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ABSTRACT

Physiological processes, such as respiration, circulation, digestion, and many pathologies alter oxygen
concentration in the blood and tissue. When designing culture systems to recapitulate the in vivo oxygen
environment, it is important to integrate systems for monitoring and controlling oxygen concentration. Herein,
we report the design and engineering of a system to remotely monitor and control oxygen concentration inside
a device for 3D cell culture. We integrate a photonic oxygen biosensor into the 3D tissue scaffold and regulate
oxygen concentration via the control of purging gas flow. The integrated phosphorescence-based oxygen
biosensor employs the quenching of palladium-benzoporphyrin by molecular oxygen to transduce the local
oxygen concentration in the 3D tissue scaffold. The system is validated by testing the effects of normoxic and
hypoxic culture conditions on healthy and tumorigenic breast epithelial cells, MCF-10A cells and BT474 cells,
respectively. Under hypoxic conditions, both cell types exhibited upregulation of downstream target genes for
the hypoxia marker gene, hypoxia-inducible factor 1o (HIF1A). Lastly, by monitoring the real-time fluctuation of
oxygen concentration, we illustrated the formation of hypoxic culture conditions due to limited diffusion of
oxygen through 3D tissue scaffolds.
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1. Introduction

The measurement and control of oxygen concentration in cell culture has been a topic of intense
discussion for more than 60 years.(Cooper et al. 1958) Oxygen levels are dynamic in the human body, varying
from less than 2% in the rectal lumen to 15% in the pulmonary alveoli.(Carreau et al. 2011; Lind Due et al.
2003) The terms normoxia, hypoxia and anoxia are relevant to discussions of cell environments, but they are
often broadly defined across different research fields in terms of ranges and units, leading to
misunderstandings concerning physiologic oxygen levels and oxygen levels outside the human body. Common
descriptions of oxygen include partial pressure of oxygen (pO,) or oxygen tension, with units of kilopascal
(kPa)(Hashimoto 2010; Saglio et al. 1988), millimeters of mercury (mmHg)(Acosta et al. 2009; Aquino-Parsons
et al. 1999; Evans et al. 2000), dissolved oxygen concentration (umol-L™)(Domansky et al. 2010; Matsumura et
al. 1986) and percent oxygen concentration (%)(Gabig et al. 1979; McKeown 2014). Such terminology does
not capture the physiological description of oxygen tension or oxygen concentration in the human body; thus, it
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is difficult to accurately replicate physiological oxygen levels in experimental conditions. Nonetheless, there are
standard methods to convert between the relevant oxygen measurements. For example, using Henry’s Law to
convert from a dissolved oxygen concentration of 100 uM to a percent oxygen concentration of = 7.5%, the
temperature (here, 21°C) and pressure (atmospheric, 101.3 kPa) must be defined. Accordingly, at
physiological temperature (37°C) and atmospheric pressure, the conversion to percent oxygen can be roughly
estimated by dividing the dissolved oxygen by a factor of 10. This estimate can be used to estimate
physiological oxygen conditions in vitro.

The physiological oxygen conditions affecting healthy physiology and pathologies vary widely across the
tissues of the human body. During respiration, humans breathe air containing percent oxygen concentration of
20.9%, i.e. the partial pressure of oxygen in the environment (P.O,) is = 21 kPa. The percent oxygen
concentration is immediately reduced to = 15% in the pulmonary alveoli, where hemoglobin binds oxygen and
transports it throughout the body inside blood.(Carreau et al. 2011) Although oxygen is uniformly transported to
the edge of the circulatory system through arterioles and capillaries, some parts of the body consume oxygen
at higher rates. For example, the brain, with the highest metabolic activity per unit weight of any organ,
consumes 20-25% of all the oxygen in the entire body (Kristian 2004; Lee et al. 2000), while gut and muscle
tissue demand variant oxygen levels depending on rest or contraction status.(Chou and Coatney 1994;
Shephard 1966) Consequently, a range of physiological oxygen levels exists throughout the body, including
percent oxygen concentration of = 10% in the kidneys, 7% in the intestines and less than 5% in the sub-
papillary plexus region of the skin and brain tissues.(Carreau et al. 2011) Apart from the entrance of the
respiratory tract, tissue in the human body does not contain more than a percent oxygen concentration of =
15%, and this should be considered to be the maximum oxygen concentration for in vitro normoxic tissue
culture.

However, the standard tissue culture incubator is held at hyperoxic conditions. The standard tissue culture
incubator, which most in vitro systems utilize, maintains a temperature of 37°C, recapitulating human body
temperature at 100% relative humidity to ensure medium does not evaporate and cell metabolism is not
compromised by changes in osmolarity. The gaseous mixture contained within the tissue culture incubator is
composed of nitrogen gas (N,), gaseous water (H,Og4) and carbon dioxide (CO,). When 20.9% oxygen gas (O,)
is added to the incubator containing 70.2% N, 6.2% H,04 and 5.0% CO,, the resulting O, is 18.6% at sea
level.(Wenger et al. 2015) The oxygen concentration inside a normobaric incubator (18.6%) is hyperoxic in
physiological terms, because no body tissue exists at a higher oxygen environment than the 15%.(lvanovic
2009; Richter et al. 1972; Toussaint et al. 2011)

