alter the physicochemical 
dynamics and, thus, the accuracy of DO recordings within the solutions. Examples of 
such chemicals include ethanol, palmitic acid, and soya phosphatidylcholine, which 
have been used for the manufacturing of the OUP and OSS formulations discussed 
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herein [Magnetto et al., 2014; Khadjavi et al., 2015; Prato et al., 2015; Gulino et al., 
2015; Basilico et al., 2015].  


	 Along with the importance of adopting a universally-standardized methodology 
for monitoring DO levels, under identical physical and technical parameters, isolated 
DO measurements hold limited interpretative value by themselves. Especially in the 
field of DO-supplying biotechnologies designed for clinical applications, such 
measurements should not be evaluated as primary indicators of potential therapeutic 
efficacy. One characteristic example is presented by the ONBW assessed during our 
Phase 2 experiments. The DO concentrations recorded in an OUB-enriched 
formulation such as the ONBW, cannot integrate the amount of gaseous O2 engulfed 
within the OUBs. Although impossible to quantify directly, the latter should be 
considered biomedically significant due to its superior bioavailability compared to DO. 
Indeed, the OUB-engulfed gaseous O2 can be more readily available to be utilized by 
living tissues, as it can freely enter the cells via passive diffusion through their 
membranes; a spontaneous phenomenon that occurs more rapidly than the gradual O2 
dissolution within the aqueous microenvironment of tissues. Therefore, we believe it is 
preferable to contextualize DO concentrations in a broader framework, encompassing 
additional parameters specific to each corresponding DOS formulation and its intended 
applications. Such parameters include DO sustainability, biological safety, versatility 
regarding in vivo and clinical administration, alongside specific endpoints representing 
each therapeutic outcome tested. This rationale enables a more holistic appraisal of 
DOS biotechnologies, alongside a more accurate representation of their potential 
efficacy in clinical-grade scenarios.


6.4 | Biomedical significance of the recorded DO sustainability  

	 Regarding DO sustainability, the elevated DO concentrations in our plain DOS 
and ONBW formulations demonstrated promising stability and consistency throughout 
the 14-day evaluation period. At 24 hours post-production, we observed an anticipated 
reduction from 30.76 mg/L to 25.84 mg/L in the plain DOS, and from 31.47 mg/L to 
27.86 mg/L in the ONBW, representing a 15.9% and 11.4% decline, respectively. This 
was attributed to spontaneous macro-bubble formation in the pressurized 
microenvironment of each DOS formulation, naturally occurring upon exposure to 
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atmospheric pressures during in vivo administrations. Such macro-bubbles rapidly 
ascend towards the surface to release their O2 content, with the tendency to equilibrate 
the solution’s partial pressure of O2 (PO2) with ambient levels. Subsequently though, 
the recorded DO concentrations demonstrated a slowly-declining trend with gradually 
smoother fluctuations, almost stabilized at a narrow range between 17.07 and 
21.07mg/L in the plain DOS, and from 16.22 to 20.28mg/L in the ONBW, during the 
second week post-production of each formulation. Notably, DO concentrations 
remained significantly higher in both the DOS formulations tested versus each 
corresponding N/S control, and consistently throughout the duration of our protocol 
design, for 14 days. 


	 It should be noted that DO measurements extending beyond the first 60 minutes 
post-production are extremely scarce in the DOS literature [Ebina et al., 2013; Khadjavi 
et al., 2015]. Khadjavi and colleagues have described a declining trend in DO 
concentrations over the first 24 hours post-production, reaching approximately 10.75 
mg/L in their OUP solution after 14 hours, and 8.75 mg/L in the corresponding OSS 
used as comparator after 17 hours [Khadjavi et al., 2015]. These values, recorded at 
room temperature as in our protocol, corresponded to a percent reduction of 15.4% 
and 18.6% from baseline, respectively; which align with our data for the same 
timeframe. Yet, a notable difference exists in the absolute DO values between the 
aforementioned OSS and our DOS formulations during the first 24 hours, measured at 
8.75 mg/L in the OSS versus 25.84 mg/L in the plain DOS and 27.86 mg/L in the 
ONBW. Possibly, this divergence reflects the different duration of O2 infusion while 
manufacturing each formulation. The latter ranged from 30 minutes during ONBW 
manufacturing and 10 minutes in our plain DOS protocol, to a substantially shorter 2-
minute infusion in the OSS studied by Khadjavi’s group [Khadjavi et al., 2015]. Yet, the 
extent to which this parameter may determine downstream DO concentrations and 
their long-term sustainability within the aqueous microenvironment of DOS 
biotechnologies, remains to be fully clarified.


	 In turn, Ebina and colleagues have reported a 72.6% decline in DO 
concentrations, from 31.7 mg/L during the first 45 minutes, to 8.7 mg/L at the 5-hour 
time-point post-production [Ebina et al., 2013]. These measurements were recorded in 
an OUB-enriched solution similar to our ONBW, stored at 4°C under atmospheric 
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pressure conditions. Beyond the 5-hour time-point though, DO levels remained 
constant at 8.7 mg/L, and persisted up to the 70th day of observation according to the 
authors [Ebina et al., 2013]. The etiology behind that steep reduction in DO 
concentrations during the first 5 hours, remains unclear. Assuming that the volume and 
pressure parameters were constant, it would be logical to consider a potential 
association with the substantially lower storage temperature of this formulation at 4°C, 
in contrast to the median temperatures of 22.85 and 25.80°C in our experiments. Yet, 
such an explanation would not align with the fact that O2 dissolution is increased at 
lower temperatures. Instead, it is more likely that the lower storage temperature would 
lead to proportionately reduced levels of kinetic energy of the gas bubbles into an 
OUB-enriched formulation, thus enhancing OUB stability and enabling the 
extraordinary DO sustainability reported by Ebina and colleagues [Ebina et al., 2013].


6.5 | Validation of in vivo safety and tolerability 

	 Thorough characterization of in vivo safety and tolerability is another pivotal step 
in the preliminary investigation of DOS biotechnologies developed for clinical 
applications. In this study, chemical surfactants were excluded from the manufacturing 
processes of both DOS formulations. Having eliminated the risk of surfactant-related 
toxicities a priori, our safety assessments were initially aimed towards the timely 
detection of potentially-harmful physical phenomena, arising from the interaction 
between the infused O2 and the aqueous medium, prior to any in vivo use. Among the 
potential complications following systemic administration of DO, the most alarming 
would be the formation of gas bubbles, large enough to cause embolic sequelae in the 
circulation. In this study, the absence of larger-diameter bubbles (≥28μm), whose 
natural tendency to coalesce increases proportionately to their size, was confirmed 
upon daily DLS analyses in plain DOS and ONBW specimens. In the case of the 
ONBW, this was additionally verified with nanoparticle tracking analyses, while zeta-
potential measurements documented the consistent electrostatic repulsion among the 
OUBs, further disfavoring coalescence into larger bubbles. Collectively, these steps 
effectively mitigated the theoretical risk of gas embolism. Also, the 28μm bubble-
diameter threshold independently strengthened the safety profile of both DOS 
formulations, as it was adapted from the minimum acceptable size of the filter pores 
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used in clinical-grade extracorporeal membranous oxygenation (ECMO) devices [Barak 
and Katz, 2005]. Subsequently, during our in vivo experiments, the collection of 
detailed safety data verified that both DOS formulations entail no risk of eliciting severe 
adverse events (AEs) or alterations in murine well-being, regardless of local or systemic 
administration. These data align with the available, albeit limited, in vivo studies of 
relevant DOS biotechnologies manufactured without exogenous chemicals, where no 
safety issues have ever been reported [Ebina et al., 2013; Noguchi et al., 2017; 
Matsuoka et al., 2018].


	 Meanwhile, there are indications that our technological approach may 
encompass a more favorable safety profile, particularly when compared to formulations 
containing chemical surfactants whose complications in humans remain to be fully 
delineated. For instance, the possibility of AEs due to chitosan intake by humans, a 
popular OUP-coating hydrophobic carbohydrate [Bisazza et al., 2008; Cavalli et al., 
2009a; Magnetto et al., 2014; Khadjavi et al., 2015], warrants careful consideration. 
There are reports of chitosan-induced cytotoxicity across three human cell lines of 
cutaneous, vascular, and respiratory histological origin [Je et al., 2006; Wiegand et al., 
2010], whose translational significance is difficult to be addressed due to the 
unpredictable degree of chitosan de-acetylation in vivo. Furthermore, prolonged 
exposure to hydrophobic perfluorocarbons, the core-enhancing components most 
prevalent in the OUP literature [Bisazza et al., 2008; Cavalli et al., 2009a; Cavalli et al., 
2009b; Magnetto et al., 2014; Khadjavi et al., 2015; Prato et al., 2015; Gulino et al., 
2015; Basilico et al., 2015], has been linked to dose-dependent hepatotoxicity and 
gestational diabetes mellitus in humans [Butenhoff et al., 2002; Zhang et al., 2015]. 
Equally concerning is the risk of potential accumulation in the lungs, which may 
become significant as early as following a 12-month exposure [Nosé, 2004]. Thereby, it 
becomes evident that the risk of cumulative toxicity from the clinical use of fluorinated 
compounds can implicate multiple organs/systems in the human body, and thus, can 
be encountered by multiple specialties. Notably, many of the aforementioned 
chemicals are also frequently incorporated in other DO-supplying biotechnologies 
currently tested for healing applications, such as oxygenating hydrogels and emulsions 
[Davis et al., 2007; Wijekoon et al., 2013; Li et al., 2015; Patil et al., 2018; Ntentakis et 
al., 2021]. 
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	 Collectively, any potential toxicity associated with cumulative dosing should be 
thoroughly considered during the development of novel healing factors. This becomes 
particularly relevant in the case of the epidemiologically-concerning chronic wounds 
[Walmsley, 2002; Sen et al., 2009], whose complicated natural history typically 
mandates prolonged treatment regimens with unpredictable duration and success 
rates. Thus, future studies should consider integrating an elaborate assessment of the 
risk-benefit ratio associated with the inclusion of chemical surfactants in DOS 
biotechnologies, and mathematically correlate any improvement in DO sustainability 
and clinically-translatable outcomes with the relative risk of biological AEs. Also, 
comparative studies could co-evaluate additional factors affecting this risk-benefit 
ratio, such as technical difficulties and equipment-related hazards, during both the 
production and the biomedical use of these biotechnologies. Prospectively, these data 
will be pivotal for documenting the most cost-effective and translatable approaches 
towards enhanced wound oxygenation via DO.


6.6 | Healing efficacy in vivo and biomedical potential 

	 Regarding healing efficacy in vivo, IV and PO administration of either DOS 
biotechnology independently, was accompanied by very promising macroscopic and 
histopathological outcomes in this study. Macroscopically, a total of two IV injections of 
either DOS formulation, once every five days, enabled a significant increase in VC 
compared to the control mice. This significant acceleration of wound closure was 
documented during the majority of timeframes on our protocol timeline, all of which 
encompassed the timeframe between days 0 and 7 in both Phases 1 and 2. Yet, the IV 
administration of ONBW in Phase 2 was accompanied by an earlier significant increase 
in VC, recorded in the immediate post-operative period between days 0 and 3, versus 
the more gradual effect of plain DOS injections on VC during Phase 1 experiments. 
Also, with PO intake of plain DOS during Phase 1, VC showed only a trend elevation 
versus the CO group. However in Phase 2, PO intake of ONBW enabled a consistent 
VC acceleration compared to the CO mice in multiple protocol timeframes, with the 
most significant difference recorded between days 0 and 7. A potential explanation for 
these observations could be associated with two parameters. First, the superior 
bioavailability of the IV route of administration compared to PO intake, which applies to 
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the pharmacokinetics of any treatment factor. Our data on the specific DO amounts, in 
milligrams, that each mouse received in the IV and the PO groups of administration of 
either DOS we tested, point towards this conclusion [Tables S.12, S.13, S.19, S.20]. 
Interestingly, the aforementioned healing effects were achieved with two IV injections 
per mouse, where the absolute milligrams of DO where approximately 100 times lower 
than the DO amount received via PO intake. Secondly, it is the more readily available, 
and plausibly superior, total oxygen content within OUB-enriched solutions such as the 
ONBW, containing both DO and gaseous O2; with the latter being able to freely enter 
the cells via passive diffusion, which is driven by local pressure and concentration 
gradients, and also more rapidly compared to the gradual dissolution of O2 within the 
aqueous microenvironment. 


	 Our histopathological data concurred with the aforementioned macroscopic 
findings, demonstrating a more consistent pattern of epithelialization and collagenation 
outcomes in Phases 1 and 2. At day 3, epithelialization (ER) was found significantly 
higher in the IV group compared to the CO, as well as in the PO group versus the CO, 
with both DOS formulations. Furthermore, exclusively in Phase 2, the magnitude of the 
differences in mean ER recorded with each route of administration, IV and PO, followed 
a pattern similar to the macroscopic measurements of VC corresponding to the same 
timeframe, between protocol days 0 and 3. Analogously, at day 10, collagenation (CR) 
was significantly enhanced with IV administration versus CO, and with PO intake 
versus CO, again with both plain DOS and ONBW treatments independently, mirroring 
the epithelialization outcomes from day 3.


	 Collectively, our in vivo data on healing efficacy are congruent with the literature 
describing the healing stages, their perceived duration, the sequence of molecular 
events defining each stage, and the documented relationship of key implicated 
enzymes with O2 levels. For instance, the timeframe from day 0 to day 7 post-

wounding, which was consistently associated with improved macroscopic outcomes in 
our healing assessments, entails enzymatic activities that primarily depend on 
adequate O2 supply. An illustrative example is NADPH oxidase, a pivotal enzyme in the 

biochemical cascade leading to reactive O2 species formation during the acute 
inflammation stage, which typically spans the initial three days post-wounding [Gurtner 
et al., 2008]. NADPH oxidase utilizes molecular O2 as its substrate, and has been 
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shown to reach its half-maximal efficacy within a PO2 range of 45–80 mmHg [Allen et 

al., 1997]. Theoretically, our findings from both Phases 1 and 2 may represent the 
downstream benefit from enhanced oxygen supply during acute inflammation, and 
thus, from the more efficient completion of the NADPH oxidase cascade, on the 
subsequent healing stages. Another pertinent example involves the activity of collagen 
hydroxylases during the proliferative stage of the healing mechanism, approximately 
from day 3 to day 10 post-wounding. These enzymes, which are crucial for collagen 
synthesis, have been found to reach their half-maximal velocity at a PO2 of 25 mmHg 

[Myllylä et al., 1977]. Also, there are data suggesting that fibroblast-mediated collagen 
deposition necessitates a minimum PO2 threshold of 30–40 mmHg [Hutton et al., 1967; 

Myllylä et al., 1977]. Of note, a dose-dependent correlation with PO2 has been 

independently described for the functions of NADPH oxidase and collagen 
hydroxylases, achieving their peak efficacy at around 250 and 300 mmHg, respectively 
[Myllylä et al., 1977; Allen et al., 1997]. 


