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ABSTRACT OF THE DISSERTATION 

 
Biosensors for Mitochondrial Membrane Potential Analysis 

 
By 

 
Katayoun Zand 

 
Doctor of Philosophy in Electrical Engineering and Computer Science 

 
 University of California, Irvine, 2014 

 
Professor Peter Burke, Chair 

 
 
 

    New generation of biosensors based on nanofabrication techniques show great promise 

for clinical analysis, diagnosis of diseases and drug discovery. One of the areas in which 

development of new techniques and technologies is crucial is the field of analysis of 

individual sub-cellular organelles. Mitochondria not only produce cellular energy, they are 

also involved in cellular signaling and control the cell fate. Mitochondrial dysfunction is 

implicated in many human diseases; development of new technologies for mitochondrial 

analysis is essential to understanding the mechanism of these illnesses and finding a cure 

for them.  

During the course of this research, three different types of devices for analyzing 

mitochondria were designed, fabricated and characterized. First a miniaturized on-chip 

ion-selective device for mitochondrial membrane potential assays was developed. This 
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device facilitates mitochondrial evaluations when the available mitochondrial sample is 

very small and therefore commercial sensors cannot be used. The second device is a 

Nanofluidic platform to trap individual mitochondria and is extremely useful for 

fluorescence microscopy studies of different characteristics of individual mitochondria. 

Single mitochondrion membrane potential studies were demonstrated using this device.  

Finally, a novel method was developed for mitochondrial studies; this method is based on 

capacitive sensing of individual mitochondrion’s membrane potential using carbon 

nanotube transistors integrated into a microfluidic channel. Assays of mitochondrial 

membrane potential using the prototype device is presented and shows unprecedented 

temporal resolution compared to prior studies.  
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CHAPTER 1 :  INTRODUCTION 
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Mitochondria 

Mitochondria are semiautonomous organelles inside eukaryotic cells and are the main 

regulators of bioenergetics in a cell. Adenosine triphosphate (ATP), a nucleoside 

triphosphate, is produced by mitochondria and is responsible for transport of chemical energy 

within the cell. It is used by enzymes and proteins to energize different cellular processes.
1
 

Because of the major role of mitochondria in production of ATP, they are usually nicknamed 

as “the powerhouse of the cell”.  

Mitochondria have two phospholipid bilayer membranes (Figure 1.1). The outer 

membrane that encloses the organelle has numerous pores and is permeable to most 

molecules up to 5000 daltons. The inner membrane separates the intermembrane space from 

the protein-rich matrix. Most of the enzymatic machinery of ATP generation is located in the 

inner membrane. This membrane is compartmentalized and the folds are referred to as 

cristae. This morphology results in a high surface area and therefore more working space. 

Figure  1.1. Structure of a mitochondrion. 
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Unlike the outer membrane the inner membrane is permeable only to water and oxygen. 

Specific molecules can cross the membrane through sophisticated ion transporters.
2
  This 

impermeability isolates the matrix from the cytosolic environment chemically and 

electrically and is essential for conversion of energy from substrates to ATP.  Mitochondria 

retain their own genome, which allows the synthase of proteins essential for mitochondrial 

respiration. Mitochondrial DNA encodes only a small number of genes compared to the 

nucleus DNA. 

Mitochondria are involved in other processes such as fatty acid synthesis, regulation of 

cellular Ca
+2 

concentration, 
3
 and cellular signaling pathways.

4
  Mitochondria affect the 

cellular signaling in two ways: by serving as a platform on which protein-protein interactions 

occur, and by adjusting the concentration of intracellular signaling molecules such as Ca
+2

 

and ROS (reactive oxygen species).
3
 Calcium ions are important signaling molecules and are 

involved in a variety of physiological roles such as muscle contraction and neuronal 

transmission. Mitochondria influence the interacellular calcium concentration by 

sequestering Ca
+2

 from the cytosol through a channel in the inner membrane known as the 

mitochondria calcium uniporter or releasing Ca
+2 

into cytosol though ion exchangers NCX 

and HCX that exchange calcium ions with Na
+
 and H

+
 respectively.

5
 

Mitochondria control the fate of the cell through a process known as apoptosis or 

programmed cell death. Cells can commit suicide by activating an intracellular death 

program. In adult tissue the cell death rate should exactly balance the cell division, otherwise 

the tissue will grow or shrink.
6
 The intracellular death pathway is triggered by factors such as 

toxic chemicals, mechanical cell injury, radiation, increased Ca
+2

 levels, etc. Once this 

pathway is activated, specific proteins known as BAX and BAK migrate to mitochondrial 
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surface and permeabilize the mitochondrial membrane; this releases the contents of the 

matrix, including the electron carrier protein, cytochrome c and SMAC in to the cytosol. 

Release of cytochrome c activates caspases, which bring about cell death (Figure 1.2).
7
 

 

Figure 1.2. Mitochondrial regulation of apoptosis. (Reproduced from
3
) 

Oxidative Phosphorylation and Membrane Potential 

Oxidative phosphorylation is the metabolic pathway through which mitochondria 

generate ATP. Mitochondria need a flow of respiratory substrates across the membrane into 

the matrix.  These substrates are used by the Krebs cycle, a metabolic pathway formed 

mainly by enzymes inside the mitochondrial matrix to oxidize acetyl-CoA and generate 

NADH and FADH2 as byproducts. The inner mitochondrial membrane houses a chain of five 

protein complexes that form the mitochondrial respiratory chain. As a result of the redox 
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reactions through these protein compounds, electrons from the byproducts of the Krebs cycle, 

are transferred in small steps to oxygen, forming water. As electrons are passed from one 

carrier to another, protons are pumped into the intermembrane space. These protons are 

pumped by complexes I, III and IV. This creates a strong hydrogen concentration gradient. 

This electrochemical gradient is known as proton motive force (Δp) and has two components. 

An electrical potential across the membrane (   ) and a pH component (ΔpHm). At 37
o
 C, 

Δp can be represented as: 

                (Equation 1.1) 

 Some typical values for these parameters are, 150 mV for Δψm , -0.5 for ΔpHm, and 180 

mV for Δp.
8
 The proton motive force energizes the phosphorylation of ADP to ATP through 

the F0F1 ATP synthase (complex V). This process is called oxidative phosphorylation or 

OXPHOS (Figure 1.3). The ATP is then transported out of the mitochondria to energize 

different cellular functions. 

 

Figure 1.3. Oxidative Phosphorylation in mitochondria inner membrane. ( downloaded from: 

http://www.unm.edu/~lkravitz/Exercise%20Phys/ETCstory.html) 
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Membrane potential is an important physiologic parameter of mitochondria and regulates 

all the major bioenergetic functions of the organelle including ATP production and calcium 

accumulation. It provides a force to drive the influx of ions including Ca
+2

 into the matrix. 

Loss of the membrane potential may indicate several different mechanisms, including 

deprivation of respiratory substrates, inhibition of respiration or some kind of uncoupling 

mechanism that dissipated the proton gradient by permeabilizing the membrane to protons. 

Mitochondria Respiratory States 

The mitochondrial respiration rate is controlled by the proton motive force; the lower 

proton gradients, the energy required to move protons across the membrane is smaller so the 

respiration rate is higher. Inhibition of ATP synthase, results in an increase in the membrane 

potential and slower respiration. Therefore the mitochondrial ATP production and respiratory 

rate are coupled through the membrane potential.
9
  

In isolated mitochondria respiration experiments, information on mitochondrial processes 

can be obtained by arranging the incubation conditions in a way that a specific step becomes 

dominant in determining the overall rate of the process. For experiments measuring the 

respiration rate of mitochondria, Chace and Williams proposed
10

 a protocol for typical order 

of addition of agents during an experiment. Different variations of this protocol have been 

proposed. One conventional protocol that is commonly used is given in
11

 and reproduced in 

Table 1.1: 
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Table 1.1. Definition of mitochondrial respiratory states. (Reproduced from 
11

) 

State 1: mitochondria alone (in the presence of Pi)  

State 2: substrate added, respiration low due to lack of ADP  

State 3: a limited amount of ADP added, allowing rapid respiration  

State 4: All ADP converted to ATP, respiration slows  

State 5: Anoxia 

This protocol starts with addition of mitochondria to a respiration buffer containing 

inorganic phosphate. Due to lack of substrates respiration rate and membrane potential are 

low in this state. In state 2 respiratory substrates (such as Pyruvate/Malate or Succinate) are 

added, this increases the membrane potential but respiration rate is still low due to lack of 

ADP. Addition of ADP changes the mitochondrial state to 3, where respiration is high, 

membrane potential is still high but lower than state 3. Once all the ADP is consumed 

mitochondria transition to state 4 and respiration slows down. Finally respiration becomes 

oxygen limited. 

Mitochondria and Disease 

A wide range of degenerative disease symptoms ranging from neurodegenerative 

disorders such as Alzheimer’s disease to diabetes and various cancers have been linked to 

mitochondrial disorders.
12

 

 Mitochondrial dysfunction can be result of mutations in mitochondrial DNA (mtDNA). 

Each mitochondrion contains several copies of the mtDNA and a cell contains numerous 

mitochondria. So each cell has many copies of the mtDNA. The mtDNA has a high sequence 

evolution rate which results in the formation of a large number of deleterious mutations. As a 
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result mtDNA population in the same cell is heterogeneous, therefore mitochondria are 

heteroplasmic. When the percentage of mtDNA copies in a cell that carry a mutation exceeds 

a threshold (about 50-60%), the cell will show signs of mitochondrial dysfunction. 

Consequently, diseases of the mitochondria have a delayed-onset and progressive course.
13

 

The mtDNA mutations are associated with numerous disorders including stroke, dementia, 

heart failure, pneumonia, diabetes, and a variety of other diseases.
14

 

Also there is evidence that mitochondria play a role in the progression of both aging-

related complex diseases
13

 and cancer. Mitochondria are the main producers of reactive 

oxygen species. One effect of the oxidative phosphorylation process is the generation of 

unpaired electrons. The leak of electrons seems to be linked to the membrane potential. 

Higher membrane potential results in generation of a higher number of unpaired electrons.
15

 

These unpaired electrons react with O2 and generate highly reactive free radicals. Although 

mitochondrial ROS molecules have signal transduction purposes; ROS can also damage the 

cell membranes and the DNA, including the mitochondrial DNA (mtDNA). Therefore 

mitochondria itself is a major target of the ROS. It is believed that mitochondrial ROS is a 

major source of cellular damage that accumulates over time and might be responsible for 

aging.  

1 in 200 individuals is thought
16

 to harbor deleterious mutations in their mitochondrial 

genes, which do not present clinically, because of the heterogeneity of mitochondrial 

genome. Investigation of this heterogeneity presents many unmet challenges to scientists. 

Development of novel technologies is necessary to aid the discovery of underlying genetic 

mechanisms that link mitochondria to different diseases. 

Standard Methods for Membrane Potential Measurement  
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The two main conventional methods of mitochondrial membrane potential assessment are 

electrochemical methods and fluorescence probes. These methods are based on assays of the 

distribution of lipophilic probe ions across the mitochondria membrane.
17–19

 

Electrochemical method, used for isolated mitochondria, takes advantage of a reference 

electrode and an ion-selective working electrode. The two electrodes are inserted inside a 

medium that contains a known concentration of the lipophilic cation. Once isolated 

mitochondria are added to the buffer, depending on the membrane potential of the 

mitochondria, some of the lipophilic ions diffuse into the mitochondrial matrix. The 

concentration ratio is related to ΔΨm through the Nernst equation: 

         
  

  
   

[    ]

[   ]
    (Equation 1.2) 

Where Cin and Cout are ion concentrations inside the mitochondria and in the respiration 

buffer, T the temperature, z the charge on the ion, F the Faraday’s constant and R the ideal 

gas constant, respectively. Due to redistribution of the lipophilic ions into mitochondria, the 

concentration of these ions in the medium decreases. This change in the concentration is 

detectable through the change in the voltage across the working and reference electrodes. The 

change in the lipophilic ion concentration indicates the amount of ions that have diffused into 

mitochondria, and it is possible to find the membrane potential through the Nernst equation. 

This method is precise and renders quantifiable data. However, commercial ion-selective 

membrane potential electrodes are commonly used when a large amount of isolated mitochondria 

are available but are not suitable for experiments where only a small amount of sample is 

available. Examples of such samples where the commercially available electrodes are not suitable 

are human embryonic stem cells that are difficult to culture to large quantities and biopsies from 
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patients. The advantages and drawbacks of this method are discussed with more depth in chapter 

2.  

The fluorescence measurement method for mitochondrial membrane potential 

measurement follows a similar principle. Mitochondria are incubated with a voltage sensitive 

fluorescent dye whose intensity of fluorescence changes depends on    .  Fluorescence 

intensity of the dye is detected inside and outside of the mitochondrion and the ratio is used 

to calculate the membrane potential from the Nernst equation. With this method the average 

membrane potential of a population of mitochondria can be detected using a fluorimeter. It is 

also possible to assay the membrane potential of individual mitochondria using a 

fluorescence microscope. This is a powerful method for single mitochondria studies, but has 

some limitation. Movement of mitochondria out of the plane of focus and background 

fluorescence from out of focus mitochondria are some the difficulties of this technique. The 

strengths and pitfalls of single mitochondria fluorescence microscopy are further discussed in 

chapters 3 and 4.  

On Chip Devices for Mitochondrial Membrane Potential Measurement  

Even though a thorough understanding of mitochondrial bioenergetics, genetics and role 

of mitochondria in cellular signaling pathways is crucial to recognize the causes of many 

human diseases and to find a cure for those illnesses, due to limitations of current 

technologies, such an understanding has not been obtainable. Development of novel methods 

and devices are essential to achieve conclusive results on the mechanisms of mitochondrial 

functions. This shows the need for development of innovative, advanced technologies 

appropriate for single mitochondrion studies. 
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The advent of microfluidics and nanofluidics can be utilized to address the shortcomings 

of traditional approaches. The ability to control fluids in small volumes enables assays 

requiring significantly less sample size, and the precise control delivery of chemicals makes 

it ideal for testing specific hypotheses involving different processes. Using microfluidics, 

particles can be precisely manipulated. Extensive research this decade has been advanced to 

assay and analyze individual cells using flow cytometry and microfluidic devices
20

. This has 

given rise to extraordinary technological capabilities, such as the possibility of finding one 

circulating tumor cell per 10
9
 healthy cells in whole blood for cancer diagnosis

21
. In contrast, 

the field of analysis of individual sub-cellular organelles is in its infancy. 

More recently biosensors based on nanomaterials such as nanowires, SWCNTs and 

graphene have been actively used for electrical analysis biological entities. Due to their high 

sensitivity to electric charge and small size which is comparable to biological entities, 

nanomaterials are very well suited for integration into biosensors. Devices based on 

nanomaterials have been used to study  DNAs
22,23

, single molecule dynamics
24

, protein 

interactions
25,26

, antibodies
27

, viruses,
28

 neuronal signals
29

 and intracellular recordings
30

. But 

there have been very few examples of characterization of whole cells or membrane bound 

organelles using nanomaterials.  

The goal of this work is to make use of advances in microfluidics, nanofluidics and 

nanotechnology to design and fabricate on chip devices for detection of mitochondrial 

membrane potential. 
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Overview of Dissertation 

In this dissertation I will present my work on development of three on chip device 

designs for mitochondrial membrane potential studies. Chapter 1 provide a brief introduction 

of mitochondrial bioenergetics, importance of mitochondrial assays and motivation for this 

work. 