Ultimately, environmental oxygen differences between tissue culture and in vivo physiology can hinder
translating research findings from benchtop to bedside. Studying cells in inaccurate environments makes
predicting appropriate drug dosages for in vivo models difficult, leading to drug failure during clinical
trials.(Heathman et al. 2015) For example, complex in vitro systems are often developed to investigate
pathologies and novel therapies, especially tumorigenesis and metastases (Elliott and Yuan 2011; Kim et al.
2004; Nelson and Bissell 2005); however, these systems do not accurately recapitulate the oxygen
environment of in vivo tumors.(Walsh et al. 2014) This is a particularly notable shortcoming because oxygen
concentration has been implicated in tumor metastasis (Brizel et al. 1996; Francis et al. 2007; Secomb et al.
1993). In vivo tumors create a low oxygen environment, i.e. average percent oxygen concentration of = 1.5%,
which becomes more hypoxic from outer edge to inner core region, where vasculature is leaky or absent.(Jiang
et al. 1996; Tredan et al. 2007)

To translate in vitro results and better predict the outcome of in vivo testing, the physiological oxygen
environment surrounding a cell or tissue of interest must be accurately recapitulated. For example, hypoxia is
implicated in a myriad of developmental and pathological functions.(Colgan and Taylor 2010; Semenza 2010;
Uchida et al. 2004; Zhang et al. 2016) Hypoxia can be any physiologic environment in which a cell or tissue is
responding to a reduced oxygen availability, regardless of the quantitative value assigned to the concentration
of oxygen present. Creating a desired oxygen concentration and controlling it in a cell culture system is
currently limited by the cost and feasibility of available techniques. Large hypoxic incubators can generate
stable low oxygen environments, but they require high operating costs.(Esteban and Maxwell 2005; Post and
Van Meir 2003) Alternatively, a smaller hypoxic chamber with microtiter plates can be deoxygenated and
placed inside a normobaric tissue culture incubator.(Wu and Yotnda 2011) Microdevices that recapitulate the
hypoxic environment of a tumor have been created using a variety of methods and materials, such as oxygen
scavenging chemicals, gas supply channels and oxygen impermeable materials, as reviewed by Byrne et

2



al.(Byrne et al. 2014) These small hypoxic chambers are expensive to maintain, as they require significant gas
exchange, and cannot be opened or manipulated easily to change media or collect samples during an
experiment. With microdevice technology, even smaller hypoxic chambers, on the scale of a single well in a
microtiter plate, can be created in parallel to allow for multiple oxygen environments to be tested
simultaneously.(Adler et al. 2010) Furthermore, with connections and ports, sampling of fluids can be
performed to measure cellular responses while maintaining a hypoxic environment.(Bavli et al. 2016)

In the aforementioned systems, an integrated monitoring systems and control loop is necessary to maintain
the hypoxic environment as cells respond to oxygen deficient environments or injury by increasing cellular
respiration. Real-time oxygen biosensors can be integrated into a cell culture system to create the first step in
the control loop required to sustain a desired oxygen environment. Next, oxygen must be depleted or quickly
expelled from the cell culture device, while maintaining appropriate nutrients and other molecules for cell
culture. Hydrogels can be used to maintain a nutrient rich environment for cells, while N, can be used to expel
free O, from the air above the hydrogel and medium.(Khanal et al. 2014) By closely tracking and adjusting the
level of oxygen in a microfluidic culture system, gas flow and medium can be simultaneously introduced and
exchanged with minimal reagent usage or waste accumulation.

Herein, we present a method and system for real-time, remote monitoring and control of oxygen
concentration in 3D cell cultures. The 3D culture and oxygen monitoring system is composed of (1) a
microfluidic cell culture-gas exchange chamber and (2) an integrated phosphorescence-based oxygen
biosensor (iPOB). The system was validated in a study to control hypoxic conditions and evaluate the effect of
oxygen concentration on benign and tumorigenic breast epithelial cells, MCF-10A cells and BT474 cells,
respectively.

2. Materials and methods

2.1 Fabrication of 3D culture and oxygen monitoring system

The 3D culture and oxygen monitoring system was fabricated using polymethyl methacrylate (PMMA) and
photopolymer resin (Formlabs, Inc.). PMMA was chosen to fabricate the microfluidic cell culture chamber and
gas exchange channels because it possesses a very low oxygen diffusion coefficient (2.7 x 10® cm?s™), as
compared to polydimethylsiloxane and polycarbonate. (Byrne et al. 2014; Klinger et al. 2009) PMMA was also
selected because it can be easily laser cut or-machined without significant variation between replicates. The
photopolymer resin was 3D printed to form a bottom frame to support the 3D culture device and simultaneously
house the optical reader for the iPOB (Fig. 1a). A Computer-Aided Design file for 3D printing is provided in the
Supplementary Material.

