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The development of a cellular isolation system (CIS) that enables the monitoring of single-
cell oxygen consumption rates in real time is presented. The CIS was developed through a
multidisciplinary effort within the Microscale Life Sciences Center (MLSC) at the University
of Washington. The system comprises arrays of microwells containing Pt-porphyrin-
embedded polystyrene microspheres as the reporter chemistry, a lid actuator system and a
gated intensified imaging camera, all mounted on a temperature-stabilized confocal
microscope platform. Oxygen consumption determination experiments were performed
on RAW264.7 mouse macrophage cells as proof of principle. Repeatable and consistent
measurements indicate that the oxygen measurements did not adversely affect the
physiological state of the cells measured. The observation of physiological rates in real
time allows studies of cell-to-cell heterogeneity in oxygen consumption rate to be
performed. Such studies have implications in understanding the role of mitochondrial
function in the progression of inflammatory-based diseases, and in diagnosing and treating
such diseases.
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1. INTRODUCTION

Single-cell analysis has become an important tool in
understanding fundamental cellular processes, due to
the inherent heterogeneity of cellular populations
(Kelly & Rahn 1932; Verstovsek et al. 1994; Kamme
et al. 2003; Lidstrom & Meldrum 2003; Strovas et al.
2007). Averaged populations can obscure the existence
of multiple physiological types that lead to variances in
responses at the individual cell level (Balaban et al.
2004; Strovas et al. 2007). This in turn can result in
incorrect data interpretation of major consequence, for
instance involving the mechanism of action of a specific
drug, the pathway whereby response occurs or the
kinetics of response. The analysis of response at the
single-cell level requires a system for making physio-
logical measurements in living cells.

A parameter of significance for single-cell measure-
ments is oxygen consumption rate. Oxygen consumption
tion of 7 to a Theme Supplement ‘Single-cell analysis’.
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rate is a sensitive indicator of both steady-state physio-
logical state and response to stimuli. In addition, changes
in mitochondrial function are a hallmark of many
inflammatory diseases such as cancer, stroke and heart
disease (Fink & Cookson 2005). Therefore, the ability to
measure oxygen consumption rate in single cells is an
important technological step required for understanding
the role of cellular heterogeneity in these diseases and
in developing effective therapeutic interventions.

Multiple methods are known for monitoring oxygen
concentrations in solution with the use of electro-
chemical methodologies being among the most common
(Land et al. 1999; Lu & Gratzl 1999; Porterfield &
Smith 2000; von Heimburg et al. 2005; Bugger et al.
2006; Gao et al. 2006). Clark oxygen electrodes are
commonly used for cell culture monitoring (von
Heimburg et al. 2005; Bugger et al. 2006) but are
susceptible to drift due to fouling of the electrode and
membrane interfaces, sensitivity to interfacial flow,
consumption of oxygen during analysis and the
difficulty in size reduction for single-cell measurements
(Ramamoorthi & Lidstrom 1995; Reece et al. 2003;
Strovas et al. 2006). Attempts to reduce the electrode
size have met with some success (Lu & Gratzl 1999;
Porterfield & Smith 2000; Yasukawa et al. 2000; Carano
et al. 2003), but none have demonstrated a Clark-type
electrode for diffusionally isolated single-cell analysis.
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Figure 1. Images depicting (a) the layout of the microwell arrays etched into one borosilicate chip, (b) the actuator system,
(c) an optical profilometer image showing the etched microwells with the lips clearly visible, (d ) a laser scanning microscope
(LSM) image of a microwell array showing the microsphere ring under excitation and (e) the living cell array (LCA). The LCA
uses an aluminium plate to provide the support for a rigid quartz window. The quartz window was selected to provide
adequate support to prevent the borosilicate chips from cracking under the load. (b) The actuator system acts as a manual linear
actuator for the pistons. This system is advantageous since it removes instabilities and provides coaxial alignment of the piston to
the borosilicate chip.
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Recently, oxygen-sensitive porphyrin compounds
have gained popularity as tools to monitor oxygen
concentrations within fluids (Hartmann & Trettnak
1996; Lahdesmaki et al. 1999; Amao et al. 2000;
Vinogradov et al. 2001; Armaroli 2003; Shonat &
Kight 2003; Dy &Kasai 2005; Molter 2006; Molter et al.
2008). Pt-porphyrin-embedded polystyrene micro-
spheres are commercially available and are attractive
as oxygen sensors since they are biologically compatible
(Strovas et al. 2006), have a good dynamic range and
are easy to manipulate. As a proof of principle, a system
was developed previously which demonstrated the
J. R. Soc. Interface (2008)
feasibility of using these commercial microspheres as
oxygen sensors for single-cell oxygen consumption rates
(Molter et al. 2008).