Chapter 2 focuses on the working principles, design and fabrication of a novel 

miniaturized on-chip mitochondrial membrane potential ion-selective sensor. Using this device, 

the membrane potential for mitochondria isolated from various cell lines is assayed. Next I will 

focus on the experimental procedure and error analysis for the developed sensor.   

Chapter 3 describes the fabrication and use of a Nanofluidic platform to capture and 

analyze individual, isolated mitochondria. Fluorescence labeling demonstrates the 

immobilization of mitochondria at discrete locations along the channel. Interrogation of 

mitochondrial membrane potential with different potential sensitive dyes indicates the 

trapped mitochondria are vital in the respiration buffer.  This device provides a solution to 

some of the common difficulties in single mitochondria fluorescence microscopy. 

In chapter 4, I describe label free detection of single isolated mitochondria with high 

sensitivity using nanoelectrodes. Electrical measurement of the conductance of carbon 

nanotube transistors embedded in a microfluidic channel show discrete membrane potential 

sensitive changes of conductance as individual mitochondria flow over the nanoelectrode in 

the microfluidic channel. Next I perform an analysis of the accuracy of membrane potential 

measurements using the new technique compared to fluorescence microscopy.  

Finally, in chapter 5, I will summarize my work with a discussion about the future 

perspectives. 
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Introduction 

The mitochondrial membrane potential (ΔΨm) plays a crucial role in the production of 

ATP as an energy source of the cell. The electron transport chain (complex I, II, III, IV) 

positioned at the mitochondrial inner membrane generates this electrochemical potential 

gradient across the inner membrane by pumping protons through the mitochondrial inner 

membrane while sequentially transporting electrons through the complexes. This proton 

gradient is utilized by ATP synthase (complex V) to synthesize ATP from ADP and 

inorganic phosphate. This cycle can remain functional and constantly produce ATP to sustain 

the cell only when the electrochemical proton gradient is maintained at a constant level with 

enough available ADP. ΔΨm is the key component of this electrochemical potential gradient, 

therefore it is important to develop instrumentation technologies to monitor ΔΨm in order to 

efficiently evaluate mitochondrial function.
31

 

Mitochondria are known to regulate cell life and death by control of apoptosis, through a 

critical, irreversible step involving the mitochondrial  permeability transition pore (mPTP), a 

megapore complex triggered to open under certain conditions at both the mitochondrial inner 

and outer membranes.
17,32–36

  Once opened, the permeability of the mitochondrial inner 

membrane increases drastically, causing the release of bioactive proteins including 

cytochrome C and the inflow of protons, resulting in an irreversible collapse of the 

mitochondrial membrane potential. This process is known to lead to apoptosis. In addition, 

malfunctions and abnormal behaviors of mitochondria are highly associated with the 

degenerative diseases and the aging process.
12,13
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A lipophilic cation such as tetraphenylphosphonium (TPP
+
) diffuses through the 

mitochondrial inner membrane, the concentration ratio depending on ΔΨm , determined by 

the Nernst equation, i.e.  

[    ]   

[    ]  
  

   
      (Equation 2.1) 

By measuring the concentration of TPP
+
 outside the mitochondria, [TPP

+
]out, using 

electrochemical ion selective electrode technology, one can infer the concentration of cation 

taken up into the mitochondria, [TPP
+
]in, to determine the membrane potential

37
. Previously,  

an electrochemical mitochondrial functional assay using a miniaturized on-chip 

mitochondrial membrane potential sensor equipped with TPP
+
 ion selective electrodes was 

developed in Burke lab.
19

 This first generation planar-type mitochondrial assay sensor 

showed good sensitivity and a fast response to ΔΨm by monitoring the activity of TPP
+
 in the 

sample solution. However, there were some challenges with the construction process and 

other factors that could limit the use of the sensor. First, the ion selective membrane was 

manually cut from a thin jelly membrane sheet on the glass substrate itself and then 

individually transferred onto an open trench of PDMS layers.  This was laborious and often 

caused wrinkles resulting in weak bonding between the membrane and the PDMS layer and, 

subsequently, electrolyte leakage. This could lead to unstable sensor performance and a 

shorter sensor lifetime. In order to improve the production yield, we sought to evolve our 

fabrication approaches with new substrate materials to replace the manual, serially fabricated 

single sensor built upon a microscope slide with an efficient batch, parallel fabrication 

process based on semiconductor industry models.  

Here, we demonstrate a second generation, wafer-scale lab-on-a-chip design and 

fabrication process for mitochondrial bioenergetic measuring which is compatible with 
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microfabrication technology.  This product is much more efficient to produce and proves to 

have significantly higher reproducibility and durability than the first generation model.   We 

use industry standard 4” silicon wafer as the substrate along with a new membrane transfer 

technique. Changes in the mitochondrial membrane potential of isolated mitochondria from 

the established human cell lines Heb7A and 143B and from mouse muscle tissue are 

evaluated in response to treatments with known modulators of mitochondrial function.  The 

sensor is validated by taking the measured TPP
+
 concentration, converting into ΔΨm and 

calibrating against the theoretical values.  This latest sensor model improves upon all of the 

functional parameters of the previous version, is capable of higher throughput analysis and, 

importantly, is much more time and cost-effective to fabricate. This lays the foundation for 

low cost, high throughput screening of bioenergetics and metabolism in an on-chip format. 

Methods 

Fabrication steps 

The microfabrication process is schematically depicted in Figure 2.1. A 4” bare silicon 

wafer (Boron doped P-type) was used as the device substrate to allow compatibility with 

standard semiconductor wafer-scale microfabrication technologies. The wafers were treated 

with boiling piranha solution (3:1 = sulfuric acid: DI water) for an hour followed by an 

organic solvent clean, then rinsed with copious DI water. Thin films of Ti (50 nm) and Ag 

(1.5 µm) were deposited using e-beam evaporation.  The silver film was lithographically 

patterned into electrodes using Shipley 1827 photoresist (Figure 2.1 (a)). Wet etching was 

carried out using a silver etchant made of 1:1 mixture of nitric acid and DI water followed by 

Ti etching. The patterned silver electrodes were chlorinated chemically by dropping 50 μl of 
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0.1 M FeCl3 solutions onto the electrode area, situated within the inner electrolyte chamber, 

for 40 seconds at room temperature to create Ag/AgCl electrodes (Figure 2.1 (b)). Three 

layers of silicone rubber (PDMS) were prepared separately by soft lithography. The first 

layer has a microfluidic channel (400 µm x 50 µm) to contain the 10 mM TPP
+
 inner filling 

solution needed for the ion selective sensing. These microfluidic channels were produced by 

soft lithography with a thick negative photo resist (SU-8) mold to keep the volume of the 

inner filling solution constant compared to the hand-cut L-shaped reservoirs from our 

previous reported sensor (Figure 2.1 (c)). A 2 mm hole was drilled through the center of the 

microfluidic channel to provide an interface between the inner filling solution and the 

medium in the sensing chamber through the ion selective membrane. The TPP
+
 ion selective 

(IS) membrane solution was prepared with a mixture of 4.4 mL of tetrahydrofuran (THF) and 

dioctyl phthalate, 0.15 g of polyvinyl chloride (PVC), and 6 mg of precipitation of 

tetraphenylboron (Na
+
TBP

-
),

37
 and transferred onto a PDMS layer by a new transfer 

technique (described below). To streamline the fabrication process, we utilized a commercial, 

leakage-free Ag/AgCl reference electrode (Warner Instruments) and fabricated only the 

working electrode with the IS membrane. 

In order to create reproducible membranes and ensure their secure, wrinkle-free bonding 

with the underlying PDMS layer, we developed a transfer method in which the IS 

membranes are first prepared and cured on a separate PMDS scaffold before being positioned 

and deposited on the chip.    
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Figure 2.1. Schematic diagrams of microfabrication steps and the fabricated device. (a) Silver thick 

film deposition and patterning into electrode arrays on a 4” Si wafer. (b) Chlorination of silver to 

make Ag/AgCl on the sensing areas. (c) Assembly of the 1st PDM 

 

As depicted in Figure.2.1 (d), a clean 2 mm thick PDMS scaffold was first aligned atop 

the first PDMS layer, such that the open 2 mm center holes of six microfluidic channels are 

visible from above. 30 µL of freshly prepared ion selective membrane solution was then 

carefully dropped onto the scaffold to correspond to the position of the channel holes 

underneath. These were allowed to cure overnight at room temperature.  The following day, 

the scaffold was flipped over, carefully positioned so the cured IS membranes fell within the 

chamber holes, and gently pressed out for 5-10 minutes.  This resulted in intact IS 

membranes that were completely and accurately transferred into position without wrinkles. 

We also tried this transfer method at elevated temperature (~ 60° C) in a hot oven, assuming 

that the membrane would be more pliable and allow for easier transfer.  Although the transfer 
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was successful, we found that the high-temperature treated membranes did not exhibit proper 

responses to changes in [TPP
+
]. We believe this is because the sensitivity of the IS membrane 

is a non-linear function of temperature (data not shown). The remaining two PDMS layers 

were aligned and assembled together manually under a stereomicroscope. The bottom 

microfluidic channel was filled with 10 mM TPP
+
 through the access holes using a 

micropipette. The completed mitochondrial lab-on-a-chip device in Figure 2.1 (e) shows an 

array of 6 fully manufactured sensors, with three layers of PDMS constructed on a 4” silicon 

wafer. The inset reveals the components of the chip including the bottom microfluidic 

channel with its access holes and the open 80 µL circular sensing chamber. 

To summarize, the advantages of this second generation technology over the first 

generation include 1) A Si 4” wafer process (rather than microscope slides), 2) 

Lithographically defined PDMS microfluidic channels (as opposed to hand cut), 3) Batch 

compatible, transfer process for membrane assembly (rather than manual membrane glue in 

place), and 4) A batch, completely automatable, parallel manufacturing process that can be 

scaled up to multiple devices per wafer) as opposed to manual, serial assembly of each 

device component by component. We now turn to the performance of the improved devices. 

Results and Discussion 

Characterization 

The experimental set-up for the sensor calibration and measurement is shown in Figure 2. 

2. One of the patterned working electrodes (Ag/AgCl) was connected to a digital multimeter 

(Agilent 34401A, input impedance setting = 10 GΩ) along with a commercial leakage-free 

Ag/AgCl reference electrode (Warner Instruments). A computer installed with LabView was 
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linked to the digital multimeter for data acquisition via a GPIB interface (National 

Instrument, GPIB-USB-HS). The acquired data was analyzed and plotted using Igor Pro 

(WaveMetrics).  

The sensor was primed for use by filling the sensing chamber and underlying 

microfluidic chamber with 10 mM TPP
+
 solution overnight to activate the TPP

+
 IS 

membrane.  The next day, the inner filling solution was replaced with care taken to prevent 

bubble formation which could create an open circuit against the IS membrane and signal-

reading errors.  The sensing chamber was rinsed with DI water and respiration buffer 3 times 

before filling with fresh respiration buffer.  The sensor was extensively characterized using a 

5-point calibration curve with TPP
+
 concentrations ranging from 0.3 µM to 600 µM.  The 

potential difference between the reference and working electrodes was monitored while 

incrementally increasing the TPP
+
 concentrations within the sensing chamber.   

Figure 2.2 (c) shows two calibration curves measured before and after a typical 

mitochondrial measurement (see below) and demonstrate the sensors reproducibility, 

durability, and small drift between experiments.  The insert plot shows the signal stabilizing 

just a few seconds following each successive addition of TPP
+
 (arrows) which marks a 60 % 

faster response time compared with our original sensor without its tapering large signal 

spikes.  TPP
+
 concentrations were plotted logarithmically to reveal the linear relationship 

between concentrations and IS electrode (ISE) potential (mV) as predicted by the Nernst 

equation.  Since our experimental concentration range is between 5 and 10 µM, we typically 

perform a 2-point curve fit between our 2
nd

 and 3
rd

 calibration points (3 µM and 30 µM 

respectively).  These measurements of ISE potential were used to determine sensor variation 

using the following equation:      
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Figure 2.2.(a) Schematic of experimental set-up showing the sensing chamber, the sensor 

connected to the external reference electrode, and one of the electrode pads connected to a 

multimeter which is linked to a computer installed with Lab View for data acquisition. (b) 

Photograph of set-up. (c) 5-point calibration curves performed before/after mitochondrial 

assays showing reproducibility of the sensor. The slope of the highlighted area was used for 

data conversion (Inset: time trace of ISE potential response during the calibration, arrows 

showing additions of TPP
+
.) (d) Statistical variation of J and K values from 21 separate 

calibrations from 8 separate devices. 

 

 (         [    ]  K),   (Equation 2.2) 

where VISE is the measured ISE  potential, and J and K are the two calibration 

coefficients.  
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An important issue is the statistical variation among sensors, which we now address. 

Figure 2.2 (d) illustrates the statistical data from 21 separate calibration curves performed on 

eight different devices.  The J and K coefficients of variation represent the ratio of the 

standard deviations to the averages which, in our hands, resulted in values of ≈18% and 

≈16%, respectively. This includes the effects of both device-to-device variations, as well as 

variations from run-to-run within one device. This narrow data distribution indicates good 

reproducibility of the sensor response and a small device-to-device variation.  This is an 

improvement over the previous devices designed in Burke lab where the slope and offset 

from both sources of error (device-to-device and run-to-run) varied by a much larger amount, 

specifically ≈25% and ≈82% for J and K equivalent, respectively, and indicates the 

significance of  developing a wafer scale manufacturing process. While excellent, this 

variation in calibration coefficients may still require a careful calibration before each 

measurement for some envisioned assays that require high accuracy, an issue we hope to 

address in future generations of our chips. 

Mitochondrial membrane potential measurement 

As a demonstration with known cell lines, a mitochondrial membrane potential assay was 

performed in respiration buffer at room temperature using isolated mitochondria prepared 

from human cell lines, including Heb7A and 143B TK-, and also from mouse liver (Isolation 

protocols given in the Appendix I).  During the measurement, the isolated mitochondria were 

maintained on ice to prevent degradation.  For each individual sample, the TPP
+
 

concentration traces were monitored before and after the addition of mitochondria to 

establish a basal “resting” potential.  Then, changes in the mitochondrial membrane potential 
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were recorded as OXPHOS complex I substrates (pyruvate and malate) and ADP were added 

to the sensor chamber.   

The [TPP
+
] measurements were converted to membrane potential and compared according to 

the following equation:   

,     (Equation 2.3) 

where [TPP
+
]o and [TPP

+
]t represent TPP

+
 concentration in the test chamber before the 

addition of mitochondria and at time t respectively. Vo is the initial buffer volume in the 

chamber and Vt represents the final volume in the chamber which includes the total mass (in 

mg) of mitochondrial protein (P) added in the assay. For our purposes, the mitochondrial 

matrix volume (Vm) was assumed to be equal to 1 µL/mg protein. The partition coefficients 

describe the innate binding and accumulation of the TPP
+
 ion to the matrix (Ki) and external 

(Ko) faces of the inner membrane and are given values of 7.9 µL/mg and 14.3 µL/mg, 

respectively.
38

 For our purposes, we used the values V0 =70.5 µL; Vt= 75.5 µL and used 750 

ng of isolated mitochondrial protein per assay (P). 

