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ABSTRACT OF THE DISSERTATION 

 
Micro and Nanobubbles for Wound Healing Applications 

 
By 

 
Michael John Klopfer 

 
Doctor of Philosophy in Biomedical Engineering 

 
University of California, Irvine, 2014 

 
Assistant Professor Mark Bachman, Chair 

 
 

 
 

Complications with burns and wounds are a top ten as cause for premature mortality in 

the United States.   Reduction of infection and improved healing times have been observed with 

proper wound cleaning (debridement) and breakdown of biofilms.  The use of oxygen permeable 

dressings and the removal of wound-generated fluid (exudate) can also improve healing.   

In this series of studies, we investigated the use of micro and nanobubbles (MNBs) as a 

method for wound treatment.  We designed, constructed, and evaluated several candidate high 

concentration, low cost, and portable aqueous MNB generator systems and patient delivery 

devices.  MNB delivery to porcine skin study models was shown to remove particulate from the 

wound, break down E. coli biofims, and substantially improve availability of tissue oxygen site.  

We investigated the use of MNBs of air and ozone to clean wounds and breakdown biofilms.  

Compared to untreated water, MNBs generated from air showed improved cleaning of fine 

particulate matter from the surfaces of porcine skin.  Ozone and air MNBs applied to GFP 

expressing transgenic E. coli biofilms resulted in a significant decrease in biofilm levels.  Ozone 

MNBs were demonstrated to substantially reduce reproductive viability of E. coli biofilms.  



 xii

Infusions of MNB water were shown to increase available oxygen.  Cultures of transgenic, 

luciferase expressing E. coli were shown to substantially increase the duration bioluminescence 

in a low oxygen environment.  A flexible, thin delivery system was designed, constructed, and 

evaluated for delivery of MNB solution directly to the wound site and exudate collection.  
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PREFACE 
 

The greatest asset of Li-Bachman (Resonance) laboratory at UC Irvine is the 

organizational focus.  Our group functions as the hybrid of a design-for-hire engineering firm 

and a traditional university research laboratory.  The research is nearly always end-user driven 

and the work is exceedingly practical in focus.  It is very common for other members of the 

university or community to reach out to our group to develop a solution to a real world problem, 

be it industrial, clinical, or educational.  Many of our projects are brought to us by individuals, 

organizations, or groups with real, practical needs.  The wide variety of research problems our 

group addresses permits application of technology into new and novel use in other fields.  In my 

case I was exposed to the problems related to the treatment of chronic wounds and burns through 

collaboration with Dr. Alan Widgerow, a plastic surgeon at UC Irvine.  Additionally the 

collaboration of our group with surface treatment specialist Professor Hideo Honma from Kanto 

Gakuin University in Japan brought us into contact with micro-nanobubble technology.  While 

only recently gaining interest in the United States, this technology is a large area of research in 

Japan, Korea and China.  It became apparent to us that the role of this technology in industry 

closely parallels clinical wound healing needs.   

Clear parallel examples exist between industrial applications and potential clinical needs 

for micro-nanobubble technology.  For example, environmental remediation uses micro-

nanobubbles to saturate or supersaturate water with oxygen to stimulate environmental 

misbalances in ponds leading to anaerobic growth.  Wounds are chronically hypoxic and require 

oxygen for proper healing.  Cell cultures can also benefit from rapid and high levels of dissolved 

oxygen. Micro-nanobubbles are also used in industrially cleaning and flocculation.  Cleaning and 

removal of debris from wound sites is another important requirement for proper wound healing.  
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When investigating commercially available systems to use for initial testing, we were surprised 

how little was available that was suited for our needs.  Our focus shifted from just evaluating 

micro-nanobubble action to creating generation systems suited for clinical applications.   

The work in this dissertation is focused on breadth rather than depth.  The conducted 

experiments cover a wide variety of disciplines and are, by in large, pilot studies.  The goal of 

this work is to build a clear framework of the case for microbubbles in wound care.  My hope is 

that readers of this work will gain practical insight about the potential clinical usefulness of this 

technology.   

In this work the SI unit system will be used for the supermajority of presented numerical 

measurements.  In special circumstances where traditional non-SI units are commonplace, 

alternative units will be used as appropriate.  Some examples include the clinical reporting of 

pressures and vacuum levels in the unit of millimeters of mercury (mmHg).  Common industrial 

conventions observed in this work in special cases are the use of inches (in) for distance 

measurement in machining, the use of gallons for large liquid and gas volumes, the use of 

pounds (lb) for force and mass-force, the use of pounds per square inch (PSI), and the use of 

mmHg or Torricelli (Torr) for vacuum levels.  
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INTRODUCTION 

 

Project Background and Overview 

Dermal wound and burn complications are a continued problem around the world.  In 

addition to the impact on patients themselves, treatment of these conditions adds a large strain on 

healthcare systems1.  Of a 2009 population of about 830 million, about 8 million Europeans 

suffer from dermal ulcers and chronic wounds, consuming 2% of the entire health budget2.  In 

the United States (USA), approximately one-third of the health budget for dermatological 

services is spent for the treatment of chronic wounds3.  Skin ulcer and chronic wound care 

resulted in 9.5 billion in direct care costs in the USA4.  In the USA, approximately 50,000 

hospitalizations are the result of moderate to severe burns, and approximately 5,000 people 

annually die due to burn injury complications5-7.  Aggressive interventional approaches have 

been shown to cut down on institutional costs and hospital stays for burn cases8.  As the body of 

knowledge grows in wound and burn treatment, a number of technologies have entered the field 

to reduce care costs and improve patient outcome.  In this project, we detail a number of 

approaches in wound care and the drawbacks and benefits of each.  We introduce the approach 

of using micro-nanobubbles for improving several aspects of the healing process.  Much detail 

will focus on the sources, properties, and generation of micro-nanobubbles in the upcoming 

chapters.   In general, we identify three key points in wound healing that micro-nanobubbles can 

address directly: 

• Wound cleaning, debridement and debris removal 

• Wound biofilm management 

• Wound oxygenation improvement 
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In investigation of these topics we developed an engineered delivery system to provide delivery 

of micro-nanobubles to tissue.  Continued development of this delivery system resulted in an 

engineered device for the removal of exudate from burn wounds.  This device was demonstrated 

clinically. 

 

Overview of wound healing and complications 

 Chronic wounds and burns heal through similar mechanisms.  While burns in general are 

a subclass of wounds, additional considerations must be addressed for this type of injury and will 

be discussed as necessary throughout this report.  After an acute injury, the primary response for 

the body is the succession of blood loss or haemostatis2.  This occurs through the clotting process.  

During and after the blood clotting process, an inflammation process begins.   
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Figure 1 - Wound healing process infographic: Details of healing sub processes.  Figure reproduced with 

express permission from the copyright holder, Wolters Kluwer (LW&W)9. 

 

The role of the inflammation in healing is multifold and assists in the preparation for tissue 

regrowth10.  As inflammation subsides, the regrowth of tissue begins.  Epithelial cells re-grow 

collagen structures within the skin and contraction of the wound takes place.  The eventual 

healing of the wound takes place over a period of days to weeks.  The healing rate depends on 

the severity of the initial wound and the presence of any healing complications.   

 

Figure 2  - Wound Healing Phases Flowchart: Description of the wound healing process and factors 

involved.  Figure adapted from review presented in Schremk et al. 20102. 
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 For burns specifically, large areas of devitalized tissue may be present still attached to the 

skin.  A process known as sloughing naturally attempts to separate this necrotic tissue from 

tissue that can re-grow.  Due to this, a large inflammation response commonly occurs with burn 

wounds11.  Interventional measures, such as debridement, can improve wound healing speed and 

quality.  For all wounds, if a large bio-burden of bacteria or foreign bodies (particulates, debris, 

etc.), is present at the wound site, inflammation can be increased in intensity or duration.   

 

Figure 3 - Wound healing phases, temporal diagram:  Reproduced with minor modifications from Leaper et 

al.12 and reproduced with express permission from the copyright holder, Oxford University Press. 

 

Both the reduction of bacteria from the wound site and tissue regrowth processes require oxygen.  

Without sufficient oxygen, wound healing will stall2.  Large or extended inflammation responses 

in both localized and systemic forms can lead to reduced patient treatment outcomes and general 

difficulties with burn and wound healing2,11.   

 

1 2 3 
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Wound inflammation, debridement, and biofilms 

The role of inflammation and infection are of particular concern.  Persistent inflammation 

is a common hallmark of chronic wounds13.  Especially in large area burns, up-regulation of 

various cytokines including interleukin 6 (IL-6), interleukin 8 (IL-8), interleukin 13 (IL-10) and 

macrophage inflammatory protein (MIP-1β) increases localized and systemic inflammation11,14-16.  

The result is a systemic reaction that can lead to a system wide increase in capillary permeability, 

proteolytic activity, and possibly extend to organ failure11.    Control of inflammation is achieved 

in part by wound site debridement.  This process involves the removal of debris, devitalized 

tissue, and foreign materials at the wound site11.  The effect reduces potential bacterial growth 

medium, reduces inflammatory foreign materials, and reduces the burden of the body to remove 

this material in a process known as sloughing.  The outcome is generally improved healing 

times17.   

Wound site debridement also reduces wound site bacterial load18-20.  Chronic wounds and 

burns commonly have substantial bacterial loads11.  Studies by Liedberg et al. and Robson and 

Heggars demonstrated that only bacterial concentrations of under 100,000 organisms per gram 

would permit wounds to heal properly20,21.  It is proposed, manageable (as opposed to zero) 

bacterial loads can maintain moderated localized inflammation to hasten wound healing22,23.  

Numerous clinically relevant species of bacteria have been shown to organize into communal 

cultures protected by a ‘slime-like’ matrix of polycharadies and structural proteins, known as 

biofilms23,24.  Many common bacteria form biofims, and multi-species inhabited biofilms have 

been observed and studied25,26.  Numerous investigations have shown bacteria in wounds can 

organize into persistent biofilms23,27,28.  Biofilms have been shown as a source of up to 80% of 
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infections and are resilient against removal23,24,29-31.  A number of mechanical and chemical 

methods have been demonstrated as effective in combating biofilm growth and virulence32-34.   

The effect results in resistant wound debridement is commonly practiced using steel 

surgical tools (sharp debridement) or with lavage (hydrotherapy).  Lavage has been investigated 

in various applied forms32,33.  The common bacterial loads of wounds permits the justification of 

using non-sterile fluids such as tap water as an irrigation fluid33.  Per a published literature 

review by Hoffman and Schaffer, lavage pressures of 4-15 PSI have been shown to be beneficial 

for wound cleaning, and even high pressures have not resulted in bacteremia33.  This same source 

indicated that low pressures do not lead to adequate debris removal in many cases.  While solid 

conclusions are difficult to definitively draw, whirlpool treatment of submerged wounds 

(conceptually similar to low pressure spray lavage) may aid in bacterial biofilm breakdown 

additionally when directly compared to spray lavage33.   Evidence has clearly shown lavage is an 

important approach to wound cleaning and debridement, but effectiveness is based upon both the 

situation the device is used for, and on the use parameters.  Micro-nanobubbles have 

demonstrated the capability for particle removal from surfaces and electrostatic aggregation of 

particulates in solution during the process of flocculation35.  We have also directly observed this 

process occurring in bulk solution under microscopic observation.  The attachment or nucleation 

of bubbles on particles leads to increased forces on the particle itself.  Induced forces include 

buoyancy (from the floatation force of the bubble on a static particle), drag in moving solutions 

(from the increased hydrodynamic radius of the attached particle and bubble complex), and 

wedge separation from the substrate of the particle (nucleation of a bubble between a particle and 

a hard surface can exert force on the particle).  The result of all cases is increased force on the 

attached particle, leading to dislodgement from the surface and removal into the bulk solution.  
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Oxygen in wound healing 

The role of oxygen in wound healing is an often overlooked but highly important aspect 

in the healing process.  This results from multiple sources.  Anaerobic obligate and non-obligate 

anaerobic bacteria may be present in the wound site, and are affected by the presence of 

oxygen36.  Common complications from runaway anaerobic infection include sepsis and gas 

gangrene37.  Interventional treatment for severe cases commonly involves hyperbaric oxygen38.  

Analysis of wound gas collected from collected gas gangrene patients showed the generation of  

reductive atmospheric components39.  In addition to preventing anaerobic conditions, where 

some species of bacteria may outcompete the body’s defenses, oxygen both assists macrophage 

activity and assists cellular regrowth2.  It is important to note that while oxygen supports the vast 

majority of the wound healing process, including macrophage bacterial killing processes, the 

initial wound hypoxic condition likely assists macrophage taxis to the wound site40.  Macrophage 

generated reactive oxygen species, especially superoxide generated hydrogen peroxide, play a 

significant role in the bactericidal action of macrophages41,42.    The inflammation at wound sites 

can result in high metabolism and low oxygen tension43.  Wounds are typically aoxic to slightly 

hypoxic during healing.  The generation of reactive oxygen species is highly dependant on 

oxygen concentration, with 40-80 millimeters of mercury, partial pressure of  transcutaneous 

oxygen (mmHgTcPO2) necessary even for sub minimal generation2.  Approximately 40 

mmHgPO2 is necessary to prevent substantial loss of ROS generation capabilities2,44.  Once 

phagocitosis takes place, a complex reaction involving superoxide (O2
-) , hydrogen peroxide 

(H2O2), and antimicrobial peptides is used to kill and dissolve bacteria45.   Oxygen tension of 30-

40 mmHgPO2 is necessary for fibroblast collagen synthesis.  For all mentioned mechanisms, 

substantial oxygen is necessary at the wound site to permit bacterial reduction or healing activity.  
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In overview, some noted clinical target parameters are as follows.  Normal oxygen tension is 

about 60 mmHgTcPO2
46.  If the TcPO2 present at the wound site is less than 20 mmHg, the 

wound will not heal properly, while tensions above 30mmHg can, in many cases, promote 

wound healing,40 and other studies have found even higher values necessary47,48.  There is no set 

consensus on the top value of TcPO2, with numerous authors defining hypoxic TcPO2 values 

between 10 and 40 mmHg49.  For cases of stalled wounds, hyperbaric treatments are commonly 

used as an interventional measure50.   In this case, oxygen in high concentration is added to the 

wound site by increasing internal oxygen concentration (within the body) and external to the 

body51-55.  In view of the body of current knowledge on the subject, oxygen is critical to support 

the process of wound healing. In this work we show the use of micro-nanobubbles delivered to 

wound sites can increase the availability of oxygen in that localized area of tissue.  We similarly 

demonstrate that the addition of micro- nanobubbles can increase the available oxygen content in 

liquid cell cultures.  We also created a flexible, engineered patch delivery system to deliver 

micro-nanobubble solutions to the wound site. 

The term ‘wound exudate’ describes the fluid that is emitted from the wound site.  This 

fluid can vary in appearance and quantity depending on wound condition and circumstance11,56,57.     

In general, the management of wound exudate improves wound healing11.  Often, removal of 

excess exudate is necessary58,59.  For this project we extended upon our work in developing a 

micro-nanobubble delivery system.  We reengineered the delivery system as a specialized 

exudate collection system.  We tested this device in the lab and in a limited clinical trial to verify 

operation and performance capabilities.  The results were effective collection, patient comfort, 

and easy use by the attending physician. 
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CHAPTER 1 
Wound Healing Technologies 

 

 Introduction 

Wound and burn care have always been empirical studies guided by clinical observation.  

An increasing body of knowledge in biomedical sciences in addition to experience from 

contemporary studies has resulted in continued field progress60.  Historically, both the ancient 

Greeks and Egyptians identified the differences in treatment necessary for acute and chronic 

wounds.  The ancient Egyptians were the first to apply honey and animal grease to wounds and 

burns to ward off the process of infection61,62.  A historical review by Shah suggests that copper 

containing ointments were used in wounds61,63,64.  Modern microbiology and clinical research 

has come to understand the role metal ions such as copper and silver play in wound healing64-66.  

Belief at that time that wounds were being infiltrated by ‘infernal beings’ lead to the desire to 

close open wounds quickly67.  The ancient Greeks and Romans realized the role of cleanliness in 

wound healing and used vinegar (acetic acid) and wine to wash wounds63.  The ancient Roman 

physician Galen observed the need to keep wounds moist, clean, and isolated during healing61.  

Only with the understanding of germ theory in the 19th century did wound care significantly 

progress61. 

Numerous technological and technique related wound care solutions have been 

introduced over the last 20 years9,11.  Major areas of development are in wound dressings, 

clinical best practice procedures, topical bacteriostatic agents, and advanced interventional 

techniques.  The synergy of development in all of these fields has driven wound healing and burn 

care forward. 
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Wound Dressings 

The role of a dressing is to 1) promote re-epithelilization of tissue during the reparative 

portion of the healing process.  2) prevent infection at the wound site  3) support wound healing 

by removing exudate, maintaining moisture balance, and permitting sufficient gas permeation to 

support the healing process.   

Multiple schools of thought exist about the general types of dressing products and 

application methods that are most effective in general and for specific use cases.  Clinician 

experience and familiarity with available products dictates the major choices for first line 

treatment40.  Decisions on the importance of the individual wound healing factors also play into 

product choice.  Scientific evidence should be considered for best practices, but often routine-

based clinical practice and reimbursements dictate product use choices40.  Conventional moist 

dressings can be divided into categories of occlusive (low air and water permeability with little 

to no absorbent properties) or semi occlusive dressings (water and gas permeable).  If a dressing 

permits moisture loss to the atmosphere at a rate greater than the wound produces, this type of 

dressing is commonly categorized as a ‘dry’ type or a ‘wet to dry’ type68.  Dry dressings 

typically are absorbent, permit the removal of exudate, and permit scab formation.   
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Figure 1.1  Ideal wound dressing characteristics:  Adapted in part from concepts presented in Bolognia et 

al69,70.  Base skin anatomy graphic adapted from Blausen.com and reproduced in modified form under 

Creative Commons Share-alike attribution 3.0.  

 

Dry dressings typically require more changes than wet dressings, pose a greater infection 

risk, and result in generally more painful dressing changes40.  The characterization of moisture 

loss is denoted in literature as the water vapor transmission rate (WVTR)71.  Wet to dry dressings 

use the evaporation of water through the dressing material itself to draw exudate away from the 

wound surface.  There is strong evidence, that while effective, these types of dressings are 

commonly used inappropriately or incorrectly72.  In modern wound treatment, wet dressings are 

commonly preferred in order to maintain a most wound healing environment9.  Dry healing 
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environments have been used with more prevalence in the past11.  The belief was that that 

scabbing and oxygen were the primary needs of the wound.  The formation of scabs was 

believed to prevent bacterial colonization.  A number of reports show better outcomes with moist 

healing environments71-74. 

Technological based wound care solutions have entered the market during the last 20 

years with new approaches to the wound healing process.  One particular treatment method, 

negative pressure wound therapy (NPWT), has demonstrated improvement in wound healing 

quality and speed75-79.  It is widely believed that the application of suction on the top of the 

wound draws nutrient rich fluids and oxygen from the body to the wound site to support wound 

healing.  Mechanical tension stimulates tissue regrowth and re-epithelization.  Removal of 

exudate can lessen bacterial load and biofilm production80.  While this method seals the wound 

site off from the atmosphere, oxygen is typically delivered in from the body in dissolved form.  

