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ABSTRACT   

We have developed a fully automated platform for multiparameter characterization of physiological response of 
individual and small numbers of interacting cells. The platform allows for minimally invasive monitoring of cell 
phenotypes while administering a variety of physiological insults and stimuli by means of precisely controlled 
microfluidic subsystems. It features the capability to integrate a variety of sensitive intra- and extra-cellular fluorescent 
probes for monitoring minute intra- and extra-cellular physiological changes.  The platform allows for performance of 
other, post– measurement analyses of individual cells such as transcriptomics. 

Our method is based on the measurement of extracellular metabolite concentrations in hermetically sealed ~200-pL 
microchambers, each containing a single cell or a small number of cells. The major components of the system are a) a 
confocal laser scan head to excite and detect with single photon sensitivity the emitted photons from sensors; b) a 
microfluidic cassette to confine and incubate individual cells, providing for dynamic application of external stimuli, and 
c) an integration module consisting of software and hardware for automated cassette manipulation, environmental 
control and data collection. The custom-built confocal scan head allows for fluorescence intensity detection with high 
sensitivity and spatial confinement of the excitation light to individual pixels of the sensor area, thus minimizing any 
phototoxic effects. The platform is designed to permit incorporation of multiple optical sensors for simultaneous 
detection of various metabolites of interest. The modular detector structure allows for several imaging modalities, 
including high resolution intracellular probe imaging and extracellular sensor readout. The integrated system allows for 
simulation of physiologically relevant microenvironmental stimuli and simultaneous measurement of the elicited 
phenotypes. We present details of system design, system characterization and metabolic response analysis of individual 
eukaryotic cells. 

 Keywords: Single cell analysis, cell-cell interaction, microsensors, automated single cell systems, hypoxia, 
microfluidics, eukaryotic cells, and transmembrane flux measurements 

1. INTRODUCTION  
Current technologies permit biological experiments to be performed on populations of cells. These measurements 
provide results averaged over the cell population. Such results do not provide in-depth knowledge of the individual cell 
behavior or population heterogeneity, which might hold the key to understanding various diseases like cancer and 
stroke1-2. Recent interest in characterizing and understanding intrinsic intercellular heterogeneity has led to a focused 
thrust in developing technologies tailored for analysis of single cells4-8. Such analyses include characterization of oxygen 
consumption rate, an indicator of cellular metabolism, and pH changes, an indicator of cellular microenvironment 
changes. A microenvironmental change such as oxygen deficiency, termed hypoxia, is a consistent feature of solid 
tumors9-10. It is understood that not all cells within a tumor experience the same level of oxygenation. Such signatures 
along with pH changes within tumors are considered hallmarks of malignancy9-10. Cancers including esophageal 
adenocarcinoma experience repetitive pH changes, perhaps a key factor in disease progression11-12. In order to 
understand the effects of environmental perturbations on cell function, a complete phenotype including oxygen 
consumption rates and pH changes needs to be quantified. Various systems have been recently reported for measurement 
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of a single variable such as oxygen consumption rate using microfluidic devices involving oil droplet sealing8 or glass on 
glass sealing3-4. Our core technology to achieve hermetic sealing is based on glass on glass contact, and provides the 
flexibility for multiparameter monitoring. Similar systems have been reported, but they do not address monitoring at the 
single-cell level13. Toward the goal of single-cell multiparameter analysis, microsensors with high sensitivity to measure 
changes at single cell level5, microfabricated devices for single cell confinement6 and piezoelectric dispenser for single 
cell micromanipulation7 have been reported.  

Here we present preliminary results of development and characterization of a system designed to analyze cell function at 
the single-cell level, with a capability to introduce environmental perturbants. The system features on-chip, precise 
control of a cell’s microenvironment, real-time stimulus introduction capability, and single cell phenotype analysis. The 
platform consists of a confocal laser scan head with a linear 32–channel photomultiplier tube (PMT) detector for high-
sensitivity, multispectral detection, and an automated cassette manipulation system with microfluidic assembly for 
stimulus application. We present single-cell phenotype characterization results from immortalized human esophageal 
epithelial cell lines. Applications for this technology include cell genotype-phenotype relationship and heterogeneity 
studies, cell-cell interaction studies, tissue engineering and elucidation of disease mechanisms. 