 In order to allow for improved quantitative measurements of the membrane potential of 

various cell lines, we developed a procedure in which all of the initial starting concentrations 

and volume of solution and mitochondria were the same from experiment to experiment, the 

only variable being the cell line that produced the mitochondria. We chose an initial 

concentration of 7.2 µM for all the experiments, allowing for the same initial starting point 

(prior to the introduction of mitochondria) for all experiments. Using this technique, the 

initial value of TPP
+
 was always known, and only changes in TPP

+
 were needed. Thus, for 
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the calibration, only the logarithmic slope of the TPP
+
 vs. VISE curve was important. In an 

experiment where the TPP
+
 vs VISE curve was measured immediately before and immediately 

after the experiment, the values of J changed by ~ 15% (20.8 vs. 17.5 mV for J). In our 

experiments, we used only the logarithmic slope (J
-1

) to determine the value of TPP
+
 after 

introduction of the mitochondria. More on the error analysis will be presented below. 

A representative result from a mitochondrial membrane potential experiment is shown in 

Figure 2.3 with [TPP
+
] values obtained from the calibration curve conversion.  After 

adjusting the chamber working concentration of TPP
+
 to 7.2 M, 5 µL of 150 ng/µL freshly 

isolated mitochondria were introduced into the 80 µL sensing chamber.  Our experimental 

working concentration, 10 ng/µL, is three orders of magnitude less than is needed by 

conventional assays.
37,39

  The chamber solutions were mixed gently three times using a 

micropipette and the trace was allowed to stabilize and remain constant showing that the 

solution is thoroughly mixed and no further diffusion occurred due to the incomplete mixing 

during the measurement (data not shown). Upon introduction of mitochondria, mitochondria 

quickly absorbed TPP
+
 according to their ΔΨm leading to decrease in [TPP

+
] in the sensing 

chamber.  

In our experiments, the addition of 5 µL of solution containing mitochondria would lower 

the TPP
+
 concentration (even in the absence of mitochondria) by about 0.5 µM. Because of 

the membrane potential, there is an additional reduction in [TPP
+
] due to uptake by the 

mitochondria. In Figure 2.4, we plot the relationship of the inferred membrane potential to 

the measured [TPP
+
] concentration change due to the mitochondria ΔΨm.  

To test functional activities of complex I by adding the OXPHOS substrates, pyruvate 

and malate (P/M) were added, to stimulate the active shuttling of protons out of the 
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mitochondrial matrix. This resulted in an increase in the magnitude of ΔΨm, thus diffusion of 

TPP
+
 into the matrix, resulting in a decrease in [TPP

+
] in the medium. Indeed, the response to 

P/M was instantaneous and stabilized to reveal a drastically decreased [TPP
+
] by 1.5 M in 

the sensing chamber.  Once these data were collected, we wanted to ensure the viability of 

our mitochondria to validate that the TPP
+
 efflux is active and not merely due to defunct 

OXPHOS machinery, degraded membranes, etc.  To that end, we added ADP to take 

advantage of the fact that OXPHOS complex V (ATP synthase) utilizes the ΔΨm to convert 

ADP to ATP.  Accordingly, we detected the increase of TPP
+
 ions in the chamber, indicating 

a partial depolarization of the ΔΨm which was used to drive ATP synthesis.  Due to the 

physical effect of manual injections using a micropipette, signal noise was recorded as 

scattered data when injections were performed. This could be eliminated by employing an 

automated fluidic perfusion system in future designs.   

 

Figure 2.3. Measurement of [TPP+] with isolated mitochondria from 143B TK- osteosarcoma cells. 

Vertical arrows indicate successive addition of 5 µL of 150 ng/µL isolated mitochondria, 10 µL of 1 

M pyruvate/0.5 M Malate and 1µL of 10 mM ADP. See text for discussion. 
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Figure 2.4. Conversion of measured [TPP+] into ΔΨm. 

The same series of measurements with mitochondria from Heb7A and mouse muscle cell 

lines were performed and compared. The amount of mitochondria and chemicals as well as 

the sequence of injections remained the same to avoid variations from assay to assay. Drops 

of [TPP
+
] after addition of mitochondria, and the corresponding ΔΨm values are plotted in 

Figure 2.5 which were obtained from 6 different assays. As expected from prior studies of 

mitochondrial bioenergetics, ΔΨm of mitochondria from mouse skeletal muscle showed the 

largest value among other cell lines indicating the vibrant activity of the skeletal muscle 

tissue. (Run to run variations are attributed to sensor drift, to be discussed below in further 

detail.) The membrane potential of Heb7A was slightly higher than that of 143b. Overall the 

results of the mitochondrial assays were consistent with the results of prior studies.
40
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Figure 2.5. Data comparisons of drops in [TPP+] due to mitochondrial uptake measured right after 

addition of mitochondria. Right axis shows calculated ΔΨm of isolated mitochondria. Data are from 

three different cell lines (143b, mouse muscle, Heb7A). Error bars are due to calibration  

uncertainty of the ISE electrode potential to [TPP
+
]. 

We now turn to a detailed error analysis of our procedure. In our experiments, the 

statistical variation (as a function of time) when the sensor was stable was quite low. For 

example, the standard deviation of the measured ISE potential for the time trace shown in 

Figure 2.3 in the stable region between t~500 s and t~600 s is only 50 µV. In this experiment, 

for this trace, this corresponds to a standard deviation of 0.02 µM in the value of [TPP
+
]. The 

inferred value of ΔΨm has a standard deviation of only 0.5 mV. Each point was integrated for 

~ 1 second. (For a 10 ms integration time, this would correspond to a 5 mV standard 

deviation on the inferred membrane potential.) In addition to rapid, random fluctuations due 

to statistical variations, we also observed permanent, progressive changes in the measured 

[TPP
+
] values, which we attribute to the actual biochemistry of the mitochondria which 

respond on a much longer time scale compared to the measurement time per point of one 
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second. Since we do not typically observe these long term drifts during calibration without 

mitochondria (see e.g. the inset of Figure. 2 2 (c)) we believe the time dependent behavior we 

observe is not due to the sensor technology itself. Indeed, this demonstrates the ability of our 

technology to assay kinetic as well as equilibrium bioenergetics.  

Drift of the calibration during the measurement is more significant, and we address this 

issue now. In principle, the histograms of Figure 2.2 provide a complete quantification of this 

drift between calibrations and devices.  As discussed earlier, it is possible to improve on this 

error by performing calibrations just before and after the experiment, and using identical 

conditions in order to compare the behavior between devices. As discussed above, the initial 

value of [TPP
+
] is known accurately, so that the small changes from this initial value can be 

determined only from small changes in the measured sensor voltage and the (logarithmic) 

slope (J
-1

) of the calibration curve, the offset being less important because only small changes 

about the known, initial value are considered. For the example experiment in Figure 2.3, the 

introduction of mitochondria into the chamber changed the value of [TPP
+
] by, at most, 1 

µM. Since the initial value is known with low error, and the (logarithmic) slope is determined 

with a drift of less than 15% during the measurement (worst case, see above), the value of the 

change in the value of [TPP
+
] is known to within at worst ~ 0.1 µM. The error bar due to the 

uncertainty in the slope J is the dominant error, and indicated in Figure 2.5. (Note that due to 

the non-linear relationship between the measured ISE potential and the inferred value of 

[TPP
+
], the error in [TPP

+
] gets approximately linearly worse as the change in [TPP

+
] 

increases from 0 to 1 µM. We have determined numerically that the error is at most ± 0.12 

µM error for a 1 µM drop in [TPP
+
] on introduction of mitochondria, and less for smaller 

drops in [TPP
+
], by calculating [TPP

+
] for different values of J

-1
 and determining the worst 
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case error at each value of inferred TPP
+
 drop.) In order to relate the calibration drift 

component of this [TPP
+
] error to an error in the inferred value of ΔΨm, we use equation 2.2. 

As can be seen in Figure 2.4, this conversion is non-linear, so the error conversion will 

depend on the specific parameters of the experiment.  In our case, this still allows an error 

smaller than  ~ ± 10 mV for the determination of high values of ΔΨm. This error increases as 

the values of ΔΨm decreases from 180 mV.  These parameters will continue to allow studies 

on the relative value of ΔΨm between different cell lines. This can thus be a powerful tool for 

the accurate investigation of mitochondrial membrane potential from a variety of cell lines 

where sample size is limited, such as clinical biopsies or embryonic stem cells. 

The sensors developed here remained completely functional for longer than three months 

and exhibited reproducible responses for over 40 assessments without replacing the TPP
+
 ion 

selective membrane or Ag/AgCl electrodes. For further improvement on sensor performance 

and the stability, there are three possible avenues. First, a temperature controller to control 

medium temperature would enable improved stability of the calibration curve and also 

bioenergetics studies, which are important to carry out at a known (rather than ambient) 

temperature. Second, an on-chip stirrer could be integrated into the chamber for continuous 

mixing during the assay.  Lastly, a sensor equipped with an automated sample perfusion 

system with an encapsulated sensing chamber would provide better stability and 

measurements compared to a manual sample injection by a micropipette. 

Conclusions 

A wafer-scale fabrication process for a TPP
+
 ion selective microsensor for mitochondrial 

membrane potential assays has been developed and demonstrated. The newly designed 
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process includes the new membrane transfer method which is compatible with 

microelectronic fabrication techniques resulting in high yield and high throughput process by 

integrating 6 devices into a single wafer. Further improvement is possible with more effort to 

increase the number of devices on a single wafer. Due to the improved bonding condition 

between the TPP
+
 ion selective membrane and the bottom PDMS layer, the devices showed 

structural stability and robustness over an extended period of time ( > 3 months) with 

nominally identical sensitivity to changes in [TPP
+
]. Due to the system design, in the future it 

is feasible to run several assays in parallel at the same time for high throughput studies. This 

will allow a cost-effective method to mass-produce miniaturized mitochondrial assay chips, 

which are candidates to replace the current costly systems installed with large, traditional 

sensing chambers. For these reasons, our system can find various applications in the 

emerging field of mitochondrial bioenergetics. 
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Introduction 

Mitochondria play a multitude of roles in cell life. For example, they generate most of the 

ATP needed for cellular processes, modulate the concentration of cytoplasmic and 

mitochondrial matrix calcium, produce and regulate reactive oxygen species, and control 

intrinsic apoptosis or programmed cell death. Consequently, mitochondrial dysfunctions can 

significantly affect the body homeostasis. In fact, there is a growing body of evidence that 

suggest the link between mitochondrial dysfunctions and pathological conditions such as 

degenerative disease, diabetes, cancer and aging.
13,41 

Advances in live imaging techniques have uncovered large morphological, functional and 

behavioral heterogeneity within mitochondrial populations, not just between mitochondria of 

different cells but also between mitochondria in a single cell.
42,43

 Studying this heterogeneity 

can reveal further understanding of mitochondrial functions. However, so far studies on 

heterogeneity of single mitochondria have not resulted in very conclusive results. Part of this 

might be attributed to the technical difficulties of imaging individual mitochondria; 

mitochondria moving out of plane of focus, background fluorescence, not enough control on 

the chemical environment surrounding each individual mitochondrion, etc. This shows the 

need for development of innovative, advanced technologies appropriate for single 

mitochondrion studies. 

The advent of microfluidics and nanofluidics can address the shortcomings of traditional 

approaches in studying isolated mitochondria. The ability to control fluids in small volumes 

enables assays requiring significantly less sample size, and the precise and controlled 

delivery of chemicals makes it ideal for testing specific hypotheses involving different 

processes.  
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Recently we miniaturized a classic assay of mitochondrial membrane potential requiring only 

1000 cells.
19,44

 However, even though this is a four order of magnitude improvement, it did 

not get us down to the single mitochondrial or even single cell level. Extensive research this 

decade has been carried out to assay and analyze individual cells using flow cytometry and 

microfluidic devices.
20

 This has given rise to extraordinary technological capabilities, such as 

the possibility of finding one circulating tumor cell per 10
9
 healthy cells in whole blood for 

cancer diagnosis.
21

 In contrast, the field of analysis of individual sub-cellular organelles is in 

its infancy. Here we demonstrate a first step in this direction, developing a novel platform to 

trap single mitochondria inside a nanochannel where they can be subjected to different 

chemical environments and interrogated via a variety of fluorescent dyes. We demonstrate 

that single isolated mitochondria remain vital and functional in this trapped state.  

 Experimental Section 

Fabrication process 

Silicon wafer with photoresist patterns is used as the mold for soft lithography of PDMS. 

To fabricate the mold, silicon wafer was cleaned with 120° C Piranha solution (3:1 mixture 

of sulfuric acid and hydrogen peroxide) for 1 hour, rinsed in DI water, dried with nitrogen 

and dehydrated at 200° C. Wafer was primed with hexamethyldisilazane (HMDS). Channel 

patterns were fabricated by photolithography of Microposit SC1827 positive photoresist. 

Photoresist was spin coated on the wafer at 3500 rpm for 30 seconds, prebaked at 90° C for 

30 minutes in a convection oven and exposed to G-Line UV light through a chromium(105 

nm)/glass mask using Karl Suss MA6 mask aligner with soft contact between the mask and 
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the wafer. The dosage of exposure was set at 160 mJ/cm
2
. Microposit MF-319 was used for 

developing. The developing takes around 25 seconds.  

We use soft contact for lithography; the contact between the mask and the resist surface is 

not very close and there is a slight gap between the two surfaces (compared to vacuum 

contact). Due to diffraction of light passing through the mask, light that reaches the plane of 

the wafer does not have a step function intensity distribution; regions of the photoresist near 

the pattern edges get some light exposure even though they are covered by opaque parts of 

the mask. This is a well-known phenomenon in positive photoresist lithography that usually 

leads to trapezoidal cross section of the developed photoresist instead of a rectangular cross 

section. It can be avoided or reduced by using vacuum contact between the mask and the 

resist surface, lowering the dosage of exposure and using a photoresist with higher contrast. 

Here, we are using this phenomenon to get multiple heights with a single lithography step. 

Due to small width of the channel, the whole width of the channel receives some dosage of 

exposure; for each channel the edges get more exposure while the light intensity decreases 

gradually as it gets closer to the center of the channel. The resist regions that receive a higher 

exposure dissolve faster in the developer.  When the wafer is placed in the developer 

solution, the regions that are exposed through the transparent parts of the mask have the 

fastest dissolution rate, while the resist at the trap channel region gets dissolved at a slower 

rate, with the lowest rate at the center (vertical axis of symmetry). Therefore the trap 

channels loose some of their height.  In case of the larger features (access channels), the 

edges get some light exposure but the mask protects the bulk of the feature from light 

exposure, therefore larger features keep their original height after the development step. This 

method is very reproducible and out of the 10 molds that we fabricated, we could get these 
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multiple height patterns on 7 of them. Using the given lithography parameters the height of 

the nanochannels ranged from 450nm to750nm.  