If the wound bed is unable to transmit oxygen to regions of regrowth, wound healing can stall79.   

Hyperbaric therapy or topical oxygen therapy can be used in these situations81.  Some general 

points can be drawn from the mechanism of function for this technology.  Specifically, exudate 

removal can be beneficial for wound healing, and that oxygen has two sources of delivery.  

Inflammation or circulatory problems can prevent this alternate internal oxygen delivery 

mechanism to the wound site.  In these cases, enhancing the permeation of external oxygen to 

wound site or the use of applied oxygen interventional procedures may be necessary for proper 

wound healing49,81-83. 
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CHAPTER 2 
Micro and Nanobubbles 

 

Introduction 

Discovery of the concepts of diffusion, buoyancy, force balance, and surface tension have 

lead to modern understandings of bubble properties in solution.  Work in thermodynamics and 

colloid science, both theoretical and applied, continues to expand the understanding of the 

properties of bubbles in solutions.  The work presented is applied in focus and direction, and 

theoretical discussions of bubble formation and action are limited to the scope of relevancy for 

the applications to be presented later in this work.   In this chapter, the properties of micro-

nanobubbles (also written as ‘micro nanobubbles’ and referred to here forth as MNBs when 

discussed in common context) are presented.  Microbubbles have been investigated for a number 

of applications including aquaculture84,85, potable and waste water treatment86-94, material surface 

treatment and cleaning95,96, environmental remediation97-99, combating climate change100,101,      

dermal healthcare102-109, hydrodynamic friction reduction applications for ocean-going vessels110-

112, medical imaging contrast agents104,113-118, biofuel production119, improving engine fuel 

efficiency120, hydrocarbon and coal extraction121-123, taste perception studies124,125, and fluid 

physics research126-134. 

Several properties of MNBs are specifically applicable to biomedical sciences.  MNBs 

have demonstrated the capability to attract and flocculate particulates in solution.   
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Figure 2.1 - Industrial Microbubble Cleaning:  Figure reproduced with express permission from the 

copyright holder,  Pan Stanford Publishing35.  

 

MNB formation and existence are intimately tied in with the content of dissolved or 

available gas in a solution.  The result is the potential for generation of high available gas content 

in solution.  The shrinking transition from microbubbles into nanobubbles (or the independent 

formation of nanobubbles) provides a reservoir of available gas in solution.   

 

Bubble Size Definitions and Terminology 

Microbubbles and nanobubbles discussed in this report are gaseous voids in fluid.  

Differing metrics for size cutoffs exist from author to author on the topic135.  For this report, a 

common size definition scheme will be used.  Microbubbles will be defined as gaseous voids in 

liquid from 100 µm down to approximately 1 µm.  Below 1 µm, smaller bubbles will be 

classified as nanobubbles.  In contrast, macrobubbles (small bubbles that are singularly 
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observable by eye) are defined as bubbles larger than 100 µm.  Small macrobubbles will be used 

to refer to bubbles between 100 µm and 2 mm in size.  Above this size the buoyant force of a 

bubble is stronger than the electrostatic interaction with surfaces.  The resulting effect is that the 

bubble tends to float to the surface as opposed to remaining submerged.  Due to this effect, 2 mm 

and larger bubbles are classified as large macrobubbles.  An arbitrary cutoff of 10 mm in size is 

used to distinguish large macrobubbles and what we will call ‘ordinary bubbles’.  This term is 

used solely as a contrasting term to macro, micro, or nanobubbles.  For broad property 

differentiation, nano, micro, and small macrobubbles may be referred to singularly as a group 

referred to as MNBs or as fine bubbles (FBs).  As microbubbles and nanobubbles can change 

size over time, this is a common catch-all categorization is helpful in discussion as it does not 

inherently induce the need to make distinction between bubble sizes.  Generators of this type of 

small bubble may be referred to as a fine bubble generator (FBG) or MNB generator (MNBG).  

The use of the ‘FBs’ terminology style is common in Japanese bubble literature35.  The use of the 

term ‘FBs’ in literature tends to be more permissive with regards to bubble size than the MNB 

terminology.   

 

 Bubble Properties 

Of the defined size classes of bubbles, ordinary and large macrobubbles tend to quickly 

rise in solution.  Micro and nanobubbles tend to persist in solution for extended periods of time.  

Nanobubbles can persist in solution for very long periods of time.  The differing properties of 

bubbles at different sizes are due to the gaining and diminishing of influences of several physical 

effects on the bubble itself.  A bubble in solution is acted upon by a number of forces controlling 

size.  A dynamic size model of a bubble must include the following significant considerations: 1) 
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External hydrostatic pressure on the bubble, 2) Bubble surface charge and ionic forces, 3) Gas 

loss or gain rate due to diffusion, and 4) surface tension at the air-liquid interface.  The 

rebalancing of the effect of the multiple forces on a bubble changes at different size scales as a 

function of the underlying physics of each phenomenon.   

 

 

Figure 2.2 – Forces on a bubble in solution:  Figure used in modified form from base image copyright Steven 
Lower and used under Creative Commons Share-alike attribution 3.0136. 

 

When bubbles rise from significant depths, the change in hydrostatic pressure will cause 

the bubbles to increase in size.  For ordinary and macrobubbles, due to low interfacial surface 

tension force, the increase in bubble size closely follows change in hydrostatic pressure.  The 

density of water does not change substantially with hydrostatic pressure.  The large bulk 

modulus of water shows the level of incompressibility for this substance.  The net buoyancy of a 

bubble increases along with bubble size in addition to the bubble drag, which also increases with 

size.  The acceleration of a rising bubble can be expressed conceptually by a force balance 

between the buoyancy force (Fb) and drag force (Fd) as modeled by Stokes’ Law.  The variables 

in this model represent the following physical parameters: µ is dynamic viscosity, x is position, ρ 
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represents the density of the fluid and bubble contents, m represents mass, and g is the 

gravitational constant.       

 

               (Eqn 2.1) 

 

Simplification of this relationship in approximation is expressed in terms of radius size to bubble 

terminal rise velocity (V).  The rise velocity is proportional to the square of bubble 

hydrodynamic radius (r).  The hydrodynamic radius of the bubble strongly affects rise velocity.   

 

               (Eqn 2.2) 

 

The forces on smaller bubbles have increased influence from the other stated factors in 

comparison to hydrostatic pressure.  Surface tension to a large extent determines bubble size in 

solution.  Microbubbles smaller than approximately 60 µm tend to shrink in size until 

unobservable.  The fate of microbubbles that have undergone shrinking is typically continued 

persistence in solution as nanobubbles.  This shrinking property of microbubbles can readily be 

observed under basic bright field microscopy.   Microbubbles are slow to rise in solution due to 

their low hydrodynamic radii.  When microbubbles do rise, the tendency is to burst at the surface, 

gather on the surface, or gather on submerged solid surfaces.     
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Figure 2.3 – Microbubble flocculation conceptual diagram: Diagrams showing effect on microbubbles in 
solution and interaction with particulates.  Figure reproduced with express permission from the copyright 
holder, BL Dynamics137.  
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Figure 2.4 – Conceptual microbubble cleaning:  Figure reproduced with express permission from the 
copyright holder, Pan Stanford Publishing35.  
 

Unlike microbubbles, nanobubbles are difficult to observe via optical microscopy.  Techniques 

such as laser backscatter or dynamic laser scattering must be used to observe and size 

nanobubbles.  Nanobubbles have long term stability in fluids and can be both present in bulk 

solution or on submerged hydrophobic surfaces138-140.  A number of recent scientific discoveries 

have confirmed this stability in light of previous theoretical views suggesting otherwise127,135,141.  

The overall sizes of nanobubbles on surfaces can vary from 50 nm to 1 µm138.  Large surface 

bubbles with low radii of curvature typically are under low internal pressure138.  Sizes of surface 

and bulk nanobubbles have been measured indirectly with laser scatter methods in addition to 

direct measurement with atomic force microscopy (AFM) and scanning electron microscopy 

(SEM)128.  Stable bulk microbubbles typically range in size from 50 nm to 300 nm94,142-144.  The 

size of nanobubbles is dynamically affected by solution dissolved gas141.  A high concentration 

of dissolved gas in solution tends to result in a greater number of larger nanobubbles, while the 

opposite is true for low concentrations of dissolved gas in solution.  The effect of re-dissolution 

of bubble contained gas into solution allows nanobubbles to act as gas reservoirs within solution.              
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Figure 2.5 - Bubble size and properties: Diagrams showing bubble size, gross observable properties, and 
measurement techniques.  Figure reproduced in modified form with express permission from the copyright 
holder, Martin Chaplin138.  
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The shrinking of microbubbles is dominated by the surface tension force can be modeled 

in simplified form by the Young-Laplace relationship145.  The change in pressure inside and 

outside of an isolated gas sphere in solution (a bubble of all sizes) is a function of the sphere’s 

diameter and the interfacial surface tension.   

                 (Eqn 2.3) 

As the diameter (d) decreases, the trans-interface pressure (ΔP) increases while the surface 

tension (σ) remains constant [σWater-Air≈72.8mN/m @ 20°C].  As microbubbles shrink in size, a 

dynamic equilibrium is eventually reached.  The contractile force is equilibrated against internal 

gas pressure.  Simple evaluation of the Young-Laplace relationship shows a 1 µm bubble and 

100 nm bubble will have an internal pressures of 2 atm and 15 atm respectively.  This simplified 

relationship is based on two possibly incorrect assumptions (of varying degrees).   

 

Figure 2.6 - Conceptual microbubble shrinking process:  Microbubble shrinking process with gas transfer 
property neglected.  Internal pressures in this model grow very high.  Figure reproduced with express 
permission from the copyright holder, Pan Stanford Publishing35. 
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Firstly, large pressures can only be generated where the gas content is conserved or the shrinking 

rate is very fast.  This is not generally the case with shrinking microbubbles, the shrinking 

process occurs over the timescale of seconds.  Secondly, it is believed that surface tension (σWater-

Air) can change with differing bubble geometries and temperatures141,146.  A series of studies and 

reports by P. Attard investigates the stability of nanobubbles and the effect of surface tension on 

this stability146,147.  The properties of a Knudsen gas are used to explain the shortcomings of prior 

models explaining nanobubbles behavior148,149.  Many of these theoretical discussions to explain 

bubble properties of are outside the applied scope of this project.         

 

Figure 2.7 – Research interest in micro-nanobubbles:  Figure generated as a summarized citation count using 
the Web of Science search engine. 
 

 It is  observable that gas is lost to the surrounding solution during the process of 

microbubble shrinking.  A simplified conceptual model for gas loss from microbubbles can be 

explained by coupling the internal gas pressure of the bubbles with Henry’s Law.  The mass 
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transfer rate of gas from a bubble with respect to temperature (N(T)) can be modeled with 

knowledge of trans-membrane pressure (ΔP), bubble surface area (A), the gas-liquid Henry’s 

Law constant at a given temperature H(T), and the liquid phase mass transfer coefficient (KL) 

which relates bubble rise velocity (U), bubble diameter (d) , and air-liquid diffusion coefficient 

(DL)35.    

     (Eqn 2.4) 

    (Eqn 2.5) 

The higher the trans-membrane pressure, the greater the rate of gas transfer into a gas 

unsaturated solution.  As local dissolved gas concentration increases, a dynamic equilibrium is 

reached.  A localized area of high gas saturated liquid surrounds the bubble.  Diffusion slowly 

causes the gas concentration around the bubble to reduce.  The effect is continued gas transfer 

into solution.  Bubbles individually can expand or contract to maintain this equilibrium.  Further 

considerations must be made.  If the bubbles are comprised of air and the solution open to the 

atmosphere, the equilibrium will continue to shift towards atmospheric saturation, the 

microbubbles would shrink to nanobubbles and the nanobubbles would shrink themselves and 

disappear.  The solution would then remain at essentially the gas saturation level as predicted by 

Henry’s Law for the atmospheric gas components.  The timescale of this process is significantly 

longer in experiment than in conventional theoretical models141.  Lifetimes of nanobubbles on 

the order months have been reported138.  A more complete model is required to numerically 

explain measured experimental phenomenon.  To date, the dust has not settled on a 
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comprehensive model explaining nanobubble properties and lifetime141,150.  Other models have 

also been proposed.  There is a belief among some investigators that the shrinking of 

microbubbles generate the mechanical effects of traditional cavitation bubbles151,152.  The claim 

is the rapid adiabatic compression of gas can lead to localized highly elevated temperatures, 

similar to classically observed cavitation bubbles, although the magnitude of the absolute 

temperature is debated35,94,153.    

 

 Micro-Nanobubble Particulate and Chemical Interactions 

 Microbubbles in aqueous solution typically adsorb ions to the surface, forming a negative  

zeta potential of approximately -70mV154.  The zeta potential can be affected by the shrinking 

process of microbubbles35.   

 

Figure 2.8 – The effect of shrinking on zeta potential:  Figure reproduced with express permission from the 
copyright holder, Pan Stanford Publishing35. 
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The change in pH of solution can radically shift the magnitude and sign of the zeta potential 

outside of the shrinking process.  Electrophoretic studies of microbubbles in different ionic 

solutions have confirmed this finding35.  The charge and the hydrophobic nature of the air-water 

interface results in electrostatic attachment of MNBs to the surface of many particles.  

Microbubbles can also combine or attach to one another when contact is made in the proper 

conditions.  This property has been observed first hand under optical microscopy.     

             

Figure 2.9 – The effect of pH on zeta potential:  Figure reproduced with express permission from the 
copyright holder, Pan Stanford Publishing35. 

 

If particles are present in solution, interactions can occur between these particles and 

microbubbles.  If particles are present on the surfaces of other materials, bubbles can attach to 

these particles or surface and remain static.  Changes in pH, addition of agents that modify 

surface tension (e.g. isopropanol), the addition of ions (salts and acids) can modify the zeta 
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potential, bubble size distribution and the likelihood of bubble coalescence138.  A set of 

commonly observed particle-bubble interactions is presented below. 

• Multiple particles are attached to a single small microbubble.  The shrinking of this 

microbubble brings all the particles in contact.  An aggregate of particles is formed 

through electrostatic attraction.  Depending on the density, this aggregate can float or 

sink. 

• Multiple particles are attached to multiple bubbles.  The combining or attractions of 

multiple bubbles in conjunction with microbubble shrinking results in common 

aggregation of the particles.  Depending on the density, this aggregate can float or sink. 

• Particles are attracted to large microbubbles or small macrobubbles, particles are 

delivered to the surface by rising bubbles.  Particles gather at the air-water interface of 

the water surface. 

• Particles at the surface can combine, and with sufficient perturbance, return to bulk 

solution as an aggregate.  Depending on the density, this aggregate can float or sink. 

• Particle aggregates can be broken down by rapidly moving bubbles or currents and be 

converted into smaller aggregates or individual particles. 

For particles on surfaces, the attachment of static microbubbles results in new forces on the 

particle.  The large hydrodynamic radius of the attached bubble results in increased drag 

forces to the particle-bubble structure in mechanically convected bulk solutions.  The bubble 

also experiences buoyancy forces.  Additionally, the formation or change in size of the 
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bubble can lead to a net force that permits particle separation from the attached surface.  

These effects can also occur singularly or in combination.   

 

 

Figure 2.10 – Shrinking microbubbles:  Images generated from video capture of shrinking electrolysis 
microbubbles 

 

The effect of bubbles separating particles suspended in solution is known as flocculation.  

For the previously stated reasons, microbubbles can aid in the flocculation process.  We have 

demonstrated the flocculating properties of microbubbles on their own.  For small, high 

concentration hydrophilic particles, the use of chemical or electrochemical flocculants (clarifying 

agents) is also necessary.  These agents commonly consist of salts with multivalent cations.  A 

common flocculent is KAl(SO4)2·12 H2O, commonly known as alum.  Aluminum Al3+ trivalent 

cations are commonly used as flocculants.  Additionally, long chain polymers such as 

polyacrylamides are commonly used to form emulsions to segregate particulates at the air-liquid 

interface.  The flocculation process can be carried out in a stirred vessel with no bubbles, but the 

addition of bubbles increases the speed and efficiency of the process155-158.  The use of 

microbubbles further increases the effect, by the aforementioned reasons, in addition to the large 

increase in bubble surface area for the same volume of gas in small bubble versus large bubble 

form. 
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Figure 2.11 – Equivalent volumes:  Numerous interactions can occur along the large surface area of 
microbubbles in solution.  Figure reproduced with express permission from the copyright holder, BL 
Dynamics137.  

 

In addition to a static zeta potential charge, radicals are produced during the collapse of 

microbubbles.  Li and Takahashi demonstrated catalytic oxidation of phenol in the presence of a 

copper catalyst in an acidic environment159,160.  The mechanism is believed to be the production 

of hydroxyl radicals in solution (·OH)35,160,161.  The scavenging of hydroxyl radicals by tert-

butanol reduced the rate of phenol degradation and was demonstrated as an experimental 

negative control.  Hydroxyl radicals were shown to be produced by the collapsing of ozone 

microbubbles in acidic environments160.  In these (and other) specific circumstances, 

microbubbles can assist in not just physical, but chemical processes. 
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Micro-Nanobubble Solution Gas Interaction and Dissolved Oxygen Measurement 

 For a given temperature and pressure, a liquid can maintain a specific volume of a 

dissolved gas.  The shrinking of microbubbles commonly results in the delivery of contained gas 

into solution.  For air, the major substituent gasses are dissolved into water simultaneously.  The 

nitrogen component saturates first followed by the oxygen162.  This is due to the lower solubility 

of nitrogen in water at a given temperature.  Continued addition of bubbles into water eventually 

reaches a dissolved gas equilibrium point where additional gas does not result in substantial 

dissolved gas content.  As was previously mentioned, an equilibrium exists between solution 

bubbles and gas content.   For very high concentrations of dissolved gas in solution, 

microbubbles have been used to remove gas content162.  The effect of addition versus removal of 

gas from solution appears to depend upon both the size distribution of generated microbubbles in 

solution and the conditions at which the microbubbles themselves are generated. 

 Gas present in solution can exist in two forms, dissolved and biphasic.  Dissolved gas 

molecules experience individual molecular-scale forces maintaining suspension in solution.  

Biphasic gas is bulk gas that is separated from solution by an air-liquid interface.  Dissolved gas 

and biphasic gas are in a form of equilibrium as was previously discussed.  Because of its 

importance for life, dissolved oxygen concentration is a major point of interest in environmental 

and biomedical applications of microbubbles163.  Due to the biomedical focus of this work, 

substantial discussion follows about dissolved oxygen measurement and modeling.  In this 

section we review and discuss common measurement and dissolved oxygen modeling methods.  

Aqueous dissolved oxygen (DO) is the concentration of dissolved oxygen in a given 

volume of water.  It is typically reported as a concentration in the units of milligrams O2 per liter 
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of solution (mgO2 per liter of solution).  An equivalent unit is parts per million concentration 

(PPM).  These units are typically numerically equivalent.  An alternative measurement metric is 

percent saturation (%).  This value compares the measured dissolved oxygen concentration (in 

mgO2 per liter) against the saturated concentration value at the measurement temperature (in 

mgO2 per liter).  The ratio of the two values is expressed unitless as a percent.  Common 

laboratory and field DO measurements rely on optical/luminescent164, 

polarometric/amperometric165, and titration166-169.  For our studies, the latter two methods are 

used.  Practical, consistent field and laboratory DO measurement can be challenging.  Difficulty 

in instrument calibration and base-lining arises to the lack of an accurate, consistent, and readily 

available ‘gold-standard’ for easy calibration.  To complicate matters, deviancies exist in a 

number of contemporary models for numerical interpolation of dissolved oxygen measurements 

at different temperatures and pressures.  Inconsistency in a number of pieces of published 

literature on the topic, in addition to instrument operational protocols, compelled us to dig deeper 

into DO model and instrument operational fundamentals.  We present a lengthy, multi-faceted 

discussion of these topics to preface our use of DO measurement in later experiments. 