2. AUTOMATED PLATFORM - DESCRIPTION 
The primary goals of the automated system are 1) ability to deliver multiplexed physiological stimuli or insults; 2) ability 
to achieve hermetic seals around microwells containing single, isolated cells; 3) to provide the ability to perform 
multiparameter physiological measurements at the single-cell level. Four subsystems function together to achieve these 
goals through hardware and software integration: 1) The manifold system connects fluidic ports in the cassette to the 
external fluidic system and grasps and drives the cassette across the platform to align a specific macrowell to the scanner 
optical path. 2) The piston system holds the lid array of microwells containing micro-optical sensors, and generates a 
hermetic seal by exerting force after placing the lid on top of the microwells with cells. 3) The pump system routes 
multiplexed microfluidic stimuli to the specified macrowell within the cassette. 4) The optical system excites the sensor 
deposited in the lids and monitors emission for physiological analysis. These four subsystems are mounted into a rigid 
metallic frame and surrounded by a thermally controlled enclosure as shown in Figure 1.1. The integrated system is 
controlled by a custom designed LabVIEW GUI (National Instruments, Austin, TX).  

2.1 Cassette subsystem 

The primary function of the cassette is to route fluid to microwells etched in a fused silica glass substrate. The glass 
substrate is glued to the cassette that has the fluidic routing capability as shown in Figure 1.2. The cassette along with the 
glass substrate with microwells forms the microfluidic device through which the rest of the automation platform 
interfaces with the microwells. The cassette interfaces with the manifold, a mechanism to connect the fluid ports. The 
manifold is mounted to a robotic, three-axis stage to traverse the cassette around the automation platform.  The cassette 
also interfaces with the piston, a mechanism that carries a microfabricated lid to provide a hermetic seal when aligned, 
placed and pressurized over the top of the microwells containing cells.  

The cassette is fabricated by several separate processes.  The bulk of the cassette consists of injection molded 
polystyrene, which forms two halves of the 2 ½” x 1 ½” x 5/16” device as shown in Figure 1.2. The two cassette halves 
are bonded together using solvent release adhesive (Weld-On #3), forming the microfluidic channels.  The microwells 
are etched into a fused silica glass substrate using microfabrication techniques as previously reported6.  The substrate is 
then bonded to the cassette assembly with epoxy. Finally, a 1/32” expanded foam (86375k131, McMaster-Carr, Santa Fe 
Springs, CA) fluidic gasket, with a layer of pressure sensitive adhesive (1151, 3M Corp., St. Paul, MN) bonded to one 
side, and is then cut into the final shape using a CO2 laser cutting machine.  The gasket is bonded into the cassette groove 
using pressure sensitive adhesive, finalizing cassette assembly. The cassette is sterilized by flushing bleach through the 
channels, rinsing with several passages of DI water, and plasma cleaned for 45 minutes. The cassette is then kept under 
UV light until use. The channels interfaced to the cassette manifold allow for the exchange of fluid in the four square 
macrowells of the cassette as shown in Figure 1.2.b. Fluid is pumped in through a lower channel, and a vacuum is 
applied to a port half-way up the back face of each macrowell through the split line. The result is a volume of fluid in the 
macrowell that varies between 400-450 µL, resulting from the aspirating action of the applied vacuum. A complete 
exchange of the fluid in the macrowell can be achieved as quickly as 60 seconds, or slower depending on the flow rate of 
the pump. Two additional geometrical features were added to the cassette for mechanical functionality.  Spacer pads 
were added to the underside of the cassette to maintain planarity about the bonded glass substrate as shown in 1.3.b.  
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Gripper notches located on the sides of the cassette allow for positioning and capture of the cassette by the manifold, the 
mechanics of which will be described later. 

