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Abstract

Molecular oxygen is one of the most important variables in modern cell culture systems.
Fluctuations in its concentration can affect cell growth, differentiation, signaling, and free radical
production. In order to maintain culture viability, experimental validity, and reproducibility, it is
imperative that oxygen levels be consistently maintained within physiological “normoxic” limits.
Use of the term normoxia, however, is not consistent among scientists who experiment in cell
culture. It is typically used to describe the atmospheric conditions of a standard incubator, not the
true microenvironment to which the cells are exposed. This error may lead to the situation where
cells grown in a standard “normoxic” oxygen concentration may actually be experiencing a wide
range of conditions ranging from hyperoxia to near-anoxic conditions at the cellular level. This
apparent paradox is created by oxygen’s sluggish rate of diffusion through aqueous medium, and
the generally underappreciated effects that cell density, media volume, and barometric pressure
can have on pericellular oxygen concentration in a cell culture system. This review aims to provide
an overview of this phenomenon we have termed “consumptive oxygen depletion” (COD), and
includes a basic review of the physics, potential consequences, and alternative culture methods
currently available to help circumvent this largely unrecognized problem.
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Since the establishment of the first cell line in 1943, cell culture has played a pivotal role in
shaping science and medicine [1]. With the help of cutting edge media formulations and
laboratory equipment, cells from normal and cancerous tissues can be propagated outside of
the human body and rigorously studied without harming human subjects. Needless to say,
the scientific feats that have been accomplished using cell culture are incredible, especially
given the complexity of the physiologic environment cell culture is intended to replicate.
Nonetheless, cell culture is a model system with many deficiencies that limit its utility, and
many breakthroughs developed in the cell culture model fail to translate to cures for human
disease.

One such deficiency of the cell culture system is due to the limitations of oxygen diffusion.
This barrier is well known by nature, as the first oxygen-consuming life forms were limited
in size by the ability of oxygen to passively diffuse into the organisms from the surrounding
ocean. It was only after billions of years that red blood cells and circulatory systems evolved
to carry oxygen from the outside of the organism to the cells within, allowing life to become
multilayered and much larger in size [2].

The delivery of oxygen to cells is clearly a critical component of life on earth. Nonetheless,
many modern laboratories fail to consider the fundamental properties of oxygen diffusion
that took nature billions of years to overcome. The cell culture systems used by most
laboratories today rely on oxygen exchange at the surface of the medium. Oxygen must then
travel by diffusion through the media to the underlying cells. The distance oxygen must
travel to reach the underlying cells may range from several millimeters to over a centimeter.
This is enormous when compared to the 10-30 um diffusion distance common in many
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mammalian tissues [3]. In fact, the maximum distance of a cell from its nearest capillary
rarely exceeds 200 um and is usually less than 100 um [4].

Despite the widespread use of less than ideal cell culture systems currently utilized around
the world, the realization of oxygen diffusion as limiting factor in tissue culture is not new to
science. In fact, Dr. August Krogh clearly described this limitation nearly a century ago [5].
In his pioneering work with tissue explants, he characterized the relatively slow diffusion
rates of gasses (e.g. molecular oxygen) through aqueous medium and the importance of
effective oxygen delivery systems to maintain cell viability.

After the cell culture revolution in the 1940s and 50s, the data obtained by Krogh from tissue
explants was applied to cells grown in monolayer. In pivotal work by Dr. William McLimans
in 1968, it was realized that the oxygen consumption rate (OCR) of cells at the bottom of a
petri dish can easily exceed the diffusion rate of oxygen through the overlying culture
medium. McLimans subsequently warned against growing cells at too high of density or at
excessive medium depths due to significant risk of oxygen deficit or even anoxia at the
cellular level [6,7]. A breadth of significant evidence now exists demonstrating that over-
seeding cells can result in altered cell growth characteristics, aberrant signaling, and serious
deficiencies in experimental validity [8-10].

The scientific community generally accepts that cell culture is not a perfect model system.
However, there remains a significant amount of complacency with respect to the limitations
of oxygen diffusion and the potential effects on cells. This review attempts to answer three
fundamental questions: 1) How do the properties of oxygen diffusion and delivery differ
between /n vitroand in vivo environments? 2) What are the consequences of this altered
oxygen availability on the experimental and translational validity of /n7 vitro models? 3)
What can scientists do to minimize fluctuations in oxygen concentration in their cell culture
models? The review will conclude with basic recommendations to improve rigor and
reproducibility of cell culture experiments, especially those focused on hypoxia and
metabolism.

II. Theory of Oxygen Diffusion

In the human body, tissue oxygenation is a tightly regulated process. Oxygenation of the
blood is first controlled by respiratory rate and intrinsic mechanisms within the pulmonary
circulation that maintain oxygen partial pressure in the arterial blood (PaO5). Physiologic
PaO, is maintained around 100 mmHg, which equates to 0.13 mmol of unbound oxygen per
liter of blood at sea level (see subsequent sections for math). Hemoglobin increases oxygen
capacity of blood an additional 60 times this amount, but it does not contribute to the partial
pressure in its bound state [11]. At the level of the tissue, the local partial pressure of oxygen
(PO») is decreased to approximately 40 mmHg due to cellular oxygen consumption. This
drop in oxygen partial pressure creates an oxygen gradient that pulls dissolved oxygen a
short distance from the capillary to the respiring cells. The oxygen is quickly replaced by the
vast hemoglobin stores that are sensitive to pH and other metabolic factors that fine tune the
release of oxygen [11]. Hemoglobin therefore acts as a rheostat and buffer to maintain a
constant rate of flow (otherwise known as flux) of oxygen to metabolically active tissues.
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In cell culture, these intricate regulatory mechanisms discussed above are stripped away.
What is left are the raw physical laws that govern the properties of gasses and molecules in
solution. To understand the extent to which oxygen delivery to cells is limited in the cell
culture model, one must understand the nature of molecular oxygen at three levels: 1)
Gaseous oxygen in the atmosphere surrounding the culture plate, 2) dissolved oxygen in the
cell culture medium, and 3) consumed oxygen by the cells in the culture dish. In concert,
these three factors interact to create an oxygen concentration gradient from the surface of the
medium down to the surface of the cells.

This concentration gradient is the force that drives the flux of oxygen through the medium to
the underlying cells. Modification of any of the above factors alters the gradient, and
therefore the rate of oxygen delivery to the cells. When discussing oxygen delivery, rate is
key, as true hypoxia occurs at the point where oxygen delivery is no longer sufficient to
maintain ATP production via oxidative phosphorylation [12]. However, the term hypoxia has
been clouded by the discovery of the hypoxia-inducible factor (HIF), which is regulated by
oxygen sensitive prolyl-hydroxylases (PHDs)[13]. This system (along with other oxygen-
sensitive enzyme pathways) is adaptable to particular set-points that are tissue-dependent,
and functions to sense changes in oxygen tension from the baseline. Since different tissue
types have different oxygen consumption rates (OCRs) and therefore different oxygen
gradients and tensions, there is no single oxygen concentration that can be defined as
“hypoxic” with regard to the HIF-PHD system. Furthermore, the range of oxygen tensions in
which the HIF-PHD system is sensitive, are well above those limiting to cytochrome c
oxidase, and therefore do not describe conditions limiting to oxidative phosphorylation (as
we will discuss in later sections)[14-16]. In other words, hypoxia has become a term that is
impossible to define without context. When used, it must be clearly defined. Thus, we will
use it cautiously throughout the remainder of this review.