The microfluidic cell culture chamber and gas exchange channels were fabricated from 5.8 mm and 3 mm
polymethyl methacrylate (PMMA) sheets (44352, 44292; US Plastics). The microfluidic culture chamber was
composed of a circular chamber with a diameter of 11 mm and rectangular gas channels of 8.3 mm by 1.0 mm
by 3.0 mm for length, width and height of, respectively. Three PMMA layers were laser cut and annealed with
acetone. The bottom and top pieces of PMMA were laser cut from a 3.0 mm-thick PMMA sheet, while the
middle piece, where the circular cell culture chamber was located, was laser cut from a 5.8 mm-thick PMMA
sheet. Briefly, to remove dust and burr material with minimal cracking, each PMMA surface was quickly wiped
with 100% IPA solution and air dried. Acetone was added to each PMMA piece and pieces were stacked and
bonded together between two sheets of stainless steel using a compression clamp. Annealing was performed
inside a convection oven set at 80°C for 2 hours, then the device was cooled for 1 hour at 60°C. A rubber
gasket was laser cut and placed on top of the PMMA layer to seal the cell culture chamber and gas channels,
prior to bolting together. The device was tested for leaks using water and cracks were sealed by application of
dichloromethane to the seams (Fig. 1b).

2.2 Integrated phosphorescence-based oxygen biosensor (iPOB)

Oxygen concentration in the system was continuously measured with an iPOB by NIR phosphorescence
lifetime fluorimetry (Fig. 1c). Briefly, the iPOB is composed of porous poly(2-hydroxyethyl methacrylate)
(PHEMA) gel functionalized with palladium-benzoporphyrin derivatives (Pd-BPD) that respond to local oxygen
concentrations via phosphorescence quenching, resulting in an oxygen dependent variation in phosphorescent
lifetime (Fig. 1d).(Wisniewski et al. 2017) The iPOB has been manufactured in a variety of sizes, but for all
experiments presented here a disk-shaped iPOB with dimensions of 5 mm diameter and 0.5 mm thickness was
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used. The optical front-end of the NIR phosphorescence lifetime fluoroscope was inserted into the support
frame below the 3D culture chamber. The iPOB and NIR phosphorescence lifetime fluoroscopes were provided
by Profusa, Inc.

2.3 Breast epithelial cell culture

Immortalized benign human breast epithelial cells (MCF-10A, CRL-10317; ATCC) (Pauley et al. 1993) and
non-metastatic tumorigenic human breast epithelial cells (BT474, HTB-20; ATCC) (Lasfargues et al. 1978)
were cultured. 3D tissue constructs were composed of cells seeded inside 8.2 mg-mL™ of High Concentration
(HC) Matrigel Basement Membrane Matrix (354248; Corning). Detailed culture conditions and protocols for
conversion from 2D adherent monolayers to 3D embedded cultures are provided in the Supplemental
Material.

2.4 Computational model of gas flow in device

COMSOL Multiphysics® (Burlington, MA) was used to simulate the oxygen concentration inside the cell
culture-gas exchange chamber. The oxygen transport was simulated for chambers operating under constant
flow of N, at various flow rates to determine the amount of time necessary to create a hypoxic environment,
which we have defined as <2% O, (Table I). The geometry of the device was modeled in 3D to represent the
cell culture-gas exchange chamber, comprised of medium, with a depth of 5.8 mm and surface area of 0.95
cm?. Inlet and outlet gas channels, comprised of air, were modeled as ports feeding into the cell culture. A
video of the simulation is provided in the Supplemental Material.

2.5 Characterization of iPOB and 3D culture system

For experiments requiring gas flow, metal barb adapters screwed into the top of the 3D culture device were
connected to tubing and an N, tank. Gas flow was regulated using a pin valve and monitored with a mass flow
meter with digital output (GFMS-010061; Aalborg GFM). The device included an input adapter for N, inflow
and an output adapter for O, outflow (Fig. 1a). To characterize the iPOB and compare to the results of the
computational models, initial experiments were performed inside a standard tissue culture incubator at 37°C.
The iPOB was suspended in 1X PBS in the cell culture chamber. Oxygen concentration data was collected
without N, flow for 15 minutes. Following a stabilization period, N, flow was introduced into the culture chamber
at a constant rate (3, 5, or 7 mL-min™) for 2 hours. The device was also tested with alternating N, flow at a high
rate (8 mL-min™) over a period of 6 hours to measure the time required to deoxygenate and reoxygenate the
cell culture chamber. Lastly, the iPOB was either embedded inside Matrigel® or placed in medium on top of
Matrigel® inside the cell culture chamber and oxygen concentration was measured for 20 hours.

2.6 Real-time monitoring and control of oxygen concentration in 3D culture

To determine cellular response to sustained hypoxia, breast epithelial cells were grown to confluency 75
cm? culture flasks then trypsinized, counted and re-suspended in Matrigel® inside the cell culture chamber.
MCF-10A cells were seeded at a concentration of 0.85 x 10° cells-ml* inside Matrigel® with the iPOB in the cell
culture chamber. Following a Matrigel® polymerization period of 30 minutes at 37°C, the rubber gasket and lid
were sealed onto the device. The optical reader was attached to the bottom of the device and lifetime,
temperature and oxygen measurements were recorded for the duration of each experiment. The device was
placed inside an incubator maintaining a temperature of 37°C, 5% CO, and 100% humidity and N, was
introduced into the device at a rate of 6.0 mL-min™. The N, flow rate of 6.0 mL-min™ was chosen to expel
oxygen without evaporating liquid medium overlaid on the hydrogel. Within 2 hours, the iPOB reported the
amount of oxygen inside the cell culture chamber had reached a hypoxic environment. The hypoxic condition
was maintained for 24 hours with continuous N, flow. BT474 cell experiments were performed following the
same procedure as explained above for MCF-10A cells, except BT474 cells were seeded in Matrigel® at a
concentration of 0.6 x 10° cells-mlI™, as previously reported. (Lee et al. 2007)