	 In the literature, macroscopic and histopathological data elucidating the healing 
efficacy of DOS biotechnologies per se, are scarce. Nevertheless, there are in vivo data 
from three studies that warrant acknowledgment [Ebina et al., 2013; Noguchi et al., 
2017; Matsuoka et al., 2018], though they can only be extrapolated as presumed 
indications of a beneficial effect of DOS treatment on the healing mechanism. 
Macroscopically, Ebina and colleagues have demonstrated a statistically significant 
increase in body mass and length in healthy 5-week old DBA1/J mice [Ebina et al., 
2013]. Those mice were drinking an OUB-enriched DOS ad libitum, similarly to the PO 
groups in our protocol, yet over a substantially longer period extending to 12 weeks 
[Ebina et al., 2013]. A connection between such anabolic outcomes and enhanced 
wound healing can be hypothesized, based on the hyper-metabolic state 
physiologically induced by trauma as a consequence of activation of the healing 
cascade [Matsuda et al., 1987; Gupta and Raghubir, 2005]. It has also been suggested 
that, the additional energy supply required to sustain the healing process primarily 
derives from oxidative metabolism, making the whole mechanism strongly dependent 
on adequate O2 supply [Matsuda et al., 1987; Gupta and Raghubir, 2005]. 
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	 Histopathologically, Noguchi and colleagues have documented reduced 
osteoclastic activation and preserved bone mass in a mouse model of glucocorticoid-
induced osteoporosis, which was achieved via IP administration of an OUB-enriched 
solution similar to our ONBW, three times weekly, for eight weeks [Noguchi et al., 
2017]. Furthermore, Matsuoka and colleagues have described a significant 
regeneration of myelinated axons in a rat sciatic nerve crush injury model, following IP 
injections of an OUB solution akin to the one administered by Noguchi’s group, thrice 
weekly, over four weeks [Matsuoka et al., 2018]. Collectively, the aforementioned data 
suggest that systemic DOS administration may stimulate body metabolism, up-
regulate tissue regeneration, and improve resistance to cellular injury and loss; all of 
which, could also be leveraged to physiologically enhance wound healing.


6.7 | Implications per route of administration 

	 Healing efficacy per route of administration is another important parameter to 
consider during the translational investigation of DOS biotechnologies. In this study, 
our macroscopic and histopathological findings align in that, direct DOS application on 
wound surfaces may be accompanied by inferior healing outcomes compared to the IV 
and PO routes. Possibly, the explanation behind this observation lies in the technique 
we used for local administration, as described in the Methods section. Indeed, daily 
irrigations with plain DOS onto the wounds via a syringe needle through the dressing, 
may have washed away migrating cells and molecular signals whose presence is 
pivotal for the healing process; a phenomenon with potentially cumulative impact on 
the ultimate healing outcomes over time, according to our histopathological findings 
from Phase 1 experiments. Also, it may have caused significant DO losses, by 
establishing continuous PO2 gradients through the punctured wound dressing. 
Concurrently, we should consider the additional stress for the mice from the daily 
physical manipulations during each irrigation, as opposed to the ad libitum PO intake 
and the IV injections performed once every five days. Still, this technique was preferred 
over the continuous application onto the wound surface, which requires a surgical 
gauge or dressing soaked with the DOS. The main reason was that, such materials 
may variably act as a scaffold for incoming cells and chemotactic molecules. Thereby, 
they might have introduced a substantial confounder to the findings of our Phase 1 
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experiments; particularly during the pairwise analyses of healing efficacy among the 
different experimental groups, which were defined by the different routes of 
administration in our protocol. 


	 Given the implicated physics, and the natural dependance of DO concentrations 
on PO2 gradients, it appears unlikely that local monotherapy with formulations similar 
to our plain DOS may be capable of improving wound healing as consistently as 
systemic administration; especially if applied via direct irrigation on wound surfaces. 
The healing outcomes recorded during our Phase 1 experiments also point towards 
this argument. Yet, before abandoning this route of administration completely, 
additional studies are encouraged to investigate local applications of DOS 
biotechnologies in more detail. For instance, comparative in vivo experiments could 
simultaneously examine all the alternative techniques of local administration, along 
with their corresponding safety and healing outcomes.


	 In turn, the promising efficacy of IV administration in this study, both 
macroscopically and histopathologically, prompts further exploration of systemic uses 
of DOS biotechnologies; even for indications that extend beyond the scope of wound 
healing and tissue regeneration. Combined with the sustained elevation in DO 
concentrations that we recorded in both the plain DOS and the ONBW, one such group 
of indications could be associated with systemic hypoxia. Interestingly, there are in vivo 
data from two previous studies demonstrating significantly improved survival rates and 
lung oxygenation in two different acute lung-trauma models in rats, following systemic 
(IP) administration of an OUP solution and an OSS, respectively [Feshitan et al., 2014; 
Fiala et al., 2020]. 


	 Analogously, we consider our findings with PO intake highly encouraging, given 
that the PO route stands as the most convenient and least invasive method for 
delivering any treatment factor. Specifically for DOS biotechnologies though, it 
warrants emphasis that, to thoroughly characterize their efficacy via PO intake, 
targeted research is required to precisely determine the optimal doses, dosing 
frequency, treatment duration, and minimum follow-up. Modifications in the 
aforementioned parameters will be indispensable, as a means to counterbalance for 
the inferior bioavailability of PO intake compared to the IV route. 
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6.8 | Clinical trials and biopharmaceutical industry  

	 Notably, the biopharmaceutical industry is beginning to show increasing interest 
in the clinical translation of systemically-administered DO formulations that do not 
contain chemical surfactants. Since 2021, three early-stage clinical trials have been 
launched to specifically investigate the biomedical efficacy of OUB-enriched solutions, 
administered either PO [https://clinicaltrials.gov/. Identifiers NCT05777642 and 
NCT05711290] or IV [https://clinicaltrials.gov/. Identifier NCT03456882]. There is also 
an ongoing Phase 1 trial aiming to evaluate the outcomes of a locally-applied OUB-
enriched solution on acute and chronic wounds [https://clinicaltrials.gov/. Identifier 
NCT05169814]; however, the technique used for local administration is different from 
the one tested in Chapter 4 of our work, as it involves the use of soaked sponges and 
negative-pressure therapy with instillation. A synoptic overview of these clinical trials is 
presented in Table 6.1. 


Table 6.1: Overview of the ongoing early-stage clinical trials actively testing OUB-
enriched DOS formulations, resembling the ONBW tested in our experiments.

Brief 
description

Clinical 
trial ID

Phase 
#

n Intervention Control Route Clinical 
indication

Follow
-up

Results

ONBD 
impact on 
exercise in 
elite 
athletes

NCT05777
642

1/2 42 “OUB drink 
(ONBD)”

Placebo
*

PO Healthy 
athletes, to 
enhance 
athletic 
performance

7 days Not yet 
recruiting

ONBD 
impact on 
exercise in 
pulmonary 
fibrosis

NCT05711
290

1/2 28 “OUB drink 
(ONBD)”

Placebo
*

PO Patients with 
Pulmonary 
Fibrosis

1 day Completed, 
results 
pending

ONBW (N/
S) “RNS60” 
on ALS 
biomarkers

NCT03456
882

2 147 RNS60 + riluzole 

(N/S + OUBs); IV 
once weekly, then 
nebulization for 
next 6 days

N/S + 
riluzole 
(SoC)

IV + 
inhaled

Patients with 
ALS

24-48 
weeks

Significant 
outcomes 
in FVC% & 
ALSAQ-40 
(eating, 
drinking)

Brief 
description
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	 While the aforementioned trials are currently in the recruitment stage or pending 
announcement of their results, it is important to note the broad spectrum of clinical 
indications being tested. The latter extend beyond wound healing [NCT05169814], and 
range from enhancement of physical performance in healthy athletes [NCT05777642] 
and in patients with idiopathic pulmonary fibrosis [NCT05711290], to adjunct therapy in 
cases of amyotrophic lateral sclerosis [NCT03456882]. In turn, the variability among the 
clinical indications tested may reflect the versatility in the potential biomedical 
applications of OUB-enriched solutions analogous to our ONBW. This argument is 
strengthened by the universality of the healing mechanism itself, which is not only 
evolutionally conserved across multiple different species [Boyko et al., 2017], but also 
encompasses pathologic responses such as inflammation, which are part of innate 
immunity; and are, thus, implicated in the pathophysiology of numerous human 
diseases. 


6.9 | Future directions 

	 Given the validation of biological safety of both the DOS biotechnologies tested, 
and their promising efficacy in wound healing, there are three research steps to be 

MNBs for 
treatment 
of acute & 
chronic 
wounds

NCT05169
814

1 40 (a) MNB solution 
irrigation, daily 
(sponge replaced 
every 5 days); 

(b) MNB solution 
via NPWTi

N/S; (a) 
irrigation 
(b) 
NPWTi  

(a) LO 
irrigati
on; b) 
NPWTi

Acute (daily) 
& chronic 
(NPWTi) 
wounds

2-4 
weeks

Active 
recruiting 

Clinical 
trial ID

Phase 
#

n Intervention Control Route Clinical 
indication

Follow
-up

ResultsBrief 
description

Table 6.1 Notes: Overview of key methodological parameters and endpoints assessed in 
ongoing early-stage clinical trials, testing OUB-enriched DOS formulations with variable 
degree of similarity to the ONBW in our work, for various clinical indications.* Placebo 
intervention was a mixture of natural flavorings (licorice, glycerol, and citric acid) with water. 
Abbreviations: OUBs, oxygen ultra-fine bubbles; DOS, dissolved oxygen solution;  ONBW, 
oxygen nanobubble-enriched water; ONBD, oxygen nanobubble drink [oxygenated 
nanobubbles made from lecithin and natural flavorings (licorice, glycerol, and citric acid), 
mixed with water]; n, number of participants; IV, administered intravenously; PO, administered 
per os; LO, applied locally; N/S, normal saline solution 0.9% NaCl; ALS, Amyotrophic Lateral 
Sclerosis; SoC, standard of care; FVC%, Forced Vital Capacity percent value; ALSAQ-40, 
ALS Assessment Questionnaire with 40 items; MNBs; oxygen micro-/nano-bubbles; NPWTi, 
negative pressure wound therapy with instillation; N/A, not applicable.
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considered in the immediate future. The two DOS formulations can be comparatively 
studied by conducting the same experimental protocol, as described in Chapter 3, with 
the aim to replicate the healing outcomes observed in our experiments, and to gather 
additional data on the superiority of one of the two formations versus the other, if any. 
In our experiments, the ONBW biotechnology demonstrated more promising healing 
outcomes, overall; therefore, if the concurrent testing of both DOS formulations is not 
experimentally feasible, we would encourage investigators to proceed with an OUB-
enriched saline solution similar to the ONBW tested herein. In this scenario, the second 
research step would be to further investigate the biological safety and healing efficacy 
of the ONBW, this time in larger mammalian models with closer histologic similarities to 
human skin, such as swine models [Boyko et al., 2017], and otherwise similar 
specifications; young, healthy, sex-matched pigs would be the optimal starting point, 
so that the healing response would likely proceed physiologically as in the SKH1 mice 
in our experiments. Another research direction to consider, either concurrently or even 
prior to the aforementioned research steps, would be to evaluate the administration of 
ONBW in mouse models simulating human diseases, whose pathophysiology strongly 
implicates abnormalities in the healing mechanism, with or without tissue hypoxia. In 
this direction, one of the first protocols to consider would be diabetic mouse wounds, 
due to the epidemiological significance of type 2 diabetes along with the extremely 
high prevalence of non-healing wounds in this population.


	 Regarding further steps, the ONBW technology that utilizes ultra-fine bubbles, or 
nanobubbles, is considered highly promising to be implemented in multiple biomedical 
applications beyond the scope of wound healing. Historically, nanobubble technology 
became known for its impressive applications in Environmental Engineering, for the 
purification and disinfection of stagnant water [Agarwal et al., 2011; Etchepare et al., 
2017]. Ever since, studying the unique physical properties of nanobubbles has brought 
out and highlighted their multifaceted biotechnological perspective, and the potential 
advantages from their applications into clinical practice. Thus, experimental 
nanobubble-enriched biotechnologies have gained increased attention by 
multidimensional research teams.


	 Interestingly, beyond their ability to deliver gas molecules, such as O2, to tissues 
effectively and sustainably, nanobubble technology has also been studied for targeted 
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drug delivery [Cavalli et al., 2016]. Researchers have shown that doxorubicin-loaded 
nanobubbles with extracorporeal shock waves can increase intracellular drug content 
and cytotoxicity in cell lines from human anaplastic thyroid cancer [Marano et al., 
2016]. In vivo experiments from the same group have also demonstrated superior 
accumulation of the chemotherapeutic drug in the same tumor type, accompanied by 
significant reduction in tumor volume and weight in a xenograft mouse model, [Marano 
et al., 2017]. In another study, an O2-nanobubble drug-encapsulation system enabling 
ultrasound-guided delivery of mitomycin-C, led to significantly lower tumor progression 
while using a 50% lower concentration of chemotherapeutic drug, in a mouse model of 
urothelial carcinoma [Bhandari et al., 2018]. 


	 Furthermore, since hypoxia has been associated with higher rates of failure in 
tumor treatments with either radiotherapy, chemotherapy, or immunotherapy [Graham 
and Unger, 2018], OUB technologies are also being investigated as a means to reduce 
or even reverse tumor hypoxia [Jahanban-Esfahlan et al., 2018]. In vitro, OUBs have 
been reported to reverse the expression of hypoxia markers in breast cancer cell lines 
[Khan et al., 2018; Iijima et al., 2018], and to also increase their sensitivity to radiation 
therapy [Iijima et al., 2018]. In vivo, OUBs have been successfully tested for targeted O2 
delivery to tumors, via subcutaneous [Bhandari et al., 2017] and per os [Owen et al., 
2016] administration. Collectively, the aforementioned evidence supports the 
multifaceted biomedical potential of OUB formulations, analogous to the ONBW tested 
in Chapter 5 of this dissertation, as an enabling technology with highly promising 
applications even in untreatable human diseases. 


6.10 | Limitations 

	 The findings of this study should be interpreted in the context of the challenges 
faced during the characterization of biological safety and efficacy for novel 
biotechnologies, before and during in vivo testing, and our experimental protocol per 
se. Thereby, we acknowledge the following limitations. First, we used a non-splitting 
approach in our wound model, unlike the historically-established protocol that 
recommends suturing the wound edges along the uninjured perimetry, towards healthy 
mouse skin [Wang et al., 2013]. The reproducibility and validity of non-splinting wound 
models, similar to the one we used, have been recently documented by independent 
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studies [Chen et al., 2015; Park et al., 2015; Yampolsky et al., 2024]. Currently, non-
splinting models are frequently encountered in the healing literature [Tiganescu et al., 
2014; Öri et al., 2017; Seo et al., 2021], as they can minimize physical stress, 
anesthesia requirements, and surgical time; all of which can benefit mouse well-being, 
without compromising the validity of healing assessments [Chen et al., 2015]. 
Nonetheless, to maximize the translational relevance of our findings, additional 
experiments using different protocols are highly recommended; starting with the 
established splinting model in mice, and followed by studies in swine wounds which 
bear the closest similarity to human skin [Sullivan et al., 2001].


	 Furthermore, the application of transparent adhesive dressings on the wound 
surfaces introduced additional variability in our macroscopic evaluations. Such 
dressings can mechanically interfere with the wound margins, as well as with the 
magnitude and direction of the naturally-occurring contraction of mouse skin towards 
the wound epicenter, both to an unpredictable degree [Yampolsky et al., 2024]. Yet, 
applying those dressings was deemed essential for the scope of our study, as they 
enabled a more precise assessment of in vivo safety. For instance, without a dressing 
sealing the wound surface, it would have been extremely hard to differentiate the 
etiology of any signs of systemic inflammation; which could have been caused by 
either a disseminated infection of the wound site unrelated to the treatment, or a large 
vessel embolized by gas bubbles from the administered plain DOS or ONBW. 


