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Abstract

Capability of measuring and monitoring local oxygen concentration at the single cell level (tens of
microns scale) is often desirable but difficult to achieve in cell culture. In this study,
biocompatible oxygen sensing beads were prepared and tested for their potential for real-time
monitoring and mapping of local oxygen concentration in 3D micro-patterned cell culture systems.
Each oxygen sensing bead is composed of a silica core loaded with both an oxygen sensitive
Ru(Phyphens)Cl, dye and oxygen insensitive Nile blue reference dye, and a poly-dimethylsiloxane
(PDMS) shell rendering biocompatibility. Human intestinal epithelial Caco-2 cells were cultivated
on a series of PDMS and type | collagen based substrates patterned with micro-well arrays for 3 or
7 days, and then brought into contact with oxygen sensing beads. Using an image analysis
algorithm to convert florescence intensity of beads to partial oxygen pressure in the culture
system, tens of microns-size oxygen sensing beads enabled the spatial measurement of local
oxygen concentration in the microfabricated system. Results generally indicated lower oxygen
level inside wells than on top of wells, and local oxygen level dependence on structural features of
cell culture surfaces. Interestingly, chemical composition of cell culture substrates also appeared
to affect oxygen level, with type-1 collagen based cell culture systems having lower oxygen
concentration compared to PDMS based cell culture systems. In general, results suggest that
0Xxygen sensing beads can be utilized to achieve real-time and local monitoring of micro-
environment oxygen level in 3D microfabricated cell culture systems.

Introduction

Oxygen plays an important role in cellular function and behavior. Cell growth rate and
metabolism, and protein synthesis are strongly dependent on oxygen level in culture
medium. Hypoxia/re-oxygenation was found to affect the permeability of intestinal
epithelial cell layers,! induce stem cell like phenotype in prostate cancer cells,? and enhance
the proliferation, invasiveness and metastatic potential of tumor cells.3# Hyperoxia leads to
reactive oxygen species formation and eventually causes cell injury, inflammatory response,
and death in pulmonary cells.>
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The direct and non-invasive measurement of oxygen level in cell culture offers advantages
of allowing real time monitoring and adjustment; local measurement and mapping of oxygen
level in a 3D cell culture microenvironment would also enable better understanding of the
impact of 3D features on oxygen distribution within cell culture systems and related
influence on cellular behavior. Previously, we have demonstrated that small intestinal
epithelial culture on 3D microfabricated substrates with biomimetic intestinal crypt-like
topography (micro-wells with hundred micron scale size) induced small intestinal Caco-2
cells expressing a less differentiated phenotype;’+® this finding was particularly interesting in
light of the presence of intestinal stem cells in crypts in vivo. However, the underlying
mechanism of intestinal crypt-like topography in regulating intestinal cell behavior is still
not clear.

Hypoxia is known to be an important regulator of stem cell differentiation.®-10 Hypoxic
conditions helps stem cells maintain their undifferentiated phenotype in a reversible
fashion.11-13 When transferred to normoxia conditions, the hypoxic stem cells are able to
differentiate.? In our system, cells cultured in micro-wells may have diffusion-limited
oxygen and nutrient transport, leading to depleted levels at well bottoms relative to tops.
Such a locally hypoxic environment (inside micro-well) might be one of the important
reasons for a less differentiated cell phenotype of intestinal Caco-2 cells grown on 3D
surfaces. To test this hypothesis, we investigate the feasibility of utilizing in-house
fabricated biocompatible non-invasive optical oxygen sensing beads for mapping oxygen
concentration distribution within 3D intestinal epithelial cell culture systems.