2.7 Immunohistochemistry and gene expression

After 24 hours under hypoxic conditions, cells were characterized for hypoxia induced responses by
immunohistochemical (IHC) and quantitative real-time polymerase chain reaction analyses (QRT-PCR).
Samples were stained for cellular apoptosis marker active cleaved Caspase-3 Alexa Fluor 488 conjugate
(rabbit, 1:50 dilution in protein block, Cat. No. 96035S; Cell Signaling) for 2 hours and nuclei counterstain
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bisbenzamide (1:1000 dilution in 1X PBS, Cat. No. 1155; Millipore Sigma) for 5 minutes at room temperature.
BT474 cell samples were also stained for Laminin alpha V, beta Il Tubulin and bisbenzamide. All samples were
imaged using a laser scanning confocal microscope (Zeiss LSM 710) and image analysis was performed using
ImageJ (Schneider et al. 2012) to quantify Caspase-3 positive cells (dead cells) and DAPI positive cells (total
cell number). From this analysis, we compared % cell death across BT474 and MCF-10A cells culture in either
normoxic or hypoxic environments after 24 hours. To assess the expression of genes that are responsive to
hypoxia, a portion of breast epithelial cells encapsulated in Matrigel® was collected for qRT-PCR analysis. For
each sample and experiment, triplicates were made and normalized to 16S mRNA levels. Fold change was
expressed relative to normoxic controls using AACT analysis.(Livak and Schmittgen 2001) All statistics for IHC
quantification and gene expression were generated using a Student’s t-test. In all statistical analysis, p < 0.05
was considered significant. Detailed materials and methods for the immunohistochemical and gene expression
analysis are provided in the Supplemental Information.

3. Results and discussion

A system was designed and engineered for real-time monitoring and control of oxygen concentration in 3D
cell culture (Fig. 1). For findings presented in this paper, an oxygen concentration will be considered hypoxic if
it is less than 2% oxygen or = 20 uM, and a normoxic oxygen concentration will be 18.6% oxygen or = 186 uM
(Table I).

By using continuous gas exchange of N, and O, in the medium above the 3D tissue scaffold, oxygen
concentration was precisely controlled to generate a range of normoxic and hypoxic conditions. N, displaces
O, quickly inside the 3D culture-gas exchange chamber, similar to a tri-gas incubator. Tri-gas incubators create
hypoxia by controlling CO, and O, using N, to purge ambient air during incubation.(Hsiao et al. 2013; Mathew
et al. 2017; Quinn 2014) On a much a smaller scale, the 3D culture-gas exchange chamber replaced O, with
N, in the medium above the 3D tissue scaffold to create a hypoxic environment for culturing cells. An
intermediate oxygen concentration, such as 5% oxygen, could be maintained for 24-hour culture with
continuous N, flow rate lower than 3 mL-min™.

Inside the 3D tissue scaffold, an iPOB was embedded and via NIR phosphorescence lifetime fluorimetry
the oxygen concentration inside the culture was monitored (Fig. 1c, d). The operation of the iPOB is based on
the principle of phosphorescence quenching of metalloporphyrins by molecular oxygen.(Lo et al. 1996;
Rumsey et al. 1988) The phosphorescent chromophore (porphyrin) of the probe molecule can be converted to
the triplet state by light absorption, followed by return to the ground state either with light emission
(phosphorescence and/or delayed fluorescence) or by energy transfer to molecular oxygen.(Vinogradov and
Wilson 2002) pHEMA is a biocompatible hydrogel and the porosity of the hydrogel facilitates liquid and gas
exchange, along with penetration of the resident cell population. A portable phosphorescence lifetime
fluoroscope was utilized to record the signal from the iPOB (Profusa, Inc.). Use of phosphorescence has been
demonstrated as a viable method for measuring oxygen distribution in tissue in animals and
humans.(Eastwood and Gouterma.M 1970; Lo et al. 1996; Montero-Baker et al. 2015; Rumsey et al. 1988;
Vanderkooi and Wilson 1986) The phosphorescence lifetime of the metalloporphyrins is inversely related to
oxygenation and can be measured within 2 us, providing an oxygen detection range from 2 to 70
uM.(Wisniewski et al. 2017) For in vitro oxygen measurements requiring phosphorescence lifetime detection in
seconds, the detection range can be extended to 150 uM.

3.1 Computational model of gas flow and comparison to the experimental performance of the iPOB in the 3D
culture and oxygen monitoring system

The computational model developed to recapitulate the geometry and fluid dynamics of the device
predicted the amount of time a given N, flow rate would take to deoxygenate the entire 3D culture-gas
exchange chamber. Representative results of the simulation are shown in Fig. 2a. The results of the
simulations at various N, flow rates show that a N, flow rate of 7.0 mL-min™ creates a hypoxic environment
inside the cell culture chamber of Po, = 1 kPa or = 1% O, within 45 minutes (Fig. 2b).

To experimentally validate the computational models, the iPOB was suspended in PBS solution and N,
flow was introduced into the 3D culture-gas exchange chamber. The phosphorescence intensity output of the
iIPOB was processed to calculate the phosphorescence lifetime decay (t), as previously reported.(Lo et al.