	 To offset for any dressing-related variability, the following measures were taken 
during our experimental design. First, the optimal number of animals for each in vivo 
experiment was statistically determined, by applying the law of diminishing returns for 
Phase 1 experiments and conducting g*power analysis for Phase 2 experiments, based 
on calculations of the effect size from the Phase 1 dataset. Furthermore, one wound 
from each mouse was randomly selected to be analyzed as a biological replicate. Also, 
our protocol included the quantitative evaluation of two histopathological endpoints 
dedicated to healing efficacy, in addition to the macroscopic measurements. 
Collectively, the DO measurements we recorded prior to in vivo use, and the fact that 
the majority of our macroscopic and histopathological findings on wound closure are 
congruent, suggest that DOS biotechnologies containing no chemical surfactants 
should be further explored for healing applications. Nonetheless, additional in vivo and 
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clinical studies are required to validate the relationship between the statistical 
significance calculated experimentally, and the actual translational significance of DOS 
administration in the biomedical setting. 


6.11 | Conclusions 

	 This dissertation contributes to the limited body of in vivo evidence evaluating 
dissolved oxygen (DO) biotechnologies for wound healing, as an additional strategy to 
meet the anticipated growth in patient needs, globally. Our findings present novel and 
comprehensive insights into the biomedical leveraging of two aqueous-based DO 
biotechnologies classified in the category of DO solutions (DOS), manufactured without 
the use of potentially toxic chemicals: a plain DOS with no physical enhancements to 
sustain DO levels, and an aqueous solution integrating the cutting-edge technology of 
naturally-generated ultra-fine gas bubbles, referred to as oxygen nanobubble-enriched 
water (ONBW). Collectively, our data can be harnessed for further development of safe 
and effective DOS-based therapeutics, not only in wound healing but also in the broad 
spectrum of human pathologies whose etiopathology implicates tissue hypoxia.
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Supplement   

Table S.1: Methodological details from available studies on DO technologies for wound healing and cutaneous 
regeneration, organized per category of DO technologies in the proposed classification system.

First 
author, 
year

LoE Subject Subjects
;wounds
/subject 
(n)

Wound model (duration; 
etiology; thickness) 

Treatment timeline 
(duration; frequency)

Follow-up duration Treatment group(s) Control group(s)

Dissolved O2 solutions

Magnetto 
et al. 
2014

5 in vitro: HaCaT 
from an elderly; 
pig skin flap

in vivo: mice 
(BALB/c, healthy)

N/A N/A; N/A;  

in vitro: hypoxia (1% O2) to 
mimic conditions in healing 
skin

in vitro: 135min; once in 
the beginning

in vivo: 15min; once in 
the beginning

in vitro: 135min; 
checked every 45min

in vivo: 15min; 
checked every 5min

OLNDs; 

tested before & 
after U/S

OLNBs, OFNDs, 
OFNBs, OSS; 

all formulas tested 
before & after U/S

Khadjavi 
et al. 
2015

5 HaCaT from an 
elderly

Ν/Α N/A; N/A; all formulas tested 
in both normoxia (20% O2) 
& hypoxia (1% O2)

24h; once in the 
beginning

24h; tested every 2h OLNDs in normoxia

OLNDs in hypoxia

OFNDs in normoxia, 
OFNDs in hypoxia, 
OSS in normoxia,OSS 
in hypoxia

Pratto et 
al. 2015

5 in vitro: HaCaT 
from an elderly; 
pig skin flap

in vivo: mice 
(BALB/c, healthy) 

Ν/Α N/A; N/A; all approaches 
tested in both normoxia 
(20% O2) & hypoxia (1% 
O2); before & after U/S

in vitro: 135min; once in 
the beginning

in vivo: 10min; once in 
the beginning

in vitro: 135min, 
checked every 
45min; in vivo: 
10min, checked 
before, during, & 
after a 10min interval

OLNDs OLNBs, OFNDs, 
OFNBs, OSS 

Gulino et 
al. 2015

5 human monocyte 
cell cultures

Ν/Α N/A; N/A; all formulas tested 
in both normoxia (20% O2) 
& hypoxia (1% O2)

incubation for 24h; once 
in the beginning

Ν/Α OLNDs OFNDs, OSS

Basilico 
et al. 
2015

5 HMEC-1 cell line Ν/Α N/A; cell culture implants for 
healing assay

incubation for 24h; once 
in the beginning

Ν/Α OLNDs; tested in 
both normoxia 
(20% O2) & hypoxia 
(1% O2)

OFNDs, OSS; tested 
in both normoxia 
(20% O2) & hypoxia 
(1% O2)
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Bisazza 
et al. 
2008

5 non-fertilized 
chicken eggs; 
JEG-3 line 
human 
choriocarcinoma 

Ν/Α N/A; N/A

OMB N/S solution tested in 
normoxia (20% O2 ) & 
hypoxia (3% O2) conditions

10min; once in the 
beginning

10min; checked 
every 100s

OMB N/S solution;

compared between 
normoxia & hypoxia

non-treated JEG-3 
cells; only in HIF-1α 
studies

Cavalli et 
al. 2009 
(a)

5 JEG-3 line 
human 
choriocarcinoma

Ν/Α N/A; N/A once in the beginning for DO studies: 
60min; effects of U/S 
on DO: 10min; 
checked at 2, 5, 
10min

Ν/Α; 2 OUB 
formulas (A, B) 
mixed with hypoxic 
N/S (O2 =0.4 mg/l)

Ν/Α

Cavalli et 
al. 2009 
(b)

5 N/A; study of 3 
OUB N/S 
solutions 

Ν/Α N/A; N/A N/A DO study: for 10min, 
in a total of 24h 

effects of U/S on 
DO: 10min; checked 
every 1min

Ν/Α; 3 OUB 
formulas (A,B,C); 
each mixed with 
hypoxic N/S at 4 
mg/l & 0.4 mg/l O2 

N/A

Feshitan 
et al. 
2014

5 rats (Wistar, 
~430g)

10; N/A N/A; right pneumotho-rax 
(model for acute lung injury); 
N/A

2h; continuous at 40 
mL/min for 1 min, then 
at 8 mL/min thereafter

2h; vital signs 
checked every 30s

IP phospholi-pid-
coated OMBs, IP 
OSS; n=5

no treatment (n=5)

Fiala et al. 
2020

5 rats (Wistar, 
370-640g)

24 (12 
treated); 
Ν/Α

N/A; LPS-induced ARDS 
model for acute lung injury 
(24mg/kg, intra-tracheally)

48h; OMB solution at 
12h, 24h, 36h

48h; IP OMB solution 
(n=10)

IP N/S solution (n=7); 
no treatment (n=7)

Onouye 
et al. 
2000

4 humans after 
CO2 laser 
procedure in the 
face

3; 1 acute; postop healing after 
CO2 laser resurfacing; 
partial

5 days; once daily 7-8 months 1/2 face with the 
lasered area: O2 
mist protocol (sterile 
water, O2, nutrients) 

other half of face; 
occlusive dressing 
(non-O2 foam)

Paola et 
al. 2006

4 humans with DM 
type 1 or 2 & 
infected DFUs 

218; 2-3 
infected 
DFUs 

chronic; DFU; N/A till surgery for infection 
control; daily dressing 
changes 

till surgery for 
infection control

daily dressing; 
gauzes soaked with 
20ml SOS (n=110)

10% PVI (n=108)

Matsuki 
et al. 
2012

5 hypoxic blood 
samples from 
healthy swine

Ν/Α Ν/Α; N/A Ν/Α Ν/Α Hypoxic swine 
blood gradually 
diluted with OMB 
N/S (10,20,30,50%)

Ν/Α

First 
author, 
year

LoE Subject Subjects
;wounds
/subject 
(n)

Wound model (duration; 
etiology; thickness) 

Treatment timeline 
(duration; frequency)

Follow-up duration Treatment group(s) Control group(s)

O2-nanobubbles enhance wound healing & skin regeneration in vivo ￼  150



Matsuki 
et al. 
2014

5 hypoxic blood 
samples from 
healthy swine

Ν/Α Ν/Α; N/A; 4 solutions 
commonly used in medical 
practice (N/S, dextran, 
albumin, lipid) enriched with 
OUBs

Ν/Α Ν/Α Hypoxic swine 
blood gradually 
diluted with 4 OUB-
enriched solutions

(10,20,30,50%)

Ν/Α

Ebina et 
al. 2013

5 in vivo: DBA1/J 
mice (male, 5-
week old)

Ν/Α Ν/Α; Ν/Α 12 weeks; free oral 
intake

12 weeks distilled water 
solution enriched 
with OUBs

regular distilled water

Noguchi 
et al. 
2017

5 in vitro: human 
PBMCs; in vivo: 
C57BL/6J mice 
(male, 6-mo old)

35; N/A Ν/Α; N/A; N/S solutions 
containing UFBs were 
diluted by the same non-
UFB liquid to 75, 50, & 25%

8 weeks; 3 times per 
week

8 weeks IP OUB-enriched N/
S evaluated in GIO 
(n=11) mice

no GIO, N/S (n=8)

GIO, N/S (n=8)

GIO/NUB-enriched N/
S (n=8)

Matsuoka 
et al. 
2018

5 in vitro: DRG 
neurons & SC 
cultures; in vivo: 
Wistar rats 
(male,180–220g)

in vitro:     
N/A

in vivo: 
45; 1 SCI 
per rat

acute; SCI (peripheral nerve 
injury); full; 

N/S solutions with UFBs 
diluted by the same non-
UFB liquid to 75,50,25%

4 weeks; 3 times per 
week

4 weeks IP OUB-enriched N/
S after SCI (n=11) 

no SCI, N/S (n=11)

SCI, N/S (n=15)

SCI/NUB-enriched N/
S (n=8)

O2 dressings

Tur et al. 
1995

5 guinea pigs 
(500g); 2 
experiments: 1st, 
2nd 

1st : 8;1

2nd : 18;1

chronic; ischemic ulcer 
(5cm transscapular incision, 
subcutaneous encircling 
with rubber band tourniquet 
to a 5cm2 cycle); full 

4 days; 1 day before 
ischemia, every 2 h 
during the 8h ischemic 
interval, & once daily for 
2 more days

1st: 27 days

2nd: 14 days

1st: 2% H2O2 cream 
in the dressing

2nd: 1.5% H2O2 
cream, 3% H2O2 
cream

1st: two intact skin 
sites/animal at 1 & 
3cm from ulcer, with 
placebo cream 

2nd: 6/18 guinea pigs 
with placebo cream

Chandra 
et al. 
2015

5 porcine (~30kg) 5; 4 chronic; excisional surgical 
(10 x 10cm); full

8 weeks; dressing 
change every 3-4 days

8 weeks 2 wounds/animal; 
treated with H2O2-
generating dressing

2 wounds per animal; 
control dressing

Harrison 
et al. 
2007

5 mice 16; 1 acute; ischemic skin flap (30 
x 10mm); full

1 week; once in the 
beginning

1 week group 1: PLGA-SPO 
dressing implanted

group 2: PLGA-only 
dressing (no O2 
production)

First 
author, 
year

LoE Subject Subjects
;wounds
/subject 
(n)

Wound model (duration; 
etiology; thickness) 

Treatment timeline 
(duration; frequency)

Follow-up duration Treatment group(s) Control group(s)
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Wright et 
al. 2003

5 rats (Sprague-
Dawley, male, 
~350g); two 
experiments: 1st, 
2nd

1st : 15; 1

2nd : 15; 
1

chronic; granulated wound 
(2nd-degree burn + 
infection); full

10 days; every 12h

control dressings were 
changed every 24h

10 days hydrophilic colloid 
generating O2 via 
breakdown of 
exogenous H2O2 by 
inorganic catalyst

1st: KGF-2 dressing, 
vehicle control

2nd: hydrogel colloid 
with and without 
inorganic catalyst 

Lairet et 
al. 2014

2b humans with 
burn wounds, 
9.2% TBSA)

17; 2 acute; split-thickness skin 
grafts; partial

14 days; daily till day 4, 
then every 2 days till 
fully healed; not fixed

regularly for 14 days; 
after 30-45 days for 
cosmetic result

“OxyBand” 
dressing, releasing 
O2 via a proprietary 
reservoir technology

Xeroform gauge 
dressing

Zellner et 
al. 2014

5 porcine (50-80kg) 4; 4 acute; skin flap; full 14 days; dressing 
change PRN

14 days; daily 8 wounds (2/animal) 
with OxyGenesys 
dressing

8 wounds (2/animal) 
with FlexiGel dressing 
(also a hydrogel)

Guelder 
et al. 
2007

5 cultures of 
human 
keratinocytes & 
fibroblasts

N/A N/A; toxicity & tissue 
recovery following chemical 
injury with 7% DMSO 
solution for 24h

24h 24h Ox66TM dressing 
with oxygenated 
aluminum hydroxide

Positive controls in 
1% Triton-X for 24hr, 
then in fresh media for 
another 24h; negative 
controls (untreated) 

Kellar et 
al. 2013

2b humans with 
intact skin

50; N/A N/A; N/A 8 weeks; once daily 8 weeks OxygeneSys 
dressing (O2) on 
anterior tibia

Placebo dressing 
(Kling bandage) on 
each untreated tibia 

Lo et al. 
2013

5 in vitro: O2 sensor 
coated with 
fluorescent dye

in vivo: SKH1 
mice (~25g)

15; 2 acute; excisional wound 
model (8mm); full

14 days; continuous O2 
supply 4 hours daily

14 days 5 diabetic mice 
treated with 
microfluidic O2 

bandage (100% gas 
O2 by medical tank)

5 diabetic and 5 non-
diabetic mice treated 
with microfluidic 
bandage (without O2 
supply)

O2 hydrogels

Patil et al.  
2016

5 rats (Wistar 10 
weeks old)

8; 1 
(splinted 
in 5 
locations)

acute; excisional wound 
model; full

8 days; dressing change 
every 2 days

8 days 1/5 wound surface/
rat; treated with 
MACF+O2  hydrogel

2/5: MACF+air; 3/5: 
MAC+O2; 4/5: 
MAC+air; 5/5: no 
treatment

First 
author, 
year

LoE Subject Subjects
;wounds
/subject 
(n)

Wound model (duration; 
etiology; thickness) 

Treatment timeline 
(duration; frequency)

Follow-up duration Treatment group(s) Control group(s)
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Patil et al.  
2018

5 porcine 3; 24 acute; square excisional 
wounds (2.5× 2.5cm); full

21 days; dressing 
changes on days 2, 4, 
9, 11, 14, 17, & 21 
postop

21 days 12 wounds per 
animal; treated with 
MACF+O2  hydrogel

4 wounds: MACF-only 
hydrogel; 4 wounds: 
control dressing (no 
O2, no chitosan); 4 
wounds: no treatment

Patil et al.  
2019

5 transgenic 
diabetic mice 
(8-12 weeks old) 

N/A acute; splinted (sutured) 
excisional wounds; full

14 days 14 days; dressing 
changes every 2-3 
days

MACF+O2  hydrogel Control dressing (no 
O2, no chitosan); no 
treatment (same 
animals)

Wijekoon 
et al.  
2012

5 NIH-3T3 
fibroblast 
cultures 

N/A N/A; N/A; cells studied at 
increased metabolic 
demands & 5% CO2

4 days; every 24h, 
hydrogels saturated 
with O2 for 4min

6 days MACF +O2  
hydrogels with 
gradually increasing 
fluorine residues; (5, 
10, 15)