In the following sections, we will discuss the behavior of oxygen in cell culture, how it is
delivered to cytochrome c oxidase, and how different conditions might affect the oxygen
sensing machinery of the cell. To accomplish this, the theory of oxygen diffusion will be
broken down into three major components: gaseous oxygen, dissolved oxygen, and
consumed oxygen. With each section there will be a discussion on how these can be
experimentally manipulated, thereby changing the oxygen flux through the system.

1. Gaseous Oxygen

The first variable we will consider that affects oxygen concentration in cell culture is
atmospheric (gaseous) oxygen. Gaseous oxygen concentration in the context of cell culture
is often cited as 21%. Although 21% does represent the volume/volume fraction of oxygen
in dry air (78.09% nitrogen, 20.95% oxygen, 0.93% argon, and 0.039% carbon dioxide)[17],
conventional cell culture incubators introduce additional volumes of both water vapor and
carbon dioxide gas. Therefore, the overall concentration of oxygen must decrease to allow
for the presence of these additional gasses (See Figure 1).

First, water vapor (humidity) is supplied by a water bath most often in the lower section of
the incubator, and functions to diminish evaporation of water from the cell culture medium.
At 37°C and 100% humidity, water vapor exerts a partial pressure of 47 mmHg [11].
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Therefore, water vapor will make up 6.2% of the total gas at sea level (47 mmHg/760
mmHg). Carbon dioxide at a 5% total volume is also typically added in order to maintain pH
balance of the culture medium [18]. To calculate the final oxygen percentage in the
incubator after the addition of both water vapor and carbon dioxide, the above values are
applied to Equation 1 [(0.21 x (1 — 0.062 — 0.05) x 100) = 18.6% oxygen]. Therefore, the
true gaseous oxygen percentage that occupies the atmosphere of a typical cell culture
incubator is 18.6% oxygen, not 21%.

700(finaty = (% Os(initiat) % (1=%0gas 1) =%gas()...) X 100 (9

It should be noted that the oxygen percentage calculated above (18.6%) is a volume/volume
ratio and is not interchangeable with the molar oxygen concentration. The molar oxygen
concentration in air is dependent on variables such as atmospheric pressure and temperature.
For mammalian cell culture, temperature is nearly always kept constant at 37°C, and
atmospheric pressure at sea level (1 atm), which is approximately 760 mmHg. Therefore,
there is usually minimal variation in the molar gaseous oxygen concentration from lab to lab.
However, laboratories at extreme elevations do experience significantly different
atmospheric oxygen concentrations. For example, a laboratory in Los Alamos, NM
(elevation 2231 m) has an average atmospheric pressure that is approximately 76% that of
sea level [19]. Using the /deal Gas Law (Equation 2) (P=pressure (mmHg); V=volume (L);
n=number of molecules of gas (mol); R = ideal gas constant (62.364 L- mmHg-K~1.mol™1);
T=temperature (K)) this converts to a decrease of 1.73 mM in the absolute concentration of
oxygen in the air at Los Alamos as compared to sea level, even though the oxygen
percentage on a volume/volume ratio remains equal (See Figure 2 for oxygen concentration
values at different elevations).

PV=nRT Ideal Gas Law (2)

Taken in perspective, if laboratory in Los Alamos grows cells under standard incubator
conditions (18.6% oxygen), the absolute concentration of atmospheric oxygen would be
equivalent to a laboratory at sea level growing cells at 14.1% oxygen. This example clearly
underscores the inaccuracy of describing oxygen conditions in terms of volume/volume
relationships. A more informative description of the cell culture oxygen environment is the
partial pressure of oxygen (PO5). Thus, a laboratory at sea level would cite their cells as
grown at a PO, of 141.4 mmHg, whereas a lab in Los Alamos would cite a PO, of 107.9
mmHg. Use of PO, allows for a more accurate comparison of oxygen conditions, and is the
standard nomenclature used in medicine to describe oxygen content of the blood. Figure 2
visualizes the effect of elevation on atmospheric PO, and its comparison with that of PO,
seen in the arterial blood of normal patients. From here forth, we will use the partial pressure
of oxygen (PO, to describe oxygen conditions in cell culture, as the ideal gas law allows
easy calculation of the molar concentration of a gas when the other variables are known.
However, it should be kept in mind that the ratio between the absolute (molar) concentration
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of oxygen and its corresponding partial pressure may differ from one medium to another
(e.g. air to medium). The reason for this is due to the interactions gas molecules with their
environment. This is described by Henry’s law and is discussed in the following section.

2. Dissolved Oxygen

Oxygen solubility—The second variable that we will consider that impacts the diffusion
of oxygen in cell culture is the cell culture medium itself. There are many types of cell
culture medium, each containing differing amounts of glucose, amino acids, and other
additives. Despite this diversity, commercial mammalian cell culture media behave similarly
with regard to oxygen solubility. This is because factors that affect oxygen solubility, such as
ionic strength of the solution and protein concentration typically very similar to one another.
By design, most mammalian culture media have an ionic strength of 150 — 200 mM, which
is similar to that of blood plasma [20,21]. Protein is then typically added in the form of 10%
fetal bovine serum, which has a total protein concentration ranging from 3.0-4.5 mg/dL[22].
Therefore, the final protein concentration in culture medium is approximately 0.3-0.45
mg/dL.

Henry’s Law (Equation 3) provides a mathematical description of gas solubility in a liquid
medium. The law states that the molar concentration of dissolved gas (C: mM), is directly
proportional to the partial pressure of the gas (#,): mmHg) of the overlying air and the
Henry constant (#: mmHg/mM).

Cay=Pyg/H Henry’s Law (3)

When oxygen enters an aqueous solution, it forms weak interactions with water molecules.
However, these weak interactions are disrupted by the presence of charged electrolytes and
proteins that form much stronger interactions with water. The Henry constant for a solution
is dependent on the concentration of electrolytes, proteins, and temperature of the solution.
In water at 37°C and ionic strength of 175 mM (average for most mammalian culture
mediums), the Henry constant for oxygen can be calculated using experimentally-derived
values of equilibrium dissolved oxygen at different temperatures and ionic strengths (see
Supplemental Table 1 for these values) [23]. For culture medium with an ionic strength of
175 mM, with atmospheric pressure of 760 mmHg, at 37°C in 100% humidity but without
5% carbon dioxide (POy(g)=149.7 mmHg), the extrapolated dissolved oxygen concentration
from Supplemental Table 1 is 0.194 mM. Using equation 3 (Henry’s Law), Henry’s constant
under the above conditions can be solved as follows: [H = 149.7 mmHg/0.194 mM; H =
771.65 mmHg/mM].