1996) Phosphorescent lifetime decay of Pd-BPD correlates directly to the oxygen concentration of its
surrounding environment.(Vinogradov et al. 2003; Wilson et al. 2006)

Repeated cycling of N, flow for 6 hours at a flow rate of 8.0 mL-min™ showed that the oxygen concentration
equilibrated to normoxic conditions within one hour after N, inflow ceased, as shown in Fig. 2c. Based on the
Einstein-Smoluchowski equation for diffusion of gases in solution (t = 0.5-r*D™)(Einstein 1905, 1906, 1907,
1908; von Smoluchowski 1906), where r equals the height of 500 uL of PBS inside the device (5.26 mm) and D
is the diffusion coefficient of O, (2.46 x 10° m?.s™(van Stroe-Biezen 1993)), the expected time required for O,
to diffuse through PBS was calculated as = 90 minutes. Because the oxygen concentration returned to
normoxia in less than 1.5 hours once N, inflow ceased, the calculated O, equilibration period through PBS
agreed with the experimental cycling of N, for lifetime decay and oxygen concentration. Although an N, flow
rate of 8.0 mL-min™ was experimentally tested inside the device containing the iPOB suspended in PBS, when
this high gas flow rate was used with the device containing a hydrogel and medium, we noticed the high N,
flow rate caused evaporation of the liquid medium overlaid on the hydrogel. Previously reported values for gas
flow rates used in hypoxic cell culture devices include a range from 5 mL-min™ to as high as 20 mL-min’
1.(Acosta et al. 2014; Adler et al. 2012; Adler et al. 2010; Funamoto et al. 2012) Further optimization of N, flow
with the hydrogel revealed that a flow rate of 6 mL-min™ expelled oxygen rapidly while maintaining medium on
top of the hydrogel (data not shown).

Experimentally tested flow rates of 3, 5 and 7 mL-min™ reveal similar trends of deoxygenation as predicted
by the computational simulations. At 3 mL-min™, the lowest N, flow rate tested, an oxygen concentration less
than 27 uM (= 2.7% O,) was achieved in less than 2 hours (Fig. 2d). Compared to the computation simulation
at an N, flow rate of 3 mL-min™*, which found an oxygen concentration less than 27 uM in 36 minutes, it took
more time than predicted to achieved this oxygen concentration experimentally. At an N, flow rate of 5 mL-min’
!, an oxygen concentration less than 20 uM (= 2% O,) was achieved in less than 40 minutes (Fig. 2d). The
simulation found at this flow rate that an oxygen concentration less than 20 uM was achieved in 30 minutes,
which agrees well with experimentally measured time. Finally, at 7 mL-min™ N, flow rate, within 23 minutes an
oxygen concentration less than 10 uM (= 1% O,) was achieved (Fig. 2d) experimentally, which was
approximately 25 minutes faster than the simulation predicted. Humidity and temperature change inside the
incubator could account for slight differences between simulation and experimental results. The 3D culture-gas
exchange chamber and iPOB sustained repeated experimental testing at 37°C with no signs of damage or
degradation.

In addition to testing the iPOB embedded inside the tissue scaffold, we tested the response of the iPOB in
the medium above the tissue scaffold. We found that there was on average a 20 uM (= 2% O,) decrease in
oxygen concentration between the medium and inside the Matrigel® (Fig. 3d). When the iPOB was embedded
inside Matrigel® the oxygen concentration was on average 119 uM (= 12% O,). When the iPOB was placed in
medium on top of the Matrigel® the oxygen concentration was on average 139 uM (= 14% O,). A similar trend
was recorded when the iPOB was inserted in “cell-free” tissue scaffolds and exposed to N, flow rate of 7.0
mL-min™ (Fig. 3e). A higher oxygen level was measured on top of the tissue scaffold as compared to inside the
tissue scaffold, until both conditions dropped below the hypoxic level (20 uM). These results illustrate the
spatial resolution of the iPOB and the capability to identify the effects of the tissue scaffold on the oxygen
transport; moreover, this demonstrates a method to monitor oxygen concentrations in thicker (> 2 mm) 3D
tissue cultures.

3.2 Monitoring of oxygen concentration in 3D culture of healthy and tumorigenic breast epithelial cells

The variation of native oxygen environments and tumorigenic status of the two breast epithelial cell lines
derived from the same native tissue make them optimal candidates to monitor and compare cellular responses
to hypoxia for validation of the reported 3D cell culture and oxygen monitoring system. Benign human breast
epithelial cells, MCF-10A cells, and tumorigenic human breast epithelial cells, BT474 cells, have been shown
to respond to the same duration and magnitude of hypoxia with unigue mRNA and protein expression
levels.(Bashari et al. 2016; Braunstein et al. 2007; Gabai et al. 2012) MCF-10A cells were derived from benign
human breast tissue, where the concentration of oxygen has been reported to be greater than 9%; BT474 cells
were derived from solid, invasive ductal breast carcinomas, where the concentration of oxygen has been
reported to be as low as 0.3% oxygen.(Chun et al. 2005) The native oxygen environments from which the
MCF-10A and BT474 cells are derived represent normoxia and hypoxia in breast tissue, respectively.
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To compare MCF-10A and BT474 cellular response in the system after 24 hours of hypoxia, we fixed
hydrogels containing cells and performed immunohistochemical (IHC) analysis for cleaved Caspase-3. Both
MCF-10A and BT474 cells responded to hypoxic conditions by exhibiting significant cellular apoptosis,
guantified as the ratio of apoptotic marker cleaved Caspase-3 positive cells to nuclei marker bisbenzamide
positive cells (Fig. 3a, b). Most importantly, MCF-10A cells exhibited a significantly higher percentage of cell
death than BT474 cells. The increased cell death of MCF-10A cells in response to hypoxia, as compared to the
tumorigenic BT474 cells, was not unexpected as MCF-10A cells typically occupy a higher oxygen environment
and may experience hypoxic stress more quickly than tumorigenic breast epithelial cells. IHC analysis of
cellular apoptosis showed that the hypoxic environment induced inside the system instigated the expected
apoptotic responses in both MCF-10A and BT474 cells with an exacerbated response in the benign MCF-10A
cells.