Our oxygen sensing bead operates on the principle of reversible luminescence quenching of
Ru(Phyphens)Cl, by oxygen. The beads are tens of microns in size and contain a core of
silica loaded with both the oxygen-sensitive Ru(Ph,phens)Cl, dye and an oxygen-insensitive
Nile Blue dye (reference dye). The bead shell consists of biocompatible and oxygen
permeable polydimethylsiloxane (PDMS) (Fig. 1). Electrode and fluorescence-based sensors
are two of the most widely used types of oxygen sensors in literature. Clark type electrode
sensors suffer from difficulties in adaptation to continuous and non-invasive monitoring,
which makes them not suitable for temporal and spatial monitoring of oxygen level in
microfabricated cell culture systems.14 Optical oxygen sensors based on quenching of
fluorescence by oxygen are minimally perturbing, do not consume oxygen, and are
adaptable to small volumes, which makes them a preferable system in mapping and
monitoring of oxygen level in 3D cell culture systems and living cell-containing
microfluidic systems. Compared with other optical sensing systems,15-18 our system has
advantages including: 1) immobilization of oxygen sensitive dye on micron-scale silica bead
prevents endocytosis of oxygen sensitive dye and potential cytotoxic effects to living cells;
2) PDMS coating further protects cells from directly contacting oxygen sensing dye,
enhances stability of oxygen sensing dye on surface of silica beads, and prevent possible
leaking of dye into cell culture medium; 3) the beads' tens of microns scale size facilitates
removal and recycling of beads from the cell culture system, meanwhile still allowing single
cell level measurement; 4) oxygen levels are determined by measuring the ratio between the
emission intensities of the Ru(Phophens)Cl, and Nile Blue reference dyes, removing
potential artefacts introduced by uneven dye distribution among different beads; 5) Nile
Blue's emission spectrum differs from Ru(Phophens)Cly's emission spectrum, which allows
independent measurement of their fluorescence; 6) beads offer ease in application and data
collection and analysis.

Previously, we have demonstrated the fabrication and characterization of oxygen-sensing
beads,1? and their application in monitoring oxygen transport across bacterial bio-films.20
Herein, we report the use of our oxygen-sensing beads in measuring oxygen profiles on the
contoured surface of a mammalian cell layer on a 3D substrate. The culture substrates
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utilized were patterned with micro-well arrays with diameters and depths in the hundreds of
microns range, mimicking the surface features of native small intestinal crypts. In order to
enable analysis of oxygen levels on microscale features of our system, specifically bottoms
and tops of micro-wells, we modified the data analysis protocol to enable analysis of
specific beads in specific locations (7.e. within or on top of cells), which allows us to
measure oxygen level in area with size as small as ~0.01 mmZ. The ability of micro-beads to
sense and quantitate this micro-environmental oxygen level variation was demonstrated.

Experimental

Fabrication of oxygen sensing microbeads

The fabrication of PDMS encapsulated silica particle-based oxygen sensing beads follows a
two-step procedure reported by Acosta et a/19 First, the oxygen sensitive luminophore
Ru(Phyphens)Cl, (Ruth) and oxygen insensitive reference fluorophore Nile blue chloride
(Nb) were immobilized on the surface of silica beads. Briefly, 10 ml of 0.5 mM
Ru(Phyphens)Cl, and 10 ml 0.5 mM Nile blue chloride in ethanol solution were
simultaneously added to 2 g silica gel in 40 ml of 0.01 N NaOH suspension and reacted for
30 min. The dye loaded silica particles were collected through centrifugation and dried at 70
°C overnight. Second, the dye loaded silica beads were further encapsulated in PDMS. 0.2 g
of dried silica beads were suspended in 700 .l hexane, 1g of PDMS pre-polymer and 0.1 g
curing agent. The above silica bead suspension was then poured into 300 ml 70 °C 2% w/v
sodium dodecyl sulfate (SDS) in water solution and stirred at 1200 rpm for 7-8 h. The
resulting PDMS encapsulated silica beads were passed through a 0.5 mm sieve and collected
by a 25 wm sieve. Beads were then washed three times in 0.2% w/v bovine serum albumin
(BSA) in phosphate-buffered saline (PBS) containing 0.1% methyl-4-hydroxybenzoate
(methylparaben) and finally suspended in 0.2% BSA in PBS solution at a concentration of
~50 particles/pl.