In this study, we describe a robust cellular isolation
system (CIS) that allows for the monitoring of oxygen
consumption rates of many cells at once at the single-
cell level. This system was demonstrated to allow
reproducibility and repeatability in the measurement of
single-cell oxygen consumption rates. These factors
enable cell-to-cell heterogeneity to be directly
addressed such that individual cells experience minimal
perturbation during experimentation.
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Figure 2. The current oxygen consumption monitoring system includes the LSM system, the actuator system (AS), the LCA and
an environmental control system. The environmental control system includes three heater–fan modules to heat and circulate the
air around the LCA through proportional–integral–derivative (PID) control and up to 12 thermocouples for temperature
monitoring. The enclosure was designed to allow for easy access to all areas and provides shelf space for storing large media and
reagent bottles. The red circles identify the item noted in the corresponding label.
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2. MATERIAL AND METHODS

2.1. Microwell array

Standard photolithography techniques were used
to etch 150 mm wide by 50 mm deep microwells into
1!1 cm borosilicate chips (figure 1). Steps were taken
to produce microwells with a 30 mm wide by 3 mm high
lip into a 3!3 array format (Molter et al. 2008). The lip
surrounding each well provided a gasket-like ridge for
optimal well sealing. Nine sets of 3!3 arrays were
etched in 1!1 cm chips with the arrays spaced 2 mm
apart from each other. Platinum luminescent fluoro-
spheres (1 mm in diameter, lexZ390 nm, lemZ690 nm,
F-20888, Invitrogen, Carlsbad, CA, USA) were depo-
sited into the microwells and used to monitor the
oxygen concentration within each microwell (Molter
et al. 2008). As described previously, this approach
resulted in a sensor ring forming at the bottom of each
well (Molter et al. 2008).
Figure 3. Measurement of oxygen concentration in wells that
were first sealed under ambient oxygen conditions and then
subjected to a low (0%)-oxygen environment, demonstrating
sealing. Circle, well 1; plus, well 2; six-tailed star, well 3; cross,
well 4; square, well 5; diamond, well 6; up triangle, well 7;
down triangle, well 8; five-tailed star, well 9.
2.2. Living cell array

A large macrowell capable of holding approximately
8 ml of solution was made by combining a milled pocket
in 1.25 cm thick polyacetal (Delrin, DuPont), which
formed the side walls, and a 0.3 cm thick quartz
window, which formed the base. The result is a 2.5!
2.5!1.25 cm macrowell. A thin polydimethylsiloxane
(PDMS) gasket was placed between the two com-
ponents in order to form a leak-proof seal. The quartz
window was supported by a 0.6 cm aluminium plate,
with a central portion removed for optical access. Four
screws were used to secure the macrowell to the
aluminium plate. The aluminium plate had exterior
J. R. Soc. Interface (2008)
dimensions that allow for easy mounting onto the
microscope stage. A 0.3 cm piece of polycarbonate was
used to cap the macrowell during experiments to reduce
the evaporation of cell medium in the macrowell and
retain a 20% O2/5% CO2/N2 humidified atmosphere.
This can be removed to make additions or to wash the
cells with fresh medium, either of which can be
accomplished using a standard pipettor.
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2.3. Actuator system

An actuator system (AS) was developed in order to
diffusionally isolate the microwells within the LCA
(figure 1). The AS consisted of a piston mounted to a
manual actuator. For the piston, 0.6 cm stainless-steel
rods were tapered to approximately 3 mm in diameter
at one end. A thin piece of PDMS, also approximately
3 mm in diameter and 0.4 mm deep, was then attached
to the piston using a cyanoacrylate adhesive. A 3 mm!
3 mm!500 mm piece of borosilicate glass was then
attached to the PDMS. The PDMS was used as a
compliant layer to help ensure that the borosilicate
glass and the microwell chip were coplanar during the
sealing process. This system replaced the gold foil seal
described previously (Molter et al. 2008). Before
experimental use, the borosilicate glass lid of the piston
assembly was rinsed with 70% EtOH in H2O and then
with deionized water to remove any particulates or dust
that may have settled onto the lid. Cleaning the lid
helped to ensure an adequate seal and that no
contamination of the cells occurred.