To investigate 3D cell morphology following hypoxic culture, we examined the cellular basement
membrane and microtubules of BT474 cells by staining for Laminin, alpha V and beta Il Tubulin, respectively.
In BT474 cells cultured for 24 hours under hypoxic conditions, there was a noticeable absence of Laminin,
alpha V, representing a lack of intact basement membrane, as compared to BT474 cells cultured under
normoxic conditions for 24 hours (Fig. 3c). BT474 cells also exhibited lower levels of beta Il Tubulin, as
compared to BT474 cells cultured under normoxic conditions. Confocal images collected from samples of
normoxic and hypoxic cultured BT474 cells collectively suggest that the hypoxic environment imposed inside
the device imparted morphological changes on the BT474 cells. Although the cell morphology of BT474 cells
cultured under hypoxic conditions was qualitatively different than that of normoxic BT474 cells, a quantitative
comparison was not made due to increased non-specific staining of the scaffold and hypoxia-induced cellular
debris.

When culturing MCF-10A cells under both normoxic and hypoxic conditions, oxygen concentrations were
measured below the standard, assumed culture conditions, i.e. less than the conventional hypoxia (2% = 20
uM) or normoxia (18.6% O, or = 186 uM) conditions. Representative data from one culture period (20 hrs.) is
displayed in Figure 3f. Under hypoxic conditions, an average oxygen concentration of 12 uM (= 1.2% O,) was
measured. Under normoxic conditions, an average oxygen concentration of 127 uM (= 13% O,) was
measured. When culturing BT474 cells, even lower oxygen concentrations were measured in both the hypoxic
and normoxic conditions (Fig. 3g). During normoxia experiments, an average oxygen concentration of 95 uM
(= 9.5% O,) was measured, while during hypoxia experiments the oxygen concentration was 6.4 uM (= 0.6%
0O,). These results suggest the 18.6% O, contained within the normaobaric incubator is significantly limited by
diffusion through the thickness of the cell-laden tissue scaffold and medium (4.21 mm), which is corroborated
by oxygen concentration measurements made in the “cell free” experiments.

To determine whether known genetic responders to hypoxia were upregulated following hypoxic
conditioning in our device, we evaluated the expression of selected downstream target genes of HIF1 (Hypoxia
inducible factor-1) using mRNA collected from BT474 and MCF-10A cells. The HIF protein is a transcription
factor composed of two subunits: the oxygen-dependent o subunit and the ubiquitously expressed R
subunit.(Wigerup et al. 2016) During hypoxia, the HIF-1o subunit is rescued from oxygen-dependent
degradation in the proteasome and activates a complement of downstream target genes.(Semenza et al. 1998;
Wang et al. 1995) The stabilized HIF-1 transcriptional activator binds genetic enhancer sequences in the
promoter of HIF-1 target genes.(Airley et al. 2003) A subset of these target genes include the following:
vascular endothelial growth factor (VEGF)(Forsythe et al. 1996), solute carrier family 2 member 1
(SLC2A1)(Ebert et al. 1995) and BCL2 (B-cell lymphoma 2) interacting protein 3 (BNIP3)(Kothari et al. 2003),
which are important for angiogenesis, glucose metabolism and apoptosis, respectively.