For all intensive purposes, for fresh water, at sea level, and standard atmospheric pressure, 

the dissolved oxygen content at equilibrium varies between 14.6 mgO2/L at 0°C to 7.6 mgO2/L at 

30°C with an error of +/- 0.5 mgO2/L.  Equilibrium is achieved by extended water sample 

aeration.  This is not the maximum concentration of oxygen that can be dissolved at a given 

temperature, and pressure, but is the equilibrium concentration.   The introduction of oxygen 

producing reactions or rapid increases in temperature can cause greater than 100% saturation 

values170.  The use of higher partial pressures of oxygen will likewise increase the measured 

dissolved oxygen values to over 100% measured saturation.  Most modern instruments can read 
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and report DO values within +/- 1 mgO2/L.  This is generally true after correction for 

temperature and salinity is (albeit manually in some cases) applied where necessary171,172.  

Reduction of variance in the instrument sensing system and model system works to produce 

more reliable measurements with lower total error.  While in many applications, reporting the 

DO value to the nearest 1 mgO2/L is acceptable, significant care is necessary to reduce the error 

to +/-0.1 mgO2/L.  Extraordinary care (when even possible with a given instrument) is necessary 

to reduce the error to +/-0.01 mgO2/L.  Many digital instruments (including the YSI Model 58 

used extensively in this study) unabashedly display this hundredths digit despite the inherent 

error in most measuring situations that is larger than the place value of the digit itself.  More 

details on instrument measurement error reduction will follow later in this chapter subsection. 

 

Interpolation of Dissolved Oxygen Saturation Values:  

The Bunsen Solubility Coefficient model and Henry’s Law commonly are used to predict 

the magnitude of oxygen saturation at a given temperature. 

 

    (Eqn 2.6) 

In the simplified form, Caq is the oxygen concentration in moles, KH(T) is the Henry’s Law 

constant as a function of temperature for oxygen in water, and Pp is the partial pressure of 

oxygen in the aeration gas.  As the Henry’s Law coefficient is dependant upon temperature 

[KH(T)], a Van ‘t Hoff relationship can be used to predict the KH(T) values at various 

temperatures given a Q coefficient (in units of Kelvin) which is defined as the enthalpy of 

solution divided by the universal gas constant.  In literature this unit is typically referred to as the 

‘C’ or ‘K’ value, yet this is somewhat confusing as these variables and unit designators are in use 
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in closely related context.  In this report, this value will be referred to as Q. The relationship is as 

follows: 

 

     (Eqn 2.7) 

     (Eqn 2.8) 

(Where the variable KH (T) is the KH coefficient (in Kelvin) for a given temperature with 

reference to the standard temperature of 298 K)   

 

From literature the KH(298) and Q values compiled from contemporary studies vary173.  Even the 

best determined Henry’s Law model coefficients fail to accurately predict the oxygen saturation 

value for water at different temperatures when compared to repeated analytical studies, and thus 

this venerated model has shortcomings174.  We extensively attempted to least-squares regress 

measured oxygen and tabular saturation data using this model and were unable to maintain 

reasonable model accuracy across moderate temperature ranges.  Clearly there are deficiencies in 

the predictive power of this model for saturation of oxygen in water at different temperatures in 

addition to pressures175,176.  Several empirical, numerical approximations are used to interpolate 

oxygen saturation177.   

The USGS Office of Water Quality describes the merits of multiple methods in a 

technical memorandum prepared by Stewart Rounds and Dr. Bernadine Bonn.  Discourse about 

the standardized and accepted saturation values and interpolation methods for O2 in water at 

varying temperatures and pressures is ongoing although converging178.  Current endorsed models 

have absolute error less than 0.002mgO2/L178,179.  The development of some of these methods is 
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presented.  Extending upon the simple Bunsen Coefficient/Henry’s Law model, Carpenter in 

1966180, Murray in 1969,181 and Weiss in 1970182 refined measurement methods (in the case of 

Carpenter) and models for aqueous dissolved oxygen saturation values for temperature, salinity, 

and pressure.  Significant errors and shortcomings in the Weiss model were addressed, improved, 

and extended by Benson in 1980183 and 1984184.  The general mathematical method behind these 

models is the fitting of real world data into modified the Van ‘t Hoff equation174.  Fitting 

coefficients are derived through least-squares analysis.  The Weiss model uses a form similar to 

an expanded term Arrhenius relationship.  Shown is a simplified Weiss model for the 

determination of the maximum dissolved O2 concentration for fresh water at one atmosphere of 

pressure and normal atmospheric O2 concentration. 

 

  (Eqn 2.9) 

 

(T is in units of Kelvin, valid from 0-40°C where a0=1.4205, a1=173.4292, a2=249.6339, 

a3=143.3483, a4=21.8492) 

 

The Benson model is based on an empirical fitting of real world solubility data into an 

integration of the Van ‘t Hoff equation.  This is a semi first-physics principles modeling 

approach.  This relationship was presented by Clarke and Glew in 1966 185  The original form 

was first presented by Valentiner in 1927 for the determination of noble gas solubility values in 

water as a function of temperature through modeling the change of the Ostwald coefficients as a 

function of temperature186.  Henry’s law coefficients can be calculated through least squares 
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fitting of this relationship to collected data.  This relationship described by Benson has the 

following form: 

       (Eqn 2.10) 

A simplified (and improved) version of this relationship was presented by Benson in 1976 which 

provided Henry’s Law coefficients that yielded 0.02% random error for interpolation between 0 

and 60 degrees with 37 points of fitted data183: 

 

      (Eqn 2.11) 

 

Benson also used this relationship to predict the change in density of water across the 

temperature range of 0-40°C (T in Kelvin) to within 0.002% maximum error. 

 

    (Eqn 2.12) 

 

The inclusion of water salinity ( ) and differing gas pressure ( ) require additional model 

components.  These components are individually calculated to form a set of factors that are 

multiplied by the calculated maximum dissolved oxygen content in fresh water at 1 atm of 

pressure178.   

 

    (Eqn 2.13) 
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Where DO is the final dissolved oxygen concentration in units of mgO2/L, DOo is the 

concentration of DO (in mgO2/L) for air at 1 atm of pressure and at standard pressure, and  

and  are unitless correction factors. Calculations are broken down into subcomponents:  

and u are plugged into the prior equation to solve for .    

 

   (Eqn 2.14) 

     (Eqn 2.15) 

(Where S is salinity in PPT, T is in Kelvin)  

 

   (Eqn 2.16) 

(The variables P and u are in units of atm) 

Where    (where t is in °C)        (Eqn 2.17) 

 

and  

    (where T is in Kelvin)    (Eqn 2.18) 

 

It is of interest to note that that the calculation for ‘u’ on its own approximates the vapor pressure 

of water in the unit of atmospheres.  This calculation interpolates water vapor pressure with 

better precision to measured values than the Antoine equation (derived from the Clausius-

Clapeyron relation) commonly used for this same task. 
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Figure 2.12 – Effects of temperature and pressure for dissolved oxygen measurement:  Figure generated with 
data sourced from YSI, inc187.  

 

Figure 2.13 – Benson model interpolation:  Dissolved oxygen data as generated from the Benson interpolation 
model for dissolved oxygen saturation versus temperature184. 
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Measurement of Dissolved Oxygen Concentration with Electrochemical Sensors:  

Dissolved oxygen electrochemical sensors use a reaction between oxygen and a sensor 

component to produce a current or voltage that is measured to determine oxygen content.  

Typically these sensors use a thin membrane to separate the sensor element from the solution to 

be measured.  Oxygen must diffuse across the membrane for measurement.  Only dissolved 

oxygen can diffuse into the sensor.  Gaseous oxygen in biphasic form will not be measured 

directly.  A common implementation of this type of sensor is the Clark electrode design188,189.  

For this type of sensor, measurement of current flowing across a biased sensor element produces 

a current proportional to the functional oxygen reduced within the cell.  Given proper 

assumptions, this is proportional to the solution oxygen content.  Measurement of current while 

varying bias voltage produces a sensor polarogram plot.  In typical senor application the bias 

voltage is fixed and the sensor current is used for oxygen content measurement.  In this 

configuration, the sensor is measured as a de facto amperometric oxygen transducer.  This is 

because voltage is not varied and measured current is proportional to oxygen tension.  

Henceforth we will refer to this sensor type as amperometric although both the terms 

polarometric and amperometric are used extensively in literature.  For this type of instrument an 

electrochemical cell is used with a platinum or gold cathode and a silver/silver chloride reference 

anode.  Historically a toxic a KCl/calomel reference anode was commonly used188.  The 

chemical cell uses 0.5-3M KCl solution electrolyte.  Chloride ions are a limiting reagent in this 

type of sensor and this is one factor in determining useful electrolyte life.  Additionally, other 

factors that reduce senor response and lead to eventual failure include silver plating on the noble 

metal cathode and AgCl plating on the silver anode.  Shown below is the relationship between 

electrolyte concentration and temperature for the reference electrode190,191: 
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                                                                                (Rxn 2.1) 

           (Rxn 2.2) 

           (Rxn 2.3) 

 

(Where t is in units of °C from 0°C to 95°C) 

 

Modern Clark electrodes use a thin fluoropolymer membrane is placed between the 

measured solution and the cathode.  Historically cellulose (dialysis cellophane tubing) was used.   

A bias of -0.5 to -0.8V (the noble metal acts as cathode and is negative with respect to the 

reference) is applied to the cell.  Measured current is proportional to the oxygen concentration 

available to be reduced on the cathode surface.  The membrane is a necessity for practical 

measurement devices.  KCl is preferred over NaCl due to a size balance in ionic radius, 

permitting diffusion of ions to occur at similar rates so cathode and ion reactions are balanced.  

 

Figure 2.14 – Clark oxygen sensor model 
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A functional but short operating Clark electrode can be constructed from a reference anode (or 

even pure silver) and a platinum cathode placed in a KCl or NaCl solution189.  This resembles the 

design of a basic Oxidation Reduction Potential (ORP) electrode.  The major concern with this 

simplified sensor is the bias voltage can cause plating of metallic ion species present in the 

electrolyte onto the noble metal cathode.  If this experiment is conducted in sea water, the 

present bromide ions affect the reference electrode base voltage and must be accounted for191.  If 

this same ‘nude’ Clark electrode is used in biomedical applications, erythrocytes and proteins 

quickly cover the noble metal cathode.  This problem lead Leland Clark to invent the modern 

polarographic (amperometric) sensor in 1953188, based upon improvement in prior work192,193.  

 

This early investigation by Clark used a commercially available Beckman calomel 

(mercurous chloride) reference with a catheter deployable platinum electrode.  Multiple cathode 

coverings were tested by Clark including single and multiple layers of multiple types of 

cellophane and condoms test at a bias of -0.6V.  Experiments used NaCl (saline) as the cell 

electrolyte.  Potentially leaking sources of concentrated potassium ions are dangerous in vivo.  

Clark measured the steady state and stirred response current and reported this in his publication.  

Dr. Clark and the Yellow Springs instrument Company (YSI) developed a commercial 

polarographic oxygen detection system.  Many of the experiments in this work use a more 

modern YSI type 5739 probe and a YSI Model 57 and YSI Model 58 meters for reading this 

commonly interchangeable probe.  Additionally a Milwaukee MW600 DO meter/probe was used.  

We found that the internal temperature correction of this instrument was not without issue.  

Manual compensation is possible with manufacturer provided software.  This instrument was 

used to a limited extent during our studies. 
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Figure 2.15 – DO Meter Diagram:  Generic operational diagram for a YSI Model 57/58 meter194. 
 

For the YSI Model 58, a FEP (Teflon®) membrane of 0.5 to 2 mil (13 to 50 microns) 

thickness is used to separate the measured solution from the sensing elements.  A 1 ml 

membrane was used exclusively for our studies.  Directly behind (and touching) this membrane 

is a noble metal cathode in a KCl solution.  Further back from this membrane in the well of the 

sensor is an Ag/AgCl reference anode.  The current flow through a Clark electrode is 

proportional to the area of the cathode (typically less surface area than anode), membrane 

diffusivity, and membrane thickness.  For a two point calibration dissolved oxygen meter, the 
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measurement reading is a function of a linear calibration between current and dissolved oxygen 

value.  Either two point correction or linear least-squares regression of measured data can be 

used for compensation. 

 

       (Eqn 2.19) 

 

(where the values of G (Gain) and O (Offset) are use to map the measured sensor current value to 

the reported oxygen concentration)   

 

When the sensor permits no current flow (either it is disassembled or no oxygen is present), the 

offset value is adjusted to null-correct instrument current leakage.  As long as the environmental 

factors are unaffected (temperature and pressure) sensor bias voltage is maintained at a constant 

value, the current measured is linearly proportional to oxygen concentration.  Gain is set through 

the measurement of a solution of known oxygen concentration.  By adjusting gain, the output 

measurement value matches the calibrated oxygen saturation.  The instrument response is 

generally linear without temperature or ion interference.  Corrections for these factors will be 

discussed in depth later in this chapter subsection.  The relation to current (I) and electrode 

parameters in steady state can appropriately stirred, the model is as shown195: 

 

       (Eqn 2.20) 

Where (I) is the amperometric sensor current in Amperes at a particular bias voltage, N is the 

number of electrons transferred per mol of O2 reduced, A is the sensor cathode area, PM is the 

membrane permittivity to oxygen, and D is the membrane thickness.  For laboratory instruments 
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this current value I is typically greater than 0.05uA and less than 100uA.  Small surface area 

cathodes improve the dependence of the transducer on fluid flow across the sensing membrane, 

but are more susceptible to electronic noise and have an inherently lower signal to noise ratio.   

The electrode must be stirred during measurement for a proper reading.  With this assumption 

not held, a more complicated model factoring in the still water must be used195.  Large area 

cathodes have more dependence on stir rate but have larger currents to measure and have higher 

signal to noise ratios.  Practically the effect is observed as all-or-nothing:  above the necessary 

stir rate, the effect of additional speed in stirring is practically negligible.  The internal chemistry 

of the electrode uses multiple pathways for specific reaction segments.  The H2O2 neutralization 

pathway can change between diffusion or reduction depending on circumstance195.   The effect is 

a modification in the proportionality between sensor current and oxygen concentration.  

Membrane permeability to oxygen  is a function of temperature: 

    (Where T is in K)        (Eqn 2.21) 

Although this problem has been mentioned in many sources, few have addressed it at a high 

level.  Wise and Naylor in 1985 produced a whole study on temperature error for the YSI 5739, 1 

mil membrane electrode, between 5 and 45°C 196.  Manole and Melnig also addressed this in 

their sensor model on theoretical level195.  

 

Dissolved Oxygen Electrochemical Sensor Characterization: 

Two commercially available dissolved oxygen measurement systems were used in the 

course of these studies.  The first instrument was a YSI Model 58 and associated YSI 5739 Clark 

electrode probe.  A YSI Model 57 meter was also used with the same probe.  The second system 

was a Milwaukee MW600 dissolved oxygen meter with the associated probe.  Both probe 
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systems are Clark electrode cells with thermally compensating thermistors on the probe body.   

The connectors of both sensors permit access to the probe cell and thermistor(s). 

 

   

 

 

Figure 2.16 – DO Meters:  Images of the DO meters used and benchmark test configurations. 
 

 

 The MW600 specifically differs in design with the use of a small area platinum cathode as 

opposed to the large gold cathode of the YSI 5739.  Additionally no pressure compensation 

diaphragm system is present on the MW600 probe.  The YSI probe uses a stretchable membrane 

system while the MW600 probe uses replaceable membrane caps.  In addition, performance 
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differences are of note between the two designs.  The small area cathode of the MW600 permits 

reduction in sensitivity of this probe to measurement error due to change in water velocity.  In 

exchange, the measured currents are proportionally reduced with smaller electrode area.  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 2.17 – Superimposed Polarograms:  An overlay of the polarograms from the two meters used.  
Current was measured in microamperes. 
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Figure 2.18 – Discrete Polarograms:  Individual polarograms for the instruments tested. 
 

 

Figure 2.19 – DO sensor temporal decay:  Clark electrode sensors commonly experience a negative change in 
current with run time.  This characteristic was benchmarked for our instruments 
 

 

 

 

 

 

 

Figure 2.20 – DO Meter O2 Response:  Measurement of the response of the meter display and recorder output 
to 0%, 21%, and 100% oxygen in a humidified chamber. 
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Even with perfect instrumentation, various practical situations for measurement add 

potentially significant error.  Abnormal ion and gas concentrations (e.g. chlorine or bromine gas 

in addition to many other ionic and neutral), localized temperature changes, and lack of water 

flow across the sensor during measurement all substantially add to measurement error194.   For 

deep water (or high pressure) measurements, pressure across sensor membranes leads to 

membrane distention.  The increase in trans-membrane pressure and the thinning of the 

membrane increases oxygen transfer and causes higher than normal readings without 

recalibration.  Passive pressure compensation using diaphragms (as used in a number of the YSI 

5700 series probes) can combat this, but the larger internal electrolyte chamber for the 

diaphragm compensator contributes additional issues.  More electrolyte solution away from the 

sensory cell can lead to a reservoir of electrolyte solution with dissolved oxygen.  Flow of this 

solution can cause momentary measurement increases.  The polarization process for this type of 

electrode takes longer with increased electrolyte solution.  During the polarization process, the 

oxygen content of the electrolyte solution is eliminated by electrochemical reaction.   

Inherent measurement temperature correction is non trivial in many older instruments as 

multiple systems are non linear.  Consideration must be made to reduce the effect of this error in 

measurements.  We discuss in detail the additional considerations that must be taken into 

consideration beyond those specified by many manufacturers to achieve this level of accuracy.  

Knowledge of the shortcomings of instrument temperature correction can lead to improved 

measurement precision and accuracy.  To offset the role of temperature on the membrane 

permeability and reaction half cell voltages, a thermistor is used in the sensor probe to feed the 

data into computer (analog or digital) to process the correction factor.  For the older YSI 

instruments, analog computers based on single or multiple operational amplifiers (op-amps) were 
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used.  For illustrative purposes, shown is the simplified circuit diagram of the YSI Model 54 

instrument: 

 

Figure 2.21 – DO meter temperature compensation circuit:  This figure was reproduced with express 
permission from the copyright holder, YSI, inc. 
 