Using the above value for H, the equilibrium oxygen concentration in culture medium under
routine cell culture conditions (where PO, = 141.4 mmHg) is found to be 0.181 mM at sea
level. This concentration is approximately 40 times lower than the molar concentration of
oxygen in the overlying air of the incubator (Figure 2). This does not take into account the
effect of glucose and protein, which are also added to culture medium and would be
expected to further reduce the total capacity for dissolved oxygen. Unfortunately, these
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values are difficult to estimate and need to be determined experimentally. To date, it does not
appear that any studies have determined the specific value for dissolved oxygen in complete
cell culture medium. It would be of interest for these experiments to be undertaken so that a
more precise estimation of dissolved oxygen can be used for modeling purposes.

Another important consideration, and perhaps the most significant when discussing
dissolved oxygen concentration, is the effect of temperature. As medium is cooled, oxygen
solubility increases substantially (Supplemental Table 1). As temperature transitions from
37°C to 5°C, the equilibrium concentration of dissolved oxygen in culture medium nearly
doubles (1.92x). This is a disproportionate increase relative to the concentration of oxygen
in the air, which increases only 1.11x over this temperature range (Figure 3). Although
mammalian cell culture is typically performed at 37°C, cells may be exposed to cold
medium during cryopreservation, cell harvesting for experiments, processing of cells for live
cell imaging, and when culture medium is not sufficiently warmed prior to medium changes.
In theory, the increased oxygen capacity of cold medium exposes cells to elevated oxygen
levels. The negative effects of hyperoxia at the cellular and organismal level have been well
documented [24,25].

Is the increased oxygen capacity of cold medium potentially harmful to cells in culture? This
question has not been specifically addressed; however, studies examining mitochondria have
shown an increased production of reactive oxygen species (ROS) as medium temperature is
decreased. This occurs despite a decrease in overall cellular metabolism [26]. These data
supports the theory that temperature-related increases in oxygen concentration could lead to
an increase in cell oxidative stress or other perturbations in cellular function. While
additional experiments are warranted to definitively assess these potential hyperoxic effects
on cells, investigators should be aware of this phenomenon and use caution when exposing
live cells to cooled medium.

Rate of oxygen diffusion—Aqueous solutions, such as cell culture medium, not only
hold less oxygen than air per unit volume, but also significantly restrict the movement of
oxygen molecules. In the body, the diffusion barrier of oxygen is often below 30 pm, and
usually does not exceed 100 um from a cell to the nearest capillary [3,4]. If the metabolic
demands of the tissue increase, the flow of blood through the capillaries are increased in
order to meet these demands [27]. Additionally, tissues with high metabolic demand such as
muscle utilize myoglobin to further facilitate the diffusion of oxygen [28]. In cell culture,
these additional mechanisms for enhancing oxygen delivery are lost. Furthermore, the threat
of evaporation necessitates a minimum volume of medium be placed on top of the cells.
When the energy needs of the underlying cells are increased, a larger volume of medium
must be added to meet these nutrient demands, further adding to the diffusion barrier that
oxygen needs to overcome.

The failures of the cell culture model with regard to oxygen diffusion can be best understood
by examining Fick’s Law (Equation 4). Fick’s Law states that the rate of diffusion or flux
(F) of a gas through a medium is directly proportional to the difference in concentration of
the gas on either side of the medium, and inversely proportional to the thickness of the
medium. The diffusion constant (D) corrects for the solubility of the gas in the medium.
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F=D x AC/Az  Fjck’s First Law (4)

In isotonic saline (which has a similar salt concentration to cell culture medium), D = 2.84
x107° cm?/s at 37°C [29]. The addition of 10% fetal bovine serum (FBS) makes the protein
concentration 0.45 mg/dL, as the total protein concentration of FBS is 3.0-4.5 mg/dL [22].
By extrapolating from data obtained by Goldstick et al., the value of D for a saline solution
containing 0.45 mg/dL total protein is approximately 2.69 x 107> at 37°C. Unfortunately,
there are no studies to date that have directly determined the value of D specifically for cell
culture medium with 10% FBS, nor are there studies examining the addition of other
additives such as amino acids and glucose (which would be expected to decrease D further).
Therefore, the value of D in complete cell culture medium at 37°C will be assumed to be
approximately 2.69 x 107 cm?/s as reasoned above. As previously mentioned, future studies
aimed at specifically measuring the diffusion constant for oxygen in cell culture medium
with 10% FBS would be helpful in making more accurate predictions regarding oxygen
diffusion in the cell culture model.

In medicine, Fick’s Law is commonly used to describe the exchange of oxygen in the lung
capillaries, where oxygen must traverse the alveolar membrane before entering the blood
stream [3]. Fick’s law can be applied to cell culture in a similar manner if the oxygen
concentration at the air-medium interface is considered similar to the oxygen concentration
of gas at the surface of the alveolar membrane (Ca), and the oxygen concentration just
above the cell monolayer is paralleled to the oxygen concentration in the blood stream (Cg).
Figure 4 shows a graphical representation of Fick’s law as it applies /n vivo and in vitro.

According to Fick’s Law, the rate at which oxygen diffuses through a medium is decreased
proportionally by the thickness of the medium (AX) and increased by the oxygen
concentration gradient. This principle is commonly encountered in the medical field. For
example, the alveolar membrane thickness in the lung averages approximately 0.5 pm [30].
This very small distance (Ax) steepens the slope of the concentration gradient (ACIAX). A
steep slope equals high oxygen flux, which allows the partial pressure of oxygen in the
alveoli to be nearly identical to that of the blood (~100 mmHg). However, pathologic states
such as pneumonia and pulmonary fibrosis can increase the alveolar membrane thickness
(Ax) and severely limit the rate of oxygen diffusion [30]. To overcome this increase in Ax,
the patient is given pure oxygen to breathe either through a nasal cannula or directly into the
trachea through intubation. This elevates the PO, in the alveoli, thereby increasing the value
of ACto offset the increase in Ax. This acts to restore the oxygen flux across the alveolar
membrane and to resupply the blood with adequate oxygen oxygenation.

In cell culture, increasing oxygen flux can be achieved by decreasing the volume of the
medium or increasing the concentration of oxygen in the incubator atmosphere using special
gas mixtures. As discussed above, the former is difficult to achieve due to the potential for
medium evaporation and risk of cell dehydration, however, alternative cell culture methods
have been developed to overcome this limitation. These methods are discussed in a later
section entitled “Alternative technologies to standard cell culture.”
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Time needed for equilibration—Fick’s first law, as described above (Equation 4), is
used to describe the situation where a constant oxygen source exists on one side of a barrier
and a constant sink on the other side. This situation would promote a constant flux of
oxygen across the barrier, which is relevant to the cell culture model where cells are
consuming oxygen at a constant rate (discussed further in the following section). However,
to estimate the amount of time needed to equilibrate cell-free medium to a novel oxygen
concentration, a derivation of Fick’s law must be used. There are several publications
describing the use of Fick’s law in this manner, however, the mathematics behind this
calculation are complex and are best reviewed elsewhere [29,31].