MAC dressing (no O2)

Akula et 
al. 2017

5 nHDFs & nHEK 
cell cultures

N/A N/A; N/A; cultured in 
normoxia (21% O2), hypoxia 
(5% CO2, 1% O2, & 94% N2)

3 days; once in the 
beginning

3 days MACF+O2  hydrogel MACF-only  hydrogel 
(no O2); no treatment

Almeleh 
et al.2013

4 humans with 
burn wounds

2; 1 acute; 2nd-degree burns, 
non-infected; partial

1 week - 1month; bid 1 month O2  hydrogel N/A

Moen et 
al. 2018

5 HSF cells N/A N/A; N/A N/A N/A Oxy Dressing N/A; HSF cells grown 
at different DO levels 
(11,23,31,41,50 mg/l)

Queen et 
al. 2007

4 humans with 
chronic wounds

4; 1 chronic; variable; variable 4 weeks; 2-3 times per 
week

4 weeks “Oxyzyme” dressing N/A

Ivins et al. 
2007

4 humans with 
chronic VLUs

5; 1 chronic; chronic VLUs; 
variable 

6 weeks; variable 6 weeks “Oxyzyme” dressing N/A

Moffaat et 
al. 2014

2b Humans with 
ulcer wounds

100; 1 chronic; VLUs/mixed AV 
ulcers; variable

12 weeks; weekly 24 weeks Oxyzyme dressing/ 
Iodozyme dressing

Standard dressing

First 
author, 
year

LoE Subject Subjects
;wounds
/subject 
(n)

Wound model (duration; 
etiology; thickness) 

Treatment timeline 
(duration; frequency)

Follow-up duration Treatment group(s) Control group(s)
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Chen et 
al. 2020

5 in vitro: HUVECs, 
HaCaTs, HSFs, 
mouse skin 

in vivo: Balb/C 
mice (high fat/
sugar diet, ~25g); 
healthy & diabetic

30; 1 both acute & chronic 
healing (diabetic mice); 
excisional wound model; full

until complete healing; 
daily for days 1 & 2, 
then every other day

until complete 
healing (up to 12 
days postop)

AGP under light 
conditions (living 
microalgae & S. 
elongatus)

in vitro: TGO

in vivo: AGP under 
dark; control hydrogel 
(no O2); control film 
(no O2 ); no treatment 
(air exposure)

O2 emulsions

Davis et 
al. 2007

5 porcine 16; 120 acute; 8 partial-thickness 
wounds, 8 2nd-degree 
burns; partial

variable; 2 times/day for 
first five days, then 
once a day until 
complete closure

partial-thickness 
wounds: maximum 9 
days

2nd-degree burns: 
maximum 14 days

topical O2 emulsion; 

40 wounds (of the 
same type)  per 
treatment group per 
animal

vehicle-only 
(proprietary oil): 40 
wounds/animal;  

No treatment (air-
exposed): 40/animal 

Li et al. 
2013

5 porcine (25-30kg, 
female)

6; 13 acute; partial thickness skin 
wounds; partial

3 weeks; 2 times/day 
for first five days, then 
once a day until 
complete closure

3 weeks topical O2 emulsion vehicle-only 
(proprietary oil)

Li et al. 
2015

5 porcine 6; 18 acute; 2nd-degree burn 
wounds; partial

3 weeks; 2 times/day 
for first five days, then 
once a day until 
complete closure

3 weeks topical O2 emulsion 
(200mg per wound)

vehicle-only 
(proprietary oil) 

no treatment (air-
exposed) 

First 
author, 
year

LoE Subject Subjects
;wounds
/subject 
(n)

Wound model (duration; 
etiology; thickness) 

Treatment timeline 
(duration; frequency)

Follow-up duration Treatment group(s) Control group(s)
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Abbreviations: HaCaT, human keratinocyte cell cultures; O2, oxygen; U/S, ultrasound; Min, minutes; OLNDs, oxygen-loaded 
nanodroplets; OFNDs, oxygen-free nanodroplets; OLNBs, oxygen-loaded nanobubbles; OFNBs, oxygen-free nanobubbles; OSS, 
oxygen-saturated solution; DO, dissolved oxygen concentration; HMEC-1, human dermal microvascular endothelium; DM, 
diabetes mellitus; DFU, diabetic foot ulcer; Grade 2 DFU, penetrates to tendon/capsule; Grade 3 DFU, penetrate to bone/ into the 
joint; SOS, super-oxidized solution; PVI, povidone iodide solution; HIF-1α, Hypoxia Inducible Factor 1α; OMBs, oxygen 
microbubbles; OUBs, oxygen ultra-fine bubbles; IP, intra-peritoneal; LPS, lipopolysaccharide; ARDS, acute respiratory distress 
syndrome; N/S, normal saline (0.9% NaCl); Air, atmospheric air (~21% O2); GIO, glucocorticoid-induced osteoporosis; NUBs,
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Abbreviations (continued): nitrogen ultra-fine bubbles; UFBs, ultra-fine bubbles; PBMCs, peripheral blood mononuclear cells; 
DRG, dorsal-root ganglion; SC, Schwann cells; SCI, sciatic nerve crush injury; H2O2, Hydrogen Peroxide; SPO, sodium 
percarbonate; PLGA, Poly(D,L-lactide–co–glycolide); KGF-2, Keratinocyte growth factor–2; TBSA, total body surface area; PRN, 
pro re nata (as needed); DMSO, dimethysulfoxide; CO2, carbon dioxide; Postop, post-operative; MACF, fluorinated 
methacrylamide chitosan modified with perfluorocarbon chains; MAC, methacrylamide chitosan modified with perfluorocarbon 
chains; nHDFs, Neonatal human dermal fibroblasts; nHEK, Neonatal human epidermal keratinocytes; VLUs, venous leg ulcers; 
HUVECs, Human umbilical vein endothelial cells; HSFs, Human embryonic stem cells; AGP, algae gel patch; TGO, topical gas 
oxygen therapy; N/A, not available/applicable.



Table S.2: Technological subcategories, manufacturing, and technical details of the DO technologies studied in 
healing-related protocols.

First 
author, 
year

Manufacturing and application parameters  O2 supply Additional 
core materials 

Additional 
coating 
materials

Additional solutes

OUPs

Magnetto 
et al. 2014

OLNDs, OFNDs, OLNBs, OFNBs, OSS; 

Homogenization of core materials for 2min at 24.000 rpm; 
homogenization with coating materials for 2min at 13.000 rpm.

liquid and gel formulations for each; tested before & after U/S 
application (in vitro: 2.5MHz, 5W; in vivo: 1MHz, 5W)

Each formulation saturated with 
100% gas O2 for 2min

DFP (OLNDs, 
OFNDs);

PFP (OLNBs, 
OFNBs)

Chitosan 
(OLNDs, 
OFNDs, 
OLNBs, 
OFNBs)

Ethanol, palmitic 
acid, soya PC, PVP

HEC (in gel 
formulations) 

Khadjavi et 
al. 2015

As above; liquid formulations of OLNDs, OFNDs, OSS
 As above DFP (OLNDs, 
OFNDs) 

Chitosan 
(OLNDs, 
OFNDs) 

Ethanol, palmitic 
acid, soya PC, PVP

Pratto et al. 
2015

As above: OLNDs, OFNDs, OLNBs, OFNBs, OSS; liquid and gel 
formulations; tested before & after U/S application (in vitro: 
2.5MHz, 5W; in vivo: 1MHz, 5W)

As above DFP (OLNDs, 
OFNDs); PFP 
(OLNBs, 
OFNBs)

Dextran 
(OLNDs, 
OFNDs, 
OLNBs, 
OFNBs)

Ethanol, palmitic 
acid, soy lecithin, 
PVP, NaCl, PBS

HEC (in gel 
formulations) 

Gulino et 
al. 2015

As above: OLNDs (~590nm); OFNDs (~240nm); OSS; 

ultra-pure water formulations

As above DFP (OLNDs, 
OFNDs) 

Dextran 
(OLNDs, 
OFNDs)

Ethanol, palmitic 
acid, soya PC, PVP

Basilico et 
al. 2015

As above: OLNDs (~nm); OFNDs (~nm); OSS; 

ultra-pure water formulations

As above; OLNDs, 
OFNDs: DFP

OLNDs, 
OFNDs: 
dextran

ethanol, palmitic 
acid, soya PC, PVP

Bisazza et 
al. 2008

As above

OMB N/S solution; mean diameter = 2.5μm  

Before adding chitosan, N/S 
solution saturated with O2 

up to 

35mg/l

PFP chitosan Ethanol, palmitic 
acid, soya PC, 
PVP, β-glycerol 
phosphate

Cavalli et 
al. 2009 (a)

OUB N/S solutions; formulation A (no PFP): mean diameter = 
0.7μm; formulation B (PFP): mean diameter = 1.2μm; 

formulation A tested before & after  U/S (45kHz, 260W)

As above PFP (only in 
solution B)

Chitosan 
(~30nm 
shell)

ethanol, palmitic 
acid, soya PC, β-
glycerol 
phosphate, NaOH
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Cavalli et 
al. 2009 (b)

OUB N/S solutions; formulation A, C: mean diameter = 0.55μm; 
formulation B: mean diameter = 0.41μm; formulation A tested 
before & after U/S application (2.5MHz, 30W)

As above (before adding 
dextran)

PFP dextran 
(~30nm 
shell); PVP 
in B

ethanol, palmitic 
acid, soya 
phosphatidylcho-
line,

Feshitan et 
al. 2014

Phospholipid-coated OMBs (<14μm); all formulations 
manufactured as PBS solutions; lipid coating mixed with PBS 
(12mg/ml);  O2 is added to the mixture & then emulsified via 
sonication; OMBs collected after centrifuging (~70% O2 volume 
concentrate)

Mixture of lipid coating with PBS 
combined with  100% O2 at 
equal volumetric flow rates 
under U/S

N/A DSPC, 
PEG-40S;

~13nm 
(1% OMB 
volume)

N/A

Fiala et al. 
2020

As above As above N/A As above N/A

OSS/SOS

Onouye et 
al. 2000

“O2 mist protocol” applied postoperatively; combination of sterile 
water, O2 (~93%), and additional solutes; followed by application of 
a cleaner and ointment 6-8 times per day (after O2 mist protocol)

O2 (~93%) was supplied 
continuously during the protocol 
for 15min; delivered at 15L/min 

Chloride, sodium, potassium, 
lactate, acetate, glucose, 
urea, choline, aminoacids, 
and nucleic acid derivatives 

Wheat germ oil, 
paraben 
derivatives, 
PEG-40

Paola et al. 
2006

SOS (Dermacyn® Wound Care, Petaluma, Calif, USA); oxygenated 
saline solution enriched with oxygen and chloride free radicals via 
electrolysis; ORP >800mV; osmolality 13mOsm/Kg

Gauzes soaked in 20mL SOS 
per treatment; changed daily

N/A N/A Sodium hypochlo-
rite, hypochlorous 
acid, NaCl

“Plain OUBs”

Matsuki et 
al. 2012

OMB N/S solution; diameter ~ 20-30μm for the majority of OMBs;

produced after hydrodynamic mixture of O2 (1l/min) with 150ml N/S 
for 15min, at a peak pressure of 1–1.5MPa; after brief U/S for a few 
seconds, majority of OMBs were <10μm in diameter (classified as 
OUBs)

PO2 resulting from 
hydrodynamic mixture:  
1003.2mmHg

N/A N/A N/A

Matsuki et 
al. 2014

4 solutions commonly used in medical practice (N/S, dextran, 
albumin, lipid) were enriched with OUBs; OUBs produced as 
above; this time mixture of O2 (1.5l/min) with 150ml of each solution 
for 15min after brief U/S for 30s, majority of OUB diameters in 
nanoscale <1.5μm

As above N/A N/A; Constituents in 
each solution (N/S, 
dextran, albumin, 
lipid) 
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Ebina et al. 
2013

Distilled water solution enriched with OUBs, produced in 3 steps;

1. hydrodynamic mixture of O2 with distilled water to create OMB 
solution; 2. U/S for a few seconds (~30); 3. hydrodynamic mixture 
of O2 (0.1MPa, 0.7L/min, 3600rpm) with OMB solution & water for 
30min. Diameter: 70% of OUBs <2μm, immediately after 
production; ~60% of OUBs <2μm, 2.5 months after production

100% O2   (0.1MPa, 0.7L/min) 
supplied for all mixtures


N/A N/A N/A

Noguchi et 
al. 2017

N/S solution enriched with OUBs or NUBs (negative control); 

produced in the 3 steps described above;

diameter: filtered at <220nm, immediately after production

As above N/A N/A N/A

Matsuoka 
et al. 2018

N/S solution enriched with OUBs or NUBs (negative control);

produced in the 3 steps described above;

diameter: filtered at <220nm, immediately after production

As above N/A N/A N/A

H2O2 dressings

Tur et al. 
1995

H2O2 cream (Karin Herzog Ltd., Basel, Switzerland); covered by a 
gauge sponge & Bioclusive Transparent Dressing (Johnson & 
Johnson Products, New Brunswick, N.J.)

H2O2 pre-integrated in the cream 
product 

Cream constituents non-significant to the 
oxygenating/healing outcomes

Chandra et 
al. 2015

O2-generating dressing; 4 layers (L1: gelatin-based for cushioning, 
contains MnCl2, L2: O2-generating layer, contains 10mg SPO and 
CPO, in a PVA and PCL polymer matrix; L3: silicone layer; L4: 
outermost layer, PVDC).

