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ABSTRACT OF THE THESIS

Oxygenation of Implantable Tissue Using Microbubble Technology
By
Kenneth Ronald Campos
Master of Science in Biomedical Engineering
University of California, Irvine, 2015
Assistant Professor Mark Bachman, Chair
[Adipose tissue grafting is quickly becoming a common practice in plastic surgery. The
recent discovery that adipose tissue contains stem cells has also fueled substantial interest in the
technique for regenerative medicine. However issues with necrosis and variability of graft
retention have remained problematic. Cell death occurs due to lack of nutrients, with oxygen
being the most vital. Studies have shown that adipose tissue can only survive up to 3 days in
hypoxic conditions. The success of an adipose graft is a race between angiogenesis and cell
fitness under hypoxia. Current methods to address necrosis focus on harvesting and preparing
cells to have a high survival rate in hypoxic conditions. We believe that bathing the tissue graft
in a microbubble solution will enhance its viability over time. The nanobubbles function as an
initial reservoir of additional oxygen for the cells to take up as needed. In addition, these
nanobubbles can also activate several processes responsible for angiogenesis, and general cell
function. In our lab, we have created an efficient device that can deliver gas micro and
nanobubbles into solution. We feel that in combination with this device, we can quickly and
efficiently increase graft viability and future graft retention over time. The addition of
microbubbles during processing, provides a measurable reduction in the time cells spend under

hypoxic conditions and thus increase the survival rate of cells and the retention rate of grafts]
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INTRODUCTION

Adipose tissue grafts have seen a dramatic increase in usage as people investigate their
characteristics and potential uses. One potential use for these tissue grafts is for regeneration of
injuries. Grafts can be processed to create a regenerative mixture that includes adipose derived
stem cells (ADSCs). Since the mixture is derived from adipose tissue, they can be extracted from
a patient, processed, and re-injected as an autologous tissue graft. The therapy suffers from
drawbacks that need to be addressed before it can see widespread clinical use. These include
unpredictable retention rates and necrosis. Implanted grafts containing ADSCs retain anywhere
from 20-80% of their initial volume over the course of a few monthsl. Recent studies have
focused on harvesting and implantation techniques to limit the amount of necrosis. A tissue graft
procedure has several factors that must be balanced in order to be successful. The most important
details of this environment involve the availability of oxygen.

In the initial phases of tissue growth, oxygen availability is extremely important for cell
survival. Studies have shown that a hypoxic environment inhibits the growth rate of cells. In
hypoxic conditions (around 1% oxygen partial pressure), the normal growth of cells is reduced to
approximately one-third the normal levels. When exposed to long term hypoxic conditions, cells
are directed along the apoptosis pathway and approximately 80% of cells die within 48 hours of
prolonged exposure. This timeframe is particularly important because angiogenesis does not
occur until around 48-72 hours after transplantation. Extremely high oxygen conditions (above
30% atmospheric value) has cytotoxic effects on the cells causing a region of dead tissue and
necrosis over time. However, levels in between standard atmospheric oxygen tension and below
the cytotoxic range (100%-130% atmospheric oxygen tension) promote angiogenesis within
tissue culture?. In the initial environment surrounding the tissue post-implantation, there are
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several additional factors to balance. The oxygen tension at any point in the tissue can be
estimated by the amount available from the surrounding environment (source), additional supply
available due to transport, and the amount of oxygen consumed by the tissue. However, the
growth of the tissue and onset of angiogenesis, requires a steady oxygen supply to maintain the
energy necessary to the cells. Cells require more energy to repair their internal structure and
connect to the surrounding region of implantation. Therefore, the local oxygen supply is
strained, which makes the graft highly susceptible to hypoxic conditions. Typically, this steady
oxygen supply would be available through transport from the capillaries and other vessels
surrounding the region. However, these vessels are non-existent until a couple days have passed.
Therefore, the oxygen supply must be maintained through the local oxygen tension itself, which
is primarily transported via diffusion. The simplified 1-D diffusion case is shown below for
illustration:

c(x,t) . 3%*c(x1)
at A x2

As shown in the equation, the diffusion force is dependent on the oxygen gradient of the
environment and the travel distance from the source. In the case of the implantable graft, this
source is primarily the blood vessels once angiogenesis occurs.

According to recent studies, the size of implanted tissue is severely limited by the rate of
diffusion into the tissue. This critical value is estimated to be around .16 cm in radius. Above
this value, the cells at the center of the graft are unable to maintain the minimum oxygen supply
for survival and undergo apoptosis as a result. Eventually this region becomes a necrotic core in
which all the cells die off. Since most procedures require a graft larger than this size, it is often
recommended to insert the required volume as several small boluses smaller than .16 c¢cm in

radius rather than 1 large bolus of the necessary size. In addition, the pressure of the
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compartment must be kept relatively low so as not to block fluid flow through the compartment.
The critical pressure for the compartment occurs around 9 mmHg. Above this value, fluid flow
becomes severely limited, and the graft becomes more hindered?.

Taking into account all of these factors, a solution to these issues would have to account for
several characteristics.  The proposed solution must help bridge gap between graft
processing/implantation and angiogenesis. Therefore, the additional system must be relatively
stable and either last for a few days, or its effects must continue through this time point at
minimum. Since oxygen is the limiting factor in graft retention, we chose oxygen as our main
target with the goal to provide tissue with an additional oxygen source from which to draw upon.
However, the system must be maintained such that it stays below cytotoxic levels. To ensure, the
alternative did not rise above this threshold, we chose a target of 125% of atmospheric oxygen
levels. We also wanted to provide a device in a cheap and efficient form to deliver the oxygen
supply with the future application of clinical use.

MICROBUBBLES

Background Information

Through research, it was found that a micro/nanobubble system could be an interesting
addition to the tissue grafting story and their properties would create a possible advantage over
the general case. Over the years, manufacturer and industrial interest has been growing towards
various applications for micro/nanobubble technology, primarily in Japan and the surrounding
regions. Interest in this area have been mostly focused on the flocculation and cleaning aspects
of microbubbles. This has led to their use in wastewater cleanup, brewing and environmental
remediation. Eventually this interest shifted to more consumer-friendly applications like pet
grooming, shower head modifications, and other cleaning based uses. Currently there are limited
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products aimed at biomedical applications. However it is plausible to harness their physical
properties to clean a wound or tissue area while providing a reservoir of additional oxygen to
prevent long-term hypoxia.