Diffusion times in cell-free medium have been experimentally determined by several
researchers. These experiments have validated the fact that equilibration of oxygen is a slow
process requiring significant time periods. For example, Allen et al. demonstrated this in cell
culture vessels with intact or perforated lids [32]. Briefly, an oxygen-sensing probe was
placed approximately 2 mm deep into cell culture dishes containing unstirred PBS. The lids
of these dishes were either perforated or unaltered, and the dishes were placed in a hypoxia
chamber that was flushed with 100% nitrogen gas. The oxygen concentration at 2 mm under
the surface of the PBS as well as in the gas phase were measured over time. Allen found that
the medium reached equilibrium with the anoxic gas after approximately 100 minutes with
perforated lids. This equilibration time was prolonged to over 180 minutes in culture dishes
where the lids were not perforated, assumingly due to a lag time for the equilibration of the
gas inside under the lid of the culture plate itself. In fact, culture dishes with intact lids did
not begin to show significant drops in oxygen concentration for nearly 20-40 minutes after
being exposed to anoxic gas [32].

The above experiment by Allen underscores the fact that unstirred medium equilibration
requires significant time periods to equilibrate once the oxygen gas concentration is
changed. Similar data has been published by others in the field [33]. Therefore, a dish of
cells placed in a hypoxia chamber for an experiment may not reach the desired change in
oxygen conditions if the experimental time course is less than 2-3 hours. Thus, it is
imperative that culture medium be pre-equilibrated prior to an experiment involving a
change in the desired oxygen concentration within the medium.

The equilibration of an entire bottle of medium may require days to occur. However, this
process can be expedited by bubbling gas at the desired oxygen concentration through the
medium by placing a pipette attached to an air hose down into the bottom of the media
bottle. The bubbles drastically increase the surface area available for gas exchange and can
reduce the equilibration time down to a matter of minutes[33]. There is concern for sterility
if this method is used without an appropriate filter on the gas line. Alternatively, the medium
may be vigorously shaken or stirred while under an atmosphere with the desired gas
concentration so as to create gas bubbles within the medium and expedite equilibration.
Vigorous shaking should be avoided on medium containing FBS as significant foaming and
protein denaturation will occur.
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3. Oxygen Demand

The final variable we shall consider that affects the diffusion of oxygen in cell culture is the
cells themselves. As cells utilize oxygen from the surrounding medium, oxygen must diffuse
in from the air/media interface to replace it. At a critical cell density, the cells on the bottom
of the culture plate will consume oxygen at a rate that exceeds the ability of oxygen to
diffuse into the media. The number of cells needed to exceed this diffusion rate is highly
variable among cancer cell lines, which represent the vast majority of cells used in cell
culture experiments. Primary cell cultures are more predictable, but much less utilized.

Wagner et al. have complied a list of cell lines for which the oxygen consumption rate
(OCR) has been experimentally determined [20]. Primary hepatocytes have been
consistently shown to have one of the highest OCRs, consuming 200 — 400 attomoles
(amol)/cell/s. This is likely also true for cell lines derived from hepatocellular carcinoma
[34]. In comparison, many other cell lines (primarily various cancer derived lines) have
OCRs ranging from 1 — 120 amol/cell/s [20].

In most cell types, the vast majority of oxygen consumption occurs at cytochrome ¢ oxidase
(Complex 1V) of the mitochondrial electron transport chain (although surface consumption
by NADH does play a role in some cells)[35]. The affinity for oxygen by cytochrome c
oxidase is extraordinary when compared to other oxygen consuming proteins. In fact, the
PO, at which the rate of cytochrome ¢ oxidase activity is %2 maximal (P5¢/Kpy) is 0.075 —
0.75 mmHg (0.0097 — 0.097 mM O5) [36]. Due to this incredibly high affinity for even trace
amounts of oxygen, mitochondria respiration has been considered by many to be zero order
with regard to oxygen-consumption kinetics, and is therefore limited only by the rate of
oxygen delivery (e.g. flux) [11]. This means the mitochondrial respiration can continue
unimpaired until the local concentration of oxygen is nearly zero, so long as the delivery of
new oxygen meets the demands of respiration.

Using the above logic, cellular respiration is essentially limited only by the ability of oxygen
to diffuse through the overlying medium to the mitochondria. The calculations involved in
modeling precise oxygen concentrations at different medium depths, and the changes in
these concentrations as the system approaches equilibrium are complex and outside the
scope of this review. However, a very simplified calculation can be carried out to determine
the minimum medium depth at which oxygen can no longer diffuse fast enough to meet the
oxygen consumption rate of the underlying cells. In order to perform this calculation, we
assume that oxygen flux through the medium layer exactly equals the oxygen consumption
demands of the mitochondria. Using Fick’s Law (Equation 4), we set F to equal the OCR of
the underlying cells, which can be calculated per unit area from known values that can be
found in Wagner et al [20]. The PO, at the top of the medium layer is assumed to be at
standard incubator conditions (PO, 141.4 mmHg; 0.181 mM). Since mitochondria are a
near-perfect oxygen sink, the partial pressure of oxygen at the mitochondrial level in this
situation will be set to 0 mmHg, thus giving a AC of 0.181 mM (maximal oxygen gradient).
By using D = 2.69 x 10> and solving the equation for Ax (thickness of media), values
representing the precise medium thickness where the rate of oxygen diffusion through the
medium exactly equals the OCR of the underlying cell layer (Figure 5A).
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It should be noted here that the values shown in Figure 5 are not recommendations for the
medium thicknesses to be used in cell culture. Instead, they are meant to demonstrate the
absolute maximal medium thickness that could still theoretically allow for maximum
mitochondrial activity for a given cell density and OCR. In order to calculate the medium
thickness needed to create a steady state condition where the cellular oxygen concentration
is more physiologic (/.e. ~40 mmHg/0.052 mM) we make AC=0.181 mM - 0.052 mM =
0.129 mM. By setting F equal to the OCR of the specific cellular conditions being used and
solving for Ax, we have the medium thickness that will result in a steady state where the
oxygen conditions at the cellular level will be approximately 40 mmHg (0.052 mM). Figure
5B depicts this graphically and in the form of a table and also includes calculations for cells
at 60 mmHg.

In reality, cell division, cell shape, as well changes in cellular metabolism caused by cell
signaling cause constant changes in oxygen flux and make pericellular oxygen conditions
very difficult to model mathematically [34]. Furthermore, the above calculations represent a
simplified theoretical steady state condition that is reached only after a period of time
needed to reach equilibrium. Thicker layers of medium require larger amounts of time for
the gradients to be established. The incorporation of time to Fick’s law is outside the scope
of this review. However, we recommend the following excellent reference where complex
mathematical computation has been undertaken in an attempt to model pericellular oxygen
concentrations under various medium thicknesses and time points [7].