Since the oxygen-dependent HIF1A is primarily regulated at the post-transcriptional level by nuclear
localization and protein stabilization (Gradin et al. 1996; Huang et al. 1996), we did not expect substantial
changes in HIFLA mRNA following 24-hour hypoxia. While HIF1A slightly increased in both BT474 and MCF-
10A cells, there was a significant and substantial increase in HIF1 target genes VEGFA, SLC2A1 and BNIP3.
Interestingly, the tumorigenic BT474 cells had the most significant upregulation of BNIP3 when compared to
normoxic controls (Fig. 4a, purple bars, p < 0.05, Student’s t-test). These results contrast greatly with non-
tumorigenic MCF-10A cells, which displayed little change in BNIP3 expression. Although BNIP3 upregulation
has been previously reported following similar durations of hypoxic conditioning (Thienpont et al. 2016), cells
encapsulated in a hydrogel 3D tissue construct differ from previous culture methods in which MCF-10A cells
were adherent to tissue culture plates. The 3D tissue scaffold could provide a barrier to protect MCF-10A cells
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from apoptotic injury, leading to less mRNA expression of BNIP3. Another study comparing durations of
hypoxia reported BNIP3 expression peaks after 72 hours, suggesting BNIP3 expression is a later hypoxic
response than downstream targets VEGFA and SLC2A1.(Kothari et al. 2003) Overall, the difference in BNIP3
expression between MCF-10A cells and BT474 cells suggests tumorigenic BT474 cells are more susceptible to
hypoxia-induced apoptosis, as evident from 12-fold increase in BNIP3 expression. MCF-10A cells cultured
under hypoxic conditions showed a significant 5.0-fold increase in VEGFA and 7.0-fold increase in SLC2A1
expression, as compared to normoxic controls (Fig. 4b, purple bars, p < 0.05, Student’s t-test). These results
support that non-tumorigenic MCF-10A cells initially respond to hypoxia by primarily upregulating the
angiogenic (VEGFA) and glycolytic (SLC2A1) pathways. The upregulation of VEGFA mRNA present in both
BT474 and MCF-10A cells agrees with previous findings, which showed an increase in endogenous secreted
VEGF protein levels via ELISA and VEGF mRNA levels via RT-PCR for the same cell types under similar 24-
hour hypoxic (defined as 0.5% O,) conditions.(Braunstein et al. 2007)

While there were consistent increases in VEGFA and SLC2A1 gene expression between the two cell types,
in BT474 cells HIF1A expression showed a slight but significant increase, with little change in MCF-10A cells.
Because activation of HIF-1 depends in part on post-transcriptional stabilization of HIF-1a (Zhu and Bunn
1999), its near-absence in MRNA cell samples after 24 hours of hypoxic conditioning is unsurprising (Kallio et
al. 1997), and the upregulation of downstream reporter genes VEGFA, SLC2A1 and BNIP3 further supports
this interpretation. Overall, the 24-hour restrictive oxygen conditioning revealed key hypoxia-dependent genes
were upregulated within the hypoxia device. These changes were consistent with low oxygen levels that were
measured by the iPOB embedded within the Matrigel® containing either BT474 or MCF-10A cells.

4. Conclusion

Microdevices built for in vitro cell culture with iPOBs provide a route to study cells and tissues in more
physiologically-relevant oxygen environments. By quickly and accurately monitoring local oxygen concentration
in 3D tissue cultures, the oxygen concentration can be manipulated to recapitulate healthy and pathological
environments. The reported 3D culture and oxygen monitoring system demonstrated a simple design to
remotely monitor oxygen concentration during tissue culture. We recorded fluctuations in the local tissue
environment due to external controls (N, inflow). We demonstrate in situ controllable and reversible oxygen
conditions over a relatively short period of time and large oxygen concentration range. As more knowledge
concerning the micro-environments surrounding cells is discovered, in vitro cell, tissue and organ models must
sustain relevant oxygen levels to generate more “translatable” results.

During the reported validation testing, MCF-10A and BT474 breast epithelial cells revealed distinct
differences in response to the same magnitude and duration of hypoxia. IHC analysis showed a significant
increase in apoptotic marker cleaved Caspase-3 for both cell types. Genetic analysis differentiated the
response of the cell types to hypoxic culture conditions by revealing sizable and significant upregulation of only
apoptotic marker BNIP3 for tumorigenic BT474 cells and significant upregulation of both VEGFA and SLC2A1
for MCF-10A cells. The additional upregulation of hypoxia-associated genes VEGFA and SLC2A1 in MCF-10A
cells demonstrates that non-tumorigenic breast epithelial cells are more effected by hypoxia, as compared to
BT474 cells. Intrinsic markers of hypoxia and their downstream targets, provide a mechanistic basis for
interpreting cellular response to different oxygen levels. The distinct hypoxic pathways responsible for benign
and tumorigenic breast epithelial cell differences could be further investigated using the device and iPOB. With
fine control over the oxygen microenvironment, questions concerning the mechanisms influencing cell fate
through hypoxic pathways can be answered. When combined with in-line analytical techniques, such as media
sampling and imaging, the iPOBs provide a powerful method to remotely measure the interstitial oxygen
environment, monitor cell culture performance and study complex phenomena in 3D tissue models.
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Figure Captions

Figure 1. 3D Culture and Oxygen Monitoring System. a) A schematic of device compartments. A
photopolymer resin bottom frame supports PMMA cell culture chamber and gas exchange channel. Rubber
gasket seals gas flow into and out of the culture chamber and gas exchange channel. Barbed connectors
screwed into the top lid provide gas flow into and out of the device. The optical connects to a
phosophorescence-lifetime fluorimeter and interrogates the culture chamber, where the 5 mm diameter, 0.5
mm thick integrated phosphorescence-based oxygen biosensor (iPOB) is located. b) Photographs of device.
Left: Image of device with iPOB (black arrow) embedded in hydrogel. Middle and Bottom Right: Images of the
assembled device with red and blue dyes to differentiate the gas channels and cell culture chamber,
respectively. Top Right: Device enclosed inside frame with optical reader underneath c) Schematic of oxygen
sensing via hydrogel iPOB inside hydrogel containing cells. The iPOB is composed of poly(2-hydroxyethyl
methacrylate) gels functionalized with  palladium-benzoporphyrin  derivatives  (Pd-BPD). The
photoluminescence excitation and detection wavelengths are 630 nm and 800 nm, respectively. d) Modified
Jablonski diagram demonstrating the scheme of oxygen concentration detection from porphyrin luminescence.
Luminescence from the triplet state in porphyrin is quenched by energy transfer to molecular oxygen, resulting
in a correlated decrease in phosphorescence lifetime.