Calibration of oxygen sensing beads

The calibration of PDMS encapsulated oxygen sensing bead fluorescence to dissolved
oxygen was conducted by embedding beads into a thin layer (~250 um in thickness) of poly
(ethylene glycol) dimethacrylate (PEG-DM) and loading to a parallel-plate flow chamber
with 1 mm thick flow chamber. Water with different dissolved oxygen (pO, from 0 to 135
mmHg) was passed through the chamber, and the fluorescent images of embedded oxygen
sensing beads were recorded and processed using image J. For a particular oxygen
concentration, an image of Nile blue (Ex/Em = 636/656 nm) and an image of
Ru(Phyphens)Cl, (EX/Em = 470/610 nm) were recorded. Each fluorescing bead in the Nile
blue image was selected, and an average fluorescence intensity of selected beads was
acquired. The same selection was made in the corresponding Ru(Ph,phens)Cl, image, and
an average fluorescence intensity was also acquired. A two-site Stern—Volmer model was
used to correlate fluorescence intensities to dissolved oxygen content:

[RO - IR
— =K O
Lo(fi-D+, [0

where 7 (# = 0.9) is fraction of quenched population, Ksy is quenching constant, /g is the
ratio of the fluorescence intensity of Ru(Phophens)Cl;, and Nile blue chloride, /g o is the
ratio of two fluorophores when oxygen concentration is zero. /g o is obtained from the

IR,O - IR

regression of /g versus pO, where Ksy is obtained from the regression of 1 (f; — 1) +1,
versuspO,. ’

Lab Chip. Author manuscript; available in PMC 2013 July 02.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 4

It is noted that there is a certain level of heterogeneity in fluorescent dye distribution among
our oxygen sensing beads. For example, some beads do not have a fluorescent dye loaded
silica core, resulting in no fluorescence signal, and some beads only have Ruth dye signal
without corresponding reference dye signal. To correct the potential error such heterogeneity
might bring into final results, beads that do not fluoresce and beads without reference dye
are excluded during data processing.

Monitor local oxygen level in 3D microfabricated cell culture systems

Two micro-fabricated intestinal cell culture systems were used in this study: PDMS-based®
and type | collagen-based,’ each containing micro-wells with diameters and depths in the
hundreds of microns range. Caco-2, a human colon carcinoma cell line, was cultivated on
the surfaces of patterned substrates for 3 or 7 days and then incubated with ~1350 oxygen
sensitive particles/cm? of culture surface for either 1 h or 24 h. Ru(Ph,phens)Cl, and Nile
blue florescence images focusing on the top and bottom surfaces of micro-wells were
recorded. Soft-lithography technique was utilized to fabricate a PDMS substrate patterned
with micro-well array (50, 100, or 500 um in diameter, 50 wm in spacing, and 120 um in
depth) as previously described.8 Patterned PDMS substrates were affixed to well bottoms of
a 12 well cell culture plate using pre-curing PDMS, incubated with 50 g ml~2 fibronectin
(Fn) for 2 h, and then washed three times with PBS. Patterned collagen membranes were
fabricated as previously described.” Briefly, 5 ml of 5 mg mI~1 type I collagen from bovine
Achilles tendon in 0.05 M acetic acid was dispersed on top of a 3.5 cm2 PDMS slab
patterned with microwell arrays (100 or 500 wm in diameter, 50 pm in spacing, and 120 um
in depth), degassed for 30 min and air-dried overnight. The dried patterned collagen
membrane was lifted off from the PDMS mold and baked in an oven at 105 °C overnight to
thermally crosslink the collagen. The crosslinked membrane was then affixed to the bottom
of a circular cell culture insert and rehydrated overnight in PBS, followed by exhaustive
washing with PBS. Before cell culture, inserts were transferred to 12 well plates, and the top
surfaces of patterned membranes were incubated with 10 g mI~1 laminin (Ln) from
Engelbreth—-Holm—-Swarm murine sarcoma for 2 h, and then washed three times with PBS.

Caco-2 cells were seeded onto tops of test surfaces at a density of 2 x 10% cells cm2, and
cultivated in Eagle's minimum essential medium supplemented with 20% fetal bovine serum
(FBS) and 1% antibiotic antimycotic solution at 37 °C 5% CO,. Medium was changed every
2 days in culture.

Statistical analysis

A two-sample £test assuming unequal variance was used as a statistical test. Results are
expressed as means + standard error (SE), and were considered significant at < 0.05 (*)
and P<0.1 (#).