L1 absorbs exudate; in this 
aqueous environment, SPO and 
CPO from L2 degrade to release 
O2 via a H2O2 intermediate

MnCl2, SPO, CPO, PVA, PCL, PVDC

Harrison et 
al. 2007

Polymeric O2-generating films, manufactured via a solvent-casting 
process. Mixture of PLGA with SPO, left to dry for 72h

In a moist environment, SPO 
degrades to release O2 via a 
H2O2 intermediate

Methylene chloride (5% w/v) 

Wright et 
al. 2003 O2-generating hydrocolloid dressing (Kaltostat,®

 
Convatec, 

Skillman N J); occlusive, consists of a hydrophilic colloid alginate 
and an embedded inorganic catalyst (manganese dioxide)

By adding a moist oxygenating 
substrate (3% H2O2), the 
inorganic catalyst degrades 
H2O2 to O2 + H2O

Inorganic catalyst (manganese dioxide powder 60 
to 80 μg/cm2)

Dressings pre-loaded with O2

Lairet et al. 
2014

“OxyBand” O2-releasing hydrocolloid dressing (Oxyband 
Technologies, St. Louis, MO), non-adherent on wound bed; top 
layer is a barrier film to drive O2 to the wound; bottom layer is 
porous, facilitating O2 diffusion   

“OxyBand” acts as an O2 

reservoir, supplying the wound 
based on local O2 consumption 
rate; it comes pre-filled with O2 

N/A
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Zellner et 
al. 2014

“OxyGenesys” (OxyGenesysTM; AcryMed Inc, Beaverton, OR, USA) 
closed-foam hydrogel dressing; consisting of a polyacrylamide 
polymer enriched with gaseous O2 during the manufacturing 
process; dressing was pre-moisturized with 1mL N/S before 
application on wound 

Gaseous O2 is supplied in the 
closed cells of the  
polyacrylamide polymer during 
the manufacturing process 

N/A

Guelder et 
al. 2007

Ox66TM (Hemotek, LLC, Plano, TX, USA) poly-oxygenated 
aluminum hydroxide consisting of 66.2% O2; organized as a true 
clathrate with multiple openings to capture molecules; available in 
powder form, which can be dissolved in aqueous solutions at 
various concentrations 

66.2% O2 pre-packed in the 
clathrate structure of Ox66TM 
during manufacturing 

Aluminum (poly-oxygenated aluminum hydroxide), 
chlorine

Kellar et al. 
2013

OxygeneSys O2 foam dressing (Active Group, OxygeneSysTM 
-Continuous, AcryMed, Inc., Beaverton, OR, USA); permeable 
dressing with an O2 reservoir

>95% O2 bubbles “stored” in 
this foam dressing

N/A

Microfluidics-based oxygenating bandage

Lo et al. 
2013

Microfluidic O2 bandage, enabling fast equilibration (0-100% O2 in 
60s); fabricated from PDMS, consists of: 300 mm wide microfluidic 
channels, two O2-filled chambers 10mm in diameter, and a 100mm 
thick gas-permeable PDMS membrane; connected to medical 
grade 100% O2 tanks through the microchannels

Microfluidic O2 bandage (100% 
O2 supplied medical grade O2 
tanks)

PDMS

MACF-based hydrogels saturated with air/O2

Patil et al.  
2016

MAC & MACF dissolved in ultra-pure water to produce hydrogels; 
then mixed with other chemicals at 3000rpm for 2min; washed with 
PBS;  saturated with 100% O2 before application; covered by 
TegadermTM surgical gauge; hydrogels are freeze-dried for storage

MAC & MACF hydrogels (~0.2g 
each) saturated with 100% O2 
for 10 min before application on 
wound; MACF can also 
sequester some O2  from 
atmospheric air

MAC groups, fluorine (in MACF hydrogels), 1-
hydroxycyclohexyl phenyl ketone, 1-vinyl-2-
pyrrolidinone 

Patil et al.  
2018

MACF hydrogel, produced as above; only difference was in the 
duration of saturation with O2 before application: increased to 
30min

MACF hydrogel saturated with 
100% O2 for 30 min before 
application on wound

As above

Patil et al.  
2019

Similar to previous study As above As above

Wijekoon et 
al.  2012

MAC & MACF produced by modifying medium molecular weight 
chitosan; addition of fluorine residues in acetic acid (2% w/w) 
water, fluorinated ligands, & methacrylic anhydride

MACF hydrogels formed as described in previous studies

Cultures with MAC & MACF 
hydrogels were saturated with 
100% O2 for 4 min/24h, for 4 
days in total 

Acetic acid, fluorinated anhydrides, & methacrylic 
anhydride
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Akula et al. 
2017

MACF hydrogels formed as described in previous studies Before saturation with 100% O2 
for 30min, MACF hydrogels 
equilibrated with culture media 
overnight (4°C) 

1-hydroxycyclohexyl phenyl ketone, 1- vinyl-2-
pyrrolidinone

Almeleh et 
al. 2013

Oxygenating hydrogel (under clinical investigation by Ozeion LLC, 
Wilmington, DE) 

N/A N/A

Moen et al. 
2018

Oxy Dressing hydrogel; produced via mixture of Oxy Water (DO~65 
mg/L) with 30% w/w poloxamer 407 powder (Lutrol F127, BASF, 
Ludwigshafen, Germany), at 0oC; 

Oxy Water already saturated 
with 100% O2 during 
manufacturing process

Poloxamer components, acetate buffer (20mM)

H2O2 hydrogels

Queen et 
al. 2007

“Oxyzyme” (OxyzymeTM Sterile Wound Dressing with Iodine; 
Insense Ltd, UK); sterile, occlusive, air-sealed, consists of 2 
hydrogel sheets: 

the first contains glucose, and is placed directly upon the wound 
surface; the second contains glucose oxidase; upon opening and 
exposure to atmospheric O2, H2O2 is produced locally; similarly, 
iodide is converted to molecular iodine for extra disinfection

When the air-sealed packaging 
is opened, O2 from atmospheric 
air induces the oxidation of 
(beta)-D-glucose to D-gluconic 
acid and H2O2; H2O2 converted 
to O2 & H2O upon contact with 
wet/moist wound surface

Iodide (<0.04% w/w), Glucose

Ivins et al. 
2007

“Oxyzyme” dressing As above As above 

Moffaat et 
al. 2014

Oxyzyme dressing; Iodozyme dressing is manufactured similarly, 
yet with higher Iodide content (>0.04% w/w)

As above As above 

Microalgae hydrogels

Chen et al. 
2020

O2-generating hydrogel (AGP); 1mm hydrogel beads containing 
living microalgae & active S. elongatus, which produce O2 and CO2 
via respiration and photosynthesis; a hydrophilic PTFE  membrane 
separates the hydrogel beads from the wound surface; the whole 
dressing is covered by an impermeable polyurethane film. O2 
release required light exposure (620-660nm NIR)

CO2-3 & HCO-3 are pre-supplied 
in the AGP dressing; these are 
converted by the living 
microalgae to O2 and CO2 via 
respiration & photosynthesis

PTFE, polyurethane, CO2, HCO- 

O2 emulsions

Davis et al. 
2007

O2 emulsion in topical cream format (TherOx Inc. Irvine, CA, USA)

PFC droplets encased in a continuous aqueous phase (20 times 
higher O2 solubility than H2O alone); O2 is dissolved in the emulsion 
and stored under pressure; cream formed by the addition of 
emulsifying agents (surfactant oil), to stabilize the dispersed PFC 
droplets

O2 dissolved in the PFC 
emulsion and stored under high 
pressure in small dispensing 
bottles; to prevent rapid de-
saturation in atmospheric 
pressure

PFC, Proprietary surfactant oil (TherOx Inc. Irvine, 
CA, USA)
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Li J et al. 
2013

As above As above As above

Li J et al. 
2015

As above As above As above

Abbreviations: DO, dissolved oxygen; OUPs, oxygen ultra-fine particles; OLNDs, oxygen-loaded nanodroplets; OFNDs, 
oxygen-free nanodroplets; OLNBs, oxygen-loaded nanobubbles; OFNBs, oxygen-free nanobubbles; OSS, oxygen-saturated 
solution; Min, minutes; U/S, ultrasound; O2, oxygen; DFP, 2H,3H-decafluoropentane; PFP, perfluoropentane; PVP, 
polyvinylpyrrolidone; PC, phosphatidylcholine; HEC, hydroxyethylcellulose; UV, ultraviolet radiation; PBS, sodium phosphate 
biphasic/phosphate-buffered saline; OMBs, oxygen microbubbles; NaOH, sodium hydroxide; DSPC, 1,2-distearoyl-sn-
glycero-3-phosphocholine (phospholipid); PEG-40S, polyoxyethylene-40 stearate; ORP, oxidation-reduction potential; OSS, 
oxygen-saturated solution (saline); SOS, super-oxidized solution (saline); NUBs, nitrogen ultra-fine bubbles; L1, layer 1; L2, 
layer 2; L3, layer 3; L4, layer 4; SPO, sodium percarbonate; CPO, calcium peroxide; PVA, polyvinyl alcohol; PCL, 
polycaprolactone; PVDC, polyvinylidene chloride; PLGA, Poly(D,L-lactide–co–glycolide); PDMS, polydimethylsiloxane; 
MACF, fluorinated methacrylamide chitosan modified with perfluorocarbon chains; MAC, methacrylamide chitosan modified 
with perfluorocarbon chains; AGP, algae gel patch; PTFE, polytetrafluoroethylene; NIR, near-infrared; PFC, perfluorocarbon; 
N/S, normal saline (0.9% NaCl); PO2, oxygen partial pressure; OUBs, oxygen ultra-fine bubbles; H2O2, hydrogen peroxide; 
H2O, water; N/A, not available.
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Table S.3: Oxygenating parameters, healing endpoints, and statistically significant outcomes of DO solutions in healing-
related protocols.

First author, 
year

Resulting O2 levels Physical 
conditions

Healing Endpoints Statistically significant healing 
outcomes

OUPs

Magnetto et 
al. 2014

in vitro: Δ[O2] induced with US-activated OLND 
formulation (within 2.25h): ~0.45 mg/L

N/A; most 
experiments 
performed at 37oC

in vitro: 1. DO; 2. O2 penetration though pig skin; in 
vivo: 3. TcPO2, 4. OxyHb

1, 2 (after U/S); 3, 4 (after U/S, 
compared to untreated controls)

Khadjavi et al. 
2015

O2 release in cell culture medium (without U/S 
activation): OLNDs: ~10-16 mg/L (14h-plateau at 
~11 mg/L); OSS: ~8.5-13 mg/L (17h-plateau at <9 
mg/L); OFNDs: <9 mg/L (throughout the study)

N/A; most 
experiments 
performed at 37oC

expression of: 1. MMP-2; 2. MMP-9; 3. TIMP-1; 4. 
TIMP-2

All (restored to normoxic levels)

Pratto et al. 
2015

in vitro: O2 release after UV sterilization, before U/
S application (within 6h): OLNDs (~12-19 mg/L), 
OLNBs (~8-18 mg/L), OSS (~8-14 mg/L);

Δ[O2] induced with US activation (within 2.25h): 
OLNDs (~0.43-0.57 mg/L), OLNBs (~0.34-0.38 
mg/L), OSS (~0.16-0.35 mg/L)

N/A; most 
experiments 
performed at 37oC

in vitro: 1. DO; 2. O2 penetration though pig skin in 
vivo: 3. TcPO2; 4.  OxyHb

1 (in hypoxia for 6h); 2 (after U/S 
for 135min); in vivo: 3 (stable for 
10min), 4 (only with U/S)

Gulino et al. 
2015

Immediately after preparation & 20min after UV 
sterilization of OLND formulation: oxygen storing 
capacity= 400 mg/L (comparable levels in OSS)

N/A; most 
experiments 
performed at 37oC

1. DO; 2. cell viability; 3. MMP-9 expression; 4. 
TIMP-1 expression; 5. TIMP-2 expression

OLNDs safe in vitro; 3, 4

Basilico et al. 
2015

Immediately after preparation & 20min after UV 
sterilization of OLND formulation: oxygen storing 
capacity= 400 mg/L (comparable levels in OSS)

N/A; most 
experiments 
performed at 37oC

1. DO; 2. cell viability; 3. MMP-2 expression; 4. 
MMP-9 expression; 5. TIMP-1 expression; 6. 
TIMP-2 expression; 7. healing parameters 
(migration, ECM invasion, new vessels)

1, 2, 3, 4, 5, 6 (after 24h after 
incubation, 7 (vs. OFNDs only)

Bisazza et al. 
2008

DO~26 mg/L in OMB N/S solution before 
mixtures; 600% increase in [O2] of hypoxic 
solution following mixture (within ~8 min)

Atmospheric 
pressure, 25oC

1. DO; 2. O2 diffusion coefficient; 3. HIF-1α gene 
expression (in JEG-3 cell cultures)

1, 2, 3 (in hypoxia)

Cavalli et al. 
2009 (a)

DO~30 mg/L; in both OUB solutions before 
mixtures, without U/S; DOA= 2.7 mg/L, DOB= 4.6 
mg/L; at 60min, after mixture with hypoxic N/S; 
~20% increase of O2 release to hypoxic N/S from 
formula A after 10 min of U/S application

Atmospheric 
pressure, 25oC

1. DO changes after mixture over 60min with both 
formulas; 2. % increase in DO 10min after U/S in 
formulation A; 3. HIF-1α gene expression (only with 
A, without U/S)

1, 2, 3
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Cavalli et al. 
2009 (b)

at 3h: after mixture with moderate-hypoxia N/S: 
formulation A ~5.7 mg/L; formulation B ~6.2 mg/
L; after mixture with severe-hypoxia N/S: 
formulation A ~4.5 mg/L; formulation B ~3.8 mg/
L; up to 133% increase in O2 release to severe-
hypoxia N/S with US-activated formulation A 
within 10 min

Atmospheric 
pressure, 25oC

1. DO after mixtures of A,B with hypoxic N/S 
solutions (5, 30, 60, & 180 min after OUB 
production); 2. DO in A before and after U/S

1 (more after mixture with 
severely- hypoxic N/S), 2 (higher, 
faster increase)

Feshitan et al. 
2014

~107mL of OMB solution infused (70% O2 
volume) IP; stored at P=1atm, θ=4oC for 2-3 days

in vivo 
experiments at 
37oC

1. 2h-survival following acute lung injury; 2. HR, 
SaO2

1 (100%), 2 (normal in treatment 
group during 2h)

Fiala et al. 
2020

As above As above 1. 48h-survival following acute lung injury; 2. SpO2; 
3. post-mortem wet/dry ratio (edema); 4. healing 
parameters on histology (hemorrhage, edema, 
inflammation scores)

1, 2, 3(only between IP OMB & 
no treatment groups), 4 
(inflammation only)

OSS/SOS

Onouye et al. 
2000

N/A Atmospheric 
pressure & room 
temperature

1. healing rate; 2. healing effectiveness (observed 
tissue restoration) assessment based only on 
photographs; evaluated by 18 investigators

1, 2; only during treatment (until 
day 5 postop)

Paola et al. 
2006

N/A Atmospheric 
pressure & room 
temperature

1. bacterial load (number of strains); 2. healing time 
(days); 3. type of surgical therapy; 4. frequency of 
skin dehiscence post-infection; 5. skin reaction

1, 2, 5

“Plain OUBs”

Matsuki et al. 
2012

PO2 = 1003.2mmHg in ultra-pure water enriched 
with OMBs at 3min after dilution: PO2= 
81.9mmHg (10% dilution); PO2 = 110.4mmHg 
(30% dilution); PO2 = 166.7mmHg (50% dilution)

1–1.5MPa, 25oC 1. PO2 in N/S solutions after OMB administration 
(pre-mixture PO2 ~ 65mmHg); 2. PO2 after mixture 
of OMB N/S solution with hypoxic swine blood at 
10,20,30, & 50% dilution ratios

1, 2 (dose-dependent PO2 
increase)

Matsuki et al. 
2014

PO2 = 1053.3mmHg in ultra-pure water enriched 
with OUBs 2min after dilution: PO2 = 84.4mmHg 
(10% dilution); PO2 = 115.8mmHg (30% dilution)

PO2 = 179mmHg (50% dilution)

1–1.5MPa, 25oC 1. PO2 in solutions before mixtures with hypoxic 
swine blood; 2. PO2 after mixtures with hypoxic 
swine blood (pre-mixture PO2 ~ 65mmHg)

1, 2 (dose-dependent increase in 
PO2 in all mixtures)

Ebina et al. 
2013

DO = 31.7 mg/L immediately after production;

DO = 8.7 mg/L at 5h after production; maintained 
for 70 days

0.1 MPa, stable at 
4oC for 70 days, 
given at 25oC

1. DO in OUB-enriched water over 70 days; 2. 
changes in mouse body weight, length, & amounts 
of food intake

1, 2
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Noguchi et al. 
2017

DO = 18.0 mg/L; 

30min after production in OUB N/S

0.1 MPa, stable at 
4oC for 70 days, 
given at 25oC

in vitro: 1.osteoclast number;  2. bone resorption by 
osteoclasts; in vivo: 3. DO in each solution; 4. bone 
preservation (bone mass/bone resorption); 5. 
decrease in osteoclast number

1 & 2 (dose-dependent); 3, 4, 5

Matsuoka et 
al. 2018

DO = 18.0mg/L 30min after production in OUB N/
S

0.1 MPa, stable at 
4oC for 70 days, 
given at 25oC

in vitro: 1. DRG neurite outgrowth; 2. SC 
differentiation, proliferation, growth-factor 
expression, proliferation & apoptosis under hypoxia 
(1% O2); in vivo: 3. motor & sensory recovery, 4. 
NCV, 5. re-myelination

1, 2 (dose dependent), 3, 4, 5

Abbreviations: DO, dissolved oxygen; DO, dissolved oxygen; Δ[O2], change in oxygen levels; OUPs, oxygen ultra-fine particles; 
OLNDs, oxygen-loaded nanodroplets; OFNDs, oxygen-free nanodroplets; OLNBs, oxygen-loaded nanobubbles; OFNBs, oxygen-
free nanobubbles; OSS, oxygen-saturated solution; TcPO2, transcutaneous oxygen partial pressure; U/S, ultrasound; OxyHb, 
oxyhemoglobin; MMP, matrix metalloproteinases; TIMP, tissue inhibitors of metalloproteinases; ECM, extracellular matrix; OMBs, 
oxygen microbubbles; [O2], oxygen concentraction; HIF-1α, Hypoxia Inducible Factor 1α; IP, intraperitoneal administration; HR, 
heart rate; SaO2, hemoglobin O2 saturation; SpO2, hemoglobin O2 saturation in the peripheral blood; DRG, dorsal-root ganglion; 
SC, Schwann cells; NCV, nerve conduction velocity; UV, ultraviolet radiation; SOS, super-oxidized solution (saline); N/S, normal 
saline (0.9% NaCl); O2, oxygen; PO2, oxygen partial pressure; OUBs, oxygen ultra-fine bubbles; N/A, not available; Min, minutes..
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Table S.4: Oxygenating parameters, healing endpoints, and statistically significant outcomes of O2 dressings in 
healing-related protocols.