Silicone elastomer and curing agent (Sylgard® 184, Dow Corning Co.) were mixed 

thoroughly at a 10:1 weight ratio. PDMS was degassed for 30 minutes in a vacuum 

desiccator and poured over salinized mold to a thickness of 3 mm.  The mold was placed in a 

70° C curing oven overnight. After curing, PDMS was easily cut and peeled off from the 

mold. Inlet and outlet holes were punched with a diameter of 0.63 mm to allow connection to 

the syringe pump. To seal the channels the chips were exposed to 70 W oxygen plasma 

treatment at 100 mTorr for 20 seconds, immediately placed on piranha cleaned glass slides 

and left in 70°
 
C oven for 20 minutes to complete the bonding process. The Oxygen plasma 

treatment causes the PDMS to become hydrophilic, making it easy to introduce the aqueous 

solution into the channels after bonding. However, after about a day the sidewalls would 

become hydrophobic again and the channels were not re-usable. 

  Fluidic channels were filled with the respiration buffer without mitochondria first and the 

buffer containing mitochondria was flown into the channels later.  

Mitochondria Isolation and sample preparation 

Mitochondria were isolated from the human cervical cancer cell line HeLa (ATCC, CCL-

2). The adherent cells were cultured and maintained in log growth phase in media consisting 

of EMEM (ATCC, 30-2003) supplemented with 10% FBS (Invitrogen, 10438-018) and 1% 

Penicillin-Streptomycin (ATCC, 30-2300). All other chemicals were obtained from Sigma 

Aldrich, unless otherwise noted. The mitochondrial isolation protocol was adapted from
44

. 

Details of the isolation protocol are discussed in Appendix I. 

Imaging 
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Mitochondria were imaged with Olympus IX71 inverted fluorescence microscope, 

equipped with a 12 bit monochromatic CCD camera (QIClick-F-M-12), a 60x, 0.7 NA 

objective, 120 W Mercury vapor excitation light source and standard FITC (490 nm-525 nm) 

and TRITC (557 nm-576 nm) filters. Image analysis was done with ImageJ software. 3x3 

median filter was used to remove noise. Images in this paper are false-colored red or green, 

depending on the filter set used, for clarity. For fluorescence intensity measurements we 

manually selected the area with the highest intensity at the center of each mitochondrion 

image and averaged the fluorescence intensity over the selected area. Background 

fluorescence was removed by choosing 3 neighbor regions with the same area selected for 

the mitochondria. The fluorescence intensity was averaged over the three regions and 

subtracted from the mitochondrial intensity. The standard deviation in the background 

fluorescent intensity causes some small error (less than 10% in most cases) in calculating the 

fluorescence intensity. This error has been taken into account for the ratio calculations. The 

resolution of the imaging system and the apparent versus real size of the mitochondria is 

discussed here briefly. 

The resolution of our fluorescence imaging system is 0.50 µm for 525 nm wavelength and 

0.45 µm for 575 nm wavelength (based on Rayleigh criterion).
45

 If two particles are closer 

than 0.5 µm, they will appear as one larger particle. Also objects that are smaller than our 

resolution limit are still detectable but will appear as diffraction disks with a diameter of 

around 0.5 µm regardless of their actual size and shape. The intensity at the central 

diffraction spot is proportional to the total energy emitted by the particle that reaches the 

aperture,
46

 so we can still measure the intensity from mitochondria that are smaller than 

0.5µm  even though we cannot resolve the size of the particle.  In general the contrast and 
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brightness of the fluorescence images in the figures are adjusted to make the mitochondria 

easier to spot on the figures, this affects their apparent size. 

Fluorescence Dyes 

Mito Tracker green (MTG), obtained from life technologies, is a mitochondrial selective 

fluorescent probe that binds to mitochondria proteins regardless of the membrane potential of 

the mitochondria
47

 and emits a bright green fluorescence at 519 nm when excited at 490 nm. 

Mitotracker Green forms a dye-protein complex with free thiol groups inside the 

mitochondria, yielding significantly higher fluorescence than free dye in aqueous solution. It 

is reported that this increase could be as much as 40 fold.
48

  We used MTG to visualize the 

mitochondria in the channels. To stain the mitochondria, we diluted the dye in Dimethyl 

Sulfoxide (DMSO) to a concentration of 100 µM and then diluted it 1000 fold in the 

respiration buffer to a concentration of 100 nM.  

To monitor the membrane potential of the trapped mitochondria, we used 5,5′,6,6′-

tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl-carbocyanine iodide (JC-1) obtained from 

Sigma Aldrich. In energized mitochondria the membrane potential promotes an uptake of JC-

1 into the mitochondrial matrix according to the Nernst equation.   The high concentration of 

JC-1 forms aggregates inside the mitochondria. When JC-1 is excited at 488 nm it emits with 

peaks at 530 nm (green) and 590 nm (red). The intensity of the red emission strongly 

depends on the concentration of J-aggregates and therefore on the membrane potential of the 

mitochondria. Energized mitochondria emit a bright red fluorescence at 590 nm. In 

mitochondria with low membrane potential the dye does not form aggregates inside the 

mitochondria and the red fluorescence decreases.  It has been shown that there is a significant 
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correlation between the ratio of red to green fluorescence of this dye and the membrane 

potential of mitochondria.
49,50

  

We also used Tetramethylrhodamine Methyl Ester (TMRM) purchased from life 

technologies in some experiments. TMRM is a lipophilic cationic dye with red-orange 

fluorescence that is accumulated by mitochondria according to the Nernst equation. The 

fluorescence intensity of the stained mitochondria can be used to estimate the mitochondrial 

membrane potential. By monitoring the time-dependence of the fluorescence of the inner 

mitochondrial membrane, one can obtain qualitative information about the dynamics of the 

membrane potential. It was observed that TMRM sticks to the PDMS channel and produces a 

high background fluorescence which makes it difficult to distinguish the mitochondria from 

background. 

For JC-1 assays, JC-1 was dissolved in DMSO and then added to the mitochondria sample 

to a final dye concentration of 300 nM. The solution was mixed and incubated at room 

temperature for 7 minutes. TMRM was added with the same method. We tried various 

concentrations of TMRM from 100 nM to 2 nM. 

Results and Discussion 

Mitochondria Trap Devices 

 The goal of this project was to design a nanochannel device with dimensions small enough 

to trap individual mitochondria as a demonstration platform for manipulation and 

interrogation under controlled conditions at the single mitochondrial level. Mitochondrial 

morphology is varied, both in vivo and in vitro. A typical morphology is a cigar shape of 

width from 200 nm to 1 µm.
51

 For this, standard photolithographically defined PDMS 
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channels have not yet been pushed to the submicron scale,
52

 while nanochannel technology 

based on etching
53

 is too small to pass single mitochondria.  

The mitochondria trapping device is a nanochannel array, with two access channels and 

two access holes for fluid inlet/outlet as shown in Figure 3.1. The nanochannels have a 

trapezoid cross-section that is 3.5 µm at base and gradually narrows down to around 400 nm. 

The average width of the channels (the width at middle of the trapezoid) is around 2 µm 

which is larger than the diameter of mitochondria (0.2-1.2 µm) 
51

 and the height of the 

nanochannels at its highest point (0.45-0.75 µm) is almost equal to the average diameter of 

the mitochondria (terminology nanochannel has been used to describe channels with  

dimensions smaller than 1µm.
54 

These dimensions are measured from AFM images. The 

nanochannels are 500 µm long and are connected to two 100 µm wide, 2 µm high access 

channels. The device is fabricated using simple, economic and high throughput soft 

lithography of PDMS.  
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Figure 3.1. Geometry of the mitochondria trapping devices, a) Schematic of the device and trapping 

mechanism. b) Bright field microscope image of the device. c) SEM images of the channels in 

PDMS. 

 

Immobilization of Mitochondria 

 Mitochondria solution is introduced into the channels with a syringe pump. Individual 

mitochondria start to get trapped in the nanochannels and their population gradually goes up 

as the flow continues.   In Figure 3.2, an example trapping experimental run is shown. 

Mitochondria stained with MTG are flown into channels with a rate of 10 µL/hour. Time-

lapse microscopy of the channels is performed at the same time. In all experiments where 

mitochondria were imaged, their position was fixed after the initial introduction. The 

chemical environment can be adjusted through additional fluid flow at rates of up to a few 

µL per minute. This is shown, for example, in Figure 3.2. Thus, the mitochondria are gently 

trapped inside the nanochannels, enabling access to fluid for them but they are not moving. 
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Figure 3.2. Series of time images of MTG labeled mitochondria. In each image, a new 

mitochondrion appears that has been flown in from the reservoir and trapped inside the 

nanochannel. Red arrows indicate the addition of new mitochondria. Dashed lines in panel f suggest 

the outline of the channels. Scale bar is 10 µm. 

Trapping Mechanism 

 The trapping mechanism is not mitochondrial interactions with the channel sidewalls. This 

was shown by performing a similar experiment with larger channel sizes but otherwise 

nominally identical conditions. For the larger channels, the mitochondria do not stick to 

PDMS surfaces. It has been shown that oxidized PDMS has negative surface charge.
55

 Thus, 

it is likely that an electrostatic repulsion between the mitochondria and the sidewalls prevents 

adhesion between the negatively charged mitochondrion and negatively charged channel 

surface. 

The mitochondria are physically trapped along the channels (Figure 3.3). Since the height 

of the channel at the highest point is similar to the average diameter of mitochondria but the 

width is around two times larger, the channels act like a filter where fluid can pass through 

but individual mitochondria are trapped along the channels one by one. Due to variations in 

size of individual mitochondria and also the trapezoidal cross section of the channels, 
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occasionally we see that one mitochondrion is trapped in some location in the channel but a 

smaller mitochondrion can pass along the first mitochondrion and get trapped at a further 

location. Exact determination of trapping locations requires mathematical simulations, but 

based on our experimental observations we believe that mitochondria that are already trapped 

at the channel entrance due to the small height of the channel behave like obstacles that 

disrupt the flow in the narrow channel and create vertical components in the flow direction 

(vertical to the channel direction).  

 

Figure 3.3. Cross section of the channels and trapping mechanism of mitochondria. a) Larger 

mitochondria get trapped at the middle of the channels. b) Smaller mitochondria get trapped at the 

corners, leaving room for other mitochondria to pass. c) Some small mitochondria will pass 

through the middle of the channel without getting trapped. 

The flow direction, variations in mitochondria size and the trapezoidal cross section of the 

channel results in mitochondria getting trapped at random locations along the channel. We 

have found experimentally that for a flow rate of 10 µL/hour, the concentration of 

mitochondria in the flow buffer that results in an appropriate number of trapped mitochondria 

for our imaging setup is around 50 µg/mL of mitochondrial protein. The procedure to find 

this value is discussed in the following paragraph. 

If the amount of mitochondria that reaches the channel entrance is too high, initially a few 

mitochondria are trapped in the channel, but additional mitochondria can block the entrance. 

It is important for imaging to use an optimized mitochondrial concentration. We tried 

different concentrations of mitochondrial protein from 300 µg/mL to 1 µg/mL while keeping 
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the flow rate constant at 10 µL/hour and the flow time at 2 minutes. With a mitochondrial 

protein density of around 300 µg/mL, concentration of trapped mitochondria was high and 

we could see clogs at the entrance to the channels and also inside the channels (Figure 3.4). 

 

Figure 3.4. Different concentrations of trapped mitochondria (labeled with JC-1, red fluorescence 

shown) achieved by changing the mitochondria concentration in the filling solution. All channels 

have been pumped with the mitochondria solution rate of 10 µL/hour for 2 min., a) 300 µg/mL
 

protein concentration (density too high), clogs are formed in the trap channels b) 50 µg/mL protein 

concentration (density optimum), c) 1 µg/mL protein concentration (density low). Bright field and 

fluorescence images are captured separately and merged later. 

While with protein concentration of 1 µg/mL  we saw only four mitochondria trapped in 

the whole channels (Figure 3.4 (c)). Concentration of around 50 µg/mL, on average, resulted 

in a few mitochondria being trapped per channel (Figure 3.4b) and most of the mitochondria 

were far enough from each other that we could easily distinguish them with microscope. 

Since the “clogs” are not observed when lower concentration of mitochondria is used, we 

believe they are mitochondria that are packed so closely that it is difficult to distinguish 

between them, the smallest resolvable distance between two mitochondria depends on the 

specifications of the microscope and is discussed more in the imaging section. The optimum 
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concentration also depends on the flow rate. With a smaller flow rate, there is more control 

over the number of trapped mitochondria, the channels can be monitored through the 

microscope and once an appropriate number of mitochondria are trapped the flow can be 

stopped, but that would increase the loading time and due to limited lifetime of isolated 

mitochondria, would decrease the number of the assays that can be performed. We have kept 

the loading time and the flow rate constant and used a mitochondria concentration that would 

result in a few trapped mitochondria in each channel. The total amount of mitochondria 

protein that we are flowing into the channels at a concentration of 50 µg/mL and flow rate of  

10 µL/hour for 2 minutes is around 16 ng. This concentration is over an order of magnitude 

lower than what is used in most experiments.
56,57

 This can be used to estimate the appropriate 

concentration for different flow conditions.  The number of trapped mitochondria for each 

experiment using the described conditions is generally 20-40 in the field of view. It is 

possible to increase the throughput by increasing the number of nanochannels, and using an 

imaging system with higher resolution and larger field of view. 

 

Δψm Assays 

 The mitochondria in our channels are vital and sustain a membrane potential. This can be 

demonstrated using the fluorescence dye JC-1 

In Figure 3.5 (a-c), separate green and red fluorescence images of the same mitochondria 

are shown, as well as their superposition over the bright-field image of the nanochannels. JC-

1 stained mitochondria are provided with 10 mM sodium succinate and flown into channels 

with a rate of 10 µL/hour. After 2 minutes the flow is stopped and the channels are imaged. 

Clearly, the mitochondria are trapped individually in the nanochannels, and a large 
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percentage of them are bright red, indicating the membrane potential is still large. The blue 

bars in Figure 3.5 (d) shows the histogram of red/green fluorescence intensity for 31 

mitochondria that were in the field of imaging. Around 80% of the mitochondria have a ratio 

of 3 or higher. As a control we performed the same experiment with substrate deprived 

mitochondria that are expected to have a lower membrane potential. The distribution of 

red/green fluorescence intensity ratio for mitochondria in this sample is shown by the white 

bars in Figure 3.5 (d).  Out of 39 mitochondria, 65% have a ratio of 2 or lower.   

 

  

 

Figure4.  

Time Dependence of Δψm of Individual Mitochondria 

To monitor the time dependent membrane potential we performed time-lapse microscopy 

of stained trapped mitochondria for over ten minutes with continuous illumination.  

Mitochondria stained with 30 nM TMRM were introduced into our nanochannels, and an 

image was captured every 5 seconds, with an image acquisition time of 2.5 seconds per 

image. As can be seen in Figure 3.6, the fluorescence intensity from TMRM stained 

mitochondria remains relatively constant indicating that the trapped mitochondria maintain 

their membrane potential for a long time. 

Figure 3.5. Image of JC-1 stained trapped mitochondria. a) Image taken with TRITC filter. b) 

Same mitochondria imaged with a FITC filter. c) Overlap of a, b and bright field image of the 

channels. d) Histogram of ratio of red to green fluorescence for substrate fed mitochondria)  and 

substrate deprived mitochondria (Total number of substrate fed mitochondria is 31 and total 

number of substrate deprived mitochondria is 39). 
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Figure 3.6. Normalized TMRM fluorescence intensity from two individual trapped mitochondria 

imaged every 5 s. Arrows in the inset point to the mitochondria the intensity of which is shown. 