2.2 Manifold subsystem 

The manifold system links the cassette to the rest of the platform. It allows precise movement of the cassette around the 
platform by means of three axes of motorized, robotic motion. It connects the microfluidic channels on the cassette to the 
external microfluidic circuit to allow stimuli delivery to the macrowells. The manifold assembly is traversed about the 
platform using three motors Xm, Ym, Zm. The Xm and Ym motors are integrated with linear stages (SM1720M, Animatics 
Inc, Santa Clara, CA) and provide 6 inches of travel along the two horizontal axes.  The stages provide a linear resolution 
of 0.5 µm/step and can move at rates up to 100 mm/sec.  The Zm motor is a rotary stepper motor (36440-05, Haydon 
Switch and Instrument, Waterbury, CT) coupled to a linear stage via a rack and pinion and gear-down setup resulting in 
150 µm/step resolution. Cassette gripping is achieved by a rotary motor Gm (333297, Maxon motor, Fall River, MA) 

driving two racks simultaneously.  Figure 1.3.a shows a front view of the manifold subsystem.  The racks are connected 
to counter acting tangs that have three facets.  These three facets initially isolate the cassette in the X-Y axis, then grab 
the cassette and lift it up, engaging it into the horizontal fluidic face of the manifold.  By performing a single rotary 
motion we can obtain three axes of confinement and a fluid seal. A fluid selection block along with valves is attached to 
the manifold, providing the routing of the input fluid into the selected macrowells as shown in Figure 1.3.b. This is 
accomplished by the actuation of miniature three-way valves (LHDA2423111H, Lee Company, Westbrook, CT).  An 

Figure 1.1 Integrated platform 

Figure 1.3 Fluidic routing sub-assembly Figure 1.4 Cassette sub-assembly 

 
 

Figure 1. Integrated platform and its sub-assemblies 

Figure 1.3. Manifold subsystem Figure 1.4. Fluid delivery subsystem 

Figure 1.1. Automated cell analysis platform Figure 1.2. Cassette subsystem 
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additional valve on the separation block allows for by-passing of fluid so as not to introduce unwanted stimuli into the 
macrowell. 

2.3 Fluidic subsystem 

The ability to select from up to eight different fluid reagents is incorporated into the overall system through the pumping 
subsystem.  The pumping subsystem uses a peristaltic pump (WPX1, Welco Company, Tokyo, Japan) that can move 
fluids up to 5.4 mL/min.  The pump draws fluid from the fluid selection block which, through a configuration of eight 
three-way valves, selects the desired fluid from a series of reservoirs, Figure 1.4. The peristaltic pump delivers the fluid 
to the fluid selection block on the manifold.  The fluid is driven through the desired macrowell in the cassette and the 
vacuum pulls the excess out of the macrowell and through the manifold to waste.   

2.4 Piston subsystem 

A diffusion limited hermetic seal surrounding a single cell is necessary to measure oxygen consumption rates. It has been 
shown that such a seal can be achieved by placing and pressurizing a glass substrate on top of microwells containing 
cells3-4. The oxygen sensor and the cells are co-located in the same sealed microwell. Such proximity of the sensor to the 
cell might pose risks associated with the chemical toxicity and/or phototoxicity of the sensor that may interfere with 
normal cell function. To minimize proximity effects we conceived and implemented a “lid-on-top” architecture for the 
microchamber. In this configuration, the sensor is deposited in micropockets in the top part of the microchamber (“lid”), 

while the cell resides in a 
microwell on the bottom 
substrate as shown in Figure 
2.a. The microwells are 50 µm 
in diameter and 20 µm deep, 
whereas the lipped lid is 80 µm 
in diameter and 20 µm deep. 
Detailed design and 
microfabrication methodologies 
have been reported previously6.  

The lid array is attached to the 
piston by polydimethylsiloxane 
(PDMS) or a commercially 
available double-sided adhesive 
tape (3M Scotch tape). The 
primary function of the piston 
assembly is to apply a known 
force on the glass lid to 
hermetically seal the 
microwells. This layer acts as a 
compliance layer on the lid and 

uniformly distributes the force exerted by the piston on the lid surface as shown in Figure 2.a. The piston is lowered 
while aligning the lid array to the microwell array based on visual feedback. The lid array under the force imparted by 
the piston is sufficient to hermetically seal the array of cell-containing microwells. 