First 
author, 
year

Resulting O2 levels Physical parameters Healing Endpoints Statistically significant 
healing outcomes

H2O2 dressings

Tur et al. 
1995

N/A; study evaluated changes 
in vascular perfusion

Atmospheric pressure, 
room temperature

1. wound surface area (% of non-necrotic wound surface); 2. 
vascular perfusion (blood flow) in wound area

1st : 2 ; 2nd : 2 (dose-
dependent)

Chandra et 
al. 2015

N/A; dressing replaced every 
3-4 days to “renew” O2 supply

Room temperature 1. % wound closure; 2. re-epithelialization; 3. dermis collagen 
content; 4. epidermal thickness; 5. neovascularization

1, 2, 3, 4

Harrison et 
al. 2007

Sigmoidal curve towards a 
maximum of 121ml of O2 per 
gram of SPO (in vitro)

Atmospheric pressure, 
37oC 

1. re-epithelialization; 2. flap survival/necrosis; 3. preserved skin 
architecture; 4. local inflammation; 5. wound breaking strength

2 (only at days 2 & 3)

3 (days 3 & 7)

Wright et 
al. 2003

Intermittent increase in PO2; 
depending on substrate 
consumption rate

Atmospheric pressure, 
room temperature

1. wound surface area; 2. bacterial load (quantification) 1, 2

Dressings pre-loaded with O2

Lairet et al. 
2014

N/A Applied at atmospheric 
pressure & room 
temperature

1. time to healing (90% or more re-epithelialization); 2. pain score; 
3. cosmetic result

1, 2

Zellner et 
al. 2014

N/A Applied at atmospheric 
pressure & room 
temperature

1. clinical assessment of healing (drainage volume, flap erythema, 
skin sloughing, drainage on previous dressings)

2. histological evaluation of healing (inflammation, ischemia, 
necrosis, bacterial load, fibrosis)

1, 2 (except for SC 
necrosis & SC fibrosis 
in the most ischemic 
flap zones) 

Guelder et 
al. 2007

Depends on Ox66TM 

concentration in each solution 
Applied at atmospheric 
pressure & room 
temperature

1. toxicity; 2. recovery (cell viability & proliferation); 3. cell migration 
rate upon scratch test

No toxicity; 2 (at 
specific concentration 
ranges), 3

Kellar et al. 
2013

N/A Atmospheric pressure & 
room temperature

1. clinical assessment of skin (hydration, desquamation, 
roughness, texture); 2. histology/gene expression to evaluate 
inflammation, structural skin proteins (collagen I, elastin, filaggrin), 
safety (p53 protein)

1, 2 
No toxicity (safe)

Microfluidics-based oxygenating bandage
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Lo et al. 
2013

Equilibration of multiple 
concentrations (10-100%) via 
the PDMS membrane within 
60s

Atmospheric pressure & 
room temperature

in vitro: (1) local O2 delivery in 60s; in vivo: (2) collagen maturation 
in wound bed; (3) total collagen amount  (measurement of 
hydroxyproline); (4) microvasculature (CD31 staining); (5) wound 
surface area; (6) wound oxygenation

2 (compared to 
untreated diabetics), 6 
(at days 3 & 14)

Abbreviations: O2, oxygen; H2O2, hydrogen peroxide; L1, layer 1; L2, layer 2; SPO, sodium percarbonate; L3, layer 3; L4, 
layer 4; N/S, normal saline (0.9% NaCl); PEG-40, Polyethylene Glycol; PDMS, polydimethylsiloxane; SC, subcutaneous; 
PO2, oxygen partial pressure; N/A, not available/applicable.
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Table S.5: Oxygenating parameters, healing endpoints, and statistically significant outcomes of O2 hydrogels in 
healing-related protocols.

First author, 
year

Resulting O2 levels Physical 
parameters

Healing Endpoints Statistically significant 
healing outcomes

MACF-based hydrogels saturated with air/O2 

Patil et al.  
2016

Right after saturation of 0.2g hydrogel: 
PO2 with MACF: 265.0 ± ‎9.5 mmHg; O2 
delivery significantly more efficient with 
MACF

PO2 measured at 
atmospheric 
pressure, 37oC

1. re-epithelialization; 2. collagen synthesis 1 (no difference between 1/5 
and 2/5), 2

Patil et al.  
2018

N/A Applied at room 
temperature & 
pressure

1. re-epithelialization; 2. collagen synthesis; 3. 
angiogenesis; 4. collagen maturation; 5. 
hydroxyproline synthesis; 6. keratinocyte maturation

1, 5 (only compared to control 
dressing); 4 (only compared to 
MACF-only hydrogel)  

Patil et al.  
2019

N/A As above 1. re-epithelialization; 2. collagen synthesis; 3. 
angiogenesis; 4. regenerated skin maturation; 5. 
accumulation of MACF degradation products in vital 
organs over 14 days

2, 4 
5: not detected

Wijekoon et al.  
2012

Highest with the most fluorine residues 
(15): PO2 = 134.20 ± ‎3.73 mmHg; gradually 
increasing PO2, reached the above value 
at day 5; equilibrium for 1 more day 

Cells cultured at 
37oC, atmospheric 
pressure

1. time to maximum O2 uptake; 2. duration of O2 
release; 3. PO2 achieved via O2 release; 4. cellularity 
(number of cells); 5. Cells metabolism

all higher with the highest 
number of fluorine residues 
added (15)

Akula et al. 
2017

Highest PO2 at 2h: 233.8± ‎9.9 mmHg; 
gradually decreased to a plateau at 20h; 
maintained for 48h

Cells cultured at 
37oC, atmospheric 
pressure

1. PO2; 2. cell metabolism; 3. cell migration; 4. 
cellularity (number of cells); 5. protein synthesis; 6. 
DNA synthesis; 7. ATP synthesis

1, 2, 3, 4, 5 7

Almeleh et al. 
2013

N/A Applied at room 
temperature & 
pressure

1. time to complete healing 3-7 days

Moen et al. 
2018

DO >22mg/L for at least 30 hours (upon in 
vitro testing, at 35oC); DO >30mg/L; stable 
for 3 months when stored at 5 & 23oC)

Atmospheric 
pressure

1. intracellular ATP; 2. reactive oxygen species 
formation; 3. HSF proliferation rate; 4. HSF viability

1;

2, 3, 4 remained stable

H2O2 hydrogels

Queen et al. 
2007

N/A Applied at room 
temperature & 
pressure

1. wound closure all fully healed at 4 weeks
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Ivins et al. 
2007

N/A As above 1. wound closure 4/6 fully healed at 6 weeks

Moffaat et al. 
2014

N/A As above 1. healing outcomes; 2. quality of life; 3. adverse 
events; 4. High MMP & protease activity; 5. cost-
effectiveness

4 (improved & faster healing), 5

Microalgae hydrogels

Chen et al. 
2020

in vitro: DO~600μM, measured at 37oC 
after 30min of NIR exposure; DO~1000μM, 
measured after storage at 4°C under NIR 
conditions; remained stable for 15 days; 
absence of S. elongatus  did not 
significantly affect DO  

Room temperature 
& pressure in vivo 

NIR light exposure 
of applied AGP for 
30-60min

in vitro: 1. DO penetration through mouse skin 
samples; 2. HIF-1α expression; 3. cell migration; 4. 
tube formation; 5. immune reactivity;  6. cell 
proliferation. in vivo: 7. re-epithelialization; 8. collagen 
synthesis; 9. angiogenesis (CD31, CD68, & HIF-1α 
expression); 10. immune reactivity (iNOS, GSK); 11: 
cell migration (β-catenin)

All

Abbreviations: MACF, fluorinated methacrylamide chitosan modified with perfluorocarbon chains; O2, oxygen; PO2, oxygen 
partial pressure; H2O2, hydrogen peroxide; DO, dissolved oxygen concentration; HSF, Human embryonic stem cells; MMP, 
matrix metalloproteinases; NIR, near-infrared; AGP, alga-gel patch; HIF-1α, Hypoxia Inducible Factor 1α; iNOS, Nitric oxide 
synthase; GSK, Glycogen synthase kinase 3 beta; N/A, not available/applicable.
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Table S.6: Oxygenating parameters, healing endpoints, and statistically significant outcomes of O2 emulsions in healing-
related protocols.

First 
author, 
year

Resulting O2 levels Physical parameters Healing Endpoints Statistically 
significant healing 
outcomes

O2 emulsions 

Davis et al. 
2007

Immediately before dispensation, DO = 2ml 
O2 per ml of emulsion (standard temperature 
& pressure)

Stored under pressure in small 
bottles before dispensing, 
room temperature

1. re-epithelialization rate (time to complete closure) 1

Li J et al. 
2013

As above As above 1. quantification of type I collagen, type III collagen, & 
VEGF; 2. histology for granulation tissue formation, re-
epithelialization, angiogenesis

1 (peaked at day 7), 
2 (highest difference 
until day 4)

Li J et al. 
2015

As above; 

TcPO2 = 25 mmHg (at day 4), 22 mmHg at 
day 7

As above 1. quantification of type I collagen, type III collagen, & 
VEGF; 2. histology for granulation tissue formation, re-
epithelialization, angiogenesis3. TcPO2 at wound sites

All; except collagen 
type I

Abbreviations: O2, oxygen; DO, dissolved oxygen; VEGF, vascular endothelial growth factor; TcPO2, transcutaneous oxygen 
partial pressure.
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Table S.7: Statistical analysis of DO concentrations in the plain DOS versus the N/S solution in Phase 1 experiments.

Descriptive statistics
[DO]_PDOS [DO]_NS

N Valid 14 14

Missing 0 0

Mean 22.875 6.787

Median 21.705 6.750

Std. Deviation 3.658 0.214

Variance 13.378 0.046

Range 13.690 0.820

Minimum 17.070 6.410

Maximum 30.760 7.230

Group Statistics
GROUP N Mean Std. Deviation Std. Error Mean

TIMES [DO]_PDOS 14 22.875 3.658 0.978

[DO]_NS 14 6.787 0.214 0.057

Independent Samples Test
Levene's Test for 

Equality of Variances
t-test for Equality of Means

F Sig. t df Sig. (2-
tailed)

Mean 
Difference

Std. Error 
Difference

95% Confidence Interval of 
the Difference

Lower Upper

TIMES Equal 
variances 
assumed

27.162 0.000 16.430 26.000 0.000 16.088 0.979 14.075 18.101
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Equal 
variances not 
assumed

16.430 13.089 0.000 16.088 0.979 13.974 18.202

Independent Samples Effect Sizes
Standardizera Point Estimate 95% Confidence Interval

Lower Upper
TIMES Cohen's d 2.591 6.210 4.365 8.033

Hedges' correction 2.669 6.029 4.237 7.799
Glass's delta 0.214 75.168 46.647 103.696

a. The denominator used in estimating the effect sizes.

Cohen's d uses the pooled standard deviation.

Hedges' correction uses the pooled standard deviation, plus a correction factor.

Glass's delta uses the sample standard deviation of the control group.

Table S.7 Notes: An independent-samples t-test was conducted to compare the DO concentrations between the plain DOS 
formulation and the control N/S solution. The test results showed a significant difference in the mean DO concentrations between 
the plain DOS group (M = 22.87, SD = 3.66), and the regular N/S control group (M = 6.79, SD = 0.21), with Cohen’s d= 6.2, which 
indicates a large effect size. Details regarding the corresponding descriptive statistics, and the parameters of the independent-
samples t-test are included in the tables above. Abbreviations: DO, dissolved oxygen; pDOS, plain dissolved oxygen solution; N/
S, normal saline solution 0.9% NaCl; [DO], dissolved oxygen concentration in mg/L; N, statistical sample size; M, mean; SD, 
standard deviation.
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Table S.8: Detailed in vivo safety, tolerability, and adverse-event data per experimental group, in the IV, LO, PO, and CO 
groups during Phase 1 experiments.