In order to explain the use of micro/nanobubbles in a biomedical application, it is first
necessary to define their behavior. Bubbles in general can be classified into three main
categories: Macrobubbles, microbubbles, and nanobubbles. Each of these bubble types have
their own characteristics and uses. Macrobubbles are defined as bubbles that are larger than 100
microns in diameter. Bubbles of this size are the general form that are created via soap bubbles
or vigorous shaking and encountered in everyday life. These bubbles are visible to the unaided
eye and are thus easily observable. At this size, bubbles have short-term stability and when
immersed in a solution, they will quickly rise to the surface and burst. This popping occurs due
to a rapid expansion that occurs from reduced hydrostatic pressure as the bubbles rise. Due to
their short-term stability they were not chosen to be the focus of this report. Microbubbles,
however, are typically classified as bubbles with radii between 1 and 100 microns. At this
smaller size, the microbubbles also have the ability to rise or shrink in solution, however, they
are slower to rise due to additional stability which allows them to remain in solution for a longer
period. In solution they appear as a cloudy solution but are not individually distinguishable
without magnification.  Smaller than 1 micron, bubbles are classified as nanobubbles.
Nanobubbles, themselves, are difficult to observe through normal techniques and require the use
of additional methods such as laser backscatter or dynamic laser scattering measurements. This
classification of bubbles have a further increased stability which allows them to survive for

several days or longer under ideal conditions®.



Microbubble Properties
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Figure 1 Bubble Characteristics: (A) Bubble behavior and observable properties in solution as
a function of diameter, (B) Typical measurement techniques and range of evaluation for each
bubble size*. Figure reproduced in modified form with express permission from Pan Stanford
Publishing

The shrinking of microbubbles can be modeled in a simplified form by the Young-Laplace

relationship. This model relates the change in pressure inside and outside of a trapped gas sphere

as a function of the sphere’s diameter and the interfacial surface tension.
AP = A:j—a Equation 1

As the diameter (d) decreases, the trans-interface pressure (AP) increases as the surface tension
(o) remains constant [Gwater-air<72.8mN/m @ 20°C]. As microbubbles shrink in size a dynamic
equilibrium is eventually reached where the contractile force is balanced against internal
pressure. As the bubble size decreases it experiences larger pressures under this model. For
example: a nanobubble around 1 pum in diameter would have an internal pressure of 2 atm, and a

microbubble around 100 nm bubble in size will have an internal pressure of about 15 atm.



As the bubbles shrink and disappear their contents are dispersed into the local environment. A
simplified conceptual model for gas delivery via microbubbles can be explained by coupling the
internal gas pressure of the bubbles with Henry’s law. The pressure of the gas (within the local
area) in reference to the pressure of the liquid is proportional to the dissolved concentration of
the gas. High internal bubble pressures result in local diffusion of gas into liquid. As local
dissolved gas concentration increases, a dynamic equilibrium is reached at saturation. The
bubbles serve as an additional area to contain the excess gas molecules until the contents can be
delivered into some other area. Bubbles individually can thus expand or contract to maintain this
equilibrium. This model is plausible and has been widely reported, but when one considers the
solution open to the atmosphere (a container of relatively infinite size), the equilibrium will
continue to shift towards atmospheric saturation, the nanobubbles would shrink and disappear
rapidly. The lifetime of nanobubbles experimentally are substantially longer than predicted by
this model. To date, a comprehensive model explaining nanobubble properties and lifetime has
not been created although many of their properties are known. Reports by Attard in addition to
Petsev et. al in discuss the evolution of modeling nanobubble equilibrium in substantial depth®®.
This report is focused on the clinical applications of bubbles specifically directed at the
improvement of autologous fat grafts.
The biologically pertinent properties of micro and nanobubbles are summarized below:
e As the internal pressure is increased, the pressurized gas is a driving force for gas
delivery in liquid. High super-saturation levels can be produced with microbubbles in
water. Nanobubbles can dynamically release and absorb gas in solution acting as gas

reservoirs.



The rapid adiabatic compression of gas can lead to elevated temperatures in the localized
region. The magnitude of the absolute temperature of microbubble collapsing is
debated*.

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 environment’. The mechanism is believed to arise from the production of
hydroxyl radicals in solution (-OH)*®9, the scavenging of hydroxyl radicals by tert-butyl
alcohol and the rate of phenol degradation.

Microbubbles have demonstrated the ability to efficiently flocculate particulates or
suspend oil/grease in water'®. Microbubble generation systems have been used in
wastewater separation systems separating both solid and liquid components
Microbubbles have shown the capability for surface cleaning***3. New approaches have
investigated nanobubbles produced by alternative methods such as shear and
pressurization of gas and solution mixtures

Microbubbles are not limited to gas alone, depending on the method of manufacture and
the contents they are exposed to, microbubbles can theoretically be made to include any
number of liquids and gases. This has the potential to be used for both directed gas and
drug delivery mechanisms in the future.

Microbubbles have been shown to promote growth in aquaculture® . While microbubbled
water is correlated with the growth of plant and animal life, it is unknown whether the

process stimulates nutrient uptake or directly affects growth.



Additionally different species react in different ways to microbubble water. Some studies
have hinted at the bactericidal properties of nanobubble solutions, however the underlying cause
is unknown. Efficient fluid flow, oxygenation, or microbubble surface properties may be
possible explanations for this biological interaction. It is possible that the ionic charges on the
surface of a microbubble, allow the breakdown of specific bonds or that the flocculation of
particles functions as an additional filtration process. Even with the short lifetime, breakdown of
pathogenic agents in the water column may lead to improved growth.

Investigations into the fluid dynamics of microbubble generation and flow have been
investigated 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. Firms from these countries have produced a number of industrial products for
flocculation, aeration, and environmental remediation. Several other companies have included
microbubble technology in consumer products such as faucet taps and shower heads.
Additionally, complete microbubble systems for pet grooming and hair care have been patented
or are in production. Many of these manufacturers market their products as a type of panacea
that can various applications ranging from deep pore cleansing and boosted cleaning with
detergent, or even detergent less cleaning.  Therefore, it is important to separate scientific truth
from claims for microbubble technology. Despite many unsubstantiated and exaggerated
marketing claims, microbubbles exhibit clear cleaning and oxygenation effects. Many properties
are unique to the nanobubble system alone as they show promise as an alternative to specific

cleaning products or can be used an additional level of functionality.



Microbubble Generation

A variety of products on the market advertise microbubble generation as their output.
However, through our research only certain types of microbubbles were able to persist and
deliver oxygen into a solution. Certain types of generators that focus on methods such as shear
forces to create their nanobubbles are weak methods to trap a reserve of oxygen within solution.
Additionally, forcing solution through a nozzle is not sufficient enough to produce a sufficient
concentration of microbubbles that can effectively deliver oxygen. Certain industrial style
pumps such as the Nikuni pump function well to create microbubbles of the correct size and
properties, however, they are prohibitively expensive to use in a normal setting. For our
purposes, we set out to create a more cost-effective method of generating micro and nanobubbles
that could create bubbles of the desired properties while maintaining a low-end cost. To achieve
our goal, we finally settled on the following simplified prototype version. The most important
part of this device is the gear pump and pressure valves that were chosen. They were both

chosen for their ability to withstand high pressures while still maintaining function.