Results and discussion

Tens of microns size biocompatible oxygen sensing beads loaded with oxygen-sensitive
Ru(Phophens)Cl, dye can enable local, real-time, and dynamic monitoring of oxygen levels
in cell culture systems. Utilizing these beads, the measurement of oxygen level requires only
a fluorescence microscope, which is generally readily available in biology labs. These
properties make our oxygen sensing beads a preferable mode of monitoring and mapping
oxygen concentration within a 3D microfabricated cell culture system or a microfluidic
system. In this study, Ru(Ph,phen3)Cl, loaded PDMS encapsulated oxygen sensing beads
were utilized to monitor the oxygen concentration of intestinal epithelial Caco-2 cultures
grown on surfaces of micro-well patterned PDMS and collagen substrates (Fig. 1) to
demonstrate the potential usage of these beads for monitoring oxygen level in 3D
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microfabricated cell culture systems. A set of flat and patterned (50 pwm, 100 pm, and 500
pwm wide and 120 pm deep micro-wells) PDMS substrates, and a set of flat and patterned
(70 wm wide and 80 mm deep or 500 pwm wide and 140 pm deep micro-wells) type |
collagen membranes, were used to cultivate intestinal epithelial Caco-2 cells for 3 days or 7
days and then used for testing oxygen sensing beads. Beads were incubated with cells for
either 1 h or 24 h, and beads incubated with flat or patterned PDMS or collagen surfaces
without cells were used as controls.

Oxygen sensing beads calibration

The calibration of oxygen sensing beads response to ranges of 0-135 mmHg of oxygen
(pO,) was performed in a flow chamber. Fluorescence intensity of oxygen sensing beads
was calculated and fit to a two-site Stern—Volmer model. /g g is obtained from the regression

IR,O - IR

of /g versuspO,, where Ksy is obtained from the regression of 1 (£, — 1) +1, versuspO,.

The results of regression show that /g o = 9.5 and A2 = 0.924 (Fig. 2A), and the Stern—

Volmer quenching constant Kgy = 0.0218 mmHg~ and /2 = 0.898 (Fig. 2B). The Iroand

Ksy values were then used for the calculation of pO; in the following studies. Substitute /g o
9.5-1,

and Ksy, the two-site Stern—Volmer equation is written as M‘O'zlgl’oz, where

IRZM. Using the calibrated two-site Stern—Volmer model, oxygen partial pressure with
values of 0 to 10 mm Hg can be calculated with approximately 25% error, while oxygen
partial pressures of 10 to 25 mm Hg and 25 mm Hg and above have approximately 17% and
6% error, respectively.19

Caco-2 cell growth on microfabricated PDMS and collagen-based systems

The cytoskeleton F-actin staining and cell nuclei DAPI staining of Caco-2 cells cultivated on
PDMS and collagen substrates patterned with 500 um micro-wells for 3 and 7 days (Fig. 3)
suggest that with initial seeding density 2 x 104 cells cm=2 on both patterned PDMS and
collagen substrates, cell density increased from day 3 to day 7. By day 7, collagen surfaces
are fully covered by cells, and more than 90% of PDMS surfaces are covered by cells.
Caco-2 cells spread faster on PDMS surfaces than on collagen surfaces, as evidenced by
almost 70-80% cell coverage on PDMS substrates and 50-60% cell coverage on collagen
substrates at day 3. It was also noted that cells grew in higher density on collagen substrates,
as at day 7 cell nuclei density on collagen surfaces is higher than nuclei density on
corresponding PDMS surfaces (Fig. 3).