This circuit is functionally identical to the YSI Model 57 and to a lesser extent, the YSI Model 

58 that were used in this study.  Modern instruments use microcontrollers and software to 

implement these corrections.  The use of dual thermistor temperature correction is common 

across all noted YSI instruments.  The thermistor temperature correction method is quite 

common in this class of instruments and is outlined by Kanwisher189.  The voltage drop of the 

oxygen sensor through a thermistor (T1 in the diagram) with a temperature coefficient equaled in 

magnitude and opposite in sign to the cell can be used for simple temperature and kinetics 

correction.  An expected measurement increase of 5% per ͦ C is estimated without temperature 

correction189.  The op-amp in the YSI Model 54 has the gain corrected for by the second 
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thermistor (T2 in the diagram).  The final linear correction factor maps the corrected current to 

the units of mgO2/L194.  Thermistors have an inherently non-linear response yet well developed 

model for temperature-resistance properties.  One commonly used model is the exponential β-

model where the value for β is determined through least squares regression of the following 

relationship: 

 

         (Eqn 2.22) 

 

The YSI 5700 series probe thermistors both have the following β-model coefficient per the 

manufacturer’s documentation194:  

 

β =3852.62 K, RREF(298.15)=2252Ω   

 

Another more accurate model for thermistor resistance for temperature is the Steinhart-Hart (S-

H) relationship.  This model has the following form197: 

 

     (Eqn 2.23) 

 

The YSI 5700 series probe thermistors both have the following S-H coefficients per the 

manufacturer’s documentation194: A=1.469336626x10-3, B=2.379736010x10-4, C=1.032945842x10-7. 

One method of DO temperature correction is to assume a linearized response from the DO sensor, 

linearize the thermistor response and then perform linear scaling to decouple the temperature 
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effect from the DO sensor.  In the YSI Model 58, this correction is performed through resistor 

placed in parallel with the thermistor.  The effect is a modification of the response curve with a 

semi-linear segment at a defined midpoint198: 

 

  (Eqn 2.24) 

 

Where R is the value (ohms) of the parallel resistor to chose, RTL is the resistance (ohms) at the 

lowest temperature to be measured, RTH is the resistance (ohms) at the highest temperature to be 

measured, and RTM is the thermistor resistance (ohms) at the midpoint temperature defined as 

TM=(TL+TH)/2 in degrees C.  

From this it extends that the correction best occurs at the mid point of this curve.  This 

phenomenon can be observed in the operation of the YSI Model 58.  Recalibration of the 

instrument with air saturated water at a given temperature should be performed prior to 

measurements at this temperature.  Recalibrations should be performed frequently to reduce the 

effect of sensor drift.  Measurements should be performed as close to the 25°C internal 

compensation point as possible to reduce inherent instrument error.  Instrument recalibration 

should be performed again if the temperature at which the measurements are to occur changes.  

These considerations were made for all measurements performed in this study.   

We additionally investigate alternatives to the internal temperature correction for these 

instruments using numerical analysis of sensor probe data.  To apply this method, sensor current 

measurement from a fixed bias voltage (the YSI 5739 probe was used), known saturation values 

at the measured barometric pressure, and the known measurement temperature were regressed to 

determine the coefficients A, B, C, and D for a rational exponential function.   
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     (Eqn 2.25) 

Once coefficients were determined, sensor current and temperature can be converted directly into 

a dissolved oxygen concentration measurement with substantial accuracy improvement across a 

large temperature span.  The optimal performance of this correction algorithm outshined the 

internal correction of the YSI Model 58.  Measurement errors of leas than 0.001% per °C were 

observed in some test cases.  Despite the benefit, condition changes (sensor degradation, 

barometric pressure shifts, etc.) could create instability in the correction.  Despite the benefits, 

this method was abandoned in place of improved operational protocol of the YSI Model 58 

instrument for the experiments in this investigation. 

In addition to temperature, salinity and other ions present affect measurement.  Salinity 

correction for amperometric sensors is an understood problem199, This factor can be calculated 

and applied in addition to temperature correction: 

  

        (Eqn 2.26) 

 

The initial calibration is done in deionized (DI) water.  The regressed constants are A=0.9987, 

B=0.1455, C=0.001255. The variables DM and DC are the measured values in mgO2/L and the 

corrected values respectively.  The supermajority of experiments during this investigation were 

performed in DI water.  Internal instrument correction was found to be acceptable when saline 

was used for several experiments. 
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Practical Best Practice Considerations for Dissolved Oxygen Measurement 

The lack calibration reference complicates the process of calibrating Clark electrode 

sensors.  In comparison, when calibrating a pH electrode, buffer solutions of various known pH 

values are available and long lived when properly stored.  Long lived calibration buffers are not 

available for dissolved oxygen sensors.  Changes in temperature strongly affect solution oxygen 

content.  Two general methods can be used to set the saturation point for these type of detectors.  

One method uses a humidity controlled chamber to set the saturation point.  The alternate 

method uses water of a known saturation of dissolved oxygen in water that is carefully 

maintained at a specific temperature.  Both methods have potential for errors.  For the humidified 

chamber method, changes in humidity can drastically affect the measurement as the partial 

pressure of oxygen changes with humidity.  Sudden low humidity conditions can cause 

evaporative cooling of condensed water on sensor surfaces, causing incorrect instrument 

response or over/under temperature compensation.  Changes in temperature can affect the 

saturation point of a water calibration.  A saturated solution at a given temperature will not be in 

saturation if the temperature changes.  If a new equilibrium point is reached at this new 

temperature, the solution is no longer capable of providing calibration at the previous 

temperature.  Careful control of calibration conditions is essential for repeatable, low error 

measurements.  
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Figure 2.22 – Effect of humidity on DO meter calibration:  The partial pressure of water at a given 
temperature must be taken into consideration during DO meter calibration.  This figure was generated with 
data published by YSI, inc194. 
 
 
Assumptions must be made to ground all measurements.  A short list of assumptions for DO 

measurement sensor use is as follows: 

1) Air saturated water has the same measurable oxygen concentration as fully water 

saturated air187. 

2) The humidity of water saturated air affects the oxygen content194. 

3) Vigorous sustained shaking of air in water saturates the water at the given 

temperature it is at when shaking concludes. 

4) If water is saturated at a given temperature and the temperature raises, the water will 

be unsaturated at the new temperature even if no oxygen is removed from solution, 

conversely, if the saturated water is cooled it will become oversaturated and 

eventually will lose O2 from solution. 

5) The use of sufficient aeration of nitrogen (or other inert gas) will reduce the solution 

oxygen content. 
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6) The addition of sodium bisulfate can scavenge oxygen from solution – a small 

amount of cobalt chloride can boost the effect187 

7) Even without stirring, if left open to the atmosphere, solutions will tend towards 

equilibrium saturation with air.  

8) Barometric pressure compensation is necessary for probe calibration, if open air (air 

not fully saturated with water) calibration is used, humidity information is necessary 

for compensation194. 

9) As time passes, the current output of the Clark electrode decreases.  This temporal 

change must be accounted for via frequent calibrations back at the calibration point194. 

10) Wet probe thermistors can be subjected to evaporative cooling and cause erroneous 

readings if surrounding humidity is not 100% or the temperature difference is 

substantial enough.  

 

In addition to these assumptions there are a number of other important points to keep in mind  

This list of practical considerations must also be considered for proper measurements: 

 

1) The probe must reach thermal equilibrium and polarization before calibration begins.  If 

the probe has thermal compensation, the compensator and cell temperatures must come 

into agreement.  This is especially true for the YSI 5700 series probes. 

2) Care must be observed in water saturated air to prevent water droplets from forming or 

being transferred to the membrane.  

3) Water saturated air has a lower thermal conductivity than water, and probe thermal 

equalization takes longer in water saturated air over air saturated water. 
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4) Humidity can affect sensor calibration and water partial pressure must be considered.   

5) While water saturated air is a manufacturer preferred technique194, in practice, thermal 

errors can far outweigh other error sources in comparison to air saturated water.    

6) To improve measurement confidence of the oxygen content of air saturated water, 

perform confirmatory Winkler DO titration analysis – preferably using 

spectrophotometry to measure equivalency points. 

7) The instrument should be calibrated at the same temperature it will be used to measure at, 

relying as little on thermal correction as possible. 

 

For the experimental studies, the following standardized calibration procedure was used for 

measurements at or around a room temperature of 20°C.  We found that although the 

instrument is internally calibrated at 25°C, practically, more error is introduced trying to 

work at non-ambient temperatures.  If necessary, the sensor zero point was adjusted per 

manufactures specifications. 

 

1) The sensor to be used was polarized for 15 minutes. 

2) A quantity of 350 ml of deionized (DI) water was placed in a sealable glass container 

and heavily shaken for 30 seconds.  A second shaking followed this after the bubbles 

from the first shaking began to disappear.  Care is made to prevent temperature increase. 

3) The sensor probe was placed into the glass container and the temperature recorded.  A 

separate K-type thermocouple thermometer was also used for redundancy. 

4) The electrode was rapidly swirled in solution with care not to bump it on the jar walls.  

The larger area of the YSI 5739 cathode makes it more susceptible to measurement 
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error due to stagnant water in front of the probe surface.  With sufficient swirling, the 

measured value will stay steady to permit reading. 

5) The calibration factor is adjusted to the proper level to match proper saturation reading. 

6) The sensor is stored in a 100% humidity storage bottle between measurements in the 

vertical position.  The instrument is left in the ON state for the entire study. 

7) Periodic checks against this reference solution should be made to validate calibration 

drift with respect to time 

 

After calibration, performing a measurement follows the following protocol.  If a significant 

temperature difference (>5°C) between ambient and solution temperature exists.  A 

recalibration must be done at the new temperature prior to measurement.  Calibration checks 

are performed every 20 minutes during use using air saturated water at a known (and 

maintained) temperature. 

 

1) Sensor probe is removed from storage container and placed into solution.  Thermal 

equilibrium is allowed to take place for 1-3 minutes.  The temperature measurement 

indicator on the instrument (where available) is monitored.   

2) Sensor probe is swirled and when measurement is stable, the DO2 value is recorded 

along with the temperature 

3) Sensor is removed from solution, rinsed if necessary, dried or shaken dry, and placed 

back into the storage container.  
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Winkler titration method test: 

This analytical test is used to determine the oxygen concentration of a solution.  This 

method first was developed by Lajos Winkler in 1888180,200.  The original method is still in use 

today with minor improvements for accuracy201-203.  This method uses a chemical reaction to 

convert all elemental oxygen in solution into chemical compound form.  A second reaction 

determines compound concentration to indirectly determine initial oxygen concentration.  Since 

the oxygen is depleted in the test volume, the total content of oxygen is measured.  This includes 

both biphasic and dissolved oxygen. 

To use this method, a mixture of salts (manganese, iodide, and hydroxide) is added to 

oxygenated water.  The reaction of Mn2+ and hydroxide leads to the precipitation of Mn(OH)2(s) 

[STEP 1].  The Mn(OH)2(s) has enough solubility in a basic environment so that Mn2+ ions are 

present in solution to perform reactions and the Mn(OH)2(s) acts as a reservoir for Mn2+ ions.  

The oxygen present in the solution reacts with the Mn2+ ions to oxidize them to Mn3+ ions.  The 

Mn3+ ions oxygen in the basic solution reacts with the Mn(OH)2, resulting in precipitation of 

brown manganic hydroxide (MnO(OH)2(s)) [STEP 2].  At this point, the oxygen in solution acts 

as the limiting agent and the proportion of manganic hydroxide generated is stoichiometrically 

related to the oxygen present in the solution.    

The solution is then acidified to permit the next set of reactions to take place.  At this 

point the Mn3+ ions react with the iodide present in the solution to convert the iodide into iodine.  

The Mn3+ ions in the acidic environment are reduced to Mn2+ ions while oxidizing the iodide into 

iodine.   From here forward the solution is considered fixed.  The reagent mixture has no 

appreciable reactionary sensitivity to oxygen.  The generated iodine (I2) and residual iodide (I-) 
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forms an equilibrium with the triiodide ion (I3
-).  The triiodide ion acts as a reservoir for iodine in 

solution.  The iodine and especially the triiodide produce a visible brown color in solution. 

A thiosulfate solution is used to titrate the iodine back into colorless iodide.  The 

thiosulfate oxidizes iodine (limiting both the I2 and I3
- concentrations in solution) to iodide while 

the thiosulfate is reduced to tetrathionate.  As iodine is converted to iodide the color shifts from 

brown to clear.  The equivalency point (when the solution just reaches clarity) for the iodine is 

stoichiometrically proportional to the original oxygen content of the solution tested. 

The triiodide ion (I3
-) is the major colorant in the solution.  The major absorption for this 

species is between 350 and 500 nanometers.  Several modifications are made in the procedure to 

aid in precision determination of equivalency.  A starch solution can be added in addition to the 

thisulfate to amplify the color change from brown to clear.  Starch reacts with the iodine and 

especially the triiodide ions in solution to form a blue-black colored complex.  Alternatively a 

solution sodium EDTA can be used instead of iodine as a pink complex is formed with 

manganese 204.   We have found in our studies, these colorimetric modifications are unnecessary 

for determination of the equivalence point with a simple spectrometer.   

Several competing ions can change the result of the test.  Specifically nitrites (typically 

present in environmental field test conditions) are problematic.  The addition of sodium azide 

results in the conversion of nitrite into nitrous oxide and nitrogen gas which exit from the 

aqueous environment.  This occurs in the acidic environment after the acid is added to the 

solution.   

 

Shown are the stepwise reactions used in the Winkler titration test: 
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Figure 2.22 – Chemical reactions of the Winkler titration method 
 

Reliable determination of the equivalency point requires the use of a spectrophotometer.  As the 

concentration of iodine is reduced in solution, proportionally the solution shifts from brown to 

colorless.  The transition in color follows a standard Beer-Lambert law model205.   As the 

concentration of iodine is reduced (converted to colorless iodide), the absorption reduces in the 

350-500 nanometer color range.  This relationship is expressed as follows: 

 

     (Eqn 27) 

    (Eqn 28) 

 

Where A is absorption value, is the molar extinction coefficient, and L is the optical path 

length, PO is the incident photon number, P is the measured photon number, %TO is the 

spectrophotometer incident photon count percent (typically 100%), and %T is the 

spectrophotometer measured optical count percent).In practical use, for simple 

spectrophotometer the following relationship is used: 

 

     (Eqn 29) 
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This is due to the fact that the incident photon measurement is nulled off to be 100% 

transmission.  In special circumstances this value may change, in which case the first term can be 

recalculated independently.  For 100% incident transmission, this form simplifies down to the 

following: 

 

    (Eqn 30) 

 

Once the transmission values are converted to absorption values, the addition of titrant is 

generally linear with respect to absorption while instrument precision is sufficient and while the 

absorber is present in solution.  If the absorption or concentration is too high in the sample, the 

instrument may not have sufficient dynamic range to detect linear shifts on the high absorbance 

end.  Likewise, if the concentration is very low, the instrument may not be able to detect small 

concentration changes at the low end as well.  To combat this in a practical situation, several 

techniques must be applied.  Firstly, the instrument must have linear response from the beginning 

of titration until nearly the equivalency point.  For a monochromatic spectrometer, one must 

chose a strongly absorbing wavelength for the chromophore in question.  This must be balanced 

with a wavelength at which the instrument is sufficiently sensitive.  For a tungsten light bulb 

based spectrophotometer, the light output follows an emissive black body distribution that is 

centered in the visible red color range with minimal blue-ultraviolet component.   

When a chromophore is added to a solution, the concentration of the chromophore is 

reduced by addition of the titrant even if a chemical reaction does not take place.  This can easily 

be observed by adding water to a dye solution.  The absorption is reduced without the 

elimination of the chromophore.  To combat this, a sufficient solution volume to be titrated must 
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be used with a titrant of sufficient strength to not severely affect the final solution volume.   The 

strength of the titrant can not be so high that measurement precision is an issue for titrant 

addition volume measurement.  On the spectrophotometer used (Sargent-Welch Model SD) 450 

nanometer wavelength was empirically determined as functional from measurement.  At this 

wavelength, both sufficient absorption of the tested chromophore (I2/I3
-) is present, the 

spectrophotometer has sufficient number of interrogating photons, and sufficient linearity and 

sensitivity. 

    In order to determine the equivalency point, a 2-part linear regression must be used.  The 

firs encompass the major portion of the titration from the beginning of the linear range up to the 

before linearity ceases.  The second range encompasses from after the equivalency point until 

sufficient linearity is achieved.  Each of these two linear ranges are independently regressed, and 

the intersection is determined as the equivalency point.  A sample graphical representation of this 

method is shown: 
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Figure 2.24 – Determination of equivalence point using numeric analysis  
 

The coordinates of the intersection point indicate the equivalency point (the value of the 

abscissa) and the absorption value at which this takes place (the value of the ordinate).  This 

ordinate value in (units of A) can be converted back into percent transmission using the 

following relationship: 

     (Eqn 30) 

This %T calculated value is the value that the spectrophotometer is reading (in %T) at the 

equivalency point.  The slope of the first relationship (during titration) represents the ratio of 

absorbance change to quantity of titrant added.  The regressed y-intercept value (the offset) 

should be equaled to the equivalent %T transmission value of the calibrated spectrophotometer 

before any titrant was added.  Calibration of this process is achieved by determining an 

relationship between the volume of titrant and the actual value of interest of the analyite.  In this 

particular situation iodine is titrated by thiosulfate to determine the content of oxygen in the 

original sample.  The relation of interest is the proportionality of thiosulfate to oxygen.  



 64 

Stoichiometery can be used to make this determination from the concentrations of the anylites.  

In the case of the study we performed, a second method can be used to build the relationship.  

The chemistry set used for this analysis was a Hach Model OX-2P.  Per the instructions given, 

the number of drops added of thiosulfate were each equivalent to neutralizing 1 mg/L of oxygen.  

If 10 drops is used to neutralize the iodine content, than the original solution contained 10 mg/L 

of oxygen.  By modifying the concentration of anylites, the equivalent value in mgO2/L of 

oxygen for each drop can be reduced, leading to greater precision.  Several assumptions are 

made with this kit.  Firstly, the drop size must be identical to maintain analytical precision across 

the titration.  The manufacturer indicates that the drop size is equivalent to 14.5 to 15.5 drops/mL 

per their internal certification (exp. Apr. 2019).  Secondly the titration concentration of the 

thiosulfate must be exact.  The manufacturer certified the concentration is stabilized to remain at 

0.0109 N normalcy.  No tolerance value was specified by the manufacturer in their certifications.  

The identification of the equivalence point was performed by visual identification of a clear test 

tube against a white card.  Titration was ceased when the tube became subjectively clear.  

Determination of the end point using this kit is subjective.  There is no rapid shift as classically 

observed in a quick color change indicator (e.g. phenolphthalein), instead a gradual color change 

is observed.  A subjective test was performed to evaluate where the eye observed colorless point 

was with respect to the kit.   
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Figure 2.25 – Determination of equivalence point using visual perception of a color change:  Presented is the 
method recommended by the manufacturer  
 

Based on a number of tests, it was clear that the true equivalence point was not observed by eye.  

After 5 tests, with two observers, it was concluded that the visually observed equivalency point 

corresponded to approximately a transmission of 93% to 95% as determined by the 

photospectrometer206. By eye, the actual equivalency point determined by the spectrometer was 

deemed as beyond colorless.  Accordingly the solution would be concluded, by eye, as over-

titrated.   According to the manufacturer, the kit was designed for eye based titration and the 

reagent concentrations adjusted accordingly.  For this reason the entire calibration methodology 

would need to be reevaluated.   