The AS was developed in such a way that the
tapered end of the piston would constantly remain
coaxial to the microscope objective, ensuring that the
field of view for the user was also the same area to be
sealed. The vertical movement of the piston was
controlled using a precision linear stage, a lead screw
and a hand crank, keeping the necessary components
coaxial. A load cell (Cooper Instruments and Systems,
Warrenton, VA, USA; LPM 510 25 lb and DCM 490)
was placed within the AS to allow for real-time
measurements of the force being applied. The load
cell was connected to an input–output box (I/O Tech,
Cleveland, OH, USA; DAQTEMP 14A), which was
interfaced through a computer via I/O Tech DAQVIEW

software. The force that was applied was also recorded.
As can be seen in figure 2, the AS was secured to the
microscope platform, which allowed for up to 6.8 kg of
force with this system to be used when diffusionally
isolating the microwells.
2.4. Temperature control

All oxygen consumption experiments were performed at
378C on a Zeiss 510 META Laser Scanning Microscope
(LSM; Zeiss, Thornwood, NY, USA). The temperature
was maintained by using an in-house developed heating
unit. A polycarbonate box was made to surround the
microscope on all sides, with carefully located access
ports that could be opened and closed to allow full access
to the microscope and all other components located
within the enclosed system (figure 2). The heat was
provided by three heater elements (Omega Engineering,
Stamford, CT, USA; Omegalux CIR-1040/120V), with
each individual element coupled to a standard computer
fan. The fan–heater modules were strategically placed
inside the enclosure to allow for optimal heating and heat
distribution. Themodules were attached to the enclosure
by a PDMS union, which greatly reduced the vibrations
from the fans and increased the clarity of the images
acquired by the LSM.
J. R. Soc. Interface (2008)
Theheaterswere controlled byanOmega temperature
controller (Omega Engineering; CN8241-DC1). The
temperature controller is set to a target temperature of
378C.A thermocouple connected to the controller closes a
feedback loop using a standard proportional–integral–
derivative (PID) controller (figure 2). The temperature
stability of the environmental chamber was monitored
using up to 12 thermocouples. After temperature
equilibration was reached (approx. 30 min), the mon-
itored temperature had a standard deviation of 0.118C
over a period of 12 hours.
2.5. Cell line and growth conditions

The macrophage-like cell line RAW 267.4 was acquired
from the American Type Culture Collection. Cells were
cultured at 378C under 5% CO2 in Dulbecco’s minimal
essential medium (DMEM: Gibco BRL, Carlsbad, CA,
USA) supplemented with 10% FBS, 5 mM HEPES,
0.2 mg mlK1

L-glutamine, 0.05 mM b-mercaptoethanol,
50 mg mlK1 gentamicin sulphate and 10 000 U mlK1

penicillin and streptomycin (Fink & Cookson 2006).
2.6. Dyes and cell seeding

Cell deposition by random seeding was used to deposit
approximately one cell per microwell. Borosilicate
chips were placed into 24-well tissue culture grade
polystyrene plates (353047, BD Biosciences, San Jose,
CA, USA). Approximately 1!104 cells in a 1 ml aliquot
of culture medium were seeded into the wells, and the
plates were incubated overnight at 378C. Calcein AM
(lexZ494 nm, l emZ517 nm, C1430, Invitrogen) and
SYTOX orange (l exZ547 nm, l emZ570 nm, S11368,
Invitrogen) were selected as the live and dead cell
stains, respectively. Calcein AM was excited with a
488 nm argon laser and detected in channel 2 of the
LSM. SYTOX orange was excited via a 543 nm helium–
neon laser and detected in channel 3 of the LSM.
2.7. Data acquisition