Input gas

Pressurization
chamber

Gear Pump
Outlet Valve

Power Control

Figure 2 Micro/Nanobubble Generation Device: Simple system created to generate
microbubble solution for low-scale experiments. The device forms gas microbubbles and
combines them under pressure into a liquid solution



This machine is primarily controlled through a variable power supply unit located near the base.
The device works by utilizing a simple gear pump in combination with a pressurization system to
generate the micro/nanobubble solution. Two inputs are required for useful operation. In the
illustrated setup, input gas (air in this case) is combined under pressure with liquid distilled
water. This pressure and flow rate into the chamber can be controlled via knobs attached to the
system. Additionally, if desired, the pressure can also be monitored via an attached gauge on the
side. This gauge outputs a voltage value that can then be converted to the pressure reading inside
the pressure chamber. After pressurization the liquid/gas mixture then flows out through rubber
tubing into a nozzle for delivery into the bulk solution. In Figure 2, this bulk solution is then
drawn back into the device, where it is chopped into minute pieces using the gear pump. Once
cut into smaller pieces, the liquid is then recombined with additional gas and then redelivered
into the bulk solution. After a few cycles, the result is a thick microbubble solution as

demonstrated in the figure below (Figure 3)

Microbubbles

Generated Nanobubbles

Figure 3: Example of Observable Micro/Nanobubbles in DI water Solution: Microbubbles
initially appear as a milky white substance in solution. Over time, the bubbles shrink and
eventually become invisible to the naked eye. At the nanobubble scale, the bubbles are still
detectable through laser light scattering.
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The resultant microbubbles contained within the water, start out at larger sizes but after several
cycles they reach an initial size around 30 microns in diameter. However, these microbubbles
shrink over time, such that, they deliver their gas contents into solution. Some of these
microbubbles hit an equilibrium point around 1 micron in radius where they persist in solution
for long periods of time as shown in Figure (3). At the nanobubble level, they are invisible to
standard detection and most particle counters and can only be detected through alternative
methods such as laser light scattering®. The distribution of the generated microbubbles and their

shrinking behavior is illustrated further in Figure 4.
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Figure 4 Particle Counter Data: (A) Initial microbubble distribution following 5 min
generation time. (B) Bubble size over time. Bubble initially start at around 25 microns in
diameter. Over time the bubbles shrink in solution to approximately 2 microns or less

These microbubbles also function as a reservoir for additional oxygen to be maintained
locally within the solution. A noticeable increase in oxygen occurs even when using air as the
gas source. This increase is measurable via both standard Clark electrode and through Winkler
titration.  After a running time of approximately three minutes, the liquid solution is
oversaturated with additional oxygen and reaches a new maximum value that can be maintained

through continuous use of the pump device.
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Figure 5: Performance of Microbubble Generator Device. Microbubble generation using air
as gas input and water as the liquid solution. Dissolved oxygen measurements rise after
initial device usage until maximum value is reached at a new threshold.

MEASUREMENT OF OXYGEN VIA CHEMICAL METHODS
Winkler titration test:

The Winkler titration method is a well-documented assay to determine the oxygen
concentration of a solution. It is frequently used in environmental studies that require estimates
of water quality to determine the health of wildlife. This analytical test is used to determine the
oxygen concentration of a solution. This method first was developed by Lajos Winkler in
18886, The original method is still in use today with minor improvements for accuracy’*°.
This process involves the addition of specific compounds (manganese, iodide, and hydroxide) is
added to a liquid sample of interest in order to convert the dissolved oxygen into a more easily
measured state. In our tests the liquid sample of interest most often corresponded to water or

PBS with varying degrees of dissolved oxygen.
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Standard Procedure and Reactions Involved

60 mL of sample solution is added to a 60 mL Biological Oxygen Demand (BOD) bottle and
a glass stopper is added to contain the sample. Careful procedures must be taken at this point to
eliminate any air bubbles that form. Any trapped air bubbles that form at this point will interfere
with the final concentration reading, and creates additional error by adding extra oxygen to the
system which raises the measurement value.

[STEP 1: Addition of Manganous Sulfate] Manganous Sulfate is then added to the sample
solution followed by the addition of lithium hydroxide (strong alkali) to make divalent
manganese hydroxide (Mn(OH),, white solid). The reaction of Mn?*and hydroxide leads to the
precipitation of Mn(OH)2(s). The reaction occurs under the assumptions that Mn(OH)2(s) has
enough solubility in a basic environment such that Mn?* ions are present in solution to perform
reactions and the Mn(OH)2(s) acts as a reservoir for Mn?* ions.

[STEP 2: Manganic Hydroxide Equilibrium] The oxygen present in the solution reacts with
the Mn?* ions to oxidize them to Mn®* ions. The Mn®* ions oxygen in the basic solution reacts
with the Mn(OH)., resulting in precipitation of brown manganic hydroxide (MnO(OH)2(s)). At
this point the oxygen in solution acts as the limiting agent and the proportion of manganic
hydroxide generated is related stoichiometrically to the original amount of oxygen present in the
solution.

[STEP 3: Oxidation of lodide] The solution is then acidified. At this point the Mn®* ions
react with the iodide present in the solution to convert the iodide into iodine. The Mn®* ions in
the acidic environment are reduced to Mn?* ions while oxidizing the iodide into iodine. Once
the procedure has reached this point, the solution is considered fixed. The reagent mixture has

no appreciable reactionary sensitivity to oxygen.
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[IODINE-TRIIODIDE EQN] The generated iodine (l2) and residual iodide (I") forms an
equilibrium with the triiodide ion (I37). The triiodide ion acts as a reservoir for iodine in solution.
The iodine and especially the triiodide appear as a visible brown color in solution.

[Step 4: Titration with Standardized Thiosulfate Solution] A thiosulfate solution is used to
titrate the iodine back into colorless iodide. The thiosulfate oxidizes iodine (limiting both the I>
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 becomes clear) for the iodine is proportional to the original oxygen content of the
solution tested.

Shown below are the main reactions in each step of the Winkler titration test:

Mn™ +20H™ — Mn(OH ), Step 1
2Mn(OH ), + é 0, + H,0 — 2MnO(0H), Step 2
2Mn(OH ), +217 +6H™ — 2Mn™ + I, + 6H,0 Step 3
IL,+1" < I3 lodine-Triiodide Eq.
I; +28,07 - 31" +5,0;" Step 4

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. Literature suggests that a starch solution can be
added in addition to the thiosulfate to amplify the color change from brown to clear. The starch
reacts with the iodine and especially the triiodide ions in solution to form a blue-black colored
complex which is easier to distinguish with the naked eye. Alternatively a solution of sodium
EDTA can be used instead of iodine as a pink complex is formed with manganese?®. We have

found in our studies that absorbance can be measured via spectrophotometer to alternatively find
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the equivalency point. With the addition of spectrophotometer, additional colorimetric chemicals
are unnecessary.
Nitrite Interference within the Winkler Method
Several competing ions can change the result of the test specifically nitrites are problematic. The
accuracy of the original Winkler procedure is severely limited by the amount of nitrites present.
Nitrites interfere with the chemical reactions that take place and reduce the accuracy of the
measurement. The higher the concentration of nitrites within the sample, the less accurate the
test becomes 12.6 % error at 5mg nitrite per liter sample at low oxygen concentrations?.. To
lessen the nitrite interference, sodium azide is added to the solution to reduce the nitrite in the
acidic final environment as represented by the chemical equation. (>.1 mg/L of nitrous acid)