As in previous experiments, containers of water that are rapidly agitated and maintained 

at a constant temperature are used as calibration.  An additional factor must be considered for 

Winkler titration that was ignored for polarometry – extra oxygen bubbles will add to the 

measured oxygen concentration.  The addition of extra bubbles (gas in biphasic as opposed to 
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dissolved form) that are not dissolved will lead to an excessive apparent measurement of oxygen 

concentration for a solution under analysis.  For this reason it is crucially important to let all gas 

in solution rise out of solution before testing -- only the dissolved gas should be present. 

 

Experimental procedure 

This procedure is a modified version of the original Hach manufacturer’s protocol.  A 

total of 60 mL of analyite is added to a BOD bottle with great care taken that no bubbles form on 

the walls of the container.  The kit is used as directed up until after the acidification step.  A total 

of 6 mL of solution was placed into a borosilicate cuvette with a 1 cm path length.  This was 

inserted into a calibrated and zeroed spectrophotometer.  An identical cuvette was used as a 

100% reference.  The cuvette was removed and 20 uL of thiosulfate solution was added and 

mixed.  The solution was then tested again in the spectrophotometer.  This process continued 

until the titration was complete.  Shown below are the transmission and absorbance graphs for an 

experimental run.  

 

Figure 2.26 – Spectrometer based titration:  Triiodide ion is titrated by Sodium Thiosulfate 
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The relationship between added sodium thiosulfate and dissolved oxygen was determined by 

mixing air and water at different water temperatures.  Full saturation is assumed.  After bubbles 

are dissipated from solution, the temperature is recorded and a Winkler titration is performed.  

As the saturation concentration of oxygen is known as a relationship of atmospheric pressure and 

water temperature, multiple values of oxygen saturation can be tested and a regression formed to 

relate oxygen saturation to thiosulfate volume.  The regression value was determined to be 48.46 

uL of thiosulfate titrant for each mg/L equivalency of oxygen.  When these values are overlaid 

onto a water temperature-saturation curve from accepted values, the average error was only 

0.39%.  This shows internal accuracy in the calibration. 

 

Figure 2.27 – Calibration Comparison:  DO saturation table values are superimposed against saturation 
values determined by Winkler titration at 5 temperature points. 
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Industrial Applications of Micro-Nanobubble Technology 

 Investigations into the fluid dynamics of microbubble generation and flow have been 

centerd to a moderate extent on an academic level.  Interest for practical microbubble 

applications has been growing in recent years.  Much of this research is centered in Japan and 

Korea.  Industrial and consumer grade MNB generator products have been developed with 

reported health benefits35,207.  Consumer ‘cavitation nozzle’ generators have been marketed for a 

number of home remedies and therapies208.  Additionally, complete microbubble systems for pet 

grooming and hair care have been patented or are in production.  One example is the Thales 

microbubble pet wash system, developed in Japan.  Another consumer product is the Lona 

microbubble faucet tap fitting.  We investigated the Lona device directly.  The claims from many 

of these consumer device manufactures include the release of negative ions for simulation of 

traditional Japanese “forest therapy”, deep pore cleansing and boosted cleaning with detergent, 

or even detergent free cleaning.  Our investigations of these claims reveal true benefits to the 

investigated products, but substantial overstatement of product capabilities and performance in 

comparison between our user experience and that promoted in product literature.  The author 

installed the Lona faucet taps within his residence to observe the personal user experience first 

hand.  He has since happily continued to use the taps after experimental work was completed.  

Several commercial-grade microbubble generator manufactures, including Nikuni and 

BL Dynamics have systems available to be engineered into commercial customer end 

applications.  The most common industrial applications for MNBs are to assist particle 

separation (flocculation) or surface cleaning, provide oxygen or other gases to hydroponic or 

aquaculture, and provide oxygen or other gases to assist in environmental remediation209. 

Microbubbles have shown the capability for surface cleaning96,210,211.  Cavitation induced micro-



 69 

nanobubbles are used in ultrasonic cleaners for surface cleaning, but functional mechanisms of 

operation are substantially different from the high density, long-lived microbubbles that are the 

focus of this work212.    

 

Figure 2.28 – Microbubble cleaning example:  Figure reproduced with express permission from the copyright 
holder, BL Dynamics137. 
 

 

Figure 2.29 – Microbubble flocculation example:  Figure reproduced with express permission from the 
copyright holder, BL Dynamics137. 
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Environmental remediation, agriculture, and aquaculture applications have been substantially 

investigated.  General remediation applications typically include the modification of dissolved 

gas in water and may involve that delivery of specialized gases (e.g. disinfectants)213.  Other 

possible effects may take place, yet may not necessarily show significant effects.  While radical 

chemistry is observed in specific experimental conditions161, it is unclear if these reactions have 

substantial effect in environmental or biomedical applications. Microbubbles have been shown to 

generate negative ions above solutions.  We have confirmed this effect ourselves with 

experimentation.  A high impedance electrometer can sense a negative current produced from the 

top of microbubble water.  The sensed current, from our studies, was in the nanoampere range.  

The presence of negative ions in air may have a beneficial effect on health214, but the practical 

contribution of this effect to health, and the actual contribution of negative ions by MNBs may 

both be negligible.  MNBs may be added to hypoxic environments to boost oxygen content35.  

Highly gas saturated water may conversely be reduced in gas content through the action of large 

microbubbles162.  The addition of oxygen in low oxygen environments can promote 

environmental ecosystem expansion and restructuring.  This effect can kick-start new life in an 

otherwise dead or anaerobic environment.  The addition of oxygen to landfill and sewage 

wastewater aids in biological breakdown of organic components35.  The addition of gasses such 

as ozone or chlorine can provide biological control of infectious agents.  The reduction of high 

saturation environments can prevent decompression related conditions such as gas bubble 

disease in fish162,215.  This effect can occur in proximity to waterfalls or where aerated, 

hydrostatically compressed water is rapidly decompressed.  A US governmental study 

investigated the effect of microbubbles on removing this condition.  It should be noted that while 
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the term ‘microbubble’ was used in this US governmental report, the size of these bubbles 

generated were, on average, larger than the term ‘microbubble’ defines in this report.    

In addition to pure gas delivery, MNB generators have been used to promote the growth 

of plants, mice, fish, and invertibrates35,85.  A number of partially-proposed mechanisms may 

come into play outside of the ones mentioned so far216.  The literature in MNB research is 

dominated by physicists, chemists, material scientists, and engineers.  A lack of studies 

performed by classically trained biologists exists with MNB effects on biological systems.  

Rigorous biological studies need to be performed to investigate other proposed biological effects 

of MNBs.  A number of small scale studies have been performed my numerous groups to 

demonstrate effects on specific organisms.  Some aquatic organisms have differing reactions to 

both the bubbles and the delivered gas35,216.   In general, moderate and sustained saturated 

oxygen levels up to 120% have shown to promote growth of fish in aquaculture217.  For air 

MNBs, coral and Turban shells exhibited opposite reactions.  A defensive reaction was observed 

in coral while an accepting behavior was observed with the Turban shell216.  These studies are 

based on observed animal behavior.  Oyster aquaculture was shown to benefit from MNB 

treatment with respect to health and yield35,218.  The mechanism of this benefit is debated.  A 

Canadian governmental study questioned whether the effect and measured bacterial reduction 

was microbubble related or as a result of the copper components of the venture-principle based 

MNB generator itself for a number of studies219.  More investigation is needed on this matter.  

Copper may play a lead role in the biocidal effects observed in these experiments, yet 

microbubbles may serve as an efficient carrier or be involved with copper-microbubble hydroxyl 

radical generation161.  Microbubbles have also been investigated for the support and control of 

microorganisms220.  A widely cited study by Himuro et al. showed a devitalization effect of 



 72 

microbubbles on bacteria221.  At the date of publication of this report, the cited study was not 

available in official English translation.  Our studies with E. coli and Pseudomonas fluorescens 

demonstrated no noticeable bacterial growth inhibition following air MNB treatment for these 

species.  The Canadian governmental study also used E. Coli as a model organism and found 

similar results to our studies.  The benefits of MNB solution have been noted for yeast growth in 

brewing35,222.  We too have observed this effect.  Yeast metabolism was increased through MNB 

addition as reported by our group206 

 

Micro-Nanobubble Characterization and Measurement 

With appropriate configuration, bulk microbubbles bubbles can be imaged using 

conventional photographic equipment.  Surface-attached microbubbles are generally easier to 

image.  Using macro lenses and flow cells, millimeter down to 100 µm bubbles can readily be 

imaged with still photography or video.  Microbubbles from 100 to 1 µm in size typically require 

magnification from microscopic objectives.  Numerous practical challenges are present for 

imaging in conventional and inverted microscopy configurations.  As bubbles typically float 

counter to the direction of the pull of gravity, bubbles will remain in the imaging light path.  This 

results in added light scatter.  This is due to refraction at the air-liquid interface, and decreases 

imaging practical resolution, contrast and overall image clarity.  The necessary approach is to 

rotate the optics so that the flow of bubbles is perpendicular to the light path during imaging.   

Bubble velocity is another important factor in imaging.  In addition to rise velocity, bulk fluid 

flow velocity also contributes to total bubble velocity.   Under microscopy, bubble speeds in 

excess of 1 cm per second are difficult to image without dedicated high speed photographic 
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equipment.  One approach for direct bubble imaging is to generate bubbles with electrolysis.  An 

advantage to this method is the production of slow moving bubbles.     

 

Figure 2.30 – Microbubble measurement systems:  A special rotated microscope setup for bubble imaging.  
Microscopy can image slow moving microbubbles.  Electrolysis generated microbubbles are ideal for imaging 

 

Microscopic monitoring of bubbles in solution permitted capture of the bubble shrinking effect 

on video.  For this setup, video acquired at 60 FPS is sufficient for recording and observation.  

This phenomenon was clearly visible and commonly observed.  Bubble-particle interactions are 

observed using the same optical imaging setup.   

 

Figure 2.31 – Electrolysis microbubble shrinking 
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Monodisperse Polysciences® polystyrene beads at 10 and 25 µm sizes were video imaged along 

with microbubbles to monitor interactions.  Clear interaction and aggregation of particles and 

beads were observed ubiquitously.  As an industrial particle model, a slurry of finely ground 

silicon from a silicon wafer foundry was mixed with microbubble solution.  The silicon particles 

ranged in size between 2 and 10 microns in size.  After microbubble treatment, individual 

particles tended to cluster into chains.  The branched structure of these aggregate chains suggest 

that electrostatically induced dipoles are the main adhesive forces between particles.  While the 

particle aggregate adhesions are strong enough to resist mild agitation, strong fluid flow will 

rapidly separate aggregates.   

 

Figure 2.32 – Microbubble and polystyrene bead interactions 

 

Figure 2.33 – Scanning electron micrograph image of silicon particle used in aggregate studies 
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Figure 2.34 – Aggregates of bubbles, beads, and silicon particles 

 

Non-microscopy measurements of small size microbubbles and particles are typically 

performed using laser scatter analysis or dynamic light scattering.  Depending on the size of 

particles that one wishes to analyze, backscatter angle coupled with Mie theory can be used to 

measure particle size.  Alternatively, measurement of the Brownian motion of bubbles in 

solution is accomplished by measurement of the modification of laser speckle pattern with time.  

Bubble hydrodynamic radius is closely coupled with random motion for a given size range35.  

Alternative methods that are also in use include electrical zone measurement (the Coulter counter 

principle), and direct particle counting.  Due to our interest in microbubbles in the 1-100 µm size 

range, a direct counting approach was used.  The instrument used for this purpose was a 

Chemtrac Lasertrac 2400D.  This device permits sensing of 2 to 100 µm size particles and 

bubbles in a collected water stream.  The flow rate for this instrument is 100 mL/min.  Internal 

firmware permits the use of 8 bin ranges for particle counting.  Output data is transferred over a 

serial interface containing bin sizes, and counts/mL per bin.  The sensing method for this device 

is the change in laser light intensity as a bubble passes between an optical pair within the 
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detector unit.  A passing particle produces a pulse and the amplified voltage of the pulse (pulse 

height) is proportional to the passing particle size.  As the internal pulse height amplifier only 

can bin measured pulses within 8 possible locations, a limited number of measurement 

acquisition points is possible simultaneously.  For this reason, we investigated alternate methods 

of pulse height analysis.  Pulse height analysis is a common method for the identification of 

radioisotopes by measurement of the deposited energy within a detector.  Many of the 

approaches are similar between both types of measurements.  During the course of this project, 

we investigated the use of alternate pulse height measurement techniques.  All methods showed 

promise but were not further developed as the polydisperse nature of the bubbles limits the 

information measured with increased bubble spatial resolution sampling.  An added challenge of 

physical particle measurement is the inherent non-linear response between particle size and pulse 

height223.  The three methods that were investigated are the following. 

• A Nuclear MCA (Ortec TRUMP 8K) was used to directly measure pulse heights 

from the preamplifier of the Lasertrac 2400D.  The pulse widths of 10-30 

milliseconds for normal flow conditions permitted easy binning of pulses across 

8,000 bins.  The pulse shaping and internal amplification within the Lasertrac 

2400D was sufficient such that additional hardware was unnecessary. 

• A PC sound card was used to measure response of stretched pulse.  An active RC 

filter was used to filter and pre amplify the signal into a EMU 0404 192K sample 

rate recording sound card.   The software package PRA was used to identify 

pulses based on waveform identification criterion224.  Reducing sampling to about 

50 mL/min flow speed greatly improved measurement resolution. 
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• The ARM Cortex-M3 based SainSmart Nano DS201v3 open source oscilloscope 

was used with firmware modification to count and log pulse heights225.  No 

external electronic amplifiers or filters were necessary with this approach.  The 

convenience of this setup lead us to the continued to be used to monitor inter-

measurement distribution of particles for quality control verification.      

 

Figure 2.35 – Diagram of particle counter setup used for microbubble measurement:  For improved sizing 
resolution, alternative setups can be used to expand inherent equipment limitations.  A diagram of a typical 
microbubble characterization experiment is shown. 
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CHAPTER 3 
Micro-Nanobubble Production 

 

    A number of methods can produce micro-nanobubbles for research, consumer, and industrial 

applications.  Generation methods are not identical in bubble formation mechanism, bubble 

quantity, bubble size and distribution, cost, or generation efficiency.  As outlined by H. Tsuge, 

there are nine general categories of generators.  While in different categories, multiple types 

share common operational characteristics.  Of these nine categories our work focuses on 

investigation into three specific types (marked in bold) due to the relevance to biomedical 

applications.    

 

• Rotational liquid flow generator (vortex type): pressurized water is rapidly rotated to 

shear air into fine bubbles.  A gas (air in most applications) is typically drawn in 

passively by the negative pressure this generator inherently develops.  Bubble size 

range is typically 10-75 µm.  Generator uses high water volumes and has low efficiency 

microbubble generation compared to other methods.  Plastic versions of this device 

have very low materials and constructions cost.  Major Japanese manufactures of this 

device include Aqua Air Co., and Nanoplanet Research Institute Corporation, Ltd.  A 

USA produced version of this type of device is trademarked as OxyDoser ™ PUREair 

and is available direct from the designer, WickedHydroDeals (Mike Lodge).  This 

particular device suits well to situations that require gas delivery to large volumes of 

water. 
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• Dissolved gas generator:  A gas is mixed with air and held under pressure before being 

released to lower pressure.  Depending on the exit nozzle, the rapid pressure decrease 

can cause microbubble nucleation and cavitation processes to occur226.  If the cavitation 

process occurs, cavitation voids are filled with gas and are compressed by the 

collapsing bubble227-229.  Multiple methods can be used for pressure generation.  

Commonly a turbine pump is used to mix and pressurize gas and liquid together before 

the mixture enters a separation tank.  Any large air bubbles present can separate from 

solution and exit via a purge system that is present in most units.  The dissolved gas and 

air mixture exits through a nozzle where microbubbles are generated.  An alternative, 

operational mechanism is the application of high pressure gas statically applied to an 

agitated liquid.  Ejection of this agitated liquid through a nozzle generates microbubbles.  

The size and distribution of generated bubbles is highly dependent on the pressure, flow 

rates, and nozzle structure of the system.  Generally this type of generator produces 

large volumes of microbubbles with small size distributions (generally under 60 µm).  

In come conditions, biphasic distributions have been observed35.   Nikuni and BL 

Dynamics manufacture commercial systems that use this generation principle.  

• Electrolysis generator: microbubbles can be generated by electrolysis of water into 

hydrogen and oxygen.  Bubble sizes between 10 and 100 µm are common.  Agitation of 

the plates improves generation efficiency.   

• Static mixer generator:  A large volume microbubble generator that uses rapid fluid 

flow around static features within the device to generate microbubbles. 

• Venturi generator:  a venture structure is used to create microbubbles of added gas 

within a liquid. 
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• Capillary generator: Specifically sintered materials with small pores and large inter-

pore spacing can generate microbubbles in water flows of sufficient strength to shear 

bubbles from the surface of the generator.  Microbubble generation quantities are low, 

yet this type of generator is particularly simple and requires only air and a moderate 

bulk liquid flow to produce microbubbles.  The surface structure of this class of 

generator is deceptively complicated.  The use of conventional aquarium airstones will 

not have the same effect due to close proximity of surface pores.  Other versions of this 

device use pulsed flow and microfluidic channels to achieve similar effect118,230,231. 

• Rotational generator:  The shear force between coaxial rotating cylinders can be used to 

generate microbubbles.  This generator acts as a pump on its own and has found 

applications for environmental remediation.  BL Dynamics, and Nomura Electronics 

Co. produce generators of this type. 

• Ultrasound microbubble generator:  High intensity ultrasound delivered to solution 

rapidly cause cavitation and nucleation of dissolved gas within a liquid.  This gas enters 

solution as microbubbles.  If continued nucleation is permitted, microbubbles can grow 

to the point where rapid flotation occurs.  The effect is solution degassing.  This type of 

generator has been investigate for use in the development of medical materials35. 

• Vapor condensation generator:  This exotic generation mechanism uses steam and 

nitrogen directed into cold water through a nozzle.  The effect is microbubbles of 

nitrogen in the 20-40 µm range232. 
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Investigations into microbubble generation 

We investigated several microbubble generators throughout the course of the studies 

presented in this work.  Investigations were directed towards microbubble generator types with 

specific biomedical applications for wound care and tissue culture.  The primary microbubble 

effects sought after were bubble-particle interactions and gas delivery.   Of the mentioned 

generator types, the dissolved gas and vortex type generators most closely matched the 

specifications for the application and were further investigated.  The electrolysis type generator 

was used briefly used for investigating microbubble-particle interactions.  We will briefly 

discuss this type of generator before diving into substantial depth for the generator types used for 

the majority of the presented studies. 

 

Exploratory investigations in electrolysis based microbubble generation 

Electrolysis produced microbubbles are unique in the sense that the bubbles are 

comprised of the solution molecular contents themselves.  This type of generator can flocculate 

particularly well due to a side-effect of electro-flocculation that can take place in certain 

circumstances and with certain anode materials.  Several considerations must be noted for this 

type of generator.  The generation of microbubble quantity and composition is dependant upon 

ions present in solution.  High chloride content (e.g. saline) will produce chlorine gas in addition 

to hydrogen and oxygen.  Dilute sulfuric acid or sodium bicarbonate solutions were used to 

permit electrolysis to occur in DI water for our experiments.  Low ion content reduces bubble 

formation efficiency and requires large voltages to permit sufficient electrical current flow.  