Detailed descriptions of the data acquisition and sensor
calibration have been previously reported (Molter
et al. 2008). The excitation and emission maxima for
the Pt-porphyrin are approximately 390 and 650 nm,
respectively. In order to determine the oxygen concen-
tration within a microwell, a phase modulation
technique was established (Molter et al. 2008). A
gated 405 nm diode laser (PPMT LD1539, Power
Technology, Inc., Alexander, AR, USA) coupled to
the rear port of the microscope was used to excite
the oxygen sensor. An ICCD camera (Andor iStar
DH734-18F, Andor Technology, South Windsor, CT,
USA) connected to the base port of the microscope was
used to collect the emission signal. A 585 nm long-pass
filter was used to remove any reflected excitation
signal from the data collection. The appropriate
timing for both the laser and camera was achieved
by connecting each element by a coaxial connector
to a pulse–delay generator (BNC 555, Berkeley
Nucleonics Corporation, San Rafael, CA, USA). An
arbitrary function generator (AFG310, Tektronix, Inc.,
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Irvine, CA,USA)was used to trigger the delay generator,
ensuring the correct timing for signal generation and
data collection. Standard blood gas calibration cylinders
of 0, 10 and 20% O2, with 5% CO2 and N2 balance, were
used to calibrate the oxygen sensor.
2.8. Oxygen consumption experiments

The heating unit, laser, LSM and ICCD camera were
initiated and the desired piston was secured into the AS
and allowed to equilibrate to 378C. During the system
equilibration, 4 ml of cell culture medium was injected
into the macrowell chamber and was placed within the
microscope enclosure. After equilibration was achieved,
a previously seeded chip was placed into the LCA and
Calcein AM and SYTOX orange were added. The
LCA was covered and a humidified 20% O2/5%
CO2/N2-balance gas line was inserted into the LCA,
gently bathing the media. The entire systemwas allowed
to equilibrate for at least 30 min before any measure-
ments were taken. The ICCD camera was set to a 10!10
pixel bin size for all oxygen consumption experiments.

After the equilibration, a 3!3 section of microwells
was chosen for observation by manually centring the
array within the field of view of a 10! objective using a
mechanical x–y stage. The piston lid was lowered until
a steady 6.8 kg force was reported by the load cell. The
seal was optically verified (see below), the microwell
array of interest was imaged with the LSM, the
previously developed ANDOR basic software (Molter
et al. 2008) was then initiated and the oxygen
concentration monitoring began. After the oxygen
consumption experiment was completed, a final LSM
image was acquired to verify the location of cells within
the microwells as well as to quantify the number of live
cells that contributed to the oxygen consumption. After
the LSM image was acquired, the piston assembly was
raised until the microwells were completely unsealed
yet with the borosilicate seal kept in solution to avoid
drying and subsequent crystallization of medium on
the sealing surface. Once the piston was raised, the
next region of interest was selected and the oxygen
consumption measurement process was repeated. The
oxygen consumption measurements on both 3!3
microwell arrays were repeated four times.
2.9. Seal confirmation

In order for the oxygen consumption data to be verified,
it was imperative to prove that the AS does indeed
diffusionally isolate each microwell within the LCA.
Microwell leak tests were carried out both visually and
experimentally. During experimental seal verification,
microwells submerged in water containing 20% ambi-
ent oxygen were sealed with the AS (figure 3). The
water outside of the sealed wells was then equilibrated
to 0% oxygen and the oxygen concentration inside the
sealed wells was monitored over time to observe any
change in the sealed microwells from the original 20%
oxygen level. The oxygen concentration was monitored
for the same duration as a full oxygen consumption
experiment, approximately 15 min. During visual seal
verification, the glass–glass interface between the
J. R. Soc. Interface (2008)
microwell lips and the AS lid was imaged using an
argon laser (488 nm) on the LSM (figure 4). Concentric
line patterns were observed around the microwells
when the system was sealed. The lines are created by
constructive and destructive interference of laser light
reflecting off the chip and lid surface boundaries, similar
to what is observed for Newton’s rings (Cloud 2003). A
highly symmetrical pattern was observed when uniform
sealing of the microwells was achieved, with poor
sealing indicated by an asymmetrical pattern.
3. RESULTS AND DISCUSSION