N3 +H" > NH3; + NO; + Ht -» N, + N,0 + H,0
The azide modification drastically reduces the effects of nitrites on the final measurement such

that the nitrites do not have an appreciable impact on the measurement??,

Calibration of Winkler Kit Procedure (manufacturer version)

Evaluation of Equivalency Point via Eye Threshold

Calibration of this process is achieved by determining a relationship between the volume of
titrant added and a reference value for this substance. In this particular situation iodine is titrated
by thiosulfate to determine the content of oxygen in the original sample. So the relation of
interest is the proportionality of thiosulfate to oxygen. 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. However, this leads to an

inherent error of about 0.5 mg/L in the final measurement. By modifying the concentration of
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the experimental solution relative to the drop size, the equivalent value (in mg/L) of oxygen that
each drop represents 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 from the kit corresponds between 14.5 to
15.5 drops/mL per their internal certification (exp Apr. 2009). 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 to be
performed by visual identification of a clear test tube against a white card. Titration was ceased
when the tube became subjectively clear.

In analysis of the construction of this kit, the end point, however, is subjective. There is no
rapid shift as classically observed in a phenolphthalein, instead a gradual color change is
observed which results in a less detectable endpoint by eye. A subjective test was performed to

evaluate where the eye observed colorless point was with respect to the Kit.
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Colorless Threshold
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Figure 6: Analysis of Winkler Titration Kit. (A)Initial Data, (B) Eye threshold range. Standard
kits provide an estimate of dissolved oxygen content of liquid solutions but are met with

consistency issues that stem from its reliance on a human observer. This measurement
value can vary from operator to operator or even day to day

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
spectrophotometer. This number varied from operator to operator and therefore could only
determine a window of equivalency through the use of large incremental values. The actual
equivalency point as determined by the spectrometer was consistently higher than the value
determined through the unaided eye. 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, we took the system a step

further to ensure accurate measurement of each sample.
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Accurate Determination of Equivalency Point

Colorimetric additions and eye determination was eliminated for these experiments through
the use of device measurements (spectrophotometer). As the concentration of iodine is reduced
in solution, the solution shifts proportionally from brown to colorless. The transition in color
was assumed to follow a standard Beer-Lambert law model®2. 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:

C=—— Equation 2
e-L

/oo)

A= Ioglo(ll_o) log,o(———) = 109,,(%T,) —log,,(%T) Equation 3

Where A is absorption value, ¢is the molar extinction coefficient, and L is the optical path
length, lois the incident photon number, | is the measured photon number, %To is the maximum
transmittance of the sample (typically set to 100%), and %T is the spectrophotometer measured
optical count percent.

In practical use, for a simple spectrophotometer the following relationship is used:

A=log,,(%T,)—log,,(%T) Equation 4
This is due to the fact that the maximum photon measurement is manually set 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:
A=2-log,,(%T) Equation5
Once the transmission values are converted to absorption values, the addition of titrant is

generally linear with respect to absorbance. If the absorption or concentration is too high in the
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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 be unable 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
(absorbance) from the beginning of titration until nearly the equivalency point. For a
monochromatic spectrometer, one must choose a strongly absorbing wavelength for the
chromophore in question. This must be balanced with a wavelength at which the instrument is
sufficiently sensitive. The sample should be tested at a wavelength that provides a large range of
transmittance values that still allows for accurate measurement by the spectrophotometer.

When a chromophore is added to a solution, the concentration of the chromophore is reduced
both over time, by addition of the titrant even if a chemical reaction does not take place (simple
dilution if the added titrant volume is large enough). 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 experimental volume must be used with a titrant of sufficient
strength such that the necessary titrant volume minimally affects the concentration.

On the spectrophotometer used (Sargent-Welch Model SD) a wavelength of 450 nanometers was
chosen for measurement. At this wavelength, both sufficient absorption of the tested
chromophore (I2/137) is present, the spectrophotometer has sufficient number of interrogating

photons, and sufficient linearity and sensitivity of the system is observed.
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In order to determine the equivalency point, a 2-part linear regression must be used. The first
portion encompasses the major portion of the titration from the beginning of the linear range up
to the point just 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 of the two regions is defined as the equivalency

point. A sample graphical representation of this method is shown:
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Figure 7: Winkler Titration Equivalency Test. (A) Absorbance data for sample solution as
titrant is added. (B) Data is then separated into two linear regions and their intersections
calculated as shown. The intersection of the linear regions is a more accurate
determination of equivalency point independent of final clarity of solution

The coordinates of the intersection point indicate the equivalency point (the value of the

abscissa) and the absorbance value at which this takes place (the value of the ordinate). It is

important to note that this method can determine the equivalency point without the dependence

on solution clarity or the need to remove all particles from solution. This ordinate value,

(unitless) can be converted back into percent transmission using the following relationship:

%T,
0 A

%T = Equation 6

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
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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.
Standardization of Sample Measurements

As was stated before, no ‘gold standard’ exists for oxygen saturation. The easiest way to
produce a solution of a given oxygen saturation is to vigorously shake air and water together at a
given temperature. An additional factor must be considered for Winkler titration that was
ignored for polarimetry — extra oxygen bubbles will add to the measured oxygen concentration.
The assumption that water saturated air and air saturated water holds for both Winkler titration
and polarimetry, except due to the nature of the different tests, the conclusion of this statement
results in different effects on each test. For polarimetry with large area electrodes, net oxygen
concentration is measured. As the water and air have equal oxygen tension, bubbles do not
significantly affect measurement. In contrast, trapped bubbles before fixation via the Winkler
method will continue to react until all oxygen is depleted from solution — both dissolved and
extra gas. The addition of extra bubbles 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.
Standardized Winkler Titration Procedure (Spectrophotometric Addition)

This procedure is a modified version of the original Hach manufacturer’s protocol. A total of
60 mL of solution to be analyzed is added to a BOD bottle with great care taken that no bubbles
form on the walls or the top of the container. The kit is used as directed up until after the

acidification step (just before addition of thiosulfate). A total of 6 mL of solution was placed
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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 (a few
points after equivalency point). Shown below are the transmission and absorbance graphs for an

example experimental run.
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Figure 8: Winkler Transmittance and Absorbance Data. (A) Stepwise Transmission data of
sample during Winkler titration. The result is a nonlinear relation with respect to
transmittance as expected. (B) Absorbance data for sample solution during Winkler
titration. This data was derived from the initial transmittance graph but is easier for
interpolation due to its linearity.

Calibration of Winkler Titration Procedure

The relationship between added 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 resultant calibration data is shown below.
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Figure 9: Derivation of Calibration Factor for Winkler Titration. (A) Winkler values for air
saturated water show a positive linear correlation with the expected theoretical value. (B)
When the calibration factor is applied, the converted Winkler values match closely to the
table values over the desired range.