Breakdown of electrodes can release metallic ions in solution.  In test setups, stainless steel 
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electrodes with substantial applied voltages were observed to produce colored ions of chromium 

and nickel in solution.  These multivalent heavy metal ions are toxic and possibly carcinogenic233.  

In tests, platinum electrodes outlasted other metallic electrodes used and did not generate 

observable debris or ion contamination.   Commercially available platinum coated titanium 

anodes (platanode) paddles also showed long lifetimes.  Aluminum electrodes would function, 

but were short-lived due to breakdown of the aluminum at the anode.  This rather reactive metal 

was tested due to capability for electro-flocculation.  Graphite electrodes were demonstrated to 

be long-lived and resistant to breakdown.  The effect of breakdown was gradual disintegration of 

the anode.  Graphite rods for arc lamps were initially tested and found to work, yet thinned 

during degradation.  Common graphite rods such as pencil leads are inappropriate for this 

application as their content is not only carbon but also clay.  The use of these electrodes leads to 

rapid breakdown and total disintigration.  One particularly useful form of carbon was common 

structural woven carbon fiber.   With the ends of the fibers bonded using a polymer (epoxy resin), 

relatively long lifespan were observed with this type of electrode.   The small volumes of liquid 

necessary for microbubble generation in addition to the controllable rate of bubble production 

(using electrical current) provides a useful tool for microbubble property investigation and 

imaging. 
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Figure 3.1 – Image of the OxyDoser-PUREair vortex based microbubble generator 
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Investigation and characterization of a vortex based microbubble generation system 

 Vortex based microbubble generation uses shear forces produced by rotating liquid to 

break down bulk gas into small bubbles.  A number of types of this device have been created in a 

variety of specific geometries.  The specific device we investigated was the OxyDoser-PUREair 

system, patented by entrepreneur Mike Lodge.  This device is intended for the delivery of 

oxygen to the roots of hydroponically grown plants.  The operational requirements for this 

device are to provide 50 PSI of water pressure into the fluid inlet at a maximum potential flow 

rate of 5 gallons per minute.  This was achieved using a conventional impeller water-well pump. 

      

Figure 3.2 – Diagram of the OxyDoser-PUREair in test setup 

The OxyDoser microbubble generation efficiency and aeration capability were tested.  

Large bubbles were produced when the OxyDoser was allowed to freely aspirate air with no 

airline restriction.  The circulated water remained clear with little microbubble evidence apparent 
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to the naked eye.  With airline restriction, the sound of the generator changed from a rushing 

water to a high pitched crackling sound.  This sound change is noted in cavitation literature as a 

hallmark of cavitation inception229,234,235, yet no other confirmatory investigations were made to 

support a claim of cavitation.  With this level of air restriction, the water within the aquarium 

began to cloud due to the presence of MNBs and small macrobubbles in solution. 

 

 

Figure 3.3 – Image of the OxyDoser-PUREair in use 
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We carried out a number of studies investigating the performance of the OxyDoser for 

microbubble generation and solution oxygenation.  A first study was to determine the 

microbubble size distribution after a runtime of 2 minutes with different intake airflows.  In both 

cases the bubble generator intake airflow was choked down from wide open to achieve the 

desired flow rate.  In one case, the total flow of air was halted.  In the other case, the airflow was 

reduced until the generator changed operational sounds and increased visual microbubble output.  

Water was sampled from the midpoint of the container with care not to place the sampling tube 

into a flow stream.  Bubbles were directly aspirated into the intake of the LPC and measured 

over the course of 2 samples.  Each sample was aspirated at 100ml/min for two sample periods 

of 15 seconds separated by a 60 second delay.  Both samples were averaged to provide a 

common dataset relating average bin particle counts versus average bin size.  The second study 

measured the oxygen through continuous recording for a four minute measurement run.  The 

experiment was terminated after 4 minutes due to water heating and possible calibration drift of 

the DO sensor.  A predetermined rise of 3°C in the water bath for any experimental run was the 

experimental termination criterion.  The OxyDoser oxygen delivery rate was benchmarked 

against an aquarium airstone delivering 1 standard cubic foot per hour (SCFH) of compressed air 

into solution during constant stirring.  Before the experimental runs for each study, the water was 

changed with 95% saturated DI water.  A slight DO under saturation was maintained to show the 

delivery properties of the setups to hypoxic conditions.    
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Figure 3.4 – Bubble size generated by the OxyDoser-PUREair  

 

The results of the bubble size study show that a minor decrease in the solution fine 

bubble content resulted from an increase in airflow.  As the water is becoming increasingly 

cloudy with added gas content, this measurement seems is counterintuitive.  The cloudy 

appearance of the water is due to both microbubbles and small macrobubbles.  Since small 

microbubbles shrink, the large microbubbles are lost from solution as rising occurs.  The 

shrinking microbubbles shift the distribution to the lower size region.  As this particle counter is 

unable to count over 100 µm in size, the vast majority of bubbles must be larger than this size, 

likely in bimodal distribution with the microbubbles.  When the airflow to the generator is halted, 

microbubbles in solution continue to shrink.  As the setup used is re-circulating, biphasic fluid 

flow of bubbles in solution is transferred back into the OxyDoser form the water feed.  The effect 
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is the addition of air from the water inlet to the OxyDoser vortex form the liquid addition side, 

causing a finer breakup of bubbles.  The resulting distribution of the microbubbles generated by 

the OxyDoser with no air intake is shifted to finer bubbles with respect to the air intake case. 

 

Figure 3.5 – DO delivery performance by the OxyDoser-PUREair 

 

 Investigation of the gas delivery properties of the OxyDoser demonstrated the delivery of 

available oxygen content greater than the 100% oxygen saturation point at 21°C (8.89 mgO2/L).  

Continued increase was observed at the termination of the study.  Study termination was due to 

the temperature increase threshold being reached.  Above this point it was determined that an 

error of greater than 3% DO concentration could be observed based upon prior knowledge of the 

instrumentation.  In comparison to the aquarium airstone control, the OxyDoser delivered 

oxygen into the solution above the saturation point.  The airstone was unable to produce a 

concentration greater than 100.5%.   One point to note is that due to this recirculation system (a 

common setup for the use of this device) this device does not act as a pure vortex generator.  Re-
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intake of air microbubbles and pressurization of feed water are characteristics of a dissolved gas 

generation system.   Improved dissolved gas MNB fine bubble generation performance has been 

observed by other groups by using a nozzle based on vortex design35,236.  Comparisons of gas 

induction techniques show that vortex type microbubble aeration is substantially more energy 

inefficient at dissolving gas in water as compared to airstones237.  Yet these types of generators 

are very useful for dissolving expensive gasses efficiently into solution 237.  While improved 

oxygen delivery and small bubbles are achieved using this system, the large water volume used 

makes this system difficult to use for wound care applications.  
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Investigation and characterization of a dissolved gas based microbubble generator systems 

 Dissolved gas type generators are known for their high microbubble output and ability to 

deliver large quantities of gas into solution35.  A high cost and a high power consumption rate is 

common among these types of generators.  Very concentrated microbubble water can be 

produced using this type of generator.  Generally air and water are fed into a turbine compressor 

to mix and pressurize the biphasic mixture.  Turbine pumps are often used to overcome the 

shortcomings of other more conventional pumping solutions.  Conventional piston pumps are 

generally inappropriate for compressing ‘incompressible’ fluids such as water.  The effect is 

potential pump stall and damage.  An exception to this is the use of a specialized metering pump 

(based on a high pressure ceramic piston design) that has been demonstrated for MNB generation.  

An example system is the Asupu, Ltd. Model MA5S.  Common impeller water pumps will stall 

when gas accumulates at the center of rotation of the impeller.  The turbine pump is resistant 

against stalling and is self priming.   
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Figure 3.6 – System Diagram for a dissolved gas MNB generator:  Figure reproduced with express permission 

from the copyright holder, Pan Stanford Publishing35.  

 

The final pressures of air-liquid mixtures tend to range between 50 and 200 PSI depending on 

pump type and manufacturer.  For the next series of experiments, we used a commercially 

available Nikuni KTM MBG20N07CE microbubble generation system.  As compared to the 

vortex generator, the Nikuni DG-MNB system was able to consistently achieve significantly 

higher dissolved oxygen concentration values in the same volume of solution with the same 

period of operation.  In an operational setup using 2.5 L of re-circulated DI water, the maximum 

recorded DO value was 125% oxygen saturation at steady state.  Of the 5 replicates of this study, 
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all measurements ranged between 122% and 125% saturation.  The effect of bubble shrinking 

and oxygen gas transfer into solution is easily observable using the particle counter and DO 

meter.  Water treated at 60 PSI and passed through a 750 µm nozzle was re-circulated for 1.5 

minutes until a steady state oxygen concentration of 124.5% DO saturation was achieved.   Care 

was exercised not to let the temperature of the water rise above 22°C during the experiment.  A 

volume of 300 mL of this microbubble solution was added to an equivalent volume of air 

saturated water at a temperature of 21°C.  Solution stirring during the experiment was 

accomplished using a stir-plate.  Simultaneous measurement of DO percent saturation and 

bubble size for 7 size ranges were recorded and plotted. 

 

Figure 3.7 – Superimposed bubble size and DO measurement 
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From the results, it is observed that the microbubbles of sizes above 15 µm up to 40 µm were 

decreasing in number with the passage of time.  Microbubbles between 2 and15 µm in size 

increased dramatically with the passage of time.  The greatest increase was observed for 

microbubbles in the 2 to 5 µm range.  As bubbles were shrinking, the solution oxygen content 

slowly rose from 110.3% to 111.7%.  After the passage of 250 seconds, the measured relative 

solution oxygen content began to slowly decrease.  As the microbubbles in solution shrank, 

additional gas was forced into solution.  The increase in measured DO demonstrated the effect of 

gas transfer into solution during the bubble shrinking process.  In this setup, the continued 

stirring of the microbubble solution eventually reduces the measured DO saturation back to 

100% saturation (equilibrium with the air) over the timescale of approximately 15 minutes. 

The Nikuni DG MNB generator system is an industrial grade pump that requires 1 

Kilowatt of power for operation and cost several thousand US dollars.  Many pumps of similar 

design also have similar power requirements and similar costs.   A portable, low cost system that 

supports biomedical needs is hard to adapt from this platform.  We sought to take the conceptual 

operation of a dissolved gas MNB generator and produce a low power, low cost version.  We 

created two devices that fulfill the requirements of a replacement device.  The first device uses a 

TOPSFLO model TG-7 (24 Volt) liquid gear pump in place of the turbine pump in many DG 

MNB generation systems.  This particular model pump is rated at 120 PSI maximum generation 

pressure.  Mixing and pressurization is accomplished by the intermeshing alumina gears within 

this pump.  Pressure monitoring was achieved using a transducer.   
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Figure 3.8 – System diagram for the gear pump based microbubble generation system 

 

 

Figure 3.9 – Performance tests and benchmarking for the gear pump based microbubble generation system 
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The remaining portions of the pumping system are analogous to a conventional dissolved gas 

MNB generation system.  The nozzle for this generator was a 750 µm hole in an ABS plastic 

fitting.  In place of a separate dissolving tank, the feed hose dead volume served the same 

purpose.  A second valve was used initially to test the effect of a 2 stage pressure release system 

and is noted on the diagram.  For all reported experiments, this valve is maintained wide open.  

Operation of the experimental generator demonstrated comparable functionality to the Nikuni 

system, although the average peak bubble output (in 25 to 30 µm bin) was approximately 15% 

higher for the Nikuni compared to the gear pump MNB system, as measured in 5 trial runs.  Size 

distribution for the Nikuni system, like the experimental gear pump generator, had a bubble 

generation mode value at 25 to 30 µm with a similar distribution.  As many parameters determine 

MNB generator performance, extended studies investigating numerous operational parameters 

are necessary to draw firm conclusions.  Many aspects of the experimental generator system 

have not been optimized and need require further investigation. 

 

Figure 3.10 – Operation of the gear pump based microbubble generator:  Note bright white bubbles in 

foreground and gear pump with power supply in the background 
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Figure 3.11 – Bubble Size and shrinking profile for the gear pump based microbubble generation system 

 

While the gear pump based MNB generation system is effective and portable, we 

attempted to design and create a passive system for MNB generation with no moving parts 

involved in the MNB generation process.  We approached this process in several steps.  Initially 

we constructed a self agitating static pressure microbubble generator.  The design operates with 

the ‘falling film’ effect discussed by Maeda, et al.238.   This device was built of all metal 

components.  TIG welding and pipe fitting methods were used for construction.  All parts were 

available from the local suppliers.  The main tank body was a salvaged steel air tank modified by 

air-plasma cutting.  Holes were created in the inner pipe component using a drill press.  A bleed 

valve permits a small air leak to remove trapped air at the top of the cylinder.  The outlet valve is 

used to control flow out of the device to maintain internal pressure and flow.  Input air and water 

sources are regulated such that their individual pressures are similar.  Because the viscosity of 

gas is less than water, the gas flow is typically greater than the water into the device.  The release 

of the extra gas occurs with the bleed valve.  Air and water enter the internal tube and spray out 

of the 1/16” fluid jet holes in the inner pipe.  The water / air streams strike the cylinder and 

produce a rapidly agitated ‘falling film’ of water.  Jets under the waterline, within the cylinder, 
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continue to agitate accumulated water.  Cylinder pressure is maintained near the inlet pressures 

during operation.  Check valves at the air and water inlets prevent backflow into either the air or 

water source.  Device operation requires careful control of multiple valves to maintain stable 

equilibrium.  With an inlet pressure (both air and water) of 60 PSI, a continuous stream of milky, 

white microbubble water can be generated with a measured DO saturation value of 135%.  This 

demonstration served as a proof of concept for the generation of microbubbles in continuous 

flow in a simple design with wide process parameters.  The constructed prototype device had a 

net bill of materials cost totaling $42 and was built completely in-house in several hours time by 

the author.   
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Figure 3.12 – Experimental MNB generator which uses the ‘falling film’ effect 

 

The experimental ‘falling film’ MNB generator was a proof of concept towards the development 

of a passive MNB generation system for wound care applications.  This particular device 

demonstrates that high surface area interaction of water and gas can produce increased DO 

concentrations in water after the microbubble generation process.  The agitation of the water jets 

provides this air-water surface area.  For most treatment applications, a continuous flow system 

is overkill for the application and leads to water waste and contamination concerns.   A single fill 

generator and proportioning device was created from the design of a soda seltzer bottle.   

 

 

Figure 3.13 – Experimental MNB generator based on a ‘seltzer bottle’ soda dispensing system 

 

A seltzer bottle was modified to permit the introduction of compressed air.  The device was filled 

half way with DI water and sealed.  A quick-release compressed air fitting permits simple 

addition of gas using a specially deigned charging adapter.  The device is heavily shaken before 
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use.   A 750 µm ABS nozzle is used for microbubble generation.  Even without the nozzle, 

persistent, milky appearing microbubbles are generated from the device exit.  With pressures of 

60-80 PSI, measured DO saturation values upwards of 140% can easily be achieved.  

Microbubble size distribution was very similar to the gear pump generator, but with microbubble 

count rates approximately 40% higher than the gear pump system.  The microbubble water 

generated by this type of generator is very dense and long lasting.  The high DO concentration of 

this generator results in rapid nucleation of dissolved water into macrobubbles within a water 

sample.  The effect is similar to soda water.  We additionally investigated if the addition of high 

pressure air directly into the outlet tube would improve MNB generator oxygen DO saturation 

capabilities.  A 75 µm hole was punched in the polyethylene feed tube.  The small size permitted 

rapid repair with a hot air tool.  Multiple tests were performed. 

 

Figure 3.14 – Parameter tests for the operation of the seltzer bottle based MNB generator 
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Experiments were conducted at 5 and 90 PSI pressures.  A 5 PSI pressure was used to 

simply eject water from the system without substantial gas dissolution effect.  Experiments were 

performed where the three parameters of a hole present or repaired, shaken or unshaken, and 90 

versus 5 PSI were tested.  In all cases, the action of shaking greatly increases the available 

oxygen that is measured after microbubble generation.  The inclusion of an air inlet hole 

marginally increases measured oxygen delivery.  This generation system is highly variant in 

performance.  Parameters such as delay between shaking and dispensing, whether to shake and 

dispense at once or not, and whether to recharge gas or not while dispensing strongly affect 

performance.  Additional studies will be necessary to draw hard conclusions about specific 

design or operation parameters.  This generator was constructed late in the duration of the project, 

so its use was limited during MNB application testing.  Future work will focus on further 

characterization and improvement of this generator system. 
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CHAPTER 4 
Investigations of Microbubbles in Wound Models 

 

 In this work so far we have drawn the link between the needs of wounds and the 

beneficial properties microbubbles can deliver to the wound site.  In this section we use 

biological model systems to specifically investigate microbubbles and wounds.  Three model 

systems are used for these experiments.  Particulate removal studies were investigated on the 

author’s unbroken human skin and whole post mortem porcine skin.   Special exploratory work 

on this area uses bacterial cultures grown on agar.  Oxygen delivery studies are conducted using 

the same model systems in addition to single cell broth cultures of bacteria and yeast.  Biofilm 

and bactericidal effects of microbubbles are investigated using cultures of bacteria grown on 

porcine skin.   Additional investigations use liquid bacterial broth cultures.  The results for all of 

the experiments points to the beneficial role microbubbles should have clinically in wound care. 

 

Particulate Removal in Wound Models using Micro-Nanobubbles 

 The removal of particulates at wound sites (debridement) helps to prevent inflammation 

and infection.  Pulsed lavage (pressure washing tools) are currently in clinical use for cleaning 

and debriding wound sites.  Microbubbles have demonstrated cleaning effects in numerous 

situations239.  The incorporation of microbubble technology into wound washout systems, such 

as lavage, can likely improve wound debridement.  Both lavage and microbubble comparative 

studies suffer from a number of ‘technique related’ factors that make like-to-like comparison 

difficult33.  The experimental test situations vaguely resemble the proposed clinical solutions.  

Test situations are operated in non-optimized conditions to permit easy side by side comparison.  
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From experience with microbubble systems, several key factors can inhibit the cleaning action of 

microbubbles. 

• Waxy layers covering particulates from fluid, particles embedded in waxy layers:  

Microbubbles do not have the grease cutting power of tough organic or alkaline solvents.  

Light grease or oil can be cleaned from surfaces, but thick grease or waxy layers are not 

easily removed by microbubbles   

• Low to no flow of microbubble cleaning solution:  The majority of microbubble 

actions require fluid flow.  Without fluid motion, bulk microbubbles will rise in solution 

and commonly away from submerged surfaces.  Gentile stirring helps to restrict 

microbubble loss from solution. 

• Application of microbubbles to dry tissue:  Microbubble cleaning tends to produce the 

most dramatic effects when samples have been allowed to soak in water prior to 

treatment.  The water may be microbubble or normal water. 

 

Preliminary demonstration study 

 Cosmetics are often difficult to remove without a solvent or detergent.  Pigment 

(particulate) based agents are difficult because of infiltration into the rough structure of the skin’s 

stratum corneum.  The manufacturers for several consumer oriented microbubble products have 

claimed the removal of grease, dead skin, and makeup without detergents240.  We decided to test 

this claim independently.  A 2-5 micron fluorescent pigment (cosmetic grade) was applied 

evenly to the backs of two hands.  The hands were pre-moistened to allow even particle coating.  