Dashed lines suggest the outline of the channels. 

 

The substrate response and MMP experiments described next were performed using JC-1. 

Because of our microscope setup we can only use one filter cube at a time for time-lapse 

fluorescence microscopy  and we cannot measure both red and green simultaneously, so we 

only monitored the red intensity (which has been reported to be linearly correlated with 

membrane potential)
58

. To account for the inaccuracies such as those caused by the apparent 

size of mitochondria compared to their real size that might be caused by using the red 

fluorescence only, we are showing the normalized traces for each mitochondrion. Each trace 

is divided by the fluorescence intensity measured for that mitochondrion at time zero, so that 

all the traces start at intensity of one. This way we are not comparing different mitochondria, 

but we are looking at the trend of membrane potential change for one mitochondrion.  
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Substrate Modulation Δψm of Individual Mitochondria 

Without OXPHOS substrates, the electron transport chain is idle, and the membrane 

potential remains in its basal, resting state. In order to demonstrate the ability to chemically 

modulate the electron transport chain and the bioenergetic state of the mitochondria in our 

nanochannels, we performed a series of experiments with and without OXPHOS substrates 

Pyruvate/Malate present in the respiration buffer. 

In Figure 3.7, we show two sets of experiments in which the mitochondria are labeled and 

imaged with JC-1. In (a), substrates are not used. In (b), OXPHOS substrates, 5 mM Pyruvate 

and 5 mM Malate, are added to JC-1 stained mitochondria respiration buffer just before 

flowing the mitochondria in the channels. This activates the electron transport chain and 

initially increases the mitochondrial membrane potential Δψm. As mitochondria gradually 

consume the substrates, the substrate concentration decreases, therefore the membrane 

potential and fluorescence intensity gradually drop and become identical to the sample 

without substrates. 

Typical normalized red fluorescence intensity of JC-1 stained mitochondria is shown in 

Figure 3.7 (a) (each curve shows the fluorescence from a single mitochondrion.) It is 

observed that for JC-1 stained mitochondria the fluorescence intensity has dropped around 

50% during the time span that they were continuously illuminated for photography, and we 

attribute this to photo-bleaching of the JC-1,( also reported by other groups)
59,60

 since 

experiments with identical buffer but different stain (TMRM) showed no appreciable decay 

in the membrane potential (Figure 3.6).  

Similarly, in Figure 3.7 (b), the fluorescence intensity decays with time but this time with a 

higher rate, due to gradual consumption of OXPHOS substrates  
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Figure 3.7. Fluorescence intensity measurement of JC-1 stained mitochondria. a) Substrates are not 

used. b) OXPHOS substrates (5 mM Pyruvate and 5 mM Malate) are added to respiration buffer 

just before flowing the mitochondria into the nanofluidic channel. This activates the electron 

transport chain and increases the mitochondrial membrane potential Δψm initially.  

Interestingly, for one of the mitochondria (labeled mito4 in Figure 3.7 (b), we observed 

around 20% fluctuation in the fluorescence intensity. Fluctuations (flickering) of membrane 

potential of individual mitochondria from different cell types have been reported before, 

although the detailed conditions and causes of this flickering are not fully understood.
57,61–63

 

Our study is the first to observe such flickering in isolated mitochondria from HeLa cell line, 

and it is surprising that it is observed in substrate fed (rather than basal) mitochondria, which 

is contradictory to some other studies,
56

 where removal of substrates resulted in flickering in 
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some mitochondria. Even though JC-1 is a slow response dye,
64

 it has been shown that the 

observed flickering when using JC-1 is very similar to TMRM but with a slightly lower 

frequency.
65

 It is our belief that the technique demonstrated herein could be useful for future 

studies to more quantitatively elucidate the flickering of the membrane potential, its causes, 

and modulators. 

Calcium Induced MMP  

Calcium in mitochondrial matrix controls the rate of energy production. In case of 

pathological calcium overload mitochondrial permeability transition pore opens irreversibly 

causing the mitochondria membrane to become abruptly permeable. This results in 

mitochondrial depolarization and swelling.  

A solution of 10 mM CaCl2 in DI water was prepared and diluted 10 times in respiration 

buffer to the final calcium concentration of 1 mM. The osmolarity of the final respiration 

buffer solution with 1 mM CaCl2 is about 310 mOsm, which is well within the physiological 

osmolarity range for mitochondria.
66,67

  We used a very high concentration of Ca
+2

 to make 

sure that the amount of calcium that reaches the mitochondria is enough to cause the 

swelling. The solution was pumped into the channels (with a relatively low flow rate of 5 µL 

hour
-1

 to make sure it will not dislodge the trapped mitochondria) to induce depolarization. In 

order to avoid the photobleaching of JC-1, we imaged the mitochondria prior to the 

introduction of Calcium solution, started Calcium flow, stopped the light exposure and 

waited for 4 minutes. Then we turned on the illumination and imaged the same field again. 

(Figure 3.8) The red/green fluorescence intensity of most of the mitochondria had 

considerably decreased. This clearly indicates the membrane potential has been significantly 

reduced by the Ca
2+

. 
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Figure 3.8. (a) and (b) Trapped mitochondria before flowing the respiration buffer with1mM Ca+2 

in the channels. (c) and (d) Same mitochondria after exposure to 1mM calcium flow. Scale bar is 5 

µm. 

To quantify this effect, we compared the red fluorescence to green fluorescence intensity 

ratio prior to and after calcium treatment. The red/green ratio for all 14 mitochondria varied, 

but shifted to a lower value after introduction of the Calcium. In Figure 3.9, the histograms of 

the ratios (which is indicative of the membrane potential Δψm) for the pre and post Calcium 

treatment are plotted. Interestingly, the results indicate the membrane potential has collapsed 

for all but one mitochondrion, regardless of the initial membrane potential (i.e. red/green 

ratio). This demonstrates the ability to study heterogeneity and statistical properties of 

individual mitochondria.  
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Figure 3.9. Histogram showing the distribution of JC-1fluorescence intensity ratio for the 14 

mitochondria involved in the study prior to (red bars) and after calcium treatment (white bars). 

 

Comparison to State of the Art 

The vast majority of assays performed on mitochondrial function are on large quantities of 

mitochondria, typically requiring 10
7
 cells worth of sample.

64
 Below we compare our work 

with prior art for the analysis of individual mitochondria, of which there are only a few 

techniques, none of them suitable for the studies envisioned with our technology. 

An alternative technique to immobilize isolated mitochondria involves adhesion to a glass 

microscope slide.
68–70

 This technique allows visualization and characterization of up to 

hundreds of individual mitochondria in a single field of view. A disadvantage of this 

approach, however, is the large fluorescence background of the fluorophore outside of the 

mitochondria. If one seeks to quantitatively determine Δψm using potential sensitive dyes, it 

is necessary to carefully measure the ratio of the dye fluorescence intensity at the inside to 

the outside of the mitochondria. The measurement is complicated by the large diffuse 

fluorescence background of the fluorophore outside of the mitochondria. In our 

nanochannels, the volume of solution outside the mitochondria is minimized, leading to 

much lower background fluorescence. Another advantage of our method is that mitochondria 



54 
 

are physically trapped and cannot move around or move out of the plane of focus, allowing 

us to do accurate measurements.  In glass immobilization method a large portion of the 

mitochondria do not stably get attached on the glass surface, preventing the accurate 

measurement of their fluorescence intensity since small movements of mitochondria will 

result in changes in the measured fluorescence intensity and disrupt the measurement.  More 

importantly, parallel processing of multiple analytes is not possible on glass slide. In the 

fluidic channel array, it is possible to provide a large variety of different chemical 

environments (one in each channel) with suitably designed on-chip microfluidic circuits. For 

example, each of the 10 channels could be given a linearly varying concentration of Ca
2+

 by 

suitable design of a perpendicular microfluidic Ca
2+

 gradient at the introduction of each 

channel. This could allow for parallel screening in response to different calcium 

concentrations at the single mitochondria level, which the glass slide approach cannot easily 

provide. Generalizations to arbitrary chemical combinatorial conditions are clearly possible. 

Several studies have demonstrated the application of flow cytometry to the analysis of 

individual mitochondria.
71,72

 Flow cytometry has the advantage of using existing 

commercially available instruments. Flow cytometry provides a “snap shot” of a single 

mitochondrial state (e.g. JC-1 fluorescence, forward scatter and side scatter). In this way, 

statistical analysis of mitochondria under various conditions and states can be obtained. Flow 

cytometry cannot be used to track the status of individual mitochondria over a long time. In 

contrast, in our approach, the response of individual mitochondria to a variety of chemical 

species can be tracked over a long period of time. 

Similar to flow cytometry, capillary electrophoresis with laser-induced fluorescence 

detection allows for analysis of single mitochondria. In this technique, a 50 µm capillary 
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guides individual mitochondria which migrate in response to a high electric field (ca. 200 V 

cm
-1

). Using this technique, a variety of mitochondrial properties can be assayed, such as the 

electrophoretic mobility, the cardiolipin content, and ROS production.
73–78

 As in flow 

cytometry, single mitochondria are analyzed at a snapshot in time as they migrate passed the 

detection window.  

In short, the current approach supplies temporal information, the CE provides chemical 

information and the flow cytometry provides statistics on large populations. 

 

Conclusion 

We present for the first time a nanofluidic chip to trap and study isolated individual 

mitochondria. This provides a powerful stage for fluorescence imaging of isolated 

mitochondria in a controlled environment and real time investigation of their behavior under 

influence of different chemicals. Multiple applications of the new technology can be 

envisioned. We expect that the application of this and similar technologies to the analysis of 

sub-cellular organelles will have a variety of applications in cancer biology, stem cell 

biology, drug screening, and aging studies, because of the growing consensus of the general 

importance of functional metabolomics in biology and medicine. 
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Mitochondria with Nanoelectrodes 
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Introduction 

Mitochondria regulate and generate energy in a cell, control cell fate through the 

apoptosis cell death pathway, and are believed to be the main producers and targets of 

reactive oxygen species. 
13

 
79

A series of membrane protein complexes (the electron transport 

chain) converts the chemical energy stored in various metabolic substrates into electrical 

energy (stored as a membrane potential of around 150 mV), resulting ultimately in the 

reduction of oxygen to water. The mitochondrial membrane potential energizes the 

phosphorylation of ADP to ATP through the F0F1 ATP synthase. One of two cell death 

signaling pathways (the so-called “intrinsic” or mitochondrial signaling pathway) converges 

at the mitochondrial membrane and causes a dramatic and sudden collapse of the 

mitochondrial membrane potential, irreversibly committing the cell to death
33,80

. This is a 

highly regulated pathway and clear target for pharmacological manipulation for a variety of 

diseases including, e.g, cancer
818235

. While the molecular identity of the complex of proteins 

that leads to this collapse (the so called permeability transition pore (PTP), presumed to be a 

large channel) is controversial
83

, the dynamics and statistics of the membrane potential 

collapse and in particular of the PTP opening and closing are, to date, impossible to measure 

with time resolution less than about 1 second, in spite of evidence of rapid flickering of the 

membrane potential. New, faster assays of the mitochondrial membrane potential could 

therefore provide important new information about a biophysical quantity that is critical for 

cellular energy production and, through apoptosis, cell fate. 

The simplest and most convenient method to assay the membrane potential utilizes a 

charged, lipophilic fluorescence dye (typically Tetramethylrhodamine, Methyl Ester 

Perchlorate, known as  TMRM) that can freely pass through a lipid bilayer membrane. The 
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dye concentration inside the mitochondria (and hence measured flourescence intensity) 

changes in response to the membrane potential through the Nernst relationship. Although 

convenient and prevalent, this technique is limited in the spatial resolution so that the entire 

mitochondria is typically a few pixels in size, and in temporal resolution, because of the 

weak fluorescence signal. Although fluctuations of the membrane potential in time have been 

demonstrated (“flickering”), 
56,57,62,63,65,70,84–92

  especially in the context of apoptosis and cell 

death, limitations on fluorescence assays have prevented investigation of the spatial 

distribution of the membrane potential along the length of the mitochondria, and 

flickering/fluctuations with time scales less than about 100 ms,
93

 even though they are 

believed to be due to the dynamic opening and closing of pore forming complexes, the 

permeability transition pore (PTP). 

In this work, we demonstrate proof of concept of an alternative method to measure 

mitochondrial membrane potential using nanotube electrodes which sense the mitochondria 

as they flow passed the electrodes one by one. With this initial proof of concept, we 

demonstrate a statistical noise resolution on the membrane potential measurement of better 

than 10 mV in 3 milliseconds, at least an order of magnitude faster than any published 

fluorescence membrane potential measurement. In addition, we present a careful, quantitative 

analysis of the fundamental and practical limits of membrane potential measurements using 

fluorescence microscopy and show that our initial proof of concept electrical assays provide 

superior time resolution even when compared against a (hypothetical) perfect, shot noise 

limited fluorescence configuration. 

While an obvious advantage of this approach (in addition to dramatically improved time 

resolution) is the compatibility to scale to high throughput assays on millions of individual 
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mitochondria at a time using modern CMOS electronics (which fluorescence approaches are 

not compatible with), the most exciting possibility of this approach is the potential to scale 

the spatial resolution down to that of a single ion channel. Our recent demonstrations
94–97

 of 

using nanoelectrodes to sense the current through individual ion channels indicates this is an 

exciting avenue for extending this initial proof of concept to enable qualitatively new 

methods of investigating mitochondrial electrophysiology using nanotechnology. 

Mitochondrial Nanoelectrode Sensor: Design & Fabrication 

Our design consists of an array of nanotube transistors fabricated on a 4” quartz wafer 

(Figure 4.1).  A PDMS microfluidic channel (1 µm by 2 µm by 500 µm) enables delivery of 

electrolyte buffers that act as a liquid “gate” to turn the nanotube channel on and off when a 

suitable voltage is applied using a Ag/AgCl electrode at the channel entrance (Figure 4.2). 

The channel dimensions are designed to allow passage of mitochondria (which typically are 

about 0.5 µm across) one by one across the surface of the nanotube electrodes, which then 

sense the electrical charge of the mitochondria as they pass by. 

The active nanotube channel consists of a random network of purified semiconducting 

carbon nanotubes with a density of approximately 20 tubes/µm
2
, deposited using methods 

recently developed by our lab .
98,99

 This provides a simple method to integrate with optical 

lithography for patterning of the metal contacts to the nanotube network. In our design, only 

the nanotubes (and not the metal contacts) are exposed to the solution.  

The metal contacts to each side of the nanotube network serve as “source” and “drain” 

electrodes. The conductance from source to drain is measured using either a semiconductor 

parameter analyzer or a lock-in analyzer (see methods). The interfacial capacitance (gate 
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capacitance) is composed of three components; the electrolyte-CNT double layer 

capacitance, tube-tube capacitances and quantum capacitance of carbon nanotubes. 

Electrolyte-CNT double layer capacitance for salty water is around 7x10
-9

 F/m
100

, and the 

tube-tube interactions are negligible. The quantum capacitance of a carbon nanotube is 4x10
-

10
 F/m which is more than 10 times smaller than the contribution from the double layer 

capacitance and therefore is the dominant component of the gate-carbon nanotube 

capacitance. The total interfacial capacitance is approximately 1 µF/cm
2
. Based on this 

capacitance estimation Mobility for holes is calculated as 0.6 cm
2
/(V·s) and the calculated 

electron mobility is 0.15 cm
2
/(V·s). 