3.1. System characterization

In order to improve system performance and validate
the system and the oxygen sensor, a systematic analysis
of several variables was performed on the Andor iStar
ICCD, the excitation source and the microscope. The
parameters analysed for the ICCD include the effects of
the thermoelectric cooler, the pixel bin size, the system
gain, inherent delays within the Andor system, the
number of accumulations at each step within a kinetic
series and the operating frequency of the system. The
location of the microwells within the field of excitation
and the focus plane of the microscope were also
examined. The stability of the 405 nm diode laser
used as the excitation source was also investigated.
Finally, the long-term stability of the oxygen concen-
tration determination was studied. Sixty successive
measurements of the same sensors had an average
coefficient of variance of 3.2%, and for similar measure-
ments carried out on different days it was 3.3%. The
results of all of these analyses allowed for dramatic
improvement of the experimental parameters required
for phosphorescence monitoring and led to the develop-
ment of the final method, which is detailed in §2.
3.2. System calibration

As described in §2.7, standard blood gas calibration
cylinders of 0, 10 and 20% O2, with 5% CO2 and N2

balance, were used to calibrate the system. As reported
previously, an excellent correlation was observed using
a modified Stern–Volmer equation that accounts for
multiple fluorescing regions within the oxygen-sensitive
microspheres (Molter et al. 2008).
3.3. Seal confirmation

As described previously, microwells were visually
confirmed to be sealed by observing whether concentric
line patterns were created when the glass–glass interface
between the microwell lips and the AS lid was imaged
using an argon laser (488 nm) on the LSM (figure 4).

A dirty glass lid, uneven positioning of the PDMS
conformal layer, residual gold from the photolitho-
graphic process on the well lips and excess cellular
debris were observed to be the most common causes for
inadequate sealing.

In addition to visual seal test confirmation, experi-
mental seal testing was conducted by sealing water at
20% oxygen inside the microwells, equilibrating the
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Figure 4. (a) An LSM image of unsealed microwells showing the presence of the deposited Pt-porphyrin microspheres and healthy
mouse macrophage stained with Calcein AM live stain in green. (b) An LSM image of sealed microwells showing the deposited
sensors and the seeded macrophages. The symmetric wavy lines are indicative of an adequately sealed system.
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surrounding water to 0% oxygen and observing any
change in the oxygen inside the sealed microwells. As
shown in figure 3, the oxygen concentration during
these seal tests remained virtually constant over the
14 min duration of this experiment, with an average
standard deviation of 0.40 ppm for each well measured.
In cases in which the microwells were not sealed, the
reported oxygen concentration quickly approached
0 ppm (data not shown).
3.4. Repeatability of oxygen consumption results

The system as described above was used to measure
oxygen consumption of cells in themicrowell arrays. Two
array locations on one chip were measured, for a total of
18 wells, 9 with no cells, 6 with one cell and 3 with two
cells. Repeatability was tested by carrying out oxygen
consumption experiments with four sequential measure-
ments of each cell. As shown in figure 5 and table 1, it was
possible to measure oxygen consumption on wells with
single cells. The replicate measurements showed good
reproducibility, with standard deviations in most cases
being within 30% of the average (table 1). In addition, no
J. R. Soc. Interface (2008)
trends were consistently observed in the rates measured
in the subsequent oxygen consumption measurements of
the same cells, suggesting that the measurement itself
does not significantly affect the oxygen consumption rate,
either positively (stimulatory) or negatively (inhibitory).
3.5. Oxygen consumption rate measurement
correlations with cell number

The 72 measurements shown in table 1 were plotted
against the number of cells. An excellent correlation
between the determined slope and the corresponding
number of cells within the respective microwell (0, 1
or 2) was observed (figure 6). These results further
validate the system for single-cell oxygen consumption
measurements. A comparison of the results from the
two array locations shows that they were similar to
each other, within the standard deviation of the
measurements (tables 1 and 2). This result is significant
and suggests that this system can be used to compare
single-cell respiration rates of a large number of single
cells in multiple arrays. Although other methods are
not available to test these results at the single-cell level,
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Table 2. Oxygen consumption rate comparison.

no. of cells 0 1 2 2/2a

averageb 0.016 0.069 0.139 0.070
s.d. 0.020 0.020 0.033 0.017

aDivided by 2 to normalize to one cell.
b ppm minK1.

Table 1. Repetitive oxygen consumption experiments for arrays 1 and 2.

array microwell no. of cells rate 1a rate 2a rate 3a rate 4a averagea s.d.