Both hands were imaged before treatment.  One hand was treated with microbubble water from a 

Lona sink faucet tap, while the other was treated with tap water from another source.  This 



 103 

control water was left to stand for several hours before use.  No detergent was used at any point 

in these studies.    

 

 

Figure 4.1 – Primary investigation into particulate cleaning using microbubble technology:  A Lona sink 

faucet MNB generator was used for this preliminary study. 

 

Two washes were conducted on each hand, and even rubbing was applied to both.  There was no 

intended difference in rubbing pressure or duration between hands.  A total of 2 liters of wash 

water was used.  There is a notable difference between the change in the level of fluorescence 

before and after treatment for both hands.  The hand with microbubble washes shows a clear 
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improvement in particulate removal.  This quick qualitative study only corroborates that 

microbubbles can remove particulates from the skin to a degree without the aid of detergents.  

Definitive conclusions must be drawn from more controlled study conditions. 

 

Porcine Skin Model for Wound Debridement: 

 Porcine (pig) skin is similar in outer structure to human skin.  This material is readily 

available in consistent quality from local butchers.  The previously presented preliminary study 

inherently suffers from lack of experimental rigor and repeatability.  In the following studies, the 

imaging and experimental setups are controlled.  Images are taken before and after treatment 

with identical camera, lens, lighting, and positioning configurations.  A lens mounted UV 

skylight filter was shown to be sufficient to practically eliminate non-fluorescent UV glare.            

 

Figure 4.2 – Diagram of imaging setup for microbubble particle cleaning studies 

 

Porcine skin was prepared identically for use in this process.   

1. Porcine skin was cut to size, degreased, and mounted to polymethylmethacrylate 

(PMMA) carriers using silk sutures. 



 105 

2. Fluorescent particulate slurry stock (2 parts powder, 1 part water v/v) was applied and 

brushed onto the porcine skin surface using a stiff nylon brush. 

3. Porcine skin samples were blotted to remove excess particulate.  Inspection is 

performed under UV to verify comparable coating area, coating density, and average 

fluorescence level.  The camera imaging parameters were set to ISO 6400, f 5.6, and 

speed is adjusted as necessary to achieve a light meter adjusted to 0 eV (proper 

exposure).  Attempt to achieve identical light meter reading for both samples to proceed. 

4. Sample placed in a 1L stirred beaker with either microbubble DI or saturated DI water.  

After 5 minutes After 5 minutes, samples are removed, imaged and experiment is 

repeated with new water in beaker. 

5. Samples are imaged after experiment conclusion. 

6. Images are used in Canon RAW 16 bit format.  Channels are downmixed to grayscale.  

Image is converted to TIF for file transportability 

7.  In NIH Image-J241, masks are made for each sample.  Average pixel density is 

measured in this area.  The same mask is applied to each image for the same sample.  

Ratio of density change (expressed as %) is used as the figure of merit for comparison. 
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Figure 4.3 – Images showing the wash chambers for the control and experimental studies 

 

 

 

 

Figure 4.4 – Images of the fluorescent particle coated porcine skin model before and after the microbubble 

cleaning process 
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Figure 4.5 – Experimental results for the particle coated porcine skin model 

 

For fluorescent particulate removal, a reduction of 3% in measured gray level was 

observed with saturated DI water alone.  The use of microbubble water resulted in a reduction of 

27% brightness due to now displaced florescent particles were on surface of the skin.  A clear 

visual inspection of the samples prior to and post treatment show improved reduction of 

particulate in the microbubble wash case.  It is important to note that the wash setup used is not 

ideal, it is just experimentally consistent.  Jets of MNB water or other approaches may have even 

greater effects, but were not systematically tested.  Other factors such as even, consistent 

fluorescent powder application can affect results.  Other replicates of this experiment showed 

similar results to the ones presented.  The data presented is a typical experimental run.  It is very 

difficult to assess the exact level of cleaning because every experimental run is different.  Other 

microbubble and debridement cleaning literature has expressed similar issues with their 

experimental configurations33,96.   
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Biofilm Reduction with Micro-Nanobubbles 

 The desire of debridement is the breakdown of biofilm where present.  Non-pathogenic 

biosafety level 1 organisms were used exclusively in these studies due to the real risk of aerosol 

exposure.   For the whole group of studies, the microorganisms used were Escherichia coli (E. 

coli) (strain MM 295, pGREEN transfected, pVIB transfected), Pseudomonas fluorescens 

(American Type Culture Strain #13525) and Saccharomyces cerevisiae yeast.   The bacterial 

cultures were sourced from Carolina biological.  The yeast strain is an active dry type was 

purchased from a local food supplier.  My colleague, Kenneth Campos investigated the increased 

metabolism of yeast treated with microbubbles as a function of his masters research206.  To 

model biofilm, we transfected E. coli MM295242 with the pGREEN plasmid using the 

calcium+heat shock method243.  Green Fluorescent Protein (GFP) is expressed during cell growth 

along with ampicillin resistance 

 

Figure 4.6 – Diagram of pGREEN plasmid used for GFP transfection studies:  Figure reproduced with 

express permission from the copyright holder, Carolina Biological. 

 

 The pGREEN plasmid E. coli cultures were grown on ampicillin (AMP) media at a 

concentration of 50 mg AMP / 100 mL media to prevent plasmid loss.   Both plasmids will be 
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selected against over successive generations without the use of antibiotic media244.  Stock broth 

cultures were prepared in culture tubes containing AMP+Luria-Bertani (LB) broth.  Incubation 

was 24 hours at 37°C.  The same protocol for sample preparation for the last experiment was 

followed, except for some minor revisions with the initial treatment process.  Samples were 

thoroughly rinsed with isopropanol followed with DI water.  Bacterial broth was applied instead 

of fluorescent pigment.  Inoculated porcine skin on PMMA carriers were placed in sealed 

containers and incubated at 37°C for 24 hours in a humid environment.  Samples were checked 

for common GFP fluorescence coating prior to use using a UV inspection lamp.  Pair matching 

was less stringent in this situation due to differing growth patterns of bacteria on the porcine skin.  

Common camera exposure settings were used for each sample instead of sample set in this case.   

 

Figure 4.7 – Images of the biofilm coated porcine skin model before and after the microbubble cleaning 

process 
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Figure 4.8 – Experimental results for the E. coli biofilm coated porcine skin model 

 

Bacterial growth on porcine skin with a visually fluorescent organism provided the ability 

to observe the breakdown of surface biofilms.  A decrease of 37% in fluorescence intensity was 

measured as a function of reduced image gray value for the microbubble sample.  Only a 

decrease of 15% was observed with DI water treatment alone.  This study did not investigate the 

devitalization of the bacteria in the experiment, just the breakdown of colony adhesion to the 

skin substrate.  Effects of air microbubbles on bacteria have been debated219,221.  As a follow-up 

to this study, swabs were taken from the porcine skin where the greatest removal of biofilm 

occurred from 2 samples.  Control bacteria from fluorescent biofilms prior to any wash steps.  

All samples were swabbed on LB followed by LB+AMP agar plates.  Plate inoculation order 

prevents cross contamination of antibiotic onto bacterial swabs.  LB+AMP plates will only allow 

the antibiotic resistant bacteria to grow, not the untransformed strain.  No observable growth 

difference or GFP expression could be distinguished between the control and microbubble 
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treated samples on any plate.  This finding concurs with the conclusions of a Canadian 

governmental study investigating the role of microbubbles on bacterial growth219.   

   

Biofilm separation studies: 

 Microbubbles help to break down biofilms through the same mechanisms as particle 

removal.  Attachment of microbubbles to the surface and edges of biofilms adds drag forces to 

the adhesion point in moving solution, microbubble buoyancy adds additional force to the 

adhesion point, and the nucleation of microbubbles in solution can help separate material layers.  

We performed a quick study where a dense E. coli MM295 culture was grown on two LB agar 

plates.  After soaking both plates in water for 5 minutes, a microbubble solution was added to 

one plate while the other plate was filled in an identical manner with air saturated DI water.  A 

period of 2 minutes elapsed before the process was repeated.   Images were taken before and 

after the washes.   

 

Figure 4.9 – Visual results for the biofilm on agar removal study 
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The plates treated with the microbubble wash clearly had less bacterial biofilm coating on 

the agar surface.  A follow-up study to this one used a drop inoculated Pseudomonas fluorescens 

culture.  This dish was treated with a microbubble solution.  After two minutes, the microbubble 

solution was decanted and more microbubble solution added.  A macro focus camera lens was 

used to image the visual appearance of microbubbles attached to the biofilm surface.  Other 

culture dishes with only water applied never showed bubble attachment approaching this 

magnitude.  The nucleation and attachment of bubbles on the surface of biofilms helps assist in 

their removal.   

 

Figure 4.10 – Images of microbubbles forming on biofilms 

 

Clear outlines of former biofilm attachment points can be seen on the agar outside of the 

current biofilm area.  Microbubbles are clearly attached to the biofilm surface on both the top 

and bottom.  In both cases, the bubbles easily tracked the flow of fluid in the dish.  Attached 

microbubbles were observed to be ‘tugging’ on the biofilm as the dish was handled.     
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Microbubbles of ozone 

 While the effect of air microbubbles alone as a bactericidal agent might be debated, the 

generation of ozone microbubbles have clearly observed bactericidal effects.  Several groups are 

currently investigating the role of ozone microbubbles in biomedical and healthcare 

applications35,163,245-248.  Initial investigations of ozone microbubbles in dental applications have 

demonstrated clear bactericidal properties en vitro and decreased healing time in vivo245,249.  

Microbubbles have been shown to bleach of dyestuffs in waste water and reduce concentrations 

of environmentally persistent chemicals88,159,250,251.  In these series of experiments we investigate 

the effect of ozone on the vitality of bacteria. 

 Ozone has a low solubility in water252.  Without protection, the addition of ozone to water 

in the same manner as airstone aeration quickly generates toxic atmospheric conditions around 

the treatment area.  This fact is known well to aquarium enthusiasts that have investigated ozone 

as a biocide.  This frustrating phenomenon makes the preparation and use of aqueous ozone 

complicated to do safely in a non-lab or industrial environment.  The definitive use of 

microbubbles for water oxygenation is not always a clear-cut choice.  In specific cases, power 

requirements or application requirements may dictate an alternative options such as conventional 

aeration237.  For reactive, low solubility, and expensive (in terms of generation power for this 

case) gases like ozone, microbubbles are a great choice for efficient gas delivery into water237.  

In a preliminary study we investigate the effect of ozone on fluorescein.  Ozone is a particularly 

good bleaching agent for a number of compounds due to its affinity for breaking C=C bonds.  

The visual color of many dyes originates due to resonance of electrons within a conjugated 

double-bond system within the molecule.  An example of this is the common UV fluorescent dye 



 114 

fluorescein.  The color of the dye is quickly lost in ozone water.  To measure the concentration of 

ozone in water, we relied on an indirect measurement.  A common water quality metric, known 

as oxidation, reduction potential (ORP), is easily measured through an electrochemical sensor.  

The structure of this sensor is similar to a Clark electrode253,254.  Measurement of true ozone in 

water solution can be accomplished by the ozonation of a KI solution.  The ozone reduces the I- 

to I2, which typically exists as a colored I3
- ion in solution.  Titration of I3

- back to I- using 

sodium thiosulfate can be used to quantify ozone concentration.  This chemistry is practically 

identical to the final steps of the Winkler method for the determination of dissolved oxygen.  In 

this study, the ORP value at 20°C was used as a baseline to standardize measurements.  A 

constant temperature was used to avoid inter-measurement ORP temperature correction.  Two 

experimental configurations were setup for water ozonation.  One setup used a microbubble 

generator, while the other used a macrobubble generating airstone.  The ozone rate of both setups 

was adjusted to a common ORP value.  Titration of fluorescein was measured in each setup 

using absorbance spectrophotometry.      

 

Figure 4.11 – Diagrams for ozone generator experimental configurations 
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Figure 4.12 – Breakdown of fluorescein with ozone introduced to water in micro and macrobubble form 

 

The results show that the microbubble ozone acted to remove the absorption of 

fluorescein at a more rapid rate than the macrobubble case.  This same result was confirmed 

through multiple experimental replicates.  More investigation is necessary to determine the cause 

of this effect. 

 

Microbubbles of ozone:  Bacteria devitalization studies 

 Ozone microbubble solution is known for its bacteriocidal properties.  We wanted to 

verify this firsthand.  Cultures of E.coli MM295 were grown in LB broth media.  A total of 1 mL 

of  E.coli stock culture, 4 mL of sterile LB broth, and 2ml of treatment volume were mixed in a 

culture tube.  Transmission of light at 600 nm was measured immediately after the tube was 

inoculated and after incubation for 24 hours at 37°C.  Cultures were fully re-suspended by gentle 
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tube inversion before measurement.  A ratio of Tf(%) / Ti(%) is used as a figure of merit for 

bacterial growth.  With continued bacterial growth, the transmission % value in the second 

measurement would drop due to an increase in solution turbidity.  In comparison to the E. coli 

control, where only DI water was added, the addition of 900mv OPR ozone water had a 

significant effect on the growth of the bacteria.  A negative control tube identical to the E. coli 

control was heat treated at 95ºC for 10 minutes.  The effect was the killing of the bacteria within 

the tube.  While some increase in turbidity was measured in the 900mV ORP treated ozone water 

sample, the effect is minor in comparison to the control.  Continued work validating this effect 

for other concentrations of ozone and with other microbubble treatment methods is necessary.    

 

Figure 4.13 – Devitalization of bacteria in culture using ozone microbubble solution 
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 Microbubbles of ozone have a clear bactericidal effect.  The prior study where biofilms 

were streaked on plates to verify bacterial viability was performed again, yet in this case, 900mV 

ORP ozone microbubble water is used.  An initial swab is taken from the biofilm on the surface 

was held.  A 10 minute treatment in microbubble ozone water followed.  After treatment a 

second swab from the surface was taken.  Both swabs were streaked across halves of an LB plate.  

After incubation for 24 hours at 37°C, the plate was imaged under UV light.  Some visually 

evidenced bacterial growth was present on the microbubble ozone treated section of the pate, but 

no GFP fluorescence was visible.  On the control (first swab) side, strong GFP fluorescence was 

observed.  This study merits follow up.  It is unclear whether the bacteria were all killed and this 

is from contamination or the vast majority of the bacteria were killed and the GFP expression 

was lost in the remaining colonies.  More investigation into this observation is necessary. 

 

 

Figure 4.14 – Effect of strong ozone microbubble solution on biofilm vitality 

 

Increased Available Oxygen Availability with Micro-Nanobubbles 

 Micro-nanobubbles can be used to increase solution oxygen saturation to above normal 

equilibrium conditions.  MNB solutions can be delivered to wounds to increase oxygen in tissue.  

It is important to note that conventional wet dressings block oxygen flow to the wound site.  This 
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phenomenon is easily modeled and validated.   A finite element model for oxygen diffusion at 

the wound site shows that motionless water immediately above the wound (considered hypoxic) 

blocks a significant amount of oxygen from traveling into the wound site.  If this still layer were 

to flow with air saturated water, the majority of the oxygen flow reduction condition would be 

restored.  In the static case, we verified that a substantial reduction in available oxygen results 

when a DO sensor is covered by a thin layer of absorbent paper. 

 

Figure 4.15 – Finite element model (Comsol) of oxygen diffusion across covered and uncovered skin 

 

We investigated the construction and use of a MNB delivery system to the wound site.  This 

device is an engineered silicone device with internal pathways to permit fluid flow and delivery.  

Excess fluid at the wound site passes out of fluidic through-hole vias and into an absorbent 

sponge.   

 

Figure 4.16 – Diagrams showing engineered patch placement on skin for microbubble delivery studies 
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Figure 4.17 – Experiment showing the result of reduced oxygen transmission with absorbent paper 

 

Performance of the delivery patch was benchmarked against direct delivery of microbubble fluid 

to the wound site in addition to saturated water delivered to the wound site.    In these cases, fluid 

is poured across the wound site at the same delivery rate.  For the delivery patch system, 

microbubble water was aspirated into a 30 mL syringe and delivered at a rate of 0.5 mL/s to the 

wound site.  For this set of studies we used human unbroken skin and ex vivo porcine skin to test 

the effect microbubble water has on the measured TcPO2 value.  This value is difficult to 

measure clinically and much variance is observed between measurements40,255.  Careful 

instrument calibration is necessary for proper, repeatable measurements.   

 

O2 
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Figure 4.18 – Diagram of the engineered patch system for microbubble delivery 

 

Clinical TcPO2 measurement is performed with a Clark electrode similar to the YSI 

Model 5739 probe.  This probe and the YSI Model 58 can be used as a proportional measuring 

device for TcPO2.  Porcine samples awaiting treatment are kept in a temperature controlled water 

bath maintained at 20°C.  After treatment, to match clinical protocol, measurements were taken 

underwater in a water bath maintained at 40°C.  The probe is maintained calibrated in 40 °C 

oxygen saturated water.  The value of the measurement when the decay rate reaches 0.05% per 

second is used.  We will refer to this as the reduction stabilization threshold method.  While 

measurements are taken in an unstable state, this metric has show repeatability and measurement 

consistency.  An alternative method of regressing the decay function to determine the time 

constant showed reasonable repeatability, but typically with more error than the prior stated 

method.  
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Figure 4.19 – Verification of calibration for known and measured DO values for Porcine skin models using 

the reduction stabilization threshold method 

 

   Once calibration is made, readjustment can lead to systemic errors for measurements 

after the recalibration.  To prevent this issue, experimental measurements were taken in rapid 

succession with a control as the first and last run.  Experiments of common calibration points can 

be used to compare different experimental runs.  If the variance between the control runs is 

minimal, it can be safely assumed all intermediate runs have less error from instrument drift. 
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Figure 4.20 – Available oxygen delivery to a porcine skin model using various test configurations 

 Evaluation of the gear pump dissolved gas type microbubble generator and pressure vessel 

(seltzer bottle type) generators were investigated for delivery to tissue.  In all cases, the patch 

system did not perform as well as the comparable direct delivery of microbubble solution.  This 

stands to reason as the aspiration and deliver process affects the solution contents.  Yet, despite 
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some loss of delivered oxygen, the patch performed significantly better than all the control cases 

where saturated water was applied. 

 

Figure 4.21 – Human model results for DO microbubble available oxygen testing 

 

Measurement on living, unbroken human skin is more difficult than ex vivo tissue.  The 

sensitivity of the probe must be increased to provide sufficient measurement gain.  Removal of 

the FEP membrane provided the solution.  Skin to be tested is kept damp for 30 minutes prior to 

the exam in a warm compress maintained at 40ºC.  Skin is first treated with microbubble or 

control washes (direct delivery or patch delivery) then submerged in a 40ºC 3M KCl solution for 

measurement.  The measurement configuration and post analysis is analogous to the porcine skin 
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studies.  The human study shows comparable results to the porcine study.  The next steps for this 

study would be to properly validate the measurements using a calibrated clinical TcPO2 

measurement system.   