To monitor and assure that a repeatable pressure is applied, a load cell (LPM-510-25, Cooper Instruments, Warrenton, 
VA) is inserted in series with the piston and the screw-drive linear actuator (28L47-05-009, Haydon switch and 
instrument, Waterbury, CT).  The piston linear motor Zp can apply 12 lbs of force at the lid to microwell substrate 
interface as shown in Figure 2.b. In order to align the microwells with the corresponding features on the lid, a small 
rotary motor θp (270977, Maxon, Fall River, MA) is coupled to the piston.  Sub-degree control allows for precise 
angular alignment of the two sets of features. Translation of the piston carriage assembly along the Xp and Yp axes is 
accomplished by two linear stage assemblies. The Yp is the same stage as used in the manifold XY motion (SM1720M, 
Animatics Inc, Santa Clara, CA), which eased programming with other downstream interfaces.  Because the Xp stage 
required smaller translation distances of approximately 0.5-inch travel with a 0.2-µm minimum step distance, a stepper 
motor (CMA-12CCCL, Newport Inst., Santa Clara, CA) was chosen for this purpose. To ensure that the piston assembly 

 
Figure 2. Hermetic seal generation 
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remained rigid and did not deflect when the lid force acted on the stage plate, a set of anti-rotation and anti-deflection 
pads were installed.   

2.5 Optical subsystem 

The heart of the automation platform for multiparameter analysis is the optical subsystem. This custom-designed 
microscope, built in our lab, has the capability to launch multiple excitation wavelengths and employs a confocal 
scanning method to read multiple optical probes as shown in Figure 3.a. Three diode pumped solid state lasers with 
emission wavelengths centered at 405 nm, 488 nm and 532 nm are used as excitation sources. Excitation wavelength is 
selected by means of an acousto-optical filter (AOTF, AOTF.nC, EOPC, Glendale, NY). The excitation light is spatially 
filtered by lens (L1), pinhole (PH1) and re-collimated with lens (L2). The beam is coupled into a single mode fiber via 
lens (L3). The excitation light is directed to a dichroic beamsplitter (BS) that reflects the excitation photons onto a set of 
galvanometric scan mirrors (XY, 6210H, Cambridge Technology, Lexington, MA) in the conjugate plane of the back 
aperture of the objective lens (OL, 10x 0.45 NA PlanApo, Nikon, Melville, NY). The scan lens (L4) relays the angular 
deflection of the excitation beam onto the conjugate image plane of the objective lens and is projected via the tube lens 
(L5) and the objective lens onto the focal plane of the microscope, where the sample under test is placed. Emitted light is 

collected via the same microscope objective lens and directed back onto the scan mirrors to be de-scanned. The emission 
light passes an excitation block filter (EF) and a confocal pinhole (PH2). Emission photons are dispersed by a blazed 
grating (DG2) before reaching the spectral detector (PMT), a multianode 32-PMT linear array (H7260-20, Hamamatsu 
Co., Bridgewater, NJ). To allow for angle of incidence adjustments, the diffraction grating is mounted on a motorized 
rotational stage. A cylindrical lens (CL) is used to focus the emitted light onto the PMT. The control and data acquisition 
electronics are synchronized using custom software based on LabVIEW 8.6 package (National Instruments, Austin, TX) 
as shown in Figure 3.b. The scan mirrors are controlled via a servo driver amplifier (67321H-1, Cambridge Technology) 
and a digital/analog data acquisition card (PCI-6255, National Instruments). The PMT readout and synchronization was 
accomplished using a high-speed PMT data acquisition module (IQSP580M, Vertilon Corporation, Westford, MA).  

2.6 Automation platform: software architecture overview 

The software architecture incorporates an object oriented programming (OOP) design to exploit inherent benefits such as 
class inheritance, polymorphism, and encapsulation which lends itself to scalable and reusable code modularization. The 
automation platform system software was developed as a .NET object library that implements all the system’s control 
and automation requirements. An overview of the software architecture is depicted in Figure 4.  

The system software library is able to access objects from other libraries that have been developed for general laboratory 
instrument control and automation, taking advantage of the concept of code reuse. The system software utilizes the 
general use laboratory libraries to communicate with and control the automation platform’s hardware interface devices: 
the National Instruments (NI) data acquisition (Daq) device, and the 8X1 serial port to USB converter. These devices 

Figure 3. Optical subsystem 
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were used to interface with the programmable devices on the automation platform including stage controllers, valves and 
pumps. 