Figure 2. Computational Model of Oxygen Concentration in 3D Culture and Monitoring with Integrated
Phosphorescence-based Oxygen Biosensor (iPOB). a) Results from COMSOL Multiphysics® computational
model of the 3D culture-gas exchange chamber showing N, flow at 5.0 mL-min™* used to purge O, from the left
inlet to the right outlet over a 50-minute interval, with four color maps displaying oxygen tension after 0, 10, 30
and 50 minutes. The color maps display the oxygen tension from 0 to 21 kPa. b) COMSOL Multiphysics®
simulation results of N, flow at various flow rates show the amount of oxygen inside the bottom of the cell
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culture chamber decreases more rapidly with increased N, flow rates. ¢) Experimental results of purging and
re-oxygenating the culture chamber by turning on and off N, at a flow rate of 8.0 mL-min™ over 6 hrs and
allowing for passive diffusion of oxygen from the atmosphere into the cell culture chamber. d) Experimental
results illustrating the operation of the iPOB in PBS measuring changes in phosphorescence lifetime at
different N, flow rates. e) Conversion of phosphorescent lifetime to oxygen concentration for iPOB in PBS at
different N, flow rates. Note the hypoxic environment (O, concentration < 20 puM) created in < 1 hr at N, flow
rate of 7.0 mL-min™.

Figure 3. Monitoring and Controlling Oxygen Concentration in 3D Cell Culture. a) Left: Breast epithelial
cells grown in T-75 flasks for 6 days. Middle: Breast epithelial cells embedded in Matrigel® and cultured in a
normoxic environment for 24 hours. Fluorescent images: Caspase-3 (green), DAPI (blue). Right: Breast
epithelial cells embedded in Matrigel® and cultured in a hypoxic environment for 24 hours. Fluorescent images:
Caspase-3 (green), DAPI (blue). b) Quantification of cell death from confocal images using ratio of Caspase-3
positive cells to DAPI positive cells. n = 3; *p<0.05, **p<0.01. ¢) Fluorescent micrographs of BT474 cells
showing basement membrane (Laminin alpha V, red), microtubules (Beta Il tubulin, green) and nuclei
(Bisbenzimide, blue) after 24 hours of normoxic or hypoxic culture inside the device. d) Integrated
Phosphorescence-based Oxygen Biosensor (iPOB) measurements of oxygen concentration in “cell-free” tissue
scaffolds over 20 hours. There is less oxygen inside the tissue scaffold (purple) than on top of the tissue
scaffold (blue). €) Oxygen concentration in “cell-free” tissue scaffolds exposed to an N, flow rate of 7.0 mL-min’
! over 20 hours. f) Oxygen concentration in MCF-10A culture under hypoxic (purple) and normoxic conditions
(black) for 20 hours. Average oxygen concentration of 12 uM (= 1.2% 0O;) and 127 uM (= 13% O,),
respectively. g) Oxygen concentration in MCF-10A culture under BT474 culture under hypoxic (purple) and
normoxic (black) conditions for 20 hours. Average oxygen concentration of 6.4 uM (= 0.6% O,) and 95 uM (=
9.5% O,), respectively. Dashed lines are the conventional, assumed normoxic (186 uM) and hypoxic (20 uM)
oxygen concentrations.

Figure 4. Response of Breast Epithelial Cells to Hypoxic Culture Conditions. a) Gene expression analysis
of BT474 cells after 24 hours of hypoxic or normoxic conditioning (purple and black bars, respectively).
Hypoxia-associated genes including HIF1A, VEGFA, SLC2A1 and BNIP3 mRNA measured by gRT-PCR
relative to the average expression in normoxic (21% oxygen) controls. n = 4; *p<0.05. b) Gene expression
analysis of MCF-10A cells after 24 hours of hypoxic or normoxic conditioning (purple and black bars,
respectively). Hypoxia-associated genes including HIF1A, VEGFA, SLC2A1 and BNIP3 mRNA measured by
gRT-PCR relative to the average expression in normoxic (21% oxygen) controls. n = 4; *p<0.05.

Supplemental 2. Video of Computational Model of Oxygen Concentration in 3D Culture and Monitoring
with Integrated Phosphorescence-based Oxygen Biosensor (iPOB). Results from COMSOL
Multiphysics® computational model of the 3D culture-gas exchange chamber showing Nitrogen gas (N.) flow
used to expel O, from the left inlet to the right outlet over an 80-minute interval (displaying 20 frames) at a flow
rate of 5.0 mL-min*. The thermal map displays the partial pressure of oxygen from 0 kPa (bark blue) to 21 kPa
(burgundy).

Table I. Definitions of Relevant Oxygen Environments at 37°C

Environment [%] O, pO;[kPa] cO,[uM]
“‘Normoxia” 21.0 19.9 210
Normoxia (incubator)  18.6 17.7 186
Low Oxygen 5.0 4.75 50.2
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Hypoxia 2.0 1.90 20.1
Near Anoxia 0.5 0.48 5.02
Anoxia 0.0 0.0 0.0
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