 

Figure 4.1. Structure of the mitochondrial nanoelectrode sensor device. (a) Optical image of the 

quartz wafer with 6 devices. (b) Schematic of the device showing the PDMS channel and the 

integrated electrodes. (c) Schematic showing the relative location of the carbon nanotube transistor 

and the flowing mitochondria. (d) and (e) Bright field microscope images of the device with 20x and 

60x magnifications. (f) Scanning electron micrograph exhibiting the carbon nanotubes deposited on 

the wafer surface. 
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Figure 4.2. DC characterization of the device. (a) Drain-Source current vs. (electrolyte) gate voltage 

for a 3 µm x 3 µm device at different applied drain-source voltages. (b) Schematic showing the DC 

measurement set-up. 

Resistive flow sensing of vital mitochondria 

Vital mitochondria, isolated from HeLa cells using well known protocols,
101

 are 

introduced into the channel using a variety of buffers known to affect the metabolic & 

bioenergetics status of the mitochondria (Figure 4.3). As the mitochondria flow over the 

nanoelectrode network, distinct changes in the conductance are observed (Figure 4.4). 

Control experiments using buffer only (no mitochondria) show a constant conductance, 

confirming the changes in the conductance are due to the presence of the mitochondria (Fig. 

4). Since mitochondria in its vital state sustains a large membrane potential, the surface has a 

net charge which “gates” the nanotube devices into a less conducting state (Figure 4.3). Once 

we achieved this initial proof of concept, we turned our attention to the effect of the 

metabolic state of the mitochondria on the measured conductance change pulse heights. 
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Figure 4.3. Mitochondria detection set-up. (a) Fluorescence image of HeLa cells labeled with TMRM dye. 

TMRM stains the mitochondria inside the cells. Mitochondria are isolated from HeLa cells and suspended in 

buffer. (b) Schematic depicting the electrical measurement with lock-in amplifier. Buffer containing the 

isolated mitochondria is pipetted in the inlet reservoir of the channel and flows through the channel. (c) 

Fluorescence image of TMRM labeled individual mitochondria in the fluidic channel. 
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Figure 4.4. Carbon nanotube detection of vital, individual mitochondria. (a) As a mitochondrion 

approaches the nanotube electrodes, the source drain current starts to change, and when the 

mitochondria moves past the transistor channel area, the device current goes back to the baseline. 

(b) Conductance vs. time data recorded from a device without mitochondria in the flow buffer 

(black trace) and with mitochondria flowing in the channel (red trace). The spikes in the red curve 

correspond to mitochondria passing over the sensor area. This device is biased at a (liquid) gate 

voltage of -1 V. (c) The magnitude and direction of spikes depend on the gate bias voltage. The 

current change is negative for negative bias voltages, indicating a negative shift of the device 

threshold voltage as mitochondria approach the device.  

Threshold voltage shift  

For a negative gate voltage, mitochondria induce a decrease in the conductance, whereas 

if the device is biased at a positive gate voltage the current changes are in the opposite 

direction (Figure 4.5). This trend shows a negative shift in the threshold voltage of 

CNTFET.
102

 We attribute this change to induction of electrons in the carbon nanotubes due 
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to the surface charge of the mitochondria. The inner mitochondrial membrane maintains a 

transmembrane potential. The transmembrane potential is created as protons are pumped into 

the intermembrane space as a result of redox reactions in the electron transport chain. The 

anions remain in the matrix and cause a negative charge density in the mitochondrial matrix 

while the positive ions accumulate outside of the mitochondria and screen the negative 

charges in the matrix
103

. The details of the distribution of charges on the mitochondrial 

surface is not known yet. Our measurements indicate the induction of a negative charge 

density in the CNT mat. 

 

 

Mitochondrial energetic state can be assayed with nanoelectrodes 

In order to further demonstrate the utility of this approach, we next assayed the 

mitochondrial induced conductance change under three common biochemical conditions
11

: 1) 

Figure 4.5. The magnitude and direction of spikes depend on the gate bias voltage, 

the current change is negative for negative bias voltages and positive for positive 

bias voltages, indicating a negative shift of the device threshold voltage 

mitochondria approach the device. 
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Substrate deprived mitochondria. These mitochondria are depleted of their endogenous 

substrates and the membrane potential is low, due to lack of chemical energy to fuel the 

electron transport chain proton pumps. This is commonly referred to as Respiratory State 1.
11

 

2) Succinate fed mitochondria. Succinate is a substrate that fuels complex II of the electron 

transport chain, causing a large membrane potential, in the absence of ADP. This is 

commonly referred to as Respiratory State 2.
11

 3) Depolarized mitochondria. The chemical 

agent CCCP (carbonyl cyanide m-chloro phenyl hydrazine) is a lipid soluble uncoupling 

agent that discharges the proton gradient and results in the collapse of the membrane 

potential of mitochondria. 

In state 1 (substrate deprived), the change in the electrode conductance is measurable but 

small (Figure 4.6). Once the mitochondria are provided with substrates (state 2), the 

concomitant changes in the nanotube conductance are much larger, due to the larger 

membrane potential. After depolarization of the membrane potential with CCCP, no further 

pulses are observed. This clearly demonstrates that the nanoelectrode conductance change is 

a sensitive probe of the mitochondrial membrane potential, and probe the bioenergetics state 

of individual mitochondria. 
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Figure 4.6. Effect of the metabolic/bioenergetic state of the mitochondria on the conductance 

change. (a) Addition of different reagents to the reservoir during the measurement alters the 

membrane potential of mitochondria. Initially mitochondria were suspended in a substrate free 

buffer and flown into the channel; next mitochondria were energized by adding sodium succinate to 

a final concentration of 10 mM; finally CCCP  was added to the reservoir (final concentration 50 

µM) to depolarize the mitochondria. (b) Normalized scatter plot showing the distribution of the 

events observed for energized and de-energized mitochondria. 

Mitochondrial membrane potential fluctuations can be quantitatively assayed 

Our measurements above clearly show the conductance change is sensitive to the 

metabolic state of the individual mitochondria (i.e. to its membrane potential). Prior 

measurements have shown that the surface charge of the mitochondria (which is responsible 

for gating our nanotubes) is related to the membrane potential (Figure 4.7). 
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Figure 4.7. Linear relationship between mitochondrial membrane potential and surface potential 

(adapted from Table 1 in reference
104

 and Figure 2 in reference
105

). In the original reference, the 

membrane potential of the isolated mitochondria was measured with an ion-selective electrode, and 

the electrophoretic mobility was measured using a miro-electrophoretic device. The electrophoretic 

mobility was used to calculate the surface potential (surface charge density). The surface potential 

and membrane potential were given separately versus different mitochondrial bioenergetics 

stimulants and inhibitors; here those data are merged to plot the surface potential versus 

membrane potential. This shows a clear linear relationship between the two parameters. 

 

While an absolute calibration of the membrane potential is challenging, it is clear that we 

can sensitively assay changes in the membrane potential from one mitochondria to the next, 

and as a function of the metabolic state of the mitochondria in response to its biochemical 

environment. We now discuss how to calibrate the sensitivity of this technique to differences 

in membrane potential from the measured conductance change. 

The change in the conductance of the nanoelectrode is larger at larger mitochondrial 

membrane potentials. Due to the capacitive nature of the detection mechanism, the 

assumption of a linear small signal relationship between the magnitude of change in 

conductance and the membrane potential of mitochondria is reasonable. Assuming that the 

resting membrane potential is 150 mV, we can calibrate the sensitivity of the device by 

measuring the current change from baseline. In our proof of concept devices, at a gate bias 
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voltage of -1 V,  an average of 0.1 nA (4.5%) current change from the base line occurs as the 

energized mitochondria pass over the detector. This gives a current to membrane potential 

conversion factor of typically 0.1 nA per 150 mV of mitochondrial membrane potential. 

Using this, an estimate for the statistical noise in the membrane potential measurement can 

be ascertained. 

With a second order low pass filter with time constant of 3 ms, the measured standard 

deviation of measured current in the absence of mitochondria ranged from as low as 1.2 pA  

to as high as 8 pA. By increasing the time constant and the order of the low pass filter the 

output becomes less noisy. The time constant and the filter order also determine how long 

does it take for the filter output signal to respond to changes in the device conductance. For 

these filter settings the delay time (time it takes for the measured current to reach 50% of its 

final value) is approximately 5 ms. 

For error calculations we assumed a standard deviation of 6 pA.  This corresponds to a 

maximum of 9 mV of error in the measurement of a membrane potential of -160 mV for a 

measurement time of 3 ms. This is an unprecedented measurement as the prior best result has 

a measurement time of almost 2 orders of magnitude longer (100 ms) based on fluorescence, 

and most fluorescence measurements are even longer than that (second). It should be pointed 

out that the noise sources in our electronic measurement have not been analyzed in detail and 

this measurement represents an initial proof of concept spot measurement of the noise that 

could be improved with further effort. We next compare the initial proof of concept device 

realized in our lab with the fundamental limit that fluorescence microscopy can be expected 

to provide under optimum conditions, as well as practical conditions with various 

commercially available camera systems. 
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Comparing the fundamental and practical limits of fluorescence membrane 

potential assays 

Fluorescence imaging of vital mitochondria is the established method for the study of 

membrane potential of single mitochondria using membrane potential sensitive dyes 

(“voltage dyes”).
106,107

 In this method the membrane potential  indicator is generally a 

lipophilic cationic fluorescence dye that is taken up by mitochondria in proportion to the 

membrane potential according to the Nernst equation. Mitochondria with higher membrane 

potential accumulate more dye in the matrix. The fluorescence intensity of the dye is 

dependent (usually linearly) on the concentration of dye. Fluorescence intensity of the dye is 

detected inside and outside of the mitochondrion and the ratio is used to calculate the 

membrane potential. 

Although this is a powerful tool, it has some disadvantages associated with it. First, high 

intensity illumination generates reactive oxygen species in mitochondria and leads to 

phototoxicity which in many cases actually causes ROS induced depolarization of the 

membrane potential one is trying to study.
108

 This effect (in addition to photobleaching of the 

fluorescence dye) constrains the maximum the illumination intensity that can be used, and 

hence the maximum brightness that can be expected from the flourophores. In this section, 

we analyze this relationship in detail and develop quantitative estimates for the best case 

scenario fluorescence measurement of membrane potential, as well as that for practical 

configurations with commercially available cameras of various cost and sensitivities. 

There are various fluorescence probes that can be used to assess the mitochondrial 

membrane potential. Examples of the most commonly used fluorescent dyes are 

tetramethylrhodamine methyl ester (TMRM), tetramethylrhodamine ethyl ester (TMRE), 
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Rhodamine 123 and JC-1. TMRM has been shown to have the lowest non-Nernstian binding 

to the membrane
8
 and therefore is suitable for quantitative measurements of membrane 

potential.  

The fluorescence intensity of the dye can be measured by a wide-field or confocal 

microscope. Confocal microscopy leads to a better spatial resolution compared to the wide 

field Epi-fluorescence microscope, it also enables 3-D reconstruction of the image and 

elimination of out of focus fluorescence. On the other hand, it needs a higher excitation light 

intensity that induces faster photo-bleaching of the fluorophore and might also cause 

phototoxicity in mitochondria. Here we base our analysis on wide field fluorescence 

microscopy of TMRM labeled mitochondria.  

In order to determine the resolution of the measurement of the membrane potential, we 

first determine the noise on the measurement of the fluorescence intensity, and later convert 

that to a noise on the measured membrane potential. Noise sources on the fluorescence 

intensity measurement can come from many sources, but in a properly optimized lab setup, 

are dominated by three main contributions: 

1) Shot noise of the emitted light due to the discrete nature of the photon 

2) Dark current noise on the photodetector 

3) Read noise on the CCD readout electronics. 
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Table 4.1. Specifications and coefficients used to drive the accuracy of membrane potential 

measurements by fluorescence microscopy 

Microscope System 
TMRM Characteristics 

Illumination 
120 W-Mercury lamp 

Absorption/Emission 549/574 nm 

Filter Cube 
TRITC 

Quantum Yield 0.34 

Objective Lens 

Oil Immersion 

60X 

NA=1.4 

Field Number : 22 mm 

FOI= 0.001 cm
2
 

Extinction Coefficient 1.1 x10
5
 M

-1
cm

-1 109
 

Absorption Cross 

Section 

3.824 x 10
-19

 cm
2 

Concenteration 

(Nonquench)  

1-30 nM 

Mitochondrial Matrix Volume:      0.04-0.08 µm
-3 110

 

We next estimate the noise in the measured fluorescence intensity from these main 

contributions, using typical parameters for a membrane potential experiment (Table 4.1). At 

a typical power density of 60 W/cm
2
, the flux of photons incident on a 1 µm

2 
mitochondrion 

is 1.7 x 10
12

 photon.s
-1

. Although it is possible to use higher powers to illuminate 

mitochondria, phototoxicity effects have been reported for even lower illumination 

powers.
65,84

  

How many photons does a TMRM labeled mitochondrion emit per second? The number 

of photons emitted by a single fluorophore per second can be calculated from the following 

equations described in:
111

  

fλem= fλex . Bs                                         (Equation 4.1) 
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Where fλem is the photon emission rate in photons per molecule per second, fλex  is the 

incident light intensity in photons per second per square centimeter and Bs is the brightness 

which,  at the single molecule level is calculated from:
111

 

          ⁄                                     (Equation 4.2) 

       ⁄   is the fluorescence quantum yield of TMRM molecules , and      is the 

absorption cross section of a single fluorophore molecule in square centimeter, Using the 

values given in Table 4.1, the brightness of a TMRM molecule is calculated to be 0.13 x 10 
-

18 
cm

2
. Therefore for each molecule of TMRM under the above discussed excitation 

condition the photon emission rate is 22 photons/s/molecule. 

The concentration of TMRM in an energized mitochondrion can be calculated from 

Nernst equation: 

          
  

  
   

[    ]

[   ]
                       (Equation 4.3) 

Where Cin and Cout are ion concentrations inside and outside the mitochondria, 

respectively, T the temperature, z the charge on the ion, F Faraday’s constant, and R the ideal 

gas constant. The effect of non-Nernstian binding of TMRM has been ignored since it has 

been shown that it is relatively low. Taking the higher end of 30 nM TMRM concentration in 

the respiration buffer, for a mitochondrion with a membrane potential of -160 mV, the 

concentration of dye inside the mitochondria is 15 µM. Therefore there are approximately 

550 TMRM molecules inside the mitochondria, and the total number of photons emitted from 

each mitochondrion is 12000 photon/s. The objective assumed in Table 4.1 has a 1.4 NA and 

therefore captures 30% of the photons. Part of the light is also lost while being transmitted 

through the objective and dichoric mirror. The flux of photons emitted by a mitochondrion 

arriving at the camera detector is estimated as 3000 photons/s. The average number of 
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photons arriving at each camera pixel every second can be calculated by dividing this photon 

flux by the total area of the mitochondrion on the image in pixels. 