The platform is run by a simple user interface application that ‘plugs in’ to the system software’s application 
programming interface (API), enabling the application to send commands to the system software to execute control and 
automation routines and monitor system status. The only constraint on the user interface application is that it needs to be 
written in a language that is ‘.NET aware’ (able to communicate with .NET objects), which virtually all modern 
languages such as C#, C++, Visual Basic, Python, LabVIEW, and PERL are. The engineering interface we are currently 
using was developed in LabVIEW 8.6. The system software is implemented as a publicly accessible object that uses its 

API to expose various objects and encapsulate the required specifications for subsystems’ control and automation. In 
addition, the object also exposes system level functions through its API that are required for system automation like 
initialization and startup routines, coordinated homing routines, exception handling, valve bank control, and graceful exit 
and shutdown procedures. The platform object is driven by an internal state machine to conduct proper operation of the 
platform and to ensure that, when it is in a particular state, only valid operations for that state are executed. 

2.7 Sub-assembly controller 

The piston subsystem controller and manifold subsystem controller objects inherit from the same abstract base class: 
Planar3DMotionController. This base class implements all the common functionality required for plane based, three-axis 
motion controllers, thus providing code reuse for the majority of the motion control required for the piston and manifold 
subsystems. This class uses the stage controller library to address three stage controller objects that control X, Y and Z 
axis motion. These stage controller objects themselves are derived from an abstract base class that implements all the 
common functionality required for a single axis motion controller. The majority of the code for implementing a stage 
controller resides in the base class. Indeed, the only code that needs to be developed when implementing a derived stage 
controller of a specific type is the device specific protocol for sending commands to, and receiving responses from the 
device. By addressing the X, Y and Z axis stage controller objects, Planar3DMotionController provides several methods 
of motion control. Some of these include incremental moves in all three axes, direct position moves in all three axes, 

 
 

Figure 4. Software architecture overview
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movement to a stored plane position (X, Y), movement to a stored Z axis position, and execution of stored motion 
trajectories etc. The Planar3DMotionController also allows for storing of location data to an xml file for later use. 
Configuration data required for operating Planar3DMotionController can be loaded from an xml configuration file and 
saved to a configuration file. Some of the more prominent configuration data is: stage controller calibration data, plane 
and Z axis default location data, and trajectory definition data. 

The Piston Subsystem controller is implemented as an object (CAPPistonController) whose interface is exposed through 
the Automation Platform’s API as shown in Figure 5. The primary purpose of this object is to allow control and 
automation of the piston’s motion, as well as provide a means of monitoring and controlling the force the piston exerts 
when it is brought in to contact with any part of the system. The piston controller is driven by an internal state machine 
to conduct proper operation of the controller, and to ensure that when it is in a particular state, only valid operations for 
that state are executed. CAPPistonController inherits a large part of its motion capability from 
Planar3DMotionController, but in addition to the motion control provided by its base class, the piston controller object 
also has motion automation methods of its own, such as automatic retrieval of piston tip, automatic discard of piston tip, 
automatic traversal to optical axis and lowering of tip to cassette. Another motion control function exposed by the piston 
controller interface is piston theta control. This allows precise rotation of the piston to provide lid to well alignment 
capability. The last major function of the piston control software is to provide a means of monitoring and controlling the 

contact force exerted by the piston. The piston controller object contains a force controller object (ForceController) that 
is exposed via the piston controller object’s interface. The force controller object’s interface allows the force to be 
monitored, zeroed, and regulated to a programmed set point. The force controller is able to monitor the force by reading 
the voltage generated by the load cell. When the force controller’s SetPoint property is set to a valid value, and its 
Enabled property is set to true, the force controller will send commands to the piston controller’s Z axis stage, based on 
the output from its force adjustment algorithm, to maintain a force equal to the programmed set point. The force 
adjustment algorithm receives feedback from the monitored force read by the Daq device.  