1 1 2 0.161 0.153 0.138 0.113 0.141 0.021
2 0 0.019 0.010 0.006 K0.019 0.004 0.016
3 0 0.050 0.063 0.026 0.020 0.040 0.020
4 1 0.067 0.074 0.055 0.078 0.068 0.010
5 0 0.007 0.042 K0.024 0.041 0.016 0.031
6 0 0.011 0.003 K0.005 0.017 0.006 0.009
7 1 0.086 0.086 0.062 0.067 0.075 0.013
8 0 0.012 0.018 0.010 0.014 0.014 0.003
9 2 0.104 0.123 0.111 0.100 0.110 0.010

2 1 1 0.071 0.070 0.057 0.059 0.064 0.007
2 0 K0.003 0.019 0.055 0.002 0.018 0.026
3 2 0.212 0.177 0.129 0.150 0.167 0.036
4 1 0.090 0.072 0.094 0.046 0.075 0.022
5 0 0.018 0.014 0.024 0.014 0.018 0.005
6 0 0.003 0.006 K0.017 0.049 0.010 0.028
7 1 0.052 0.018 0.055 0.082 0.052 0.026
8 0 0.030 0.025 0.031 K0.017 0.017 0.023
9 1 0.125 0.063 0.058 0.065 0.078 0.031

a ppm minK1.
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bulk oxygen consumption rate measurements have been
previously validated with a Clark electrode (Strovas
et al. 2006).

As can be seen from figure 6, a small rate of oxygen
consumption isobserved in theabsenceof cells.This isnot
due to leaks, but is an inherent property of the sensor
beads and has been referred to as the induction effect
(Hicks et al. 1988; Sinaasappel & Ince 1996; Liu &
Sullivan 2004). This induction effect can limit the
usefulness of the approach, if high light intensities are
used (Mitra & Foster 2000). In this test light intensities
were kept to aminimum.Although the average induction
rate is lower than the average of single cells, significant
overlap occurs with about half of the measurements.
Therefore, comparing rates of individual cells with each
other requires high numbers of measurements. Further
modifications, suchasdecreasing thevolumeof thewell or
using different formulations of the porphyrin sensor, to
increase the difference between the zero-cell and single-
cell measurements will increase the applicability and
usability of this system for heterogeneity assessments of
single-cell and bulk-cell populations.
J. R. Soc. Interface (2008)
4. CONCLUSIONS

The development and application of a system capable
of monitoring the respiration rates from multiple
diffusionally isolated single cells were shown. Sealing
of the microwells can be quickly determined, thus little
experimental time is lost due to improper seals. Using
the automation of the LSM, multiple arrays of cells
could be investigated in a short period of time,
increasing the overall throughput of the system. The
system was made even more robust by the in-house
development of the LCA and AS, both of which easily
allow for the insertion of new seals and new sets of
seeded microwell arrays. The oxygen-sensitive charac-
teristics of Pt-porphyrin-embedded 1 mm polystyrene
microspheres were used to monitor the local oxygen
concentration over time using a previously developed
phase modulation technique (Molter et al. 2008). Using
this technique and the CIS, multiple oxygen consump-
tion experiments were carried out on the same set of
cells with a high level of reproducibility.

Thedevelopment of this single-cell observation system
has allowed for non-invasive reproducible measurements
of oxygen consumption rates in individual cells in real
time. The ability to reproducibly measure physiological
parameters such as oxygen consumption rates in single
cells opens up a new line of enquiry into the relationship
of pre-existing physiological state with cellular response.
At the Microscale Life Sciences Center (MLSC), we are
currently studying heterogeneity in inflammatory cell
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death pathways (Fink & Cookson 2005) and in cancer
progression, in Barrett’s oesophagus (Maley et al. 2006).
By assessing physiological state and correlating thatwith
the type of response obtained to a stimulus, either a death
stimulus or a known risk factor, it may be possible to
identify new targets for diagnostics and therapeutic
agents, as well as new insights into disease pathways
that are currently obscured by data obtained with
bulk cultures.

The authors would like to thank Dr Shih-hui Chao for his
helpful discussions. This work was supported by a grant from
the Centers of Excellence in Genomic Science (CEGS), the
MLSC, NIH National Human Genome Research Institute
(NHGRI; P50 HG 002360).
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