By referencing Figure 5A, the maximal medium depth that will support the normal OCR of
the underlying cells can be determined by matching the known OCR from a cell line to the
corresponding maximal oxygen flux that is supported at a given medium depth. For
example, primary rat hepatocytes have an experimentally determined OCR between 350—
430 amol/cell/s [20]. A standard confluent plate (total size of the plate is irrelevant for this
calculation) of primary hepatocytes have a density of approximately 100,000 cells/cm? [37].
This equates to an OCR of 3.5 x 1078 mmol/cm?/s. The medium depth where the flux of
oxygen through the medium layer equals the OCR of the cell layer in the above example is
between 0.8 and 1.5 mm depending on the exact OCR value that is used in the calculation
(Figure 5). In 1968, McLimans determined this value to be a maximum of 1.2 mm for a
confluent dish of primary hepatocytes using a similar but much more complex
computational methodology [7]. For reference, this would equate to approximately 7.2 mL
of media on a standard 10 cm cell culture plate, which is below the range of standard media
depths (/7.e. 8-15 ml) for this culture vessel. Therefore, it is not possible to culture primary
hepatocytes to confluence in a standard cell culture environment without likely limiting
mitochondrial function. This may also be the case for other primary cell cultures such as
human bone marrow isolates, human intestinal cells, and adult fallopian tube cells, which all
have measured OCRs >100 amol/cell/s [20].

Despite the high OCR seen in the aforementioned primary cell lines, many cancer cell lines
have much lower OCRs that range from 10-60 amol/cell/s (See the left-hand side of Figure
5 for experimentally determined OCRs for selected cell types and lineages)[20]. Assuming
the same cell density as the hepatocytes in the above calculation, oxygen flux to a cell line
with an OCR of 60 amol/cell/s can be easily supported by a medium thickness up to 6.5mm.
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Therefore, medium volumes used for typical culture of cancer cell lines would notbe
expected to limit mitochondrial oxygen consumption under routine culture situations.

The caveat to this revelation is that mitochondrial respiration creates an oxygen sink at the
bottom of the culture dish, and thereby sets up an oxygen gradient through the culture
medium that results in varying degrees of pericellular oxygenation. Although the flux of
oxygen through the medium may be sufficient to support mitochondrial respiration, cellular
function may still be deterred by relative hypoxia that is created by this consumptive oxygen
depletion (COD). This is because there are other oxygen-utilizing enzymes within the cell
that have much lower affinities for oxygen than cytochrome c oxidase. Many of these
enzymes have been coined as “oxygen sensors”, and act as signaling molecules that modify
cellular differentiation and metabolism to adapt to local oxygen concentrations.

The most prevalent example of oxygen sensing enzymes are the hypoxia-inducible factor
prolyl-hydroxylases (HIF-PHDs) and Factor Inhibiting HIF (FIH). These enzymes consume
oxygen during the hydroxylation of proline and asparagine residues on the HIF transcription
factor [13]. HIF is a ubiquitous protein that controls the transcription of at least 80 target
genes, most of which are involved in regulating metabolic processes [38]. Reports on the Ky
for the HIF-PHDs are anywhere from 0.100 to 0.240 mM, with newer reports using more
physiologic peptide lengths showing Ky, closer to 0.100 mM [14-16]. This is significantly
above that of cytochrome ¢ oxidase, predicting that major cellular signaling changes occur
long before mitochondrial respiration is limited.

Sheta and colleagues published a well-controlled study demonstrating how COD can result
in the induction of hypoxia cell signaling pathways. Here, various cell lines seeded at
confluent numbers resulted in robust activation of the hypoxia-inducible factor (HIF) and it’s
downstream signaling [10]. While the authors appropriately identified this phenomenon a
result of COD, it could be easily misinterpreted as an effect of contact inhibition or
senescence due to the confluent nature of the cells. These types of oxygen dependent
artifacts of cell culture could be significantly mitigated in future experiments by disruption
of oxygen gradients in the culture medium through gentle agitation of the dish during the
experimental time course.

lll. Evidence for Oxygen Gradients in Cell Culture

As the cells on the bottom of a culture dish consume oxygen from the medium, the
concentration of oxygen begins to decline and a concentration gradient of oxygen begins to
form. This gradient is not stable, but is ever increasing as cell proliferation occurs (Figure 6)
[39]. There is essentially an infinite number of gradient conditions that may occur depending
on the cell density, OCR, and medium thickness utilized in a specific experimental protocol
[10,20,34,39-45]. For example, high OCR cells such as primary hepatocytes or
hepatocellular carcinoma cell lines seeded at high density may reach pericellular oxygen
concentration near zero within 4 hours and possibly in as little as 30 minutes [6,42]. In
contrast, a culture of Chinese hamster ovary (CHO) cells (which have a moderate OCR of
~60 amol/cell/sec [20]), may slowly progress from a pericellular oxygen concentration near
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atmospheric equilibrium levels (0.181 mM) down to 1/10% that of the surface medium
(0.018 mM) over a period of 40 hours in culture [39].

To add to the high degree of variability in oxygen conditions generated in cell culture, there
is also evidence that these oxygen gradients oscillate when measured over time. In 1974,
Werrlein and Glinos published a set of novel results regarding the nature of oxygen gradients
that occur during COD [41]. The initial goal of their experimentation was to determine the
relationship between cell density, metabolism, and cell growth in adherent fibroblast
cultures. While measuring oxygen concentrations at various depths in the culture medium,
the authors noted that oxygen gradients were not steady, but oscillatory. These oxygen
oscillations increased in amplitude as the probe was placed at increased depths. Directly
over the cells, the oxygen concentration amplitude ranged from 20 — 80 mmHg with a
frequency between 0.34 and 0.56 Hz. Werrlein and Glinos ascribed these oscillations in
oxygen concentration to disrupted mitochondrial respiration, as the addition of rotenone (a
complex I inhibitor) abolished the phenomenon [41].

Given the current knowledge of the extremely low Ky, of cytochrome ¢ oxidase with respect
to oxygen consumption, mitochondrial respiration is not expected to be directly
compromised at oxygen concentrations measured above. A more modern explanation of the
oscillations seen by Werrlein and Glinos can be attributed to the control of metabolism by
oxygen sensors in the PHD/HIF pathway. As discussed in the previous section, the HIF-
PHDs are sensitive to oxygen across a large range of concentrations[14—16]. As oxygen
levels decline, PHD enzymes are less active and HIF hydroxylation decreases. This lack of
hydroxylation stabilizes HIF, allowing it to translocate to the nucleus and transcriptionally
upregulate lactate dehydrogenase (LDH) [46,47]. Increased LDH levels divert pyruvate from
Acetyl-CoA to lactate, lowering the flux of carbon through the tricarboxylic acid cycle and
thereby decreasing mitochondrial respiratory rate. Reactive species, such as nitric oxide
("NO), are also produced as pericellular oxygen levels decrease. The presence of *NO results
in reversible inhibition of cytochrome c oxidase as well as further stabilizing HIF [48,49].
These complex regulatory mechanisms likely make slight modifications to the mitochondrial
oxygen consumption rate as oxygen levels decrease [50]. Pericellular oxygen levels would
then begin to rise as OCR is decreased, which in turn would begin to decrease signaling
through the PHD-HIF pathway. Overall, the lag in the cellular response to changing oxygen
conditions likely produces an oscillating effect on local oxygen concentrations as the cell
continuously adjusts and overshoots to maintain a non-steady-state equilibrium or “oxystatic
regulatory system”.