Safety/tolerability 
endpoint

Day -2 Day -1 Day 0 Day 2 Day 3 Day 7 Day 9 Day 10

Well-being & tolerability parameters
Body weight  
(median; IQR) IV 26,00; 5,00 26,00; 6,50 26,00; 3,00

LO 24,00; 5,00 25,00; 5,00 25,00; 4,00

PO 25,00; 5,00 26,00; 5,00 26,00; 2,50

CO 25,00; 7,00 25,00; 5,00 24,00; 6,00

Food intake 1 
(mean ± SD) IV 4,95 ± 0,24 4,94 ± 0,18 5,01 ± 0,16

LO 5,03 ± 0,21 5,07 ± 0,22 5,09 ± 0,20

PO 5,10 ± 0,20 4,99 ± 0,22 4,94 ± 0,11

CO 5,00 ± 0,21 5,04 ± 0,20 5,12 ± 0,16

Water intake 1 
(mean ± SD) IV 8,99 ± 0,94 8,80 ± 1,10 8,53 ± 0,92

LO 11,14 ± 1,76 10,94 ± 1,48 10,45 ± 1,17

PO 11,02 ± 1,87 11,37 ± 1,12 10,51 ± 2,26

CO 13,20 ± 2,47 13,00 ± 2,21 13,28 ± 3,12

Burrowing behavior 
2 
(median; IQR)

IV 26,25%; 2,50% 26,75%; 1,75% 27,00%; 2,50% 27,50%; 1,75%

LO 26,75%; 2,75% 27,25%; 2,50% 27,50%; 2,25% 27,25%; 2,25%
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PO 28,75%; 1,75% 28,00%; 1,50% 28,00%; 2,25% 28,25%; 1,00%

CO 25,25%; 2,50% 25,50%; 1,75% 26,25%; 1,75% 26,25%; 1,25%

Spontaneous  
behavior 3 
(mean ± SD)

IV 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

LO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

PO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

CO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Posture 3 

(mean ± SD) IV 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

LO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

PO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

CO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Breathing 3 

(mean ± SD) IV 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

LO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

PO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Safety/tolerability 
endpoint

Day -2 Day -1 Day 0 Day 2 Day 3 Day 7 Day 9 Day 10
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CO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Behavior after 
provocation/
weighing 3 

(mean ± SD)

IV 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

LO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

PO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

CO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Movement after 
provocation/
weighing 3 

(mean ± SD)

IV 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

LO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

PO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

CO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Coat condition 3 

(mean ± SD) IV 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

LO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

PO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Safety/tolerability 
endpoint

Day -2 Day -1 Day 0 Day 2 Day 3 Day 7 Day 9 Day 10
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CO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Body condition 3 

(mean ± SD) IV 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

LO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

PO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

CO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Eye condition 3 

(mean ± SD) IV 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

LO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

PO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

CO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Wound condition 3 

(mean ± SD) IV 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

LO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

PO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Safety/tolerability 
endpoint

Day -2 Day -1 Day 0 Day 2 Day 3 Day 7 Day 9 Day 10
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CO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Serious adverse events
Death 4 
(number of events) IV N/A N/A 0 0 0 0 0 0

LO N/A N/A 0 0 0 0 0 0

PO N/A N/A 0 0 0 0 0 0

CO N/A N/A 0 0 0 0 0 0

Local inflammation/
infection persisting 
for >24h 4 
(number of events)

IV N/A N/A 0 0 0 0 0 0

LO N/A N/A 0 0 0 0 0 0

PO N/A N/A 0 0 0 0 0 0

CO N/A N/A 0 0 0 0 0 0

Non-healing 
cutaneous wounds/
ulcers 4 (number of 
events)

IV N/A N/A 0 0 0 0 0 0

LO N/A N/A 0 0 0 0 0 0

PO N/A N/A 0 0 0 0 0 0

CO N/A N/A 0 0 0 0 0 0

Hemorrhage from 
any orifice, not 
responding to 
treatment 4 (number 
of events)

IV N/A N/A 0 0 0 0 0 0

LO N/A N/A 0 0 0 0 0 0

PO N/A N/A 0 0 0 0 0 0

CO N/A N/A 0 0 0 0 0 0

Water consumption 
<5mL for >24h IV N/A N/A 0 0 0 0 0 0

Safety/tolerability 
endpoint

Day -2 Day -1 Day 0 Day 2 Day 3 Day 7 Day 9 Day 10
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(number of events) LO N/A N/A 0 0 0 0 0 0

PO N/A N/A 0 0 0 0 0 0

CO N/A N/A 0 0 0 0 0 0

Decrease in body 
mass ≥15% of Day 0 
value 4 
(number of events)

IV N/A N/A 0 0 0 0 0 0

LO N/A N/A 0 0 0 0 0 0

PO N/A N/A 0 0 0 0 0 0

CO N/A N/A 0 0 0 0 0 0

Abnormal physique 
& behavior 4 (number 
of events)

IV N/A N/A 0 0 0 0 0 0

LO N/A N/A 0 0 0 0 0 0

PO N/A N/A 0 0 0 0 0 0

CO N/A N/A 0 0 0 0 0 0

Safety/tolerability 
endpoint

Day -2 Day -1 Day 0 Day 2 Day 3 Day 7 Day 9 Day 10

O2-nanobubbles enhance wound healing & skin regeneration in vivo ￼  177

Table S.8 Notes: To enhance visibility, the mean ± SD/median with IQR/absolute number of events are presented per 
experimental group in Phase 1. The recorded data for each individual mouse from each group at each corresponding time-point, 
are available upon request. The following safety and tolerability endpoints were monitored for each mouse on a daily basis: 
spontaneous behavior, posture, breathing, behavior after provocation/weighing, movement after provocation/weighing, along with 
the condition of the coat, body, eyes, and wounds. Day 0 represents the day when the excisional wounds were created on each 
mouse’s dorsum, and thus, the starting point the in vivo experiment. 1, evaluation methods, time-points, and grading/scoring 
systems adapted from Hohlbaum et al., 2018; 2, evaluation methods, time-points, and grading/scoring systems adapted from 
Deacon, 2006; 3, evaluation methods, time-points, and grading/scoring systems adapted from Arras et al., 2007; 4, evaluation 
methods, time-points, and grading/scoring systems adapted from the National Research Council, Humane Endpoints for Animals 
in Pain, 2009. Abbreviations: SD, standard deviation;  IQR, interquartile range; IV, intravenous administration retro-orbitally; PO, 
per os intake ad libitum; LO, local administration by washing the wound surface with a syringe; CO, negative controls; N/A, not 
applicable.



Table S.9: Overview of descriptive statistics, one-way ANOVA tests, and post hoc tests applied to evaluate the effects of 
plain DOS treatment on macroscopic VC (in mm2/days).

VC IV LO PO CO ANOVA Post Hoc

M SD M SD M SD M SD

Days 0-7 
1 5.51 1.64 3.42 1.01 4.31 1.01 3.37 0.81

Ordinary one-way ANOVA

(F(3, 28) = 5.99, p = 0.003) Tukey’s HSD test 

Days 
0-10 2

4.84 1.21 3.30 0.47 3.60 0.78 3.32 0.51
Brown-Forsythe (F*(3.00, 17.38) = 

6.69, p = 0.003); Welch 
(W(3.00,14.98) = 3.74, p = 0.035)

Dunnett's T3 multiple comparisons 
test

Days 3-7 
1 6.50 2.21 5.15 1.76 6.00 1.81 3.64 1.58

Ordinary one-way ANOVA

(F(3, 28) = 3.65, p = 0.024) Tukey’s HSD test 

Days 
3-10 1 5.12 1.44 4.23 0.71 4.25 1.17 3.45 0.92

Ordinary one-way ANOVA

(F(3, 28) = 3.10, p = 0.043) Tukey’s HSD test 

Days 
7-10 1 3.28 1.34 3.00 2.39 1.93 0.97 3.52 2.06

Ordinary one-way ANOVA

(F(3, 28) = 1.23, p = 0.319) Tukey’s HSD test

M Rank M Rank M Rank M Rank

Days 0-3 
3 35.75 33.72 30.13 30.41

Kruskal-Wallis H test 

(Kruskal-Wallis statistic (x2) = 1.02; p 

= 0.797)

Dunn’s multiple comparisons test 

(CO vs. IV, MR diff. = -5.34, p > 

0.999; 

CO vs. PO, MR diff. = 0.28, p > 

0.999; 

CO vs. LO, MR diff. = -3.31, p > 

0.999)
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Table S.9 Notes: The mean values or mean rank values are presented for each timeframe. The mean values were incorporated in 
the calculations of the corresponding mean ranks illustrated. Day 0 represents the time-point when all excisional wounds were 
created in vivo. Between day 0 and day 7, a Tukey’s HSD test showed that the mean VC of the IV group was significantly higher 
that the one in the CO group (p = 0.005); meanwhile, there were no significant differences between the mean VCs of the PO and 
CO groups (p = 0.388), or between the LO and the CO groups (p > 0.999). From day 0 to 10, a Dunnett's T3 multiple comparisons 
test indicated that the mean VC of the IV group was significantly higher that the one of the CO group (p = 0.049); meanwhile, no 
significant differences were found between the mean VCs of the PO and CO groups (p = 0.945), or between the LO and the CO
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Table S.9 Notes (continued): groups (p > 0.999). From day 3 to 7, a Tukey’s HSD test showed that the mean VC of the IV group 
was significantly higher that the one in the CO group (p = 0.022); meanwhile, there was a non-significant trend elevation in the 
mean VC of the PO versus the CO group (p = 0.075), and a non-significant difference in the VCs of the LO and the CO groups (p = 
0.377). From day 3 to day 10, a Tukey’s HSD test showed that the mean VC of the IV group was significantly higher that the one in 
the CO group (p = 0.024); meanwhile, there were no significant differences between the mean VCs of the PO and CO groups (p = 
0.468), or between the LO and the CO groups (p = 0.494). No significant differences in VC were observed between any of the 
groups from day 0 to day 3, or from day 7 to day 10. 1 post hoc analyses performed with Tukey’s HSD test, as the corresponding 
data followed a normal distribution with homogenous variance. 2, dataset analyzed using Brown-Forsythe and Welch ANOVA tests 
followed by post hoc analyses with Dunnett's T3 multiple comparisons test, as the values followed a normal distribution with non-
homogenous variance. 3, the corresponding data were analyzed using the non-parametric Kruskal-Wallis H test, as it did not fulfill 
the normality and homogeneity of variance criteria required to apply a parametric test. Abbreviations: ANOVA, analysis of 
variance; DOS, dissolved oxygen solution; IV, intravenous administration retro-orbitally; LO, local administration by washing the 
wound surface with a syringe; PO, per os intake ad libitum; CO, negative controls; VC, velocity of wound closure (in mm2/days); 
M, mean; SD, standard deviation; HSD, honest significant difference; M Rank, mean rank; MR diff., mean rank difference.



Table S.10: Overview of descriptive statistics, one-way ANOVA tests, and post hoc tests used to evaluate the effects of plain 
DOS treatment on wound re-epithelialization (% epithelialization ratio, % ER) histopathologically.

% ER IV LO PO CO ANOVA Post Hoc

M SD M SD M SD M SD

Day 3 25.83 10.36 19.68 4.67 24.58 10.75 12.14 5.08
Ordinary one-way ANOVA

(F(3, 28) = 4.56, p = 0.010) Tukey’s HSD test 

M Rank M Rank M Rank M Rank

Day 
10 17.00 15.38 17.13 16.50

Kruskal-Wallis H test

(Kruskal-Wallis statistic (x2) = 

0.17; p = 0.982)

Dunn’s multiple comparisons test 

(CO vs. IV, MR diff. = -0.50, p > 

0.999; 

CO vs. PO, MR diff. = -0.63, p > 

0.999; 

CO vs. LO, MR diff. = 1.13, p > 

0.999)
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Table S.10 Notes: The mean values or mean rank values are presented for each time-point. The mean values were incorporated in 
the calculations of the corresponding mean ranks illustrated. The time-point when all excisional wounds were created in vivo, is 
day 0. At day 3, a Tukey’s HSD test showed that the mean % ER of the IV group was significantly higher than the one in the CO 
group (p = 0.012), and that the mean % ER of the PO group was significantly higher than the one in the CO group (p = 0.026). 
Meanwhile, there was no significant difference between the mean % ERs of the LO and CO groups (p = 0.280). At day 10, a 
Dunn’s multiple comparisons test showed that there is no significant difference in % ER among the different routes of plain DOS 
administration (experimental groups), x2 = 0.17, p = 0.982, with a mean rank % ER of 17.00 for IV administration, 15.38 for LO 
administration, 17.13 for PO intake, and 16.50 for the untreated CO. These data from day 10, demonstrating the successful re-
epithelialization of the wounds in all experimental groups, indicate that plain DOS administration has no negative effect on the 
normal progression of the healing mechanism. Abbreviations: ANOVA, analysis of variance; DOS, dissolved oxygen solution; IV, 
intravenous administration retro-orbitally; LO, local administration by washing the wound surface with a syringe; PO, per os intake 
ad libitum; CO, negative controls; % ER, percentage epithelialization ratio; M, mean; SD, standard deviation; HSD, honest 
significant difference; M Rank, mean rank; MR diff., mean rank difference.






Table S.11: Overview of descriptive statistics, one-way ANOVA on ranks (Kruskal-Wallis H test), and post hoc tests used to 
evaluate the effect of plain DOS treatment on collagen deposition (% collagenation ratio, % CR), histopathologically.

% CR IV LO PO CO ANOVA (Kruskal-
Wallis)

Post Hoc

M Rank M Rank M Rank M Rank

Day 10 23.31 9.38 23.94 9.38
Kruskal-Wallis H test 


(Kruskal-Wallis statistic 
(x2) = 18.48; p = 0.0003)

Dunn’s multiple comparisons test 

(CO vs. IV, MR diff. = -13.94, p = 0.018; 

CO vs. PO, MR diff. = -14.56, p = 0.011; 

CO vs. LO, MR diff. = 0.00, p > 0.999)

Table S.11 Notes: The mean values were incorporated in the calculations of the corresponding mean ranks illustrated. The time-
point when all excisional wounds were created in vivo, is day 0. At day 10, a Kruskal-Wallis H test indicated a significant difference 
in % CR among the different routes of plain DOS administration (experimental groups), x2 = 18.48, p = 0.0003, with a mean rank 
% CR of 23.31 for IV administration, 9.38 for LO administration, 23.94 for PO intake, and 9.38 for the untreated CO. Subsequently, 
a post-hoc Dunn’s multiple comparisons test showed that the mean rank % CR of the IV group was significantly higher than that 
of the CO group (p = 0.018), and that the mean rank % CR of the PO group was significantly higher than that of the CO group (p = 
0.011). Meanwhile, there was no significant difference between the mean rank % CR of the LO group compared to that of the CO 
group (p > 0.999). Abbreviations: ANOVA, analysis of variance; DOS, dissolved oxygen solution; IV, intravenous administration 
retro-orbitally; LO, local administration by washing the wound surface with a syringe; PO, per os intake ad libitum; CO, negative 
controls; % CR, percentage collagenation ratio; M Rank, mean rank; MR diff., mean rank difference.
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Abbreviations: DO, dissolved oxygen; DOS, dissolved oxygen solution; IV, intravenous administration retro-orbitally.

Table S.12: DO dosage (mg) delivered via plain DOS administration in the IV group during Phase 1 experiments.
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Table S.13: DO dosage (mg) delivered via plain DOS intake in the PO group during Phase 1 experiments.

Abbreviations: DO, dissolved oxygen; DOS, dissolved oxygen solution; PO, per os intake ad libitum.



Table S.14: Statistical analyses of DO concentrations in the ONBW versus the N/S solution used as control comparator, in 
Phase 2 experiments.

Tests of Normality

GROUPS
Kolmogorov-Smirnova Shapiro-Wilk

Statistic df Sig. Statistic df Sig.
TIMES [DO] in ONBW 0.176 14 .200* 0.922 14 0.232

[DO] in control 0.225 14 0.052 0.865 14 .036

*. This is a lower bound of the true significance.
a. Lilliefors Significance Correction

Descriptive statistics
[DO]_ONBW [DO]_NS

N Valid 14 14

Missing 0 0

Mean 22.4371 7.7664

Median 21.0750 7.8850

Std. Deviation 4.71779 0.40182

Variance 22.258 0.161

Maximum 31.47 8.18

Independent-Samples Mann-Whitney U Test Summary

Total N 28
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Mann-Whitney U 0.000

Wilcoxon W 105.000

Test Statistic 0.000

Standard Error 21.761

Standardized Test Statistic -4.503

Asymptotic Sig.(2-sided test) 0.000

Exact Sig.(2-sided test) 0.000

Table S.14 Notes: Based on the sample size (n<50), normality was assessed using the Shapiro-Wilk test. Since the 
measurements in the N/S (control) group did not follow a normal distribution, the Mann-Whitney U test was selected to evaluate 
whether DO concentrations differed between the ONBW formulation and the control N/S solution. The test results showed a 
significant difference in DO concentrations between the ONBW (M Rank= 21.5) and the N/S solution (M Rank=7.5). The tables 
above present detailed data on normality testing, descriptive statistics, and the parameters of the Mann-Whitney U test. 
Abbreviations: DO, dissolved oxygen; ONBW, oxygen nanobubble-enriched water; N/S, normal saline solution 0.9% NaCl; [DO], 
dissolved oxygen concentration in mg/L; N, statistical sample size.
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Table S.15: Detailed in vivo safety, tolerability, and adverse-event data per experimental group, in the IV, PO, and CO groups 
during Phase 2 experiments.