The Manifold Subsystem controller is implemented as an object (CAP Manifold Controller) whose interface is exposed 
through the Automation Platform’s API. The primary purpose of this object is to allow control and automation of the 

 
 

Figure 5. Standard UML class diagram: CAPPistonController class design and relationships 
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manifold’s motion, as well as provide a means of addressing and retrieving the cassette from the docking station, and 
discarding the cassette at the end of operation. The manifold controller is driven by an internal state machine to conduct 
proper operation of the controller, and to ensure that when it is in a particular state, only valid operations for that state are 
executed. CAPManifoldController inherits a large part of its motion capability from Planar3DMotionController, but in 
addition to the motion control provided by its base class, the manifold controller object also has motion automation 
methods of its own such as automatic retrieval of cassette, discard of cassette, positioning of the cassette at the optical 
axis and automatic positioning of selected macro and micro wells over the optical axis. Another motion control function 
implemented by the manifold controller object is the cassette gripper mechanism. This functionality is utilized in the 
automated cassette manipulation routines. The cassette gripper mechanism is also exposed by the manifold controller’s 
interface for direct, manual manipulation when desired.  

The pumping subsystem controller is implemented as an object (CAPFluidPump) whose interface is exposed through the 
automation platform’s API. The purpose of this object is to allow control and automation of the fluid pump. This is 
achieved by sending a control voltage to the fluid pump driver circuit via an analog output channel of the NI Daq device. 
The functionality exposed by the fluid pump object’s interface includes the ability to control the pump flow rate, as well 
as turn the pump on or off. The fluid handling subsystem controller is implemented by an object 
(CAPSolenoidVaveCollection) that encapsulates the functionality of a valve bank, which is controlled by the main 
AutomationPlatform object. The purpose of this object is to allow control and automation of the fluid selection process. 
This is achieved by sending control voltages to the system valve driver circuits via digital output channels of the NI Daq 
device.  

2.8 Automation platform system software interface 

As mentioned earlier in section 2.6, the automation platform object exposes an API that allows a client application to 
access the automation and control capabilities of the system software to run automated tests and experiments on the 
platform. The application could be described as a ‘thin client’, i.e. a simple application whose only task is to send the 
desired automation and control commands to the system software (based on the experiment or test being conducted), 
while monitoring the system status (using built in status monitoring functions available from the API).  

In order for the application to access the system software it needs to first create an instance of the automation platform 
object and then use its API to run initialization and startup routines to prepare the system for use. The API is used to get 
interfaces to the subsystems that require automation and control. The subsystem interfaces are then used to issue 
automation and control commands to the subsystems, as well as retrieve system status information. When the application 
is through with the automation platform, it needs to issue appropriate shutdown commands to properly shut down the 
system, and free up resources that were used by the software. The operational state machine represents a good model to 
follow for developing an application to control the automation platform. After successfully starting up the system 
software and transitioning to the ready state the system is ready for use. Upon receipt of the proper trigger from the user 
interface, the application transitions to the running state by starting a command processor thread that handles automation 
and command requests from the user interface; while simultaneously starting a status monitoring thread that 
independently retrieves system status information and displays it on the user interface. Since the system software code 
was written to be thread safe, this technique is preferred: Status information is retrieved independently of the main 
processing thread, regardless of what state it is in (even if it’s completely locked up or hung). Upon receiving the trigger 
to quit the application, the state machine transitions out of the running state and progresses through the shutdown 
sequence until it arrives at the shutdown state, when the application exits.  

The application is developed in LabVIEW and is being used to test and develop protocols for the automation platform. 
This is a versatile tool that, in addition to exposing the platform’s high level automation capabilities, also allows ‘low 
level’ access to the platform’s subsystems to manually control and manipulate various parts of the system, thereby 
facilitating protocol and process development and providing maximum flexibility in experimental procedures.  