 

Cellular availability of oxygen with micro-nanobubbles 

 Up to this point we measured the delivery of oxygen into water and tissue through 

multiple measurement devices.  In this study we seek to demonstrate that oxygen delivered can 

be used by cells.  For this study, we transfected E. coli with the pVIB plasmid.  The process used 

was the same as for the transfection of the pGREEN plasmid244.  This large plasmid contains 

multiple genes related to the generation of bioluminescence through the expression of luciferase.  

Like the pGREEN plasmid, selection for the plasmid is maintained with a gene for ampicillin 

resistance.  Bioluminescence is observed in plate and broth culture, this was not readily observed 

by othes244.  Typically oxygen is the limiting reagent for this reaction.  Oxygen is not only 

necessary for this reaction to occur, but it is also necessary for the metabolism of the bacteria 

themselves in culture.  Oxygen is typically in short supply in broth cultures187.   
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Figure 4.22 – Diagram of pVIB plasmid used for bioluminescence transfection studies:  Figure reproduced 

with express permission from the copyright holder, Carolina Biological. 

 

A set of two culture tubes of E. coli – pVIB (media: LB+AMP) were incubated for 18 hours at 

37ºC.  The culture tube was purged with argon to remove residual oxygen.  An hour was 

permitted to elapse while additional oxygen was metabolized by the bacteria.  Next, either 2 mL 

of saturated water or microbubble solution (gear pump generator) was added to the culture tubes.  

Tubes were each purged with argon and inverted once to mix the solution.  Tubes were placed 

into a holder and imaged in total darkness for 30 seconds per frame with the following settings:  

f5.6, 22 cm, ISO:12800.  Images were acquired every 30 seconds using an intervalometer.  

Imaging continued until visible bioluminescence ceased.      
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Figure 4.23 – Experimental results showing duration of bioluminescence effect in cell cultures. 

 

The continuation of bioluminescence for the microbubble culture results from the 

additional oxygen present in this added solution.   The MNBs in solution deliver oxygen from 

biphasic form into dissolved form.  The dissolved oxygen form is used by the bacteria for 

metabolism and as a reactant in the bioluminescence reaction.  Numerous trials of this 

experiment were performed with very similar results. 

 

 

 

 

 

500 sec 

1200 sec 
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CHAPTER 5 
Clinical Investigation of a Wound Exudate Collection Device 

 

Our work in developing a thin delivery system for microbubbles lead us to investigate a 

similar system designed to collect exudate for scientific studies on the healing of partial 

thickness burns.  In this segment of the project, we take our work on the silicone microbubble 

delivery and improve the design to produce a self adherent collection device.  Multiple devices 

were tested in the clinic and have shown positive patient and clinician feedback.  

We have designed a novel, flat, self-adherent patch collection device that can be 

interfaced to a conventional aspiration collection system.  The internal volume of the collector is 

less than 250 uL.  The total device collector thickness is 250 µm.  Single layer thickness is 120 

µm with an ultimate minimum thickness of 30 µm (between back to back features on both sides).  

Minimum feature size was 70 µm in width.  Fluid channel width was 150 µm, depth was 90 µm.  

The design uses an external molded gasket system that reduces air intrusion between the skin and 

the device.  The result is efficient fluid collection with minimal air intrusion.  A 70 µm grid pitch 

of 90 µm tall columns were patterned on the patient interface side of the device to permit lateral 

fluid flow across the front of the device.  Fluid is collected into the device through fluid vias and 

into a channel system internal to the device.  Eventual fluid flow is to an interface connector and 

to a silicone tube that leads the fluid to an aspiration collection system. 

The device was pre-clinically tested to verify even, consistent fluid collection.  A limited 

clinical demonstration was performed with patient informed consent demonstrating the ability of 

this device to collect fluid from a wound site in a clinical environment from a partial thickness 

burn.  The patient noted that this device produced no discomfort and was unobtrusive in use.  
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Continued development of this technology can provide a clinical tool for use in assessing wound 

healing by providing a practical means for exudate collection for analysis.   

 

 

 

Figure 5.1 – Component diagram for exudate collection system 

 

Clinical input was received in device design and construction.  This device is intended to 

be used under dressings and must be thin, flat, and flexible.  The device must be large enough to 

cover a clinically significant wound.  A size of 4 x 4 cm square was chosen due ease of practical 

manufacture and practical size for extremity burns.  The device must have limited internal dead 

space and provide even fluid collection across the surface in contact with the skin.  A micro 

textured surface layer was chosen to provide lateral flow to device inlets.  The device must seal 

itself against the skin to prevent air from leaking into the collection system.  The collection 

system must be passive.   
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A vacuum space is filled with collected fluid to provide fluid flow.  No pumps are to be used.  

Air leaking in this situation would additionally reduce the strength of the vacuum during 

collection.  The construction material must match the predicate design device (Stryker TLS 

Surgical Drainage System, Stryker Healthcare, Kalamazoo, MI, USA).  We chose a platinum 

cured silicone polydimethylsiloxane (PDMS) elastomer (Dow Corning 184, Dow Corning, 

Midland, MI, USA) with well characterized material, fabrication, sterilization, and short-term 

biocompatibility properties256-263.  The entire body of the device is constructed from this material.  

No additional solvents, agents, or treatment chemicals were used in construction.  The outlet 

tubing is a commercially available platinum cured silicone (REF 60-011-03, Helix Mark, Helix 

Medical, Carpinteria, Ca, USA).  Prior material tests proved strong, liquid-tight, and durable 

bonding between this tubing and PDMS elastomer cured onto it when the surface is treated with 

corona discharge.  The tubing interface uses an irrigation syringe needle slipped onto the tube to 

provide a Luer-Lok interface connection.  To provide the aspiration, a 30 ml VacLok locking 

vacuum syringe (VacLok 130, Merit Medical, South Jordan, UT, USA) is connected via the 

Luer-Lok connector.  

 

Design and fabrication: 

The final device is comprised of three components, a membrane with features on both sides, a 

featureless membrane and an interface connector.  All device components are laminated together 

using aerosolized uncured PDMS as a layer adhesive.  Layer bonding with oxygen plasma is 

effective for assembly, but was not used in clinical devices due to repeated edge delamination 

defects in completed devices.   
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Figure 5.2 – Process diagram for the molding of a double side featured membrane 

 

Mold structures (in positive form) were individually milled onto polymethmethacrylate (PMMA) 

sheets using a CNC mill.  Post CNC manufacture, both mold halves were washed in isopropanol, 

ultrasonic cleaned in deionized water, then rinsed in distilled water, and dried with nitrogen.   

The two PMMA molds were used for silicone casting.   

Top and bottom PMMA molds were used to cast the PDMS elastomer.  PDMS was of new stock 

and mixed in a ratio of 10:1 as directed and degassed in centrifuge followed by vacuum.  PDMS 

was cast on PMMA molds with a thickness of 5 mm to produce inter-molds.  The cast PDMS 

was easily detached from the PMMA molds.  PMMA molds are long-term reusable and placed in 

storage.   

The fresh cast PDMS inter-molds are negatives of the final device structure.  These 

PDMS inter-molds are used in a ‘waffle-iron’ fashion to cast both sides of the final double sided 



 131 

PDMS membrane.  A thin layer of uncurred PDMS is cast between two anti-adhesive treated 

PDMS-inter-molds was used to produce the final double-sided membrane.  As curing PDMS 

sticks to clean, cured PDMS readily, a significant problem exists.  The two sides on the mold 

readily bond together and do not separate from the casted thin-membrane between them.  Even if 

separation can occur for the mold halves, the thin membrane must be separated from both mold 

halves without ripping or damage to fine features.  This is not a trivial problem and proper 

separation requires a combination of the inter-mold anti adhesive coating and a spacer frame 

support for the casted membrane.  A number of protocols typically involving polysiloxane or 

alkoxylsilane surface coating exist to prevent PDMS to PDMS adhesion and act as a mold 

release for casting264-268.  

  Due to the clinical nature of this device, these additive requiring common protocols for 

en-vitro device construction would contaminate the final device with potentially toxic and 

medically uncommon substances, and must be avoided for safety with in vivo human use269.  As 

an alternative we extended upon previous work to develop a non-additive based surface 

treatment for rapid thin membrane fabrication270-279.  This process requires two steps – high 

energy surface treatment followed by high temperature treatment of the inter-molds.  A PDMS-

PDMS non-stick treated surface is formed on the surface that was high energy surface treated 

followed by rapid exposure to high heat.  Freshly cured PDMS inter-molds are immediately 

treated with high energy surface treatment.  Two commonplace high-energy surface treatment 

methods have been shown equally effective.  Corona discharge treatment was made by placing 

the PDMS to be treated on a grounded metallic surface.  The surface of the PDMS to be treated 

was manually treated with a soft copper brush connected to a 5,000 Volt, 40 kHz RF source 

(Micro Mini Mite Tesla Coil, Information Unlimited, Mont Vernon, NH, USA).  Alternatively 
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intense UV exposure has been used with satisfactory results.  We have experimentally 

determined that 40 minutes minimum of exposure of an intensity of 73 mW/cm2 from a 

commercial UV adhesive cure UV light source (Model 7401, Locktite, Henkel Corporation) is 

sufficient to permit eventual mold separation.  Following high energy surface treatment, the 

PDMS surface is very susceptible to permanent bonding to both cured and uncured PDMS280,281.  

A second step of high temperature treatment is necessary to complete the surface anti-adhesive 

process to form a non-stick treated surface for uncurred PDMS270.  High energy surface treated 

PDMS inter-molds are immediately placed into a glass dish on top of a stainless steel mesh 

support with a lose fitting glass lid, and then placed in an oven held at 220°C for 30 minutes.  

For times less than 20 minutes or temperatures less than 150°C, poor membrane separation was 

observed.  Greater times and temperatures lead to mold embrittlement and reduced mold lifetime.  

After high temperature treatment time has elapsed, the glass dish is removed from the oven and 

allowed to cool.  This process is repeated for both PDMS inter-molds.  Typical treatments would 

last for the lifetime of the mold.  Practical inter-mold lifetime was approximately 5-7 moldings 

before mold feature damage began to occur.     

To cast thin, uniformly spaced, double featured membranes, inter-molds must be held flat 

and parallel during the casting process.   This is accomplished using glass sheets to temporarily 

back the PDMS inter-molds during membrane casting.  Soda-lime glass sheets are cleaned using 

isopropanol, rinsed with deionized water, and dried with nitrogen.  The glass is treated with 

corona discharge to permit a temporary bonding of the flat underside of the treated PDMS inter-

molds.  This provides a force strong enough to hold the PDMS inter-mold to the glass during 

casting, yet weak enough to easily remove it during mold disassembly.  The PDMS inter-molds 

are trimmed to remove any rough edges or surface deformations and carefully pressed onto the 
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glass with gloved hands.  The same procedure is duplicated for the other inter-mold.  Common 

inter-mold interface marks are superimposed and easy-to-read alignment marks are made with 

grease pencil on the glass plates to permit easy gross mold alignment with fine alignment 

performed via microscopic inspection.  The clear glass and clear PDMS inter-molds permit mold 

alignment using a visual process.  A laser cut (VL-200 Versalaser, Universal Laser Systems, 

Scottsdale, AZ, USA) paper spacer frame is inserted between the molds.  Standard copy paper 

was used.  The thickness of this paper spacer sets the majority membrane thickness.  For this 

study, paper of 95 microns thickness was used.  Final membrane thickness was 120µm.  Liquid 

uncured PDMS is poured on the paper spacer and one mold.  The two inter-mold glass halves are 

quickly assembled to ensure full PDMS coverage and then both halves are separated.  Both inter-

mold halves are placed in a vacuum and then carefully re-assembled, registered, and placed into 

an oven at 70°C for 1 hour on a flat surface with a 100 gram scale-weight on top of the mold to 

prevent separation. After curing the assembly is removed from the oven and allowed to cool.  

The layers of the mold are carefully disassembled with light force.  Disassembly is aided with 

isopropanol to improve layer separation and protect the membrane from point stress leading to 

tares during demoulding.  Membrane is demolded by flexing inter-molds with gentle pulling 

force on the spacer frame.  
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Figure 5.3 – Exploded diagram of the configuration used to cast flat, featureless membranes. 

 

Featureless membrane construction: 

The second layer of the device is a thin (120 µm), flat, featureless membrane.  This 

membrane is formed between two layers of rigid polycarbonate sheets.  A paper spacer frame is 

used to set membrane thickness and provide a handling frame for transport and manipulation.  

The approach used to produce this type of membrane is variant of the ‘fluopon’ technology 

developed for bio assays282.  PDMS elastomer is mixed and degassed as previously described.  

Polycarbonate sheets are cleaned using isopropanol followed by a deionized water rinse and 

drying with nitrogen.  A non-registered variant of the double-featured molding process is used to 

create the featureless membrane.  For final curing, in place of an oven, both polycarbonate sheets 

are carefully reassembled after degassing and placed into a hot press with 1 kg of force and held 

at 70°C for 2 hours.   

 

Device interface connector construction: 

The device interface connector is designed so that an indeterminate length of tubing can 

be connected to the device.  The end of a silicone tube is placed snugly through a hole in a 

PMMA sheet just slightly larger than the tube itself.  Premixed and degassed PDMS is carefully 

dropped on top of the tube at the PMMA interface from a beryl pipette to avoid air intrusion.  

The PMMA sheet and tube are placed in a curing oven at 70°C for 1 hour.  After curing, a sharp 

shaving razor blade (Gillette Platinum Double Edge, Procter and Gamble, Boston, MA, USA) is 

passed along the surface of the PMMA to transect the tube and separate the PDMS from the 

PMMA. 
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Figure 5.4 – Diagram of the assembly process used to laminate device components into final device. 

 

Final Device Assembly: 

Device components are stored in a dust free environment before assembly.  Both the flat 

membrane device is trimmed from the spacer frame using a razor.  A 2 mm biopsy punch (BP-

20F, Kai Medical, Solingen, Germany) is used to punch holes for collection and interface points.  

The membrane layers are placed on a flat surface and a cosmetic airbrush (Master Performance 

G22, Master Airbrush, TCPGlobal, San Diego, CA) was used to apply a thin, atomized coat on 

the flat membrane side only.  The authors find it important to note that a 10:1 hexane to uncured 

PDMS mixture applies easier when using an airbrush, but was is not used in the manufacture of 

this device for patient safety reasons283.  Device layers are carefully aligned and brought into 

contact.  The completed device is cured in an oven at 70°C for 1 hour.  Final trimming is 

performed at this point.   
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Figure 5.5 – An exploded 3D model of the exudate collection device  

 

The collection interface component is coated with uncured PDMS using a beryl pipette.  

The interface connector is mated to the interface hole punched into the featureless membrane and 

the device is cured in an oven at 70°C for 1 hour.  An irrigation needle is fitted into the end of 

the outlet silicone tube to provide fluidic interfacing.  Deionized water was flowed from a 

sterilized syringe into the device (reverse conventional flow) to verify flow integrity of the 

device and proper fluid flow.  The final device is treated in an ultrasonic cleaner, finish rinsed in 

deionized water, dried with nitrogen, and sealed in an air-tight chamber prior to autoclaving or 

use in flow performance testing.   

 

Figure 5.6 – Photographs of the final device showing size and flexibility 
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Clinical Demonstration: 

Informed patient consent and institutional IRB approval (HS# 2013-9294) were obtained before 

clinical tests were performed.  Devices were sterilized using a clinical autoclave protocol and 

handled using clinical protocols for transportation of surgical instruments post-sterilization.  

Within 24 hours of patient presentation to the burn intensive care unit, a partial-thickness burn 

site was selected and the device was placed on the wound after it was cleaned per the burn 

admission protocol. A new sterile packaged vacuum syringe was connected to the outlet 

connector and a vacuum drawn after device priming with sterile saline.  The patient was then 

questioned to the level of comfort associated with the device. Once adequate suction was 

established and maintained, an adherent surgical film was placed over the burn site to ensure skin 

sealing.  Continued observations on device performance and the comfort of the patient were 

collected periodically by the nursing staff. At each time point, the collected fluid was deposited 

into sample vials for follow-up exudate component analysis and a new vacuum syringe was 

applied to the collection device.  With informed consent, the device was tested at the UCI 

medical center on a patient presenting upper extremity partial thickness burns.  Collection rate 

was approximately 5-6 mL in a sampling period of 5-6 hours sampling time.  The device was 

used for a period of 48 hours and recharged between sampling periods.  Leak rate was minimal, 

yet it was noted that a full vacuum charge was necessary to permit continued collection over a 5-

6 hour period.  The area where the patch was applied was isolated with film dressing for the 

entire period.  This was used as an additive measure to prevent air intrusion.  The use of this 

device did not interfere with routine dressings or management of the patient.  Pain was not 

reported by the patient.  Clinical staff and the patient made the following practical observations 

and comments. 



 138 

1. Less fluid was collected with this device than anticipated with the case presented.  Device 

was very helpful for exudate sampling during fixed sampling periods, and likely the only 

practical approach for collecting sufficient exudate for analysis. 

2. The use of a vacuum syringe was helpful and it made the collection and vacuum 

recharging process simple.   

3. No pain was observed during suction, no observable irritation or swelling was present 

after device use and removal. 

4. A long interface tube is necessary to permit placement of the vacuum syringe in a 

convenient location for long term sampling.  In this case, the breast pocket was used.   

 

Figure 5.7 – Photograph of device applied to study patient 

 

This work demonstrates a novel construction method for practical silicone for patient care 

applications.  Benchmarking of the device showed a comparable fluid flow can be achieved 

across the device collection region.  The device performed acceptably in a limited clinical 

demonstration.  Future iterations of this device can serve as a patient care platform with 

integrated smart bandage technology to measure temperature, pH, oxygenation and other wound 

care parameters to better asses the state of wounds.  
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                                                                  CHAPTER 6 

Summary and Conclusions 

 

Micro-nanobubble technology has demonstrated use in practical applications.  A number 

of formerly proposed applications for this technology are now are currently commercially in use.  

This industrial technology has attracted the attention of other industrial applications.  Adaptation 

of this technology to medical applications is a reasonable direction for growth.  Wound care is an 

empirical science that continues to grow.  Strong parallels exist between what MNB technology 

has to offer and what clinicians need to improve patient outcome and reduce healthcare costs.  In 

this report we covered several specific cases where microbubble technology can offer major 

breakthroughs in wound care.  The specific cases are as shown. 

 Micro-nanobubble technology can improve debridement process over water alone.  Even 

in a non optimized experimental configuration, MNB solution treatment showed a 24% 

improvement over water alone for debridement of particulates.  

An observed 22% improvement was demonstrated for biofilm breakdown.  In addition to 

breaking down the physical structures of biofilms, ozone MNBs can cause bacterial 

devitalization.  Ozone microbubbles have great promise for other applications such as 

wastewater treatment and removal of persistent organic pollutants.   

Micro-nanobubble technology has shown a clear ability to deliver gas into solution.  For 

air or oxygen delivery into water, very high saturation levels can be achieved.  Delivery of 

oxygen to the wound site has been demonstrated to improve wound healing.   

The delivery of micro-nanobubble solutions to the wound site is a challenge.  We 

developed a thin, flexible patch system for the delivery of microbubbles to the wound site.   
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As an added component of this project, we developed an exudate collection 

system and were able to test several devices in the clinic.  This device shows promise not 

only as a research component but as a stand alone medical device for exudate collection.  

Through continued work, we plan to develop the technologies presented in this report.  

We see a bright future in this technology and expect many new applications to be 

developed over the years to come. 
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