Safety/tolerability 
endpoint

Day -2 Day -1 Day 0 Day 2 Day 3 Day 7 Day 9 Day 10

Well-being & tolerability parameters
Body weight  
(median; IQR) IV 28,00; 6,00 27,00; 7,00 27,00; 6,00

PO 26,00; 6,00 25,00; 8,00 27,00; 6,00

CO 25,00; 6,00 25,00; 6,00 26,00; 8,00

Food intake 1 
(mean ± SD) IV 5,07 ± 0,21 5,10 ± 0,22 5,17 ± 0,11

PO 5,05 ± 0,23 5,03 ± 0,23 5,19 ± 0,17

CO 5,01 ± 0,26 5,05 ± 0,21 5,17 ± 0,24

Water intake 1 
(mean ± SD) IV 9,14 ± 1,03 9,81 ± 1,02 10,68 ± 1,44

PO 9,60 ± 1,72 9,79 ± 2,09 10,83 ± 1,33

CO 9,75 ± 2,27 10,33 ± 2,52 10,94 ± 2,45

Burrowing behavior 
2 
(median; IQR)

IV 24,25%; 2,00% 24,00%; 1,50% 24,75%; 1,75% 26,25%; 2,50%

PO 24,00%; 1,50% 24,00%; 1,00% 25,00%; 1,50% 26,50%; 1,00%

CO 24,00%; 1,75% 23,50%; 1,25% 24,75%; 1,50% 26,50%; 1,50%

Spontaneous  
behavior 3 
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Spontaneous  
behavior 3 
(mean ± SD)

IV 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

PO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

CO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Posture 3 

(mean ± SD) IV 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

PO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

CO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Breathing 3 

(mean ± SD) IV 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

PO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

CO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Behavior after 
provocation/
weighing 3 

(mean ± SD)

IV 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

PO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

CO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Movement after 
provocation/

Safety/tolerability 
endpoint

Day -2 Day -1 Day 0 Day 2 Day 3 Day 7 Day 9 Day 10
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Movement after 
provocation/
weighing 3 

(mean ± SD)

IV 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

PO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

CO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Coat condition 3 

(mean ± SD) IV 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

PO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

CO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Body condition 3 

(mean ± SD) IV 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

PO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

CO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Eye condition 3 

(mean ± SD) IV 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

PO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

CO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Wound condition 3 

(mean ± SD)

Safety/tolerability 
endpoint

Day -2 Day -1 Day 0 Day 2 Day 3 Day 7 Day 9 Day 10
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Wound condition 3 

(mean ± SD) IV 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

PO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

CO 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00 1,00 ± 0,00

Serious adverse events
Death 4 
(number of events) IV N/A N/A 0 0 0 0 0 0

PO N/A N/A 0 0 0 0 0 0

CO N/A N/A 0 0 0 0 0 0

Local inflammation/
infection persisting 
for >24h 4 
(number of events)

IV N/A N/A 0 0 0 0 0 0

PO N/A N/A 0 0 0 0 0 0

CO N/A N/A 0 0 0 0 0 0

Non-healing 
cutaneous wounds/
ulcers 4 (number of 
events)

IV N/A N/A 0 0 0 0 0 0

PO N/A N/A 0 0 0 0 0 0

CO N/A N/A 0 0 0 0 0 0

Hemorrhage from 
any orifice, not 
responding to 
treatment 4 (number 
of events)

IV N/A N/A 0 0 0 0 0 0

PO N/A N/A 0 0 0 0 0 0

CO N/A N/A 0 0 0 0 0 0

Water consumption 
<5mL for >24h IV N/A N/A 0 0 0 0 0 0

Safety/tolerability 
endpoint

Day -2 Day -1 Day 0 Day 2 Day 3 Day 7 Day 9 Day 10
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(number of events) PO N/A N/A 0 0 0 0 0 0

CO N/A N/A 0 0 0 0 0 0

Decrease in body 
mass ≥15% of Day 0 
value 4 
(number of events)

IV N/A N/A 0 0 0 0 0 0

PO N/A N/A 0 0 0 0 0 0

CO N/A N/A 0 0 0 0 0 0

Abnormal physique 
& behavior 4 (number 
of events)

IV N/A N/A 0 0 0 0 0 0

PO N/A N/A 0 0 0 0 0 0

CO N/A N/A 0 0 0 0 0 0

Safety/tolerability 
endpoint

Day -2 Day -1 Day 0 Day 2 Day 3 Day 7 Day 9 Day 10

Table S.15 Notes: To enhance visibility, the mean ± SD/median ± IQR/absolute number of events are presented per experimental 
group in Phase 2. The recorded data for each individual mouse from each group at each corresponding time-point, are available 
upon request. The following safety and tolerability endpoints were monitored for each mouse on a daily basis: spontaneous 
behavior, posture, breathing, behavior after provocation/weighing, movement after provocation/weighing, along with the condition 
of the coat, body, eyes, and wounds. Day 0 represents the day when the excisional wounds were created on each mouse’s 
dorsum, and thus, the starting point of each in vivo experiment. 1, evaluation methods, time-points, and grading/scoring systems 
adapted from Hohlbaum et al., 2018; 2, evaluation methods, time-points, and grading/scoring systems adapted from Deacon, 
2006; 3, evaluation methods, time-points, and grading/scoring systems adapted from Arras et al., 2007; 4, evaluation methods, 
time-points, and grading/scoring systems adapted from the National Research Council, Humane Endpoints for Animals in Pain, 
2009. Abbreviations: SD, standard deviation;  IQR, interquartile range; IV, intravenous administration retro-orbitally; PO, per os 
intake ad libitum; CO, negative controls; N/A, not applicable.
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Table S.16: Overview of descriptive statistics, one-way ANOVA tests, and post hoc tests applied to evaluate the effects of 
ONBW treatment on macroscopic VC (in mm2/days).

VC IV PO CO ANOVA Post Hoc

M SD M SD M SD

Days 0-3 
1 10.55 3.30 6.14 2.98 3.91 1.89

Ordinary one-way ANOVA

(F(2, 64) = 33.64, p < 0.0001) Tukey’s HSD test 

Days 0-7 
1 9.02 0.71 9.48 1.54 7.20 1.10

Ordinary one-way ANOVA

(F(2, 33) = 12.90, p < 0.0001) Tukey’s HSD test 

Days 
0-10 1 6.93 0.35 7.24 1.10 6.00 0.65

Ordinary one-way ANOVA

(F(2, 33) = 8.44, p = 0.001) Tukey’s HSD test

Days 
7-10 1 1.91 1.06 2.08 0.97 2.27 1.20

Ordinary one-way ANOVA

(F(2, 33) = 0.33, p = 0.718) Tukey’s HSD test 

M Rank M Rank M Rank

Days 3-7 
2

9.75 29.00 16.75
Kruskal-Wallis H test 


(Kruskal-Wallis statistic (x2) = 20.53; p < 

0.0001)

Dunn’s multiple comparisons test 

(CO vs. IV, MR diff. = 7.00, p = 0.311; 


CO vs. PO, MR diff. = -12.25, p = 0.013;


IV vs. PO, MR diff. = -19.25, p < 0.0001)

Days 
3-10 2

10.08 29.50 15.92
Kruskal-Wallis H test 


(Kruskal-Wallis statistic (x2) = 21.47; p < 

0.0001)

Dunn’s multiple comparisons test 

(CO vs. IV, MR diff. = 5.83, p = 0.525; 


CO vs. PO, MR diff. = -13.58, p = 0.005;


IV vs. PO, MR diff. = -19.42, p < 0.0001)
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Table S.16 Notes: The mean values or mean rank values are presented for each timeframe. The mean values were incorporated in 
the calculations of the corresponding mean ranks illustrated. Day 0 represents the time-point when all excisional wounds were 
created in vivo. Between day 0 and day 3, a Tukey’s HSD test showed that the mean VC of the IV group was significantly higher 
than the one in the CO group (p < 0.0001), and that the mean VC of the PO group was significantly higher than the one in the CO 
group (p = 0.029). From day 0 to 7, a Tukey’s HSD test demonstrated that the mean VC of the IV group was significantly higher 
than the one in the CO group (p = 0.002), and that the mean VC of the PO group was significantly higher than the one in the CO 
group (p < 0.0001). From day 0 to 10, a Tukey’s HSD test showed that the mean VC of the IV group was significantly higher than 
the one in the CO group (p = 0.015), and that the mean VC of the PO group was significantly higher than the one in the CO group



O2-nanobubbles enhance wound healing & skin regeneration in vivo ￼  192

Table S.16 Notes (continued): (p = 0.001). From day 3 to 7, a Kruskal-Wallis H test indicated a significant difference in VC among 
the different routes of ONBW administration (experimental groups), x2 = 20.53, p < 0.0001, with a mean rank VC of 9.75 for IV 
administration, 29.00 for PO intake, and 16.75 for the untreated CO. Subsequently, a post-hoc Dunn’s multiple comparisons test 
showed that the mean rank VC of the PO group was significantly higher than that of the CO group (p = 0.013), and that the mean 
rank VC of the PO group was significantly higher than that of the IV group (p < 0.0001). From day 3 to 10, a Kruskal-Wallis H test 
indicated a significant difference in VC among the different routes of ONBW administration (experimental groups), x2 = 21.47, p < 
0.0001, with a mean rank VC of 10.08 for IV administration, 29.50 for PO intake, and 15.92 for the untreated CO. Subsequently, a 
post-hoc Dunn’s multiple comparisons test showed that the mean rank VC of the PO group was significantly higher than that of 
the CO group (p = 0.005), and that the mean rank VC of the PO group was significantly higher than that of the IV group (p < 
0.0001). No significant differences in VC were observed between any of the groups from day 7 to day 10. 1 post hoc analyses 
performed with Tukey’s HSD test, as the corresponding data followed a normal distribution with homogenous variance. 2, the 
corresponding data were analyzed using the non-parametric Kruskal-Wallis H test, as it did not fulfill the normality and 
homogeneity of variance criteria required to apply a parametric test. Abbreviations: ANOVA, analysis of variance; ONBW, oxygen 
nanobubble-enriched water; IV, intravenous administration retro-orbitally; PO, per os intake ad libitum; CO, negative controls; VC, 
velocity of wound closure (in mm2/days); M, mean; SD, standard deviation; HSD, honest significant difference; M Rank, mean 
rank; MR diff., mean rank difference.



Table S.17: Overview of descriptive statistics, one-way ANOVA on ranks (Kruskal-Wallis H test), and post hoc tests used to 
evaluate the effects of ONBW treatment on wound re-epithelialization (% epithelialization ratio, % ER) histopathologically.

% ER IV PO CO ANOVA (Kruskal-Wallis) Post Hoc

M Rank M Rank M Rank

Day 3 24.33 21.17 10.00
Kruskal-Wallis H test 


(Kruskal-Wallis statistic (x2) = 
12.26; p = 0.002)

Dunn’s multiple comparisons test 

(CO vs. IV, MR diff. = -14.33, p = 0.003; 

CO vs. PO, MR diff. = -11.17, p = 0.028;


IV vs. PO, MR diff. = 3.17, p > 0.999)

Day 
10

22.13 15.92 17.46
Kruskal-Wallis H test 


(Kruskal-Wallis statistic (x2) = 2.35; 

p = 0.310)

Dunn’s multiple comparisons test 

(CO vs. IV, MR diff. = -4.67, p = 0.807; 


CO vs. PO, MR diff. = 1.54, p > 0.999;


IV vs. PO, MR diff. = 6.21, p = 0.424)

Table S.17 Notes: The mean values were incorporated in the calculations of the corresponding mean ranks illustrated for each 
time-point. The time-point when all excisional wounds were created in vivo, is day 0. At day 3, a Kruskal-Wallis H test indicated a 
significant difference in % ER among the different routes of ONBW administration (experimental groups), x2 = 12.26, p = 0.002, 
with a mean rank % ER of 24.33 for IV administration, 21.17 for PO intake, and 10.00 for the untreated CO. Subsequently, a post-
hoc Dunn’s multiple comparisons test showed that the mean rank % ER of the IV group was significantly higher than that of the 
CO group (p = 0.003), and that the mean rank % ER of the PO group was significantly higher than that of the CO group (p = 
0.028). At day 10, a Kruskal-Wallis H test followed by a Dunn’s multiple comparisons test showed that there is no significant 
difference in % ER among the different routes of ONBW administration (experimental groups), x2 = 2.35, p = 0.310, with a mean 
rank % ER of 22.13 for IV administration, 15.92 for PO intake, and 17.46 for the untreated CO. These data from day 10, 
demonstrating the successful re-epithelialization of the wounds in all experimental groups, indicate that ONBW administration has 
no negative effect on the normal progression of the healing mechanism. Abbreviations: ANOVA, analysis of variance; ONBW, 
oxygen nanobubble-enriched water; IV, intravenous administration retro-orbitally; PO, per os intake ad libitum; CO, negative 
controls; % ER, percentage epithelialization ratio; M Rank, mean rank; MR diff., mean rank difference.
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Table S.18: Overview of descriptive statistics, one-way ANOVA and post hoc tests used to evaluate the effects of ONBW 
treatment on collagen deposition (% collagenation ratio, % CR), histopathologically.

% CR IV PO CO ANOVA Post Hoc

M SD M SD M SD

Day 
10 56.13 12.78 50.33 17.50 32.06 7.45

Ordinary one-way ANOVA

(F(2, 33) = 10.82, p = 0.0002) Tukey’s HSD test 

Table S.18 Notes: The mean values of each experimental group are presented. The time-point when all excisional wounds were 
created in vivo, is day 0. At day 10, a Tukey’s HSD test showed that the mean % CR of the IV group was significantly higher than 
the one in the CO group (p = 0.0003), and that the mean % CR of the PO group was significantly higher than the one in the CO 
group (p = 0.005). Abbreviations: ANOVA, analysis of variance; ONBW, oxygen nanobubble-enriched water; IV, intravenous 
administration retro-orbitally; PO, per os intake ad libitum; CO, negative controls; % CR, percentage collagenation ratio; M, mean; 
SD, standard deviation; HSD, honest significant difference.
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Abbreviations: DO, dissolved oxygen; ONBW, oxygen nanobubble-enriched water; IV, intravenous administration retro-
orbitally.

Table S.19: DO dosage (mg) delivered via ONBW administration in the IV group during Phase 2 experiments.
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Abbreviations: DO, dissolved oxygen; ONBW, oxygen nanobubble-enriched water; PO, per os intake ad libitum.

Table S.20: DO dosage (mg) delivered via ONBW intake in the PO group during Phase 2 experiments.
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Figure S.1: Zeta potential values recorded in the ONBW solution during Phase 2 experiments.: The zeta potential 
values shown above contribute to the exceptional physical and biological stability exhibited by nanobubbles at the 
nanoscale. Our measurements are consistent with the prolonged sustainability of DO concentrations recorded during 
our Phase 2 experiments, and presented in Chapter 5 of this dissertation, thus encouraging further exploration of the 
ONBW in biomedical applications. Abbreviations: ONBW, oxygen nanobubble-enriched water; DO, dissolved oxygen.
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