Monitoring spatial oxygen level using oxygen sensing beads

Microscopic images of introduction of oxygen sensing beads to Caco-2 cells cultivated on
flat and patterned PDMS and collagen surfaces at day 3 and day 7 (Fig. 4 A, B) show that
oxygen sensing beads are readily incorporated onto cell culture surfaces and observed by
fluorescence microscopy. Beads are distributed throughout patterned surfaces and present at
both tops and bottoms of micro-well structures, allowing the local monitoring of oxygen
levels of 3D surfaces (/.. top of well and inside of well). In general, the fluorescence
intensities of Ru(Ph,phens3)Cl, (in red) of beads located inside wells are higher than those of
beads located on tops of wells, suggesting the oxygen concentration difference related to
surface geometry of cell culture substrates. The fluorescence intensity of Ru(Ph,phen3)Cl,
beads introduced to day 3 culture is higher than those introduced to day 7 culture, indicating
that the oxygen concentration relates inversely with cell density, with higher cell density
leading to higher level of oxygen depletion. Fluorescence intensity of Ru(Ph,phen3)Cl,
beads introduced to PDMS-based substrates is higher than that of beads introduced to
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collagen-based substrates, likely due to the higher cell density on collagen surfaces
compared to PDMS surfaces or possible higher cellular metabolism rate on collagen
surfaces, or both.

Calculated partial oxygen pressure (pO5) distributions on the surfaces of 3D PDMS-based
and collagen-based intestinal epithelial Caco-2 culture systems are plotted in Fig. 5. On all
surfaces, pO, generally decreases with culture time, as expected, since increases in cell
growth and density in a closed cell culture system likely result in oxygen depletion. After 7
days of culture, the pO, on cell surfaces became less than 20 mmHg (hypoxic condition). In
the PDMS-based system (Fig. 5A, B, C, and D), geometry of 3D surfaces seems to affect
P05 level and distribution, evidenced by different pO, readings on cell-free flat and micro-
well patterned surfaces. The pO, measurement on cell free PDMS substrates falls in the
range of normoxic conditions (30—-90 mmHg). When cultivated with Caco-2 cells, pO,
values are generally lower than corresponding cell-free PDMS surfaces. The decrease of
PO, from 1 h-incubation to 24 h-incubation with oxygen sensing beads in cell containing
substrates might be due to continuous growth of cells during the 24 h-incubation period
leading to further depletion of oxygen in cell culture medium, or possibly due to transient
mixing effects after introduction of beads.

pO-, of cells cultivated on flat substrates (both PDMS and collagen) are lower than pO, of
cells cultivated on micro-well patterned surfaces. It was previously observed that micro-well
structure inhibited Caco-2 cell growth for 1-3 days;’+ thus, the low pO5 on flat surface
might relate to higher proliferation rate of cells. In addition, on PDMS substrates patterned
with 100 m and 500 pm wells (Fig. 5C and D) pO, levels inside wells are generally lower
than pO, levels on tops of wells, suggesting the possible oxygen transport limit inside wells,
higher cell density inside wells, or higher metabolic activities of cells located inside wells.
The fact that these differences are not noted 24 h after adding the beads, except in the
cultures with high cell densities (7 day PDMS and collagen substrates) indicates that mixing
upon addition of medium (and beads) may impact oxygen level differences on micro-
fabricated substrates. These results suggest that our oxygen sensing beads can be utilized to
dynamically monitor oxygen level fluctuations and their micro-scale variation in 3D
microfabricated cell culture systems.

Interestingly, in the case of PDMS substrates, the difference of oxygen concentration
between top and bottom of the wells is inversely proportional to well size. Substrates
patterned with 500 um micro-wells have the largest difference in oxygen concentration from
top to bottom of well, while there is no such measurable difference with 50 pm micro-wells
(Fig. 5B, C, D). This might be due to the fact that PDMS is highly permeable to gas, with
diffusivity of oxygen approximately twice as high as diffusivity of oxygen in water.21 In the
case of small wells (7.e. 50 wm), oxygen concentration in the relatively small volume of
water inside wells may be more quickly or easily adjusted by surrounding highly permeable
PDMS comparing with 500 wm wells, which have 100 times larger volume of water in each
well. Previously, it was demonstrated that inhibition of differentiation of Caco-2 cells
cultured on micro-well patterned PDMS substrates was most significant for 500 wm wells.
Oxygen level in cell culture microenvironment has long been known to be one of the
important factors in influencing stem cell phenotype. In the small intestine, hypoxia has
been related to regulating Notch signaling, which is critical for the maintenance of
undifferentiated stem cell populations in the intestinal crypt.22:23 The distinctive difference
of oxygen concentration from top to bottom of 500 m wells may therefore result in a less-
differentiated phenotype in Caco-2 cells.