It is the constant fluctuation in oxygen concentrations produced by the various mechanisms
discussed above that likely has the most significant impact on cultured cells. In fact, a
modest decrease in oxygen tension from baseline is a condition to which cells can adapt. For
example, there is evidence that HIF-PHD enzymes are capable of adapting to chronic
oxygen depletion by changing their “set point” or sensitivity with regard to their response to
local oxygen concentrations [51]. In other words, if oxygen levels drop and then remain
steady at a lower concentration, signaling through these pathways would be expected to
return to that of the initial (higher) oxygen conditions. Given the wide range of oxygen
concentrations that the HIF-PHD enzymes are sensitive to[14-16], this set point could
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theoretically occur at any oxygen condition within the physiological realm. However, a state
of constant change (i.e. in cell culture) would preclude a new set-point from being reached,
and signaling through the oxygen-sensing pathways is in constant flux. Unfortunately, this
constant change in oxygen conditions is often unrecognized, despite its profound
documented effects on cell behavior [52].

IV. Alternative Technologies to Standard Cell Culture

The evidence for oxygen deprivation in cell culture is quite significant, and probably most
well recognized in industry where large scale hepatocyte culture is routinely used to predict
drug metabolism /n vivo. Oxygen deprivation in cultured hepatocytes has represented one of
the major hurdles to developing accurate pharmacokinetic models. Hepatocytes cultured
using conventional techniques quickly become depleted of oxygen, and the experimental
results significantly deviate from physiologic drug metabolism profiles. In light of this, a
significant amount of time and money has gone to researching and improving cell culture
techniques where oxygen delivery is both continuous and precisely controlled.

One of the most simple and well-established methods of enhancing oxygen diffusion is by
the use of roller bottles. Roller bottle technology was developed and described by George
Gey (a pioneer in modern day tissue culture techniques as well as the developer of the well-
known cell line HeLa) in 1933 [53]. This simplistic method is used specifically for
anchorage-dependent cells, and utilizes cylindrical bottles that are cultured horizontally
while maintaining a constant rotation. Cells are allowed to attach to the inner surface of the
bottles while in constant motion, which permits an even distribution of cells throughout the
interior cell culture area. Because bottles are only filled with approximately 20% cell culture
medium that pools at the lower portion of the vessel due to gravity, the majority of cells are
only covered with a thin film of media for a majority of the bottle’s rotation [54]. Due to the
incredibly thin layer of media coating rotating cells, this method provides significantly
enhanced oxygen diffusion compared to standard cell culture. Roller bottles do however
possess limitations. First, this technology cannot be utilized on suspension cells, as
adherence to the internal surface of the vessel is required to enhance oxygen diffusion.
Second, most roller bottle systems employ sealed lids to prevent leaking. As cells grow and
multiply in this closed system the atmospheric conditions will change over time which may
lead to altered physiological responses. Routine media changes or ventilation of the system
is required to minimize this effect. Last, cells in roller bottles are intermittently exposed to
high gas diffusion rates (when covered with minimal media at the top of the vessel) as well
as low gas diffusion rates (when covered with the bulk of media at the bottom of the vessel).
It is unclear how these recurrent changes affect overall metabolism and physiology of cells,
and should be considered depending upon experimental setup.

An additional well-established method of increasing oxygen diffusion is the use of spinner
or shaking flasks. This technology is able to be used for either anchorage-dependent or
independent cells, and simply enhances gas exchange of the media or gel matrix via
agitation[55,56]. Ventilation is critical to this method to allow a constant equilibration
between the medium and atmosphere. While these methods (along with roller bottles)
enhance oxygen diffusion to cells, their primary function is to grow large amounts of cells.
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With this, the media in these large cell load systems is often rapidly nutrient exhausted
requiring multiple changes or frequent splitting of cells. Bioreactors, a technology gaining
significant popularity for cell culture, circumvent depletion of nutrients by constant
perfusion of fresh media. These devices are based on spinner flask technology, as they are
usually a large vertical vessel outfitted with a central rotating agitation system that creates
constant movement within the grown chamber. Through the use of inlet and outlet pumps,
fresh media is constantly syphoned through the system limiting any appreciable nutrient
deprivation to the cells. Moreover, bioreactors are often outfitted with submerged aerators
and sensors to maintain a continuous level of diffused gasses throughout the freshly perfused
media. These systems counteract many of the previously discussed pitfalls of standard cell
culture. However, their size and cost often precludes these vessels from being conducive to
experimental setups with limited cells or multiple conditions, which limits their practicality
to high-throughput assays that may require hundreds of various treatments.

Miniaturized versions of bioreactors have been developed to circumvents the size and cost
limitation of standard reactors. These are often referred to as continuous perfusion
microfluidic chambers[57]. In this method, cells are plated within a small chamber
possessing both inflow and outflow ports. These ports are attached to a small peristaltic
pump (while some are gravity driven) that constantly passes media through the chamber,
thus exposing the cells to an uninterrupted flow of nutrients and oxygen. The source of
media is constantly equilibrated with atmospheric conditions via agitation, thus allowing for
fixed oxygen delivery to the cells. Multi-chamber vessels have been developed, which allow
for several experimental setups to be performed using the same system. Additionally, several
companies have developed these chambers directly upon microscope slides allowing for the
continuous visualization of the cells during experimentation. In contrast to the
aforementioned technologies, perfusion microfluidic chambers are limited by their small
size. Consequently, only a small number of cells can be utilized, and often the cells are not
recoverable after experimentation. This poses a significant limitation to experiments
requiring the acquisition of cellular biomaterial for downstream assays. However, larger
perfusion chambers have been developed to circumvent this restriction, thus making it a very
attractive method for modern day cell culture. For visual examples of the aforementioned
technologies please see Figure 7.

In addition to alternative cell culture techniques, many investigators have developed methods
to enhance oxygen delivery to standard tissue culture. For example, one study simply
cultured cells in ambient oxygen levels higher than the desired intracellular levels to
successfully combat consumptive oxygen depletion in their system [58]. Another method
that can be employed is to supplement the media with oxygen producing hydrogels. In this
method, peroxides are encapsulated in hydrophobic gels, which are hydrolytically activated
in the aqueous media. This hydrolysis releases molecular oxygen directly into the media at a
constant rate that can last for more than 6 weeks [59]. Last, due to the aforementioned slow
diffusion of oxygen through media, many companies are developing cell culture plates with
oxygen-diffusible plastic bases. Traditional cell culture typically utilizes polystyrene, which
has a very low oxygen permeability[60]. Using alternative plastics, such as
polydimethylsiloxane allows cells to adhere or rest on the bottom of the well and receive the
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majority of oxygen directly from the underlying atmosphere, thus, bypassing the
requirement of liquid diffusion [61].