3. AUTOMATED PLATFORM CHARACTERIZATION 
As described Section 2, the key goals of the system are 1) ability to deliver multiplexed fluidic stimuli 2) generate a 
hermetic seal by producing repeatable force exerted on the lid and 3) ability to perform multiparameter measurements. In 
this section we describe the performance of the automated integrated platform by measuring response of various optical 
probes to demonstrate the versatility of the optical subsystem, demonstrating the ability to deliver fluidic stimuli or 
insults to the macrowells, and measuring physiological parameters such as oxygen consumption profiles.  
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3.1 Materials and methods 

We used two optical probes, one for dissolved oxygen and another for pH measurements. Platinum porphyrin derivative, 
Pt(II) Octaethylporphine (PtOEP, Frontier Scientific, Logan, UT) was employed as the oxygen sensor and silicon 
octaethylporphine (SiOEP, Frontier Scientific, Logan, UT) as the reference luminophore. For deposition in the 
microwells we used 1 mg PtOEP (O2 sensor) and 1 mg SiOEP dissolved in 1 g of monomer ethyoxylated-(3)-
trimethylolpropane triacrylate (SR454, Sartomer, Exton, PA) solution containing 10 mg azobisisobutyronitrile (AIBN, 
Aldrich). AIBN was used as the thermal initiator of free radical polymerization of SR454. The mixture was sonicated 
until a homogenous solution was obtained and then stored at 4 °C until used. A naphthalimide derivative with a 
methacrylate unit (N-(2-methacryloyloxyethyl)-4-(4-methylpiperazine-1-yl)-1,8-naphthalimide, pHS1) was used as a pH 
probe. The probe was chemically immobilized into PHEMA (poly(2‐hydroxyethyl methacrylate) matrix for the pH 
sensing study. A pHS1 probe stock solution was prepared as follows:  1 mg of pHS1, 10 mg of AIBN, 800 mg of 
HEMA, 150 mg of acrylamide, and 50 mg SR454 was dissolved in 1 mL DMF to form a solution, which was stored at 4 
°C. For oxygen consumption measurements, we used immortalized human esophageal epithelial cell line (CP-A) derived 
from a metaplastic region in the Barrett’s esophagus14. The cells were grown at 37 °C, under 5% CO2 atmosphere  in cell 
culture flasks using GIBCO®  Keratinocyte SFM cell growth medium (Invitrogen, Carlsbad, CA), supplemented with 
hEGF (PeproTech, Rocky Hill, NJ) at 2.5 µg/500 mL, BPE(bovine pituitary extract) at 25 mg/500 mL and 
penicillin/streptomycin solution (Invitrogen) at 100 units/100 µg/mL. 

The oxygen sensor was deposited in lids using a non-contact piezoelectric liquid dispensing robot (au301, Aurigin 
Technology Inc, Phoenix, AZ). 100-200 pL of sensor material was deposited in each lid. After deposition the substrates 
were placed into a vacuum drying oven (DX400, Yamato, Santa Clara, CA) and thermally cured for 3 hr at 80 °C under 
nitrogen atmosphere (70 mmHg/0.01 MPa). For calibration of the oxygen sensor response to dissolved oxygen changes, 
the lid was attached to the piston as described in Section 2.4 and lowered into the cassette until it was submersed in the 
aqueous solution within the macrowell, but not in contact with the microwell substrate (not sealed). The cassette 
microfluidic routing allowed aqueous solution with different known concentrations of dissolved oxygen to be introduced 
into the macrowell. The aqueous solution was purged with known gas mixtures of O2 and N2 produced by volumetric 
mixing with a computer controlled gas manifold (MC10SLMP-D, Alicat Scientific, Tucson, AZ). The aqueous solution 
was purged for at least 20 minutes before measuring the optical response of the sensor. Similarly, for pH sensor response 
calibration, pH setpoints in a macrowell was changed using the pump, manifold and cassette subsystems. A buffer (BR 
buffer) with varying pH values was filled into flasks F1-F4 as shown in Figure 1.4. The pH sensor measurements were 
performed on the thin film sensor. The thin film sensor was lowered into the macrowell and various setpoint values of 
pH were flowed in. It takes approximately 1 minute for complete exchange of the fluid in the macrowell. The optical 
measurements were performed at least 1 minute after switching the buffer. 