The generally lower pO, of cells growing on collagen-based substrates (Fig. 5E, F, and G)
compared with PDMS-based substrates might be due to the fact that cells are more densely
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packed on the surface of collagen (Fig. 3). On collagen surfaces patterned with 500 pm
wells, pO, inside wells is lower than pO, on tops of wells (Fig. 5G). Interestingly, it was
found that pO, on the surface of cell-free collagen membrane is extremely low, falling in the
range of ~10 mmHg (Fig. 5E, F, and G). The depletion of medium oxygen in the vicinity of
the collagen membrane may be due to adsorption of oxygen from surrounding medium on
the highly porous collagen membrane.

Conclusions

In conclusion, biocompatible optical oxygen sensing beads tens of microns in size can be
used to continuously monitor and map oxygen levels in 3D microfabricated cell culture
systems during cell growth, with no medium sampling required. Oxygen sensing beads
approximately the same size as single cells allow the local measurement of oxygen level in
an area with size ~0.01 mm2. Real-time monitoring of local oxygen concentration of
intestinal epithelial Caco-2 cells cultivated on 3D PDMS and collagen-based surfaces
patterned with micro-well arrays utilizing these oxygen sensing beads suggests that 3D
geometry of cell culture surfaces affects local oxygen level and its distribution. Oxygen
levels inside of micro-wells are generally lower than oxygen levels on top of wells.
Depletion of oxygen in culture medium upon culture was also observed, with the level of
depletion dependent on type of culture surface (PDMS vs. type | collagen). Our oxygen
sensing beads allow the direct integration within cell culture systems, reducing the need for
external instruments to acquire data and allowing /n sifu measurement at the time of interest.
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Tris(4,7-iphenyl-1,10-phenanthroline) PDMS Cell Culture System

Ruthenium (11) Dichloride

| Oxygen Sensing Beadl

[ poly-dimethyisioxane (Poms)

[ p—

Caco-2 small intestinal epithelial
S el

Fig. 1.

Schematic drawing of the composition and structure of oxygen sensing beads and
application of oxygen sensing beads to PDMS and collagen based 3D intestinal epithelial
Caco-2 culture system for real time mapping of oxygen level distribution on the culture
surface.
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Fig. 2.
Calibration of oxygen sensing beads using two-site Stern—Volmer model. (A) regression of
IR.O B IR

Ir versus pO, and (B) regression of 1 (f, — 1) +1,, versus pO2.
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0 Day 3 Day 7 Bottom

Bottom Toi
Fig. 3.

Coverage of cells on the surface of PDMS and collagen patterned with 500 im micro-wells
after culturing for 3 days and 7 days. Cytoskeleton is stained in green (F-actin staining) and
cell nuclei are stained in blue with DAPI. Scale bar: white, 200 pm; yellow, 100 p.m.

T

Hi‘h Ma] DAPI

Collalen PDMS
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Flat 50 um 100 um 500 um

Day 3

Day 7

E Flat 70 um 500 um

Day 3

Day 7

Fig. 4.

Incubation of oxygen sensing beads with cells cultured on PDMS-based (A) and collagen-
based (B) substrates (flat or patterned with micro-wells) for optical and local monitoring of
oxygen level in a 3D microfabricated cell culture system. Overlay of fluorescent image of
oxygen sensing beads (oxygen sensitive Ru(Ph,phens)Cl, dye is red and oxygen insensitive
reference Nile blue dye is green) with phase contrast image of cells cultivated for 3 or 7 days
and incubated with oxygen sensing beads for 24 h. Scale bar: 200 pm.
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Fig. 5.

Calculated partial oxygen pressure (pO5) distributions on the surfaces (tops and bottoms of
micro-wells) of 3D PDMS-based (A, B, C, D) and collagen-based (E, F, G) intestinal
epithelial Caco-2 culture systems. Caco-2 cells were cultured on 3D PDMS and collagen-
based surfaces for 3 days (3D) or 7 days (7D) before incubation with oxygen sensing beads
for 1 h or 24 h. Controls are bare 3D PDMS or collagen surfaces without Caco-2 cells. The
area between orange lines indicates normoxia (30-90 mmHg). A< 0.05 (*) and P< 0.1 (#).
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