Calculated volumes of titrant for each experiment were then compared to dissolved oxygen (DO)
values for air saturated water at the corresponding temperatures. The slope of this graph

corresponds to the conversion factor between microliters of titrant and concentration of dissolved

48.46 microliters titrant

oxygen within the solution. The resultant conversion factor: was used to

17 2dissolved oxygen
convert the original volumes calculated through winkler titration into concentrations of dissolved
oxygen within the test sample. When the original microliter values are converted with the
conversion factor and overlaid onto a water temperature-saturation curve from accepted values,
the average error was only 0.39%. This shows internal accuracy in the calibration and suggests
that this conversion factor is correlated closely with the behavior of dissolved oxygen in air

saturated water.

23



Aqueous Dissolved Oxygen Models

Dissolved Oxygen and Biological Conditions

Typical studies regarding oxygen content within a liquid, are interested in the aqueous
dissolved oxygen content contained in a given volume of solution. This value is used to
determine the water quality for various wildlife and fish that depend on some form of oxygen
supply within the water to survive. Below certain threshold levels, the water cannot sustain
populations of aquatic animals and the animals die off as a result. This dissolved oxygen
measurement is typically reported in units of mg Oo/Liter of water or PPM (parts per million). A
step by step conversion between each unit shows that these two measurements are numerically
equivalent assuming standard conditions. Therefore, these units were used interchangeably
during the experimental process and results will be referred to using the mg/L notation.
Standardization of Measurement Techniques

Measurement of dissolved oxygen (DO) content with a highly repeatable and accurate
reporting proves to be difficult, even within a controlled laboratory environment.  Common
laboratory and field DO measurements rely on optical/luminescent?®, polarometric,
amperometric?*, and titration?®28 methods to consistently define values and provide more
reliable calibration for devices. For our studies, the latter two methods are used. Difficulty in
reliable calibration is due to the lack of an exact “gold-standard” for comparison, and
inconsistencies in a number of prior published models for numerical interpolation with collected
data. When these two problems are combined the issue is magnified and the confidence of high

precision, repeatable measurements comes into question.
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Table 1: Oxygen Solubility for Distilled Water

Temp | DO Temp | DO Temp | DO Temp | DO Temp | DO
(C) | (mg/L) | (C) |(mg/L) | (C) |(mg/L)|(C) |(mg/L)|(C) | (mg/L)
0 1462 |6 12.45 |12 10.78 |18 9.47 24 8.42
1 1422 |7 12.14 | 13 10.54 |19 9.28 25 8.26
2 13.83 |8 1184 |14 10.31 | 20 9.09 26 8.11
3 1346 |9 1156 |15 10.08 |21 8.91 27 7.97
4 13.11 |10 11.29 |16 9.87 22 8.74 28 7.83
5 1277 |11 11.03 |17 9.66 23 8.58 29 7.69

For fresh water, at sea level, and standard atmospheric pressure, the predicted maximum
dissolved oxygen content varies between 14.6 mgO2/L at 0°C to 7.6 mg O./L at 30°C with an
error of +/- 0.5 mgO2/L. Typical values for water under normal conditions are shown in Table: 1.
Most modern estimation models report values that confer with this statement. Most modern
instruments for DO measurements, can likewise read and report DO values within +/- 1 mgO2/L
following manufacture-described calibration techniques. This calibration requires adjustment
(manually in some cases) for temperature and salinity is applied where necessary?>®. This
constitutes a maximum error of 15.1% at the high end. While this sounds marginally acceptable,
the error magnitude continues to increase as the concentration drops at a given temperature.
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 mgO./L and much more care (when even possible) is necessary to reduce the error to
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+/-0.01 mgO2/L. Many digital instruments (including the YSI Model 58 used extensively in this
study) display this digit despite an inherent error (applicable in most measuring situations) that is
larger than the value contained in the digit.

Even with perfect instrumentation precision sensor and calibration, various practical
situations for measurement add potentially significant sources of error. Presence of ions other
than oxygen molecules provides interference between device measurements and results in
diminished precision of the final value. When under high pressure, as in deep water or other
environments, the pressure difference across the membrane in a DO amperometric lead causes
the membrane to distend. The thinner membrane allows higher amounts of oxygen to travel
across, causing a reading higher than normal. This change in measurement is increased as
membrane distension increases. Passive pressure compensation using diaphragms (as used in a
number of the YSI 5700 series probes) can combat this, however it requires a larger internal
electrolyte chamber which causes additional issues. The larger reservoir size relative to the
sensory cell the further the distance any molecule within the electrolyte solution must travel
before it can be “used up” by the sensory cell. In more extreme cases, this results in an
electrolyte solution that has a non-zero oxygen content and thus more inherent error in the
measurement. Therefore, the polarization process for this type of electrode takes longer with
increased electrolyte solution.

Dissolved Oxygen Modeling methods:

Assuming no consumption, generation, and a sufficient oxygen supply, aerated water will

reach a dissolved oxygen equilibrium value given sufficient time. The magnitude of this

equilibrium concentration is a function of oxygen content in aeration gas, gas pressure, and
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solution temperature. The magnitude of this oxygen saturation value for a given temperature is

predicted by the Bunsen Solubility Coefficient model and Henry’s Law:

C. = KH(T)

aq P
p

Equation 7

In the simplified form, C,q is the oxygen concentration in moles, Kn(T) is the Henry’s Law
constant as a function of temperature for oxygen in water, and Py, is the partial pressure of
oxygen in the aeration gas. Since the Henry’s law coefficient is a function of temperature
[KH(T)], a Van’t Hoff relationship can be used to predict the Kn(T) values at a certain
temperatures given a Q coefficient (in units of Kelvin), where the Q coefficient 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, In this report, this value will be referred to as Q for

consistency. The relationship is as follows:

K,T)=K, (298)-e[Q'[nggﬂ Equation 8

Q= Asolv H - _ d[ln(KH (r))] Equation 9

o

Where Kx (T) is the Ky coefficient (in Kelvin) for a given temperature with reference to the

standard temperature of 298 K.