While the previously described technologies significantly enhance oxygen delivery over
standard cell culture techniques, they require a significant amount of equipment, expertise,
money, and optimization to perform, which limits their attractiveness to many investigators.
An alternate technology has attempted to increase the awareness of oxygen diffusion in
standard cell culture by directly measuring dissolved oxygen in standard cell culture dishes,
and is becoming readily utilized in a variety of experimental designs [62—64]. Luminescent
or fluorescent oxygen based sensors are added to cell culture systems by way of plate
coating, adhesive stickers, or even beads. As dissolved oxygen concentrations change, so
does the specific light readout which is quantified by an external, noninvasive detector [65].
While this methodology does not enhance the oxygen diffusion in standard cell culture
models, it does afford researchers the opportunity to detect diffused oxygen concentrations
in their previously optimized systems. This type of continuous monitoring may ultimately
allow for better cell culture techniques that limit oxygen fluctuations in cell culture, as well
as increase the reproducibility of /n vitro cell culture derived results.

V. Summary

Cell culture is a critical scientific tool that has shaped the face of medicine and science over
the last fifty years [66]. Despite these discoveries, the cell culture model presents many
hurdles to the study of normal cellular physiology, especially those that aim to understand
cellular metabolism and oxygen-related signaling. Perhaps the most common error in the
scientific community with respect to cell culture, especially those performing hypoxia
research, is the assumption that the oxygen percentage of the gas overlying a cell culture is
predictive of the conditions of the underlying the cells. This is most certainly not the case.
The only thing predicted by the incubator oxygen concentration is that the pericellular
oxygen concentration cannot exceed its value. In fact, oxygen concentrations at the cellular
level can range from near equilibrium values with the overlying gas, to near anoxic values
depending on the OCR of the cell type, density of the cell layer, depth of the overlying
media, and even the barometric pressure of the atmosphere where the experiment is taking
place.

As has been laid out in the preceding discussion, cell lines have a wide array of OCRs.
Depending on the density of the cells at the bottom of the dish, oxygen is utilized and
replenished by diffusion from above at different rates. Theoretically, once the OCR of the
underlying cells equals the maximal oxygen flux capacity of the overlying media, the cells
are in danger of becoming limited with regard to their capacity for oxidative
phosphorylation. However, this does not appear to be the norm, as the reported OCR for
most cells is well below the danger zone when normal amounts of medium are used. It is
more likely that the major cause of non-reproducibility in experiments performed using the
cell culture model is due to the effects of changing oxygen conditions on other oxygen-
dependent enzymes, such as the HIF-PHDs. These enzymes function to sense changing
oxygen conditions and then activate transcriptional programs that modify cellular
metabolism and induce cell differentiation. The PHD enzymes that control HIF stability are
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responsive to changes in oxygen levels that are far above concentrations that are rate limiting
for cytochrome c oxidase, and span the full range of conditions that are possible in cell
culture[14,15]. In the body, the concentration of dissolved oxygen is buffered by the huge
store of oxygen hemoglobin, and therefore kept relatively constant. In the laboratory, this is
not the case. Constantly proliferating cells, as well as inconsistency with regard to cell
number and medium thickness from experiment to experiment has the potential to result in a
wide range of oxygen tensions in cell culture. The signaling response from the oxygen-
sensing machinery of the cell becomes unpredictable and could be a major driving force in
the irreproducibility seen in the results of cell culture experiments from lab to lab.

One major question that arises from the discussion above pertains to the long term
consequences of COD in cell culture. To date, no study has specifically addressed this
problem, although it has been found that shortly after murine fibroblasts are transitioned to
cell culture, a global loss of the epigenetic mark, 5-hydroxymethylcytosine (5ShmC) is seen.
[67] Interestingly, the enzymes responsible for this modification of cytosine are the oxygen-
dependent TET dioxygenases[68]. The TET enzymes are dioxygenases that play a major
role in modifying the epigenetic landscape during development and cell differentiation[69],
and given their dependency on oxygen, may function as oxygen-sensing enzymes in a
similar manner as the PHDs[70,71]. This supports the above assumption that changes to
cells in culture reflect effects of signaling through oxygen-sensitive enzymes other than
cytochrome c¢ oxidase itself.

The most effective method of reducing oxygen gradients that could have unpredictable
effects on these signaling enzymes is to reduce the diffusion distance between the oxygen
source and the cells. When the medium immediately surrounding the cells is in direct
contact with the gas source, the pericellular conditions can hold at the desired oxygen
concentration by simply changing the gas concentration into the system. This concept is
employed by an array of alternative technologies that are available to industry and
researchers. These include the roller bottle, bioreactor, microfluidic slides, and culture plates
with growth surfaces made of oxygen permeable plastics (Figure 7).

Unfortunately, the technologies mentioned above add additional expense and expertise, and
are therefore not an option for many laboratories. In light of this, the following
recommendations are suggested for the scientist utilizing conventional cell culture, and are
meant to mitigate some of the potential for error and misconception in the field:

1. The oxygen composition of the gas in a cell culture incubator/hypoxia chamber
is not predictive of pericellular oxygen conditions. Incubator conditions predict
only the upper limit of a range of possible oxygen concentrations that might
present at the cellular level. Perfusion chambers or roller bottles should be used
when the control of pericellular oxygen concentrations is critical.

2. The absolute concentration of oxygen decreases as barometric pressure falls
despite stable volume/volume relationships. Therefore, oxygen partial pressure
(PO,) or molar concentration should be used when describing incubator
conditions. The use of oxygen percentage should always be avoided.
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Avoid confluent cell cultures, especially when using cell lines that have high
OCRs. Experimental replicates should be performed using identical cell
densities. Accurately document culture densities in experimental methods.

Use consistency with regard to media heights. Ensure equivalent medium heights
are used when scaling experiments between different plate sizes (Figure 5).
Carefully document medium volumes and plate sizes in experimental methods.

Medium changes interrupt the concentration gradient that is established over
time in cell culture. The timing of medium changes during experiments should
be carefully documented and reproduced in experimental replicates in order to
maximize reproducibility.

Culture medium requires significant amounts of time to equilibrate to new
oxygen concentrations. A plate of culture medium 2 mm deep may require 1
hour to equilibrate. An opened 500 mL bottle may require over 24 hours to
completely equilibrate if left stagnant in a hypoxia chamber. Bubbles
significantly increase the surface area of the gas to the medium to facilitate
diffusion. Therefore, equilibration times can be significantly reduced by bubbling
oxygen at the desired concentration through the medium, or agitating the
medium so as to introduce gas bubbles below the surface. Medium oxygen
concentration should be measured for confirmation of adequate equilibration
prior to experimental use. Similarly, other materials used in conjunction with cell
culture in hypoxia experiments (i.e. biologic gelatins, oxygen permeable cell
culture plasticware, as well as beads used for binding studies) must also be
considered as possible source of dissolved/stored oxygen and need to be
carefully equilibrated so as to prevent transfer of oxygen to nearby cells in
culture during experimentation.

Cold medium holds significantly more oxygen than warm medium. Addition of
cold medium to live cells may lead to increased oxidant formation. The
experimenter should keep this in mind when interpreting data from experiments
where cells are exposed to cold medium.