Noise of fluorescence intensity measurements 

Fluorescence measurement is fundamentally limited by the statistical uncertainty of 

photon emission and detection. The rate of electron generation in the photodetector is not a 

constant value but follows a Poisson distribution. The average value (Savg) and variance (σ
2
) 

in the number of electrons generated in the photo-detector in an exposure time of t0 is equal 

to: 

                                                           (Equation 4.4) 

                                                            (Equation 4.5) 

Here f0 is the average number of incident photons per pixel per unit time and Qe is the 

quantum efficiency of the detector. This variance generates a noise (shot noise or Poisson 

noise, Np) in the number of the detected electrons that is given by: 

   √                                            (Equation 4.6) 

The lowest bound on the noise in fluorescence microscopy is reached with an ideal 

detector, where  Np is the only source of noise and camera quantum efficiency is 1. In case of 

imaging TMRM labeled mitochondria, the total photon flux emitted by a mitochondrion was 

calculated in the previous section as 3000 photons/s. The lowest shot noise is achieved when 

all the photons arrive at a single pixel (f0 = 3000 photons/pixel/s) and the generated noise in 

this case is equal to: 

   √           √     (#electrons)      (Equation 4.7) 

This gives rise to a signal to noise ratio of: 
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   √                                (Equation 4.8) 

The magnitude of the noise and also SNR depend on the duration of the exposure time 

(also referred to as the integration time). 

We next take into account the practical case where other sources of camera noise are 

present and the quantum efficiency is smaller than 1. In this case, other major sources of 

noise are the camera dark noise, ND, which is caused by thermally created electron-hole pairs 

in camera pixels, also following a Poisson distribution (   √    ), and the camera read 

noise, NR , from the camera amplifier circuit (Figure 4.8 (a)). 
112

 The values for D 

(electrons/pixel/s) and NR (electrons rms/pixel) depend on the camera type. Assuming 

emission from TMRM molecules is the only source of light and there is no background 

fluorescence, the total noise intensity is given by: 

   √  
    

    
                                    (Equation 4.9) 

taking into account the camera quantum efficiency, dark current, read noise and the 

photon shot noise, and the binning mode, the practical signal to noise ratio is given by:  

             
           

√             
        

               (Equation 4.10) 

Here M is the number of binned pixels. As a result of binning, adjacent pixels are 

combined together and their charges are read simultaneously. This improves the SNR and 

also allows for faster pixel read outs. 

What is the error in ΔΨ caused by noise of the fluorescence measurement? 
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Assuming a linear relationship between the emitted fluorescence intensity and the 

TMRM concentration (which holds at low concentrations of TMRM), the mitochondrial 

membrane potential can be found from:    

        
  

  
   

[    ]

[   ]
       

  

    
     (Equation 4.11) 

Here f0 and fout
 
are the measured fluorescence intensity from inside and outside the 

mitochondrion, respectively. Using analysis similar to the one used to find f0, fout can be 

calculated. The total photon flux that reaches the camera pixels from TMRM molecules in 

solution outside of mitochondria, is approximately 1 photons/s/pixel for typical camera pixel 

sizes.  

Measurement Accuracy of Absolute Membrane Potential Changes  

The sensitivity of the membrane potential to changes in the fluorescence intensity can be 

calculated from: 
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                 (Equation 4.12) 

Since fout
 
is very weak, this error can get very large. For a high accuracy measurement of 

absolute membrane potential a long exposure time is required. This considerably limits the 

time resolution of absolute membrane potential measurements using fluorescence 

microscopy.  

Measurement Accuracy Of Relative Membrane Potential Changes  

Although some labs perform the extensive calibrations required for an absolute 

measurement of the mitochondrial membrane potential from fluorescence
113

, in a more 

typical situation one is only interested in changes in the membrane potential in response to an 
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altered chemical or metabolic condition, or even ( more simply) whether the membrane 

potential has collapsed. Therefore, in most situations it is acceptable to only measure the 

changes in the  intensity of the fluorescence of the organelle as an indicator of the changes in 

the membrane potential, and ignore the intensity of the fluorescence of the region outside the 

organelle. Quantitatively, this can be stated as follows: The relative change in the membrane 

potential can be calculated from: 

           (   
   

     
    

   

     
)=   (   

   

   
    

     

     
)      (Equation 4.13) 

           (   
   

   
)                                                                   (Equation 4.14) 

For a well-designed experiment, the changes in the TMRM concentration in the buffer is 

small. The error that is caused by ignoring the (   
     

     
) term, will be limited to a few 

millivolts of membrane potential.   

In this case the error in measurement of changes in membrane potential is given by: 
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(Equation 4.15) 

Finally, combining these, we find, for the ideal photo-detector: 
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  √  
)  

 

√  
  mV                                                     (Equation 4.16) 

This gives the fundamental limits of the accuracy of fluorescence measurement of 

membrane potential changes (Figure 4.8 (b)). In this case, the measurement error is caused 

only by the inherent shot noise of the arriving photons, and therefore cannot be improved. 

In a practical fluorescence microscopy set-up, the accuracy of the measurement can be 

found from: 
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This accuracy depends on the characteristics of the detection system. Using a high 

binning mode, the effect of read noise can be suppressed considerably at the price of loss of 

spatial resolution of mitochondria. Another factor limiting the temporal resolution of the 

camera system is the frame rate, which also improves using a higher binning mode. The 

parameters for several different scientific grade low light camera systems are summarized in 

Table 4.2. The measurement accuracy for these camera systems in their working integration 

times are plotted in Figure 4.8 (c).  In this analysis we have ignored the time it takes for 

TMRM molecules to diffuse across the mitochondrial membrane in response to changes in 

the membrane potential. This rate can also limit the temporal resolution of membrane 

potential measurement with fluorescence microscopy.  

Table 4.2. Specifications of different low light camera systems. 

Camera QE 
D 

(e/p/s) 

NR 

(e/p) 

Pixel Size 

(um) 

Fast Frame rate 

at 512x512 pixel 

(f/s) 

Largest 

Binning 

(pixels) 

Spatial 

Resolution of 

mitochondria 

with binning 

QIClick 0.55 1.5 8 6.45x6.45 ~80 8x8 1x1 (pixels) 

QIClick Data Sheet: http://www.qimaging.com/products/datasheets/QIClick.pdf 

HQ2 0.62 0.001 4.5 6.45x6.45 81 8x8 1X1 (pixels) 

HQ2 data sheet: http://www.photometrics.com/products/datasheets/HQ2.pdf 

iXon 

897 
0.92 0.001 <1 16x16 206 4x4 1x1(pixels) 

iXon 897 data sheet: http://www.andor.com/pdfs/specifications/Andor_iXon_897_Specifications.pdf 

Flash2.8 0.52  3 3.63 
236 (1920x240 

pixels) 
2x2 8x8 (pixels) 

Flash 2.8: http://www.hamamatsu.com/us/en/community/life_science_camera/product/search/C11440-

10C/index.html 

Flash4.0 0.7 0.06 1.9 6.5x6.5 400 4x4 2x2 (pixels) 

https://www.hamamatsu.com/us/en/community/life_science_camera/product/search/C11440-22CU/index.html 
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Figure 4.8. Fuorescence measurement of mitochondrial membrane potential. (a) System schematics 

and sources of measurement noise. (b) Membrane Potential Measurement error versus integration 

time for different cameras compared to the shot noise limit (black dotted line) and electrical 

measurement noise of the fabricated devices (red dotted line). (c) Simulated (projected) time traces 

for measured flourescence intensity with different integration times and the electricaly measured 

current of the nanoelectrodes. (d) Measured Fluorescence time trace for a single flickering 

mitochondria. Fluorescence measurement we performed on individual mitochondria (Figure 6d) 

using the set up described in the methods section shows an SNR of approximately 5.4, resulting in 

an error of 10 mV, which is in good agreement with the predictions of the derived formula (12 mV). 
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Discussion 

Normalized simulated time traces for measured flourescence intensity for different 

integration times (Figure 4.8 (c)) and the electricaly measured current versus time of the 

nanoelectrodes and the membrane potential error versus integration time plot for these two 

methods clearly indicate that the nanoelectrode device in the set-up reported in this work 

achieves a better measurement error compared to the fluorescence microscopy. Furthermore, 

even our prototype results are not obtainable by fluorescence microscopy due to the shot 

noise limit of the photons. By optimizing the device design and measurement conditions, we 

anticipate that further improvement in the electrical measurement; ultimately, the electronic 

sampling frequency can be increased as high as the cut-off frequency of the nanotube 

transistor, which can be in the GHz range. 

This work shows for the first time that single isolated mitochondria can be directly 

detected by changes in conductance of carbon nanotube devices, as mitochondria flow one by 

one over the carbon nanotubes in a microfluidic channel. The surface charge of mitochondria 

induces a change in the threshold voltage of the carbon nanotubes that leads to changes in the 

transistor conductance. The magnitude of this conductance change depends on the 

energization state of the mitochondria and therefore can be used as a method for rapid, label 

free assessment of mitochondria membrane potential. Our analysis reveals that electrical 

measurements of membrane potential provides orders of magnitude higher time resolution 

and accuracy compared to the conventional method of fluorescence microscopy for study of 

the membrane potential of isolated mitochondria. This work is a step towards high resolution, 

high throughput measurements of single mitochondria bioenergetics. 
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Methods 

Device fabrication 

4 inch quartz wafer is cleaned with hot Piranha solution for one hour, followed by carbon 

nanotube deposition according to the procedure described in
98

 . In short, the cleaned quartz 

wafer is immersed in 1% 3-aminopropyltriethoxy silane (APTES) in isopropanol solution for 

one hour. This treatment creates a monolayer of amine terminated silane on the surface. This 

monolayer helps with selective absorption of semiconductive carbon nanotubes. The quartz 

wafer is then rinsed with isopropanol and purified 99% semicunductiong carbon nanotube 

solution (IsoNanotubes-S 99%, Nanointegris Inc) is drop-casted on the surface. The CNT 

solution is left on the surface for 1 hour. Subsequently the wafer is rinsed with DI water and 

baked in a 60
o
 C oven overnight. The Ti(5 nm)/Pd (15 nm)/Au (30 nm) electrodes are 

deposited by E-beam evaporation and patterned by liftoff procedure using PMGI SF6 and 

Microposit SC 1827 ( MicroChem Corp) photoresists. Fluidic channels are fabricated by soft 

lithography of Polydimethylsiloxane (PDMS). Silicone elastomer and curing agent 

(Sylgard® 184, Dow Corning Co.) are mixed at a 10:1 ratio, degassed and poured over a 

silicon mold. The mold is placed in a 60° C curing oven overnight. After curing, PDMS is 

cut and peeled off from the mold. Inlet reservoir and outlet hole are punched, followed by 

exposure of the PDMS channels to 70 W Oxygen plasma. This treatment takes 30 seconds 

and turns the PDMS from hydrophobic to hydrophilic; this improves the bond with the quartz 

wafer and also enhances the fluid flow by capillary force. The PDMS chip is immersed in 

methanol immediately after the oxygen plasma treatment. Then the PDMS channel is placed 

on the quartz wafer and manually aligned under a microscope. Methanol lowers the friction 
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between the CNT device and the PDMS, enabling the alignment without PDMS sticking to 

the substrate and damaging the transistor device. After the alignment the methanol 

evaporates and the PDMS bonds to the quartz wafer. The device is baked at 60
0
 C for 30 

minutes to improve the bonding. 

The PDMS channel consists of a 2 µm wide, 1 µm long, 500 µm long flow channel, 

connected to two wider (100 µm) access channels with a 70 µl inlet reservoir and an outlet 

hole to introduce the liquid.  The access channel lengths are 2cm. Different source-drain 

electrodes widths and gaps ranging from 3 to 20 µm have been fabricated.  

Electrical Measurement 

For conductance versus time measurements, 10 mv AC voltage at 10 KHz is applied 

between the drain-source electrodes and the current is measured using an SR-830 lock-in 

amplifier. The integration time is set at 3 ms. Therefore 3 ms is the 1/e time to detect abrupt 

changes in the nanoelectrode conductance, and is the rate limiting step in our existing setup. 

A custom built semiconductor parameter analyzer was used to measure the DC transport 

curve of the devices. 

Yield and statistics  

15 devices were tested using this procedure, out of which 5 devices displayed sensitivity 

to flow of mitochondria. 9 devices failed due to leakage, carbon nanotubes not gating or high 

measurement noise.  One device was tested with carboxylate modified polystyrene bead, and 

showed sensitivity to flow of the beads. 

In our experiments, the measured noise of the nanoelectrode devices varied from device 

to device. Results reported here are from devices with SNR values of 1600 to 270 at a time 
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constant of 3 ms (in the described measurement conditions). The factors contributing to this 

noise requires further analysis and is not discussed in this study.  

Cell Culture and Mitochondria Isolation 

Mitochondria were isolated from the human cervical cancer cell line HeLa (ATCC, CCL-

2). The adherent cells were cultured and maintained in log growth phase in media consisting 

of EMEM (ATCC, 30-2003) supplemented with 10% FBS (Invitrogen, 10438-018) and 1% 

Penicillin-Streptomycin (ATCC, 30-2300). All other chemicals were obtained from Sigma 

Aldrich, unless otherwise noted. The mitochondrial isolation protocol is described in more 

details in Appendix I. Briefly, cells were harvested at 100% confluence in a T-75 flask. 

Approximately 8x10
6
 cells were pelleted and washed in Phosphate Buffered Saline. Ice-cold 

H-buffer (210 mM mannitol, 70 mM sucrose, 1 mM EGTA, 5 mM HEPES, 0.5% BSA, pH 

adjusted to 7.2 with 1M KOH) was used in all of the following isolation steps. The cells were 

physically sheared with 20 passes in an ice-cold dounce homogenizer and centrifuged at low 

speed (800 x g for 5 min) at 4° C in an Eppendorf 5417R centrifuge. The cell lysate was 

further purified for the removal of cell debris through 2 additional rounds of low speed spins. 

The resulting supernatant was subjected to 2 rounds of high speed centrifugation (10,000 x g 

for 20 min). BSA-free H-buffer was used to re-suspend the resulting pellet, which was spun 

again at high speed. The isolated mitochondrial sample was pelleted and diluted in ice-cold 

respiration buffer (225 mM Mannitol, 75 mM Sucrose, 10 mM KCl, 10 mM Tris-HCl, 5 mM 

KH2PO4, pH adjusted to 7.2 with 1M KOH) and used. 1:1, 1:2, 1:10 dilutions of the 

suspension were used in protein determination with the BCA Protein Assay Kit (Thermo 

Scientific, 23227). 
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Fluorescence Imaging 

For Fluorescence assays of membrane potential mitochondria were labeled with TMRM 

(Life Technologies) in non-quench mode. TMRM was dissolved in DMSO and added to the 

mitochondrial respiration buffer to a final concentration of 30 nM. Mitochondria were 

incubated with TMRM for 20 minutes prior to imaging. Mitochondria were imaged with 

Olympus IX71 inverted fluorescence microscope, equipped with a 12 bit monochromatic 

CCD camera (QIClick-F-M-12), a 60x, 0.7 NA objective, 120 W Mercury vapor excitation 

light source and standard FITC (490 nm-525 nm) and TRITC (557 nm-576 nm) filters. Image 

analysis was performed with ImageJ software.  

Mitochondrial injection into channel 

50 µL respiration buffer is pipetted inside the reservoir, the capillary force carries the 

buffer inside the channel resulting in a flow rate of approximately 0.01 µl/hr. Mitochondria 

are isolated from cells through a differential centrifugation process described in the methods 

section and suspended in the respiration buffer. Mitochondria suspension and other reagents 

are pipetted into the same reservoir. To reduce the electrical measurement noise syringe 

pump is not used. 