From literature the Ki(298) and Q values compiled from contemporary studies vary®!. Even
the best Henry’s Law model coefficients fail to accurately predict the oxygen saturation value for
water at more extreme temperatures and are therefore only reliable within a small range®.
Therefore, several alternate numerical approximations have been created over time to predict the
numerical value for oxygen saturation®®. Current models have expanded on the original theory
contained in oxygen saturation predictions with some of the more famous models coming
through the work of Weiss and Benson. Through the use of more modern techniques and
equations, newer models have an absolute error of less than 0.002mgO2/L34% The general idea
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behind these models is the fitting of real world data into a modified the Van ‘t Hoff equation®.
Fitting coefficients are derived through least-squares analysis. For accurate predictions, both the
salinity and differing gas pressure must be considered since they exert a great influence on the
final result. These correction factors are semi-independent and can be individually calculated
(correction factors of S, P respectively) to form a set of factors that are multiplied by the
calculated maximum dissolved oxygen content in fresh water at 1 atm of pressure®’. This
relationship is shown as:
DO=DO,*S*P Equation 10

Based on these equations, DO curves for oxygen saturated water can be generated for various
environmental conditions. Since the values for dissolved oxygen content at saturation are
dependent on both temperature and pressure, it is necessary to fix one of the variables while
varying the other. The resultant curves based on fixed temperature and fixed pressure are shown
below (left and right graph respectively). There is a linear relationship in regards to fixed
temperature and varying pressure, however there is a nonlinear relation between fixed pressure

and varying temperature.
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Figure 10: Oxygen Saturated Water Curves Under Various Conditions. (A) Linear relation
between oxygen concentration and environmental pressure at fixed temperature. (B) Graphical
representation of the nonlinear relation between temperature and oxygen concentration at fixed
pressure’®,

Dissolved Oxygen Measurement with Polarometric/Amperometric sensing:

Function of a Clark Electrode

Dissolved oxygen electrochemical sensors typically rely on the Clark electrode design®38,
In this design, current flows across a biased electrochemical sensor based on the functional
oxygen reduced within the cell reservoir. Variation of the bias voltage in constant oxygen
tension and temperature can produce a polarogram plot. However, in typical senor application
the bias voltage is fixed and the sensor current is used for oxygen content measurement.
Assuming proper maintenance of the device (no leaks, tears, etc.) and sufficient polarization, the
internal cell environment can be approximated by an initial value of 0 mg/L of oxygen.
Therefore, as oxygen is added to the system, the increase in current is proportional to the DO

content of the test solution.
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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 used®. A chemical cell of this type uses 0.5-3M KCI solution electrolyte
resulting in a sensor life that is limited by the available chloride ions.  Additionally, other
factors such as silver plating on the noble metal cathode and AgCl plating on the silver anode
can lead to eventual failure of the cell. The relationship between electrolyte concentration and
temperature for the reference electrode has been shown in some studies with the equation
below*041,

AgCl, +e" < Ag(, +CI”

RT

E =InQ,  Eo=223V £0.13mV @25°C

_ EAg/AgCI_
Ag/AgCl — =0

E, (t) =0.23695-4.8564x10~* —3.4205x10°t* —5.869x10°t*

where tis in °C from 0°C to 95°C
A thin Teflon® membrane is placed between the measured solution and the cathode and a bias of
-0.5 to -0.8V (a 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. For the electrolyte solution, KCI is preferred over NaCl due to a
balance in ionic radius. This permits diffusion of ions to occur at similar rates for a balanced rate

between cathode and ion reactions

2 O, + 2H,0 + 2e' — H,0, + 20H"
LULLLL o+ 20— 2om
—_ Membrane
' ———— Cathode (Pt or Au)
0.5-0.8V Bias KCI Solution

Anode (AgfAgCl)

+
4Ag —= 4Ag"° + 4e”
4Ag* + 4Cl" —» 4AagCl

Figure 11: Main Reactions within Clark Electrode. Reactions between the anode and cathode
allow flow of ions and measurement of dissolved oxygen concentration’
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Many of the experiments in this work use a modern YSI type 5739 probe in conjunction with
a YSI 57 and YSI 58 meters to take measurement data. Additionally a Milwaukee MW600 DO
meter/probe was used.

The current flow through a standard Clark electrode is proportional to the area of the cathode
(since it typically has less surface area than anode), membrane diffusivity, and membrane
thickness. Modern Clark electrodes use FEP (Teflon®) membranes of 0.5 to 2 mil (13 to 50
microns) thickness. Directly behind (and touching) this membrane is a noble metal cathode in a
KCI solution. Further back from this membrane in the well of the sensor is an Ag/AgCl
reference anode.

Many devices such as the MW600 and YSI 58 models, recommend at least a two point
calibration of the system. The suggested points are one at a “zero” point and another as a
saturated water sample at the experimental temperature. For a two point calibration dissolved
oxygen meter, the measurement reading is a function of a linear calibration between current and
dissolved oxygen value:

DO(P,T)[mgO, / L] = (Gain) - (Current) + (Offset) Equation 11
Where the values of Gain and Offset are used to map the measured sensor current value to the
reported oxygen concentration. When the sensor has no current, the offset value is adjusted to
null (0) to correct the instrument. As long as the environmental factors are unaffected
(temperature and pressure) sensor bias voltage is maintained at a constant value and thus, the
current measured is linearly proportional to oxygen concentration.

The constants for A and B are solved through linear least squares regression.
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The result is a linear expression that can predict the measured values as a function of
temperature. The Dissolved Oxygen Compensation Factor (DOCF) can be calculated for each
degree C using the regressed coefficients.

While this is noteworthy, it does not get us closer to correcting the measurement error.
From prior studies, it has been noted that an approximately 5% error exists per degree (in
Celsius) difference from the calibration point for an amperometric DO sensor®. After internal

correction a systemic error exists, but it is far overweighed by random experimental error
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Figure 12: Internal Temperature Compensation within Probe Device. (A) When
measurements are taken at values close to calibration temperature, only small amounts of error
are present. (B) As the probe is used in temperatures much different from its calibration temp,
errors increase and only a weak correlation is shown

From the regression, a weak temperature correlation exists between the predicted and
measured values. From the slope, this appears to be around 1.5% per degree Celsius. Inherent
measurement correction is non-trivial as multiple systems are non-linear. To offset the role of
temperature on the membrane permeability 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 used.
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Calibration methods for Amperometric sensors:

The lack of a ‘gold standard’ reference model for oxygen 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. This is
not the case for dissolved oxygen, small deviations in temperature cause changes for the solution

oxygen content.
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Figure 12: Variance in Probe Values Due to Humidity. The probe shows a slight variance
when exposed to 100% vs 0 % humidity. This deviance grows larger as the temperature
increases.

Therefore, several assumptions must be made to provide a standard with which to calibrate the
device against and test measurement data. The assumptions chosen for this set of experiments
were as follows:
1) Air saturated water has the same oxygen content as fully water saturated air
2) The humidity of water saturated air affects the oxygen content.
3) Vigorous sustained shaking of air in water saturates the water at the given temperature
(measured at end of shaking in case of slight elevation)

4) This water saturation persists long enough to allow measurement of sample

32



5) If water is saturated at a given temperature and the temperature lowers, the water will be
unsaturated at the new temperature even if no oxygen is removed from solution,
conversely, if the saturated water is heated, it will become oversaturated and eventually
will lose Oz from solution.

6) Oxygen content of the solution is dependent on the aerating gas partial pressure (of
oxygen)

7) The addition of sodium bisulfate can scavenge oxygen from solution — a tiny amount of
cobalt chloride can boost the effect

8) Even without stirring, if left open to the atmosphere, over or under saturated solutions
will tend towards equilibrium with air.