In conclusion, cell culture is undoubtedly one of the greatest systems of modern research.
Cell culture provides researchers the opportunity to experiment on human and animal-
derived tissue and cells with incredible ease, however, significant improvements are
necessary to increase the rigor and reproducibility of experiments that rely on this technique.
Understanding the principles of oxygen diffusion and utilizing the strategies provided herein
serve as a starting point to eliminate unnecessary artifacts from cell culture systems in
regards to oxygen biology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Oxygen (Oy) is an often overlooked variable in cell and tissue culture systems
. We discuss differences between /n vivoand in vitro O, diffusion
. Alternative culturing technology to enhance O delivery are highlighted
. Guidelines to improve cell culture quality and minimize O, fluctuations are

proposed
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Argon 0.925%
== C0, 5%
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Humidified

Incubator

The volume/volume ratio of oxygen to other gasses in a typical cell culture incubator is
decreased compared to that of dry air. The left graph depicts the relative gas concentrations
in dry air. The graph on the right is representative of the relative gas concentrations in a
typical incubator where there is addition of CO5 gas and water vapor at 100% humidity.

Free Radic Biol Med. Author manuscript; available in PMC 2018 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Place et al.

Page 25

2
e, Ay
‘\(’6 S GO}'
A N Y
@] \O" Y
ey N o RNLo)
KN
&\\0)47\\07/9
D * Dy
i y
Sea Level- - - - - 1.0 atm 140 7.23 * 0.181
(elev. 0 m) 1 ;
B0
—130 672 0.168
Boise ----2lAtuf.g -
3 :
(eleviaaim) —120 620 0.155
Denver ---%:33ami_ g ---;----;—*—-
(elev. 1600 m) —110 5.69 0.142
Los Alamos --0708W0f_ g --4=--o----
(elev. 2231 m) =100 5.17 0.129
.__:____;___.
=90 465 0.116
.__:____:___.
- 80 414 0.104
.
K,, for O, of the .___.| ! :
M 2 =70 3.62 0.091
HIF-PHDs : :
S S
—60 " 3.10 "0.078
___:_._-._:___..
=50 258 0.065
.77:7,,{7,;.
- 40 2.06 0.052
.-.:_---:___.
—30 ' 1.55 0.039
.__:7v7-:77>.
=20 1.03 0.026
.__;_..__E__...
=10 052 0.013
K,, for O,of __ .
cytochrome ¢ - - - - - - _, ‘0 ‘0

Figure 2.
The relationship between elevation above sea level and oxygen conditions in cell culture.

This figure depicts the expected partial pressures as well as the corresponding molar
concentrations of dissolved oxygen in cell culture medium under typical incubator settings*
(5% CO5, 100% humidity, 37 °C) in laboratories at different elevations. The predicted total
atmospheric pressure (atm) at the atmospheric pressure of each location listed. At
equilibrium, the amount of oxygen dissolved in the medium of a laboratory in Los Alamos is
76% of the amount of oxygen dissolved at sea level. The PO, of oxygen at Los Alamos is
just above that of normal human arterial blood (80—-100 mm Hg). PV=nRT was used to
calculate the corresponding molar concentrations of oxygen in air. Henry’s Law C=P/H
(Equation #2) was used to calculate oxygen concentrations in culture medium using H =
7716.5 mm Hg/mM.
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Figure 3.
Relationship between molar concentration of O, in air and cell culture medium under the

same atmospheric conditions: PO, = 149.7 mm Hg (sea level; 100% humidity; without
added 5% CO5) and temperature = 37°C. Values for air were calculated using the Ideal Gas
Law (Equation 2). Values for cell culture medium are assumed equivalent to those
experimentally determined in a NaCl solution at an ionic strength of 175 mM (see Table 1)
equilibrated with air under the above conditions.
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position (x)

Figure 4.

A)gA simplified graphical depiction of Fick’s Law in both physiological /n vivo (alveoli;
left) and /n vitro (cell culture) examples. The barrier to oxygen diffusion is represented in
pink, the oxygen supply is depicted in blue. B) The driving force for oxygen flux through the
barrier is proportional to the degree of slope (y) of the oxygen gradient through the barrier.
Slope is defined by the difference in oxygen concentration across the diffusion barrier (AC)
divided by the thickness of the diffusion barrier (Ax). Of note, the concentration of oxygen
represented as Cp should be the expected value of disso/ved oxygen in the medium when
fully equilibrated with gaseous oxygen at the surface of the diffusion barrier as calculated by
Henry’s Law, not the concentration of oxygen in the gaseous form above the medium.
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Figure 5.
A) Medium depths at which OCR of corresponding cells at different densities equals the

maximal oxygen flux supported by the medium under typical incubator conditions. Oxygen
flux was calculated using Fick’s Law (F = D x AC/Ax) with D=2.69 x 107 cm?/s. The [O5]
at the top of the medium was assumed to be in equilibration with typical incubator oxygen
conditions (PO,=141.4 mm Hg/0.18 mM) and the perimitochondrial [O,] was set to zero
(maximum gradient; AC=0.018 mM). The OCR values for various cell lines listed, with
ranges represented by bars corresponding to the numbers on the leftmost column of the
table, were obtained from Wagner et. al [1]. For reference, 100,000 cells/cm? is the density
of a typical adherent cell line at 100% confluence [2]. B) Medium thicknesses (graphical
view and corresponding chart) that are predicted produce steady-state pericellular O,
conditions of 0, 40 and 60 mm Hg respectively in cells with various OCRs grown at a fixed
density of 100,000 cells/cm?2. 40 and 60 mmHg are meant to be representative of physiologic
conditions of various tissues [3].
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Figure 6.

Time in culture

The change in pericellular oxygen concentration (dotted line) and oxygen flux (solid line)
through cell culture medium with a constant incubator oxygen concentration is depicted over
time. At the top of the figure, pink boxes represent a cell culture dish at three time points
after cells are seeded. At first (top left), cells are sparse and oxygen flux (downward arrows)
is minimal. The oxygen gradient from the top of the medium to the bottom is also minimal
as depicted by the triangle to the right. With time, the cells become denser and oxygen flux
increases until cells reach confluency and oxygen flux is maximal and pericellular oxygen is

at its minimum.
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Figure 7.

Alternative technology for cell culture that aim to improve control of oxygen delivery to
cells in culture. The roller bottle (top left) is spun on its longitudinal axis so that the cells
attached maintain a thin layer of medium on their surface that allows for rapid oxygen
diffusion between the cells and the gas that passively diffuses into the bottle through the
permeable lid. In the bioreactor (bottom left) well oxygenated medium is stirred
continuously by an agitator to abolish oxygen gradients. Sensors allow for precise
monitoring of dissolved oxygen concentrations and pH. For experiments involving cell
imaging, microfluidic slides (top right) can be utilized to flow oxygenated medium that has
been equilibrated with precise oxygen concentrations over cells attached to the microscope
slide. The oxygen and nutrient content of the medium can be controlled by mixing medium
through various ports or inlets. Finally, cells can be cultured on oxygen permeable plastic
membranes (bottom right) that allow direct diffusion of oxygen from the bottom of the
wells, bypassing the diffusion barrier created by the medium above and allowing for more
precise control of oxygen conditions at the cellular level.
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