The exposure time required to image the flowing mitochondria is long, therefore it is not 

possible to image the mitochondria as they are flowing past the CNT device; but we had 

previously developed a method to decrease the height of the flow channel to 500 nm and trap 

the mitochondria inside the flow channel.
114

 This method allowed us to verify that 

mitochondria enter the channel one by one and they remain vital and functional. 
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Summary of Findings and Conclusions 

The aim of this project was to develop technologies based on microfluidics to analyze 

mitochondria. These studies led to several critical advancements in terms of technology and 

science. 

First in chapter 2,  a wafer-scale mitochondrial functional assay lab-on-a-chip devices 

was developed. This ion-selective device requires mitochondrial protein quantities three 

orders of magnitude less than current commercial ion-selective electrodes and is integrated 

onto 4” standard silicon wafer with new fabrication processes and materials. This new 

fabrication procedure results in increases in production yield and decreases in total cost of 

fabrication. Membrane potential changes of isolated mitochondria from various well-

established cell lines such as human HeLa cell line (Heb7A), human osteosarcoma cell line 

(143b) and mouse skeletal muscle tissue were investigated and compared. 

Next, In chapter 3, we used nanofluidic channels in PDMS of cross section 500 nm x 2 

µm, to trap and interrogate individual, isolated mitochondria for the fisrt time. Fluorescence 

labeling revealed the immobilization of mitochondria at discrete locations along the channel. 

Interrogation of mitochondrial membrane potential with different potential sensitive dyes 

(JC-1 and TMRM) indicated that the trapped mitochondria are vital in the respiration buffer. 

Fluctuations of the membrane potential were observed at the single mitochondrial level. A 

variety of chemical challenges was delivered to each individual mitochondrion in the 

nanofluidic system. A variety of applications in cancer biology, stem cell biology, apoptosis 

studies and high throughput functional metabolomics studies can be envisioned using this 

technology.  
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In chapter 4, a new technic for mitochondrial membrane potential measurement was 

introduced. High sensitivity label free detection of single isolated mitochondria using carbon 

nanotubes was demonstrated. Electrical measurement of the conductance of carbon nanotube 

transistors shows that the device conductance is sensitive to flow of mitochondria and 

changes discretely as individual mitochondria flow over the nanoelectrodes in a microfluidic 

channel. This conductance change is induced by the electrostatic effects of mitochondrial 

surface charge and the magnitude of conductance change depends on the bioenergetic state of 

the mitochondria. Using this method, fluctuations of the mitochondrial membrane potential 

can be measured with a resolution of 10 mV (inferred) in a measurement time of order 

milliseconds. A quantitative analysis of the practical and fundamental limits of traditional 

fluorescence based probes of membrane potential was performed and revealed that 

fluorescence assays are an order of magnitude slower in ideal, photon shot noise limited 

setups, and two orders of magnitude slower under typical operating conditions, as compared 

to the electronic measurement presented here in.  

The reason this speed increase is significant is that mitochondrial depolarization is known 

to involve a large membrane pore that opens transiently in response to a variety of 

biochemical and pharmacological inputs as well as stress, ROS, and DNA damage. However, 

the mechanism of the large pore opening, its pharmacological regulation, and even its 

molecular identity are unknown and controversial. Therefore, this technique can enable 

higher resolution studies of this pore, and allow for studies of its dynamic opening and 

closing, flickering of the membrane potential, and statistics, all classical approaches for 

electrophysiolgical studies of ion channels that (to date) could not be applied to mitochondria 

because of their small size and the slow speed of fluorescent based voltage dyes. Collapse of 
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the membrane potential caused by pore opening controls cell fate through the apoptosis 

pathway. In fact, resistance to apoptosis in response to cell death signals (cytokines, 

oxidative stress, DNA damage, etc.) is a hallmark of cancer. Collapse of the membrane 

potential caused by pore opening controls cell fate through the apoptosis pathway. the 

molecular identity of the membrane protein complex(es) that cause inner membrane 

depolarization is not known
33,83,115,116

.  The inner membrane is thought to depolarize due to 

the dimerization of ATP synthase. Screening of mitochondrial depolarization is a possible 

method to screen for new chemotherapy drugs. 

Future Proposals 

Here I will be describing the future steps and directions that will improve each of the 

three developed devices. 

The integrated lab on a chip ion-selective sensor described in chapter 2, in the current 

state can already be used reliably to assay the membrane potential of mitochondria. However 

integration of a mechanism to control the temperature of the chamber will allow us to 

perform the experiments at body temperature and will be very useful for some applications. 

For the nanofluidic platform introduced in chapter 3, implementing a fluidic delivery 

system instead of the two access channels currently used, will make it possible to introduce a 

different type and concentration of metabolites into each of the trap channels. Such a device 

will have great potential applications in drug discovery. 

Detailed analysis of the noise generation mechanisms in the nanoelectrode device 

described in chapter 4, is useful to optimize the device design and experiment conditions for 

fast, high-throughput, high-resolution single mitochondria membrane potential assays. Based 
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on our current experiments, it is likely that the dominant component of the measured noise, is 

the flicker noise of the carbon nanotubes and seems to increase with the density of the 

deposited CNTs. Optimizing the carbon nanotube density or using a different nanomaterial, 

such as graphene will enable mitochondrial membrane potential measurements with even 

higher sensitivity. Also performing a series of experiments with these devices on 

mitochondria in different metabolic states might lead to new understanding of mitochondrial 

membrane surface charge distribution, a topic that is still controversial. 

Finally, another possible future direction is to merge the two devices described in 

chapters 3 and 4 to trap individual mitochondria on top of the nanoelectrode sensor and 

perform time lapse electrical measurements of membrane potential (or simultaneous 

electrical and fluorescence assays). This approach is especially beneficial for mitochondrial 

flickering and PTP opening studies, and to understand the role of photo toxicity in the 

observed flickering.  
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Appendix I.Mitochondria Isolation Protocol 

Cells were harvested at 100% confluence in a T-75 flask on the days of experiment. 

Approximately 8x106 cells were pelleted and washed in Phosphate Buffered Saline. Ice-cold 

H-buffer (210 mM mannitol, 70 mM sucrose, 1 mM EGTA, 5 mM HEPES, 0.5% BSA, pH 

adjusted to 7.2 with 1M KOH) was used in all of the following isolation steps. The cells were 

physically sheared with 20 passes in an ice-cold dounce homogenizer and centrifuged at low 

speed (800 x g for 5 min) at 4° C in an Eppendorf 5417R centrifuge. The cell lysate was 

further purified for the removal of cell debris through 2 additional rounds of low speed spins. 

The resulting supernatant was subjected to 2 rounds of high speed centrifugation (10,000 x g 

for 20 min). BSA-free H-buffer was used to resuspend the resulting pellet, which was spun 

again at high speed. The isolated mitochondrial sample was pelleted and diluted in ice-cold 

respiration buffer (225 mM Mannitol, 75 mM Sucrose, 10 mM KCl, 10 mM Tris-HCl, 5 mM 

KH2PO4, pH adjusted to 7.2 with 1M KOH) and used. 1:1, 1:2, 1:10 dilutions of the 

suspension were used in protein determination with the BCA Protein Assay Kit (Thermo 

Scientific, 23227). 

 
KCl NaCl MgCl2 Mannitol Sucrose KH2PO4 Buffer pH EGTA ATP ADP Subs. 

A67 10 x x 225 75 5 
10 

Tris/HCl 
7.2 x x x x 

B 110 x 10 x x x 20 MOPS 7.5 1 10 x 
Sodium 

Succina 

C.62 140 10 2 x x 0.5 
20 

HEPES 
7.2 0.5 x 

added 

later 

added 

later 

D 110 15 1 x x 2 5 HEPES 
7.2-

7.4 
x x x x 

E x x 1 220 75 2 5 HEPES 7.4 x x x x 

F x x x x 250 2 5 MOPS 7.4 x x x x 

G 125 x 1 x x 2 5 HEPES 
7.2-

7.4 
x x x x 

Table AI: Incubation buffers for isolated mitochondria (All units are in mM, except for pH) 
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TableA1 description: Through the course of technology development, we investigated 

several respiration buffers to see which one is best suited for our purpose of using the 

fluorescent dyes TMRM, Mitotracker Green, and JC-1. Listed in table A1 are the 

compositions for seven buffers used in the literature. Also included is the color-coded 

explanation of the role of each ingredient. The results reported in the thesis were based on 

either buffer A or buffer B. We observed that the mitochondria incubated with buffer B 

yielded higher fluorescence signal than those incubated with buffer A, probably due to the 

presence of 10 mM of sodium succinate, which is the substrate for complex II of the electron 

transport chain. However, the use of buffer B is limiting to experimentation because it 

already contains substrates of OXPHOS. The low intensity signal obtained from using buffer 

A prompted us to test other buffers. We have tested buffer C, a composition with similar 

ionic strength to buffer B and did not see a significant difference in signal intensity. The 

interesting result was that addition of Succinate and ADP would cause high amplitude 

flickering of mitochondria membrane potential whereas addition of small concentrations of 

Calcium (50 nM) into the buffer would suppress the flickering. Buffers D, E, F and G were 

adapted from OXPHOS.org. 

Ionic 

active ATP 

osmolarity 

Phosphate, maintain pH 

Inactivate Ca transport 

maintain pH 
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Appendix II. Carbon Nanotube Deposition 

Recipe 1, Using APTES 

1. Piranha clean the substrate for 1 hour at 120 
0
 C, Piranha solution consists of 

Sulfuric Acid : Hydrogen peroxide (3:1) 

2. Dry the substrate with N2, dehydrate for a few minutes 

3. Make a 1% APTES solution in isopropanol (IPA), immerse the wafer in the 

solution for an hour. 

4. Take the substrate out of the solution, rinse with IPA, dry with nitrogen, place in 

another container, drop cast the Nanointegris 99% semiconducting CNT solution 

on the surface (approximately 100 µl for 1 cm
2
 area). 

5. Leave the solution on the surface for 1 hour. 

6. Rinse with water very gently. 

7. Leave in 60
0
 C oven overnight to dehydrate. 

Recipe 2, Vacuum Filtration 

1. Dilute Nanointegris CNT solution to 1 µg/mL in a combination of water and 1% 

w/v sodium dodecyl (SDS). Sonicate for 30 minutes. 

2. Using a vacuum filtration apparatus, pass 250 µL of the diluted solution through 

an MCE filter.  

3. A thin film of CNTs will accumulate on the surface. Allow the resulting film to 

set for 15 minutes. 
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4. Gently rinse the film with 200 mL of water. 

5. Allow the film to set again for at least 2 hours. 

6. Dip the CNT coated filter in ethanol. 

7. Press the filter, film side down on the substrate and immediately suspend over a 

bath of boiling acetone. Acetone gradually dissolves the filter. Let sit for about 1 

hour until the filter is no longer visible. 

8.  Place the substrate in a stirred bath of acetone for 30 minutes to remove MCE 

residue. 

9. Transfer the substrate to a stirred bath of methanol for 15 minutes. 

10. Gently dry the film with N2. 

11. Bake for 1-2 hours. 
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Appendix III. CNT-Nanochannel Device Fabrication  

Photolithography and Lift-off 

4 inch quartz wafer is cleaned with hot Piranha solution for one hour, followed by carbon 

nanotube deposition according to the procedures described in Appendix II. 

Photolithography is done with PMGI SF6 lift-off photoresist and Shipley 1827 

photoresist. Use MF319 Developer. (Detail photolithography procedure described below.) 

The Ti(5 nm)/Pd (15 nm)/Au (30 nm) electrodes are deposited by E-beam evaporation 

and patterned by liftoff procedure, in PG remover. Heat the PG remover to 60
o
 C on hotplate. 

Leave the substrate in PG remover overnight, rinse with IPA. Immerse the wafer in IPA for a 

few hours. Rinse with IPA and dry with N2. 

Lift Off procedure with PMGI (SF6): 

1. Substarte Preparation: (HMDS typically not required) 

1.1. Solvent cleaning or rinse with diluted acid 

1.2. Rinse with DI water 

1.3. Dehydrate at 200
0
 C for 5min on hot plate. 

2. Coating Process, (The PMGI film should be thicker than the metal deposition thickness. 

typically 1.2 - 1.33 times the thickness of the metal film.) 

2.1. Dispense 3ml of SF6 on 4” wafer 10 min before spin coat. 

2.2. Spin at 3500 rpm for 45 s ( ramping 500 rpm/s) 

2.3. Prebake at 150-170 
0
C for 5 min, on hotplate 
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3. Apply Shipley as usual/ prebake/expose(gap 55 um?) 

4. Develop in MF-319 , rinse in DI water, blow dry 

5. E-beam evaporation 

6. Lift-off : Immerse in Microchem Remover PG for overnight 

Shipley 1827 photolithography procedure 

1. Spin coat ( ~ 2.7 µm thick):   

1.1. 500 rpm for 5 sec 

1.2. 3500 rpm for 35 sec  (ramp rate 500 rpm/s) 

 

2. Soft-bake:  90
o
 C hot oven for 30 min 

3. Exposure: 150 mV/cm2 (Expose 25 sec with 6 mW/cm
2
 )  

4. Develop: . MF319, No dilution needed, Develop for 30 sec to 1 min with gentle stirring, 

Rinse with DI water 

 Fluidic Channel Fabrication and Device Assembly 

Fluidic channels are fabricated by soft lithography of Polydimethylsiloxane (PDMS) over 

a Si mold. The mold is fabricated by photolithography of Shipley 1827 on Si wafer. Use 

adhesion promoter; leave the piranha cleaned wafer in HMDS oven for one hour right before 

spin coating the photoresist, use low exposure dose 140 mJ/cm
2
-150 mJ/cm

2
 and hard or 

vacuum contact. Monitor the developing process to make sure nanochannels don’t get 

dissolved. Use Dektak to measure the height of channels.  
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Silicone elastomer and curing agent (Sylgard® 184, Dow Corning Co.) are mixed at a 

10:1 ratio, degassed for 30 min and poured over the salinized silicon mold to a thickness of 

3-4 mm. The mold is placed in a 60° C curing oven overnight. Use a few drops of Sigmacote 

on the mold for 15 minutes prior to pouring the PDMS to salinize the mold. 

After curing, PDMS is cut and peeled off from the mold. Inlet reservoir and outlet hole 

are punched, followed by exposure of the PDMS channels to 70 W Oxygen plasma for 30s at 

200 mTorr. This treatment turns the PDMS from hydrophobic to hydrophilic; improves the 

bond with the quartz wafer and also enhances the fluid flow by capillary force.  

The PDMS chip is immersed in methanol immediately after the oxygen plasma treatment. 

Then the PDMS channel is placed on the quartz wafer and manually aligned under a 

microscope. Methanol lowers the friction between the CNT device and the PDMS, enabling 

the alignment without PDMS sticking to the substrate and damaging the transistor device. 

After the alignment the methanol evaporates and the PDMS bonds to the quartz wafer. The 

device is baked at 60
0
 C for 30 minutes to improve the bonding. 

Flow the liquid inside the channel and run the experiment within 1-2 hour of bonding, 

monitor the liquid inside the channel to make sure it does not evaporate during the 

experiment. 
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