9) The barometric pressure is necessary for probe calibration

10) Additionally, if open air (air not fully saturated with water) calibration is used, air
humidity information is also necessary for accurate compensation.

11) For long duration experiments, current output of the Clark electrode decreases over time.

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

In addition to these assumptions there are a number of practical considerations to account for.

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.

33



2)

3)

4)

5)

6)

7)

8)

Care must be observed to prevent water droplets from forming or being transferred to the
membrane.

Water saturated air has a lower thermal conductivity than water, therefore, probe thermal
equalization takes longer in water saturated air over air saturated water.

Water saturated air must be fully saturated (RH=100%) for this technique to work.
Humidity can affect sensor calibration.

While water saturated air is a manufacturer preferred technique®, in practice, thermal
errors can far outweigh other error sources in comparison to air saturated water.

Winkler titration is minimally affected by temperature and humidity and can thus be used
as more reliable comparison

Spectrophotometric alterations to Winkler method reduce inherent error of measurement
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 room temperature:

1)
2)
3)

4)

5)

Adjust sensor zero point per manufacture specifications

Polarize measurement sensor for at least 15 minutes.

Place 350 ml of deionized water in a 500 mL glass mason jar at room temperature
Heavily shake jar for 30 seconds. Shake jar a second time after the bubbles from the first
shaking began to disappear.

Place sensor probe into mason jar and record temperature recorded (A separate K-type

thermocouple thermometer was also used for redundancy.
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6) Rapidly swirl electrode in solution taking care not to bump the jar walls. Note: YSI
cathode has larger area and is thus more susceptible to measurement error due to stagnant
water in front of the probe surface. With sufficient swirling, the measured value will stay
steady to permit reading.

7) Adjust calibration factor to the proper level.

8) Store sensor in a 100% humidity storage bottle between measurements in the vertical
position. Instrument is left on for the entire study.

9) Check probe measurements against reference solution often to compensate for probe drift
over time

For measurement the following procedure is used:

1) Calibrate probe at temperature close to experimental temperature

1) Remove sensor probe from storage container and place into solution and let sit for 2-5
min to allow for thermal equilibrium. This can be monitored via probe internal
temperature reading

2) Swirl sensor probe and record DO value and temperature once measurement has
stabilized

3) Remove sensor from solution, rinse if necessary, dry, and place back into storage
container in vertical position

Oxygen Delivery Via Nanobubbles
Nanobubbles and Lipoaspirate Solutions
To study the effects of micro/nanobubbles on tissue samples we tested using a microbubble
generator and lipoaspirate sample acquired through patient consent. The sample was divided
into two separate categories: “macrofat”, and “nanofat” samples. Each experimental group also
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had a corresponding control for a total of four groups. The macrofat samples were defined as 50
ccs of lipaspirate sample that was subjected to 3 washes with PBS before the trial began. No
additional processing was done at this time.

The nanofat sample procedure was derived from a paper from the Tonnard lab>l. In this
paper, the lab group demonstrated an increased removal of oils and an improvement in
regenerative effects over time when fat was subjected to shear forces prior to reinjection. In their
studies, the passed the lipoaspirate sample 20 times between interconnected (via Luorlock)
syringes. Through this process, the sample is broken up into smaller pieces. Additionally, the
sample can also be passed through a secondary filter after syringe processing to remove
additional oils from the tissue. For our tests, we performed the same procedure as was described
in the Tonnard paper to create a nanofat sample for experiments. A nanofat sample was defined
as 50 ccs of lipoaspirate that had been washed, and then passed through two interconnected, 10
cc syringes at least 20 times and then filtered using a 0.5 mm mesh filter.

Preparation of Incubation solutions

Approximately 250 mL of PBS solution (location, order etc) was used for incubation during
each trial. Control solutions were standard sterile PBS that had been aliquoted for each test.
Microbubble solutions were created using the microbubble generator illustrated in Figure 2.
Experimental (Microbubble) solutions were composed of sterile PBS solutions that had been
exposed to microbubble generation for 10 minute duration. Incubation solution was then poured
into a separate container that had 50 ccs of lipoaspirate (either macrofat or nanofat versions).
Oxygen content was then measured by using a standard Clark electrode (MWG600 ) to test the

content of the liquid solution over time. The results of this experiment are shown below.
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Figure 14: Oxygen Content of Lipoaspirate Solutions. (A)Macrofat solutions showed a rapid
decrease in oxygen content immediately after mixing. (B)Nanofat solutions showed a similar
decrease but this decrease was not as dramatic as seen in the macrofat data. The percent change
of each solution is illustrated in (C) and (D) respectively.

When lipoaspirate samples were incubated in PBS solutions, they caused an immediate
decrease in the dissolved oxygen content of the liquid. Macrofat samples showed a large
decrease that went below the baseline DO content of PBS. When exposed to microbubbled
solution, these samples continued to show a rapid decrease in DO content below baseline levels.
The behavior of this system suggests that the macrofat tissue is oxygen starved and will uptake
additional amounts of oxygen when given a large enough supply. Nanofat solutions showed a

similar decrease in oxygen content, however, the decrease was not as significant as the macrofat
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solutions. The decrease of oxygen from solution in this case was still maintained above baseline
levels for a duration of approximately twenty minutes. This coincides with previous research, in
which we have found that the shearing technique for generating nanofat causes a decrease in the
viable cells within the mixture. Since there are less viable cells in the nanofat mixture, there is
less demand for oxygen within the tissue, leading to a less pronounced decrease in oxygen
content. The results of this experiment suggest a link between the oxygen drop in solution and
the presence of cells (tissue). The experiment showed a larger decrease when more cells were
present (macrofat sample) compared to when less cells were present (nanofat sample).

Gas Production in Yeast Model

Based on the previous studies, it was not clear whether the gas contained within a microbubble
was ever released into the surrounding environment. The lipoaspirate studies mentioned in this
thesis suggested that some mechanism occurred during transfer. However, the decay in
measurable dissolved oxygen content was immediate and drastic in response when combined
with lipoaspirate samples. This could be explained under a couple scenarios, either the
microbubbles were rapidly destroyed due to transfer, or the contents of microbubbles were
dispersed into the environment (and theoretically the tissue). Therefore, it was necessary to test
in another model system to determine whether the decay of oxygen in solution was due to rapid
destruction of microbubbles upon transfer, or the dispersal of gas contents into the liquid. A

yeast model was chosen as an alternate experimental system of study.
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Measurement of Gas Production from Yeast Solutions

For this experiment, the displacement of water within a closed system was used as a
measurement of the gas produced. The summarized experimental procedure follows:

DI water was warmed until it reached the appropriate temperature (110 F) to ensure proper
environment for yeast.