For single-cell respiration measurements, prior to loading, cells were detached from the flask using 0.05% trypsin-EDTA 
solution and transferred to a Petri dish. The cells were loaded, one per microwell, using piezo-driven microcapillary fluid 
dispenser developed for single cell manipulation7. The loaded cells in microwells were incubated at 370 C with 5% CO2 
for approximately 20 hrs prior to analysis. The cassette with loaded cells was then used for oxygen consumption 
analysis. A lid array containing micro-optical oxygen sensors was placed on top of the microwells using the piston 
subsystem. The measurements were obtained by means of sensor imaging with the optical subassembly. The sensor was 
excited at 532 nm (CL532-050, Crystal Laser, Reno, NV) and the fluorescent emission collected by a 20X, NA 0.25 Plan 
Fluor objective lens through a 200 µm pinhole. The emitted intensity, a function of dissolved oxygen within the 
hermetically sealed microchamber, was monitored over time.  

3.2 Results and discussion 

Figure 6 shows the results of system characterization. Figure 6.1 shows a 512x512 pixel confocal fluorescence image of 
a pollen grain acquired with the scanner module using a solid-state CW laser operating at 406 nm as the excitation 
source. The image was taken using a 4X, NA 0.1 Plan Fluor objective lens. We were able to acquire spectrally resolved 
512x512 pixel images at a rate of ~1 frame per second. Figure 6.2. shows the response of the pH sensor to buffers of 
varying, known pH delivered through the manifold and pumping subsystems to the macrowells. For each change in pH 
value, a lag in response was observed, corresponding to the time it takes to completely turn over a macrowell’s contents. 
The data is obtained from seven different regions of interest in the field of view.  

Figure 6.3 shows the response of nine micro-optical oxygen sensors deposited in a 3x3 array of microwell lids. The first 
three minutes represent the response of sensor to air saturated DI water (21% oxygen). The second part (Time: 3-8 
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minutes) is the sensor’s response for aqueous solution purged with 100% N2 and 0% O2. These measurements were 
performed after purging the aqueous solution with known gas concentrations for at least 20 minutes. The measured 
intensities are the result of sensor quenching by oxygen5. The ratios between the intensities at 0% oxygen and 21% 
oxygen vary between 2.3 and 4.5 for the nine microwells characterized. This disparity stems from the difficulties 
encountered in delivering completely oxygen-free solution to the system, as elimination of diffused oxygen through 
tubing, cassette and other sources is almost impossible.  

At this point, the losses or diffusion of oxygen back into aqueous solution has not been measured. This loss can be 
measured using commercially available point Clarke electrodes. A detailed analysis of the cassette subsystem is planned 
as a future study. Figure 6.4 shows the oxygen consumption profiles of four individual cells hermetically sealed in 
microwells. The microwells were sealed by placing the lid array containing the oxygen sensors on top of the microwells 
and generating the seal by exerting a uniform force on the lid with the piston subsystem. The sensor array was imaged 
every 3.8 sec. The rate of oxygen consumption of single cells is on the order of fmol/min/cell, in accord with published 
measurements obtained using a manual cell analysis system3-4. This demonstrates that the automated platform is capable 
of measuring the oxygen consumption rates of single cells with the added capabilities of changing microenvironment, 
introducing stimuli and measuring multiple physiologically relevant parameters simultaneously. 

 
 

Figure 6. Characterization of various subsystems 

Figure 6.1. Image of pollen grain obtained 
through optical subsystem 

Figure 6.4. Oxygen consumption profiles of 
single cells 

Figure 6.3. Oxygen sensor response 

Figure 6.2. Response of pH sensor 
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4. CONCLUSIONS 
A novel system for metabolic characterization of single cells has been designed, developed and demonstrated. The 
system has the capabilities to administer selective, multiplexed microfluidic stimuli and perform multiparameter analysis 
using a spectrally resolved PMT detector. The functionality of the system was demonstrated by performing oxygen 
consumption measurements on single cells, delivering stimuli to the specified macrowells through a fluid delivery 
subsystem, and by characterizing pH and oxygen sensors by means of sensor imaging with a spectrally resolved confocal 
scan head. As our first effort to develop a platform for multiparameter analysis of confined single cells (or small 
populations of cells), we demonstrated a viable cell analysis system which can be improved and optimized. The 
subsystems presented are modular in nature enabling the design of specialized modules of the same basic architecture 
that can address co-culture phenotypic response of structured cell populations of different cell types, examination of 
fundamental cell signaling questions tied to chemotactic response to stimulus factors, and interrogation of inflammation 
mechanisms.  
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