While waiting for water to reach appropriate temperature, 200 mL DI water was added to a
separate container (container max volume approximately 400 mL)

A graduated cylinder was completely filled to capacity with an additional supply of DI water (to
top)

The cylinder was covered with flat glass and quickly inverted into the 400 mL container, glass
top was removed from cylinder once cylinder submerged and inverted under water

Ran one end of tubing through rubber stopper and other end inside of the inverted graduated
cylinder

Added 2.25 teaspoons (~11.09 mL) of Fleischmann’s Active Dry Yeast to 250mL flask
Extracted 0.5 cup from warm water (110 F), and added to flask

Stirred yeast+water mixture for 10 seconds

Placed rubber stopper with tubing on top of flask to seal container

Took images of cylinder every 30 seconds for 25 minutes

For analysis, Images were transferred into Image J, and the water level was measured for each
picture.

Experimental (microbubble) procedure variation

Same as control except bubbled DI water was added to yeast instead of standard DI water
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Bubbled water sample was created using microbubble generator (generator function and
properties detailed in this report) for 5 minutes on DI water sample. This microbubbled water
sample was then added to yeast when needed.

Measurement of Flow Rate and Total Gas Production:

After measurement of gas volume at each time point, 2 numbers were calculated from the data
set: flow rate of gas, and total gas produced at each time point. The flow rate of gas was

calculated as the change in gas volume over each interval (in mL/min)

Vt_Vt—l AVol

Flow Rate = = where t[min],vol[mL]  Equation 12

ti—ti_1
Total gas production was calculated as the summation of gas that had been collected up to that
time point. Due to the nature of the experiment, this summation can be simplified into the
following equation:
Total Gas Production =V, — Vitial Equation 13
For each trial of this gas production experiment, the microbubble/yeast solution produced a
larger volume of gas than the control case
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Figure 15: Gas Production in Yeast Model. Spikes in gas flow rate (A) show deviances in the
gas production between the two sample types. When the volume is summed in (B) the
microbubble solution exhibits a higher volume of gas production.
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As seen in Figure 15 the Microbubble +Yeast mixture had occasional spikes in its gas flow rate
which were higher than the flow rates within the control case. These differences add up over
time and caused a large deviation in collected gas volumes after 25 minute duration. After 25
minutes the final gas volumes deviated by 48.1% with the microbubble solution reaching the
higher value, (22.06 mL and 14.89 mL volumes respectively). This system behavior is indicative
of some form of microbubble action within the system. Since gas could only enter the system
through the release of microbubbles or additional gas production from the yeast due to exposure
to microbubbled solution. Based on previous studies, the microbubbles reached an additional
saturation point 24% higher in oxygen content than control. Since the additional gas collected
during from the microbubble+yeast solution is much higher than this (twice the predicted value),
it is most likely that the yeast had an increased response to the micro/nanobubbles in solution to
account for the difference from theoretical and experimental value. However, it is unclear
whether the gas produced from the system is entirely due to yeast production or more likely, the
combination of microbubble released contents and an increased metabolic rate within the yeast

sample.

Conclusions/Future Considerations

Future Work:
Visualization of Oxygen Delivery into Tissue (DHE Assay)

Although the incubation data suggested delivery of oxygen into tissue, it will be necessary to
prove that the oxygen is able to enter the tissue rather than simply forced back into the
atmosphere. For this experiment, 50 ccs of tissue will be separated into experimental groups. To
ensure the greatest probability of success the nanofat procedure will be used to generate the

experimental sample. Once processed, the nanofat samples will be incubated in either
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microbubbled solution (10 min generation time) or control (sterile PBS stock solution) for 20
minutes. After the incubation period, the tissue will be microsectioned into three pieces at 0, 10,
20, 1 hour after incubation. Each piece will then be stained with dihydroethidium and imaged
under a microscope to show the oxygen levels within the tissue.

Dihydroethidium (DHE) was chosen to visualize the presence of oxygen within tissue.
Under hypoxic conditions, superoxide levels surrounding the cells grow rapidly leading to a
much higher concentration of the molecule than under standard oxygen conditions. The
compound DHE reacts with the superoxide to form a complex that when combined with a
fluorochrome allows for visualization of the superoxide-DHE complex.  Normoxic tissue
contains minimal levels of the superoxide ion in the local region. Since hypoxic tissue contains
more superoxide ions, it produces more superoxide-DHE complexes when stained via chemical
assay. This leads to a higher fluorescent intensity when visualized under the microscope.
However, due to the non-stoichiometric nature of the reaction, each assay shows a relative
comparison that demonstrates which tissue exhibits higher levels of the superoxide ion and is
thus more hypoxic.

Use of Microbubbles for Irrigation of Tissue:

Microbubbles are negatively charged spheres that can persist within a solution. When
microbubbles are present in sufficiently high concentrations they act as a cleaning mechanism.
As the bubbles flow around the environment they bump into particles and sediment. Due to
ionic charges surrounding the shell of the microbubble, they also attract and collect particles as
they flow through the region. When the bubbles dissipate, they cause the attached particles to
aggregate in solution. This acts as a flocculation process that separates the solution into a variety

of particles dependent on density. This process is already in use in environmental reclamation

42



projects to separate particles so that they can be filtered more easily from water. Therefore, a
microbubble solution could be used to clean out a wound more efficiently than the standard
treatment. Additionally, the solution could be combined with an antiseptic wash to not only
clean the wound, but remove additional bacteria.
Improvement of Adipose Tissue Grafting

We believe that the additional oxygen supply as provided by microbubbles is sufficient to
increase oxygen content of a tissue graft. This increased oxygen supply allows for a higher
survival rate of cells within the tissue which leads to a higher retained volume over time. This
effect also has the possibility to increase the maximum size of a grafted bolus due to increased
diffusion limits. Our lab currently looks to apply this method in an in-vivo system to see if the
properties are sufficient to improve retention.
Enrichment of Cell Matrix and Scaffolds

Recent studies have attempted to design artificial matrices to replace such organs like the
human ear. However, several methods fail due to increased contraction and apoptosis of cells
over time. It is possible that this case has a similar problem in that the cells do not have a
sufficient oxygen or nutrient supply to fulfill their needs and die off as a result. If we can supply
an additional source of nutrients that is persistent through the development process, the matrix
survival should improve and the scaffold should retain more of its intended characteristics. This
would allow a more efficient grafting process.
Conclusions:

We were able to create a simple device that infuses gas microbubbles into a liquid solution.
These bubbles are on the order of 40 microns in diameter initially but shrink to around 2 microns

after some period of time. These bubbles persist in solution and serve as an additional reservoir
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of gas available over time. When exposed to an object that contains a lower partial pressure of
the gas, the bubbles deliver their contents into the tissue, raising the local partial pressure of the
gas. Using this property, we were able to use microbubbles as a delivery mechanism to transport
an additional oxygen supply to a tissue sample. We first showed a marked decrease in dissolved
oxygen content when a tissue sample was present, which suggested a need for higher oxygen
levels within the tissue. This hypothesis was confirmed via DHE staining, which showed that
tissue incubated in a solution containing oxygen microbubbles exhibited lower levels of the
superoxide ion, suggesting less hypoxic conditions. Based on the results of these studies,

microbubbles are an alternative method for delivering oxygen into a local tissue supply.
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