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ABSTRACT 

 

Neurons and neuroendocrine cells contain vesicles packed with hormones or 

neurotransmitters. Upon appropriate stimulation, a rise in intracellular Ca2+ 

concentration triggers the fusion of vesicles with the outer membrane of cells and 

release of vesicle contents into the extracellular space in a process called 

exocytosis. In this thesis, we developed three new nano- and micro- techniques 

to study exocytosis. 

1. We used scanning ion conductance microscopy (SICM) to image changes in 

the surface membrane of adrenal chromaffin cells after stimulation of exocytosis. 

Punctate depressions were noted in clusters of two or more. Increases in 

membrane surface area, consistent with the fusion and collapse of one or more 

vesicles into the surface membrane, were observed 64% of the cells.  

  2. We used a microcontact printing method with PDMS stamps by “soft” 

lithography to pattern microislands of rat hippocampal neurons to form autapses. 

Neurons on microstamped microislands survived and grew neurites for more 

than 21 days and resembled microisland cultures formed by the traditional 

method of spraying collagen on agarose coated substrates. 

  3. Microfabricated devices were developed to electrochemically measure 

quantal catecholamine release from an array of individual cells. Here we report 

patterning of cell-sized holes in ~15 μm-thick films.  These films are placed on 

transparent indium tin oxide electrodes to insulate the unused part of the 

electrode whereas the holes in the film both determine the location of the working 



 

x

electrode and serve as pockets for cell trapping. We found that this approach 

represents a simple and effective way to target cells to electrodes to record 

amperometric spikes. 
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CHAPTER 1 

INTRODUCTION 

 

1-1 Background 

  There are at least 100 billion neurons in the human brain and these neurons 

communicate with each other through electrical and/or chemical synapses. While 

electrical synapses transfer signals by current flow through gap junctions, 

chemical synapses transfer signals by neurotransmitters. Neurons, 

neuroendocrine and endocrine cells have thousands of tiny intracellular vesicles 

which contain neurotransmitters and/or hormone.  It is known that more than 

100 different kinds of neurotransmitters exist in the human brain. There are three 

criteria to define a molecule as a neurotransmitter. The molecule must be in 

presynaptic neuron, it must be released by presynaptic depolarization in a Ca2+ -

dependent manner and it must have specific receptors on the postsynaptic cell to 

elicit a postsynaptic response. Some neurotransmitters, such as catecholamine, 

epinephrine and norepinephrine and dopamine can be oxidized on the surface of 

electrochemical electrodes. When neurons are stimulated by membrane 

depolarization, Ca2+ influx through voltage-gated ion channels triggers fusion of 

vesicles with the plasma membrane and release of vesicle contents 

(neurotransmitters) into the synaptic cleft by a process called exocytosis. Quantal 

neurotransmitter release in synapses was first reported by Bernhard Katz in 

1950’s (40). The quantal hypothesis suggests that neurotransmitter is release in 

discrete packets (i.e. quanta). It soon became clear that the quanta correspond to 
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the contents of individual vesicles.  

  Two competing hypotheses have been debated to account for the fate of 

vesicles following fusion with the plasma membrane. One is classical full fusion 

followed by clathrin-mediated endocytosis and the other is the so called “kiss-

and-run” exocytosis/endocytosis cycle (see Figure 1-1). In classical full-fusion 

exocytosis, the vesicles fully collapse and release their entire contents into the 

synaptic cleft at the active zone (which is defined as a specific region of 

presynaptic membrane where vesicles are docked and released), and vesicle 

membrane is recovered by a slow process of clathrin-mediated endocytosis. On 

the other hand, in the case of “kiss-and-run” exocytosis, vesicles do not fully 

collapse but release neurotransmitters through a narrow (~1 nm) and transient 

fusion pore. In this hypothesis, it is believed that the vesicle does not lose its 

identity for many cycles of release and refilling. Thus, the exact mechanisms of 

neurotransmitter release via exocytosis are still unclear and controversial. 

     

Figure 1-1 Two hypotheses for release of neurotransmitter and vesicle 
recycling. Left: classical hypothesis. Right: “kiss-and-run” hypothesis. 
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Adrenal chromaffin cells isolated from bovine adrenal medullae are used as a 

model system to study the kinetics of exocytosis. A transmission electron 

micrograph (TEM) image of a chromaffin cell is shown in Figure 1-2. The black 

disks represent catecholamine-containing vesicles with an average diameter of 

~300 nm. Several powerful methods have been used to study exocytosis of 

chromaffin cells, which are patch-clamp electrophysiological measurement (23, 

52, 53, 77), electrochemical measurement of catecholamine release by carbon 

fiber amperometry (16, 75), and fluorescent technique by styryl dyes such as 

FM1-43 (4, 58, 61). Electrochemical measurements of quantal catecholamine 

Figure 1-2 A transmission electron micrograph (TEM) of a 
chromaffin cell. 
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release are particular interest for this study. 

 

1-2 Electrochemical Detection of Secretion from Single Cells 

  Electrochemical methods based on the oxidation or reduction of specific 

transmitters enable sensitive measurements of quantal secretion from single cells. 

In the case of the chromaffin cell, the electrochemical approach is more sensitive 

than capacitance measurements for detecting individual secretory quanta (16, 

75). Some advantages for electrochemical detection compared to the 

capacitance measurement are that (1) exocytosis can be monitored without 

interference from overlapping endocytosis, (2) the released product is directly 

monitored, so there is no model-dependent parameter, (3) voltage-clamp control 

is not necessary, so there is no restriction on cell shape, and (4) this method is 

“noninvasive” in the sense that the cell is not subject to the dialysis of cytosolic 

components that occurs with patch-clamp measurement especially for whole-cell 

recording. Some secreted products are readily oxidizable such as norepinephrine, 

epinephrine, dopamine, and serotonin. Derivatives of these species, as well as 

nitric oxide, ascorbic acid, and uric acid, are also oxidizable. Peptides and 

proteins such as enkephalin (5) and somatostatin (17) containing the amino acids 

tyrosine, tryptophan, and cysteine can, at least in theory, be oxidized. 

 

1-3 Objectives and Overview of the Thesis 

The main objective of this thesis is to develop new nano- and micro- technique 

to help study exocytosis.  
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Chapter 2 presents materials and methods for nano- and micro- techniques in 

this thesis. 

Chapter 3 presents a study of exocytosis using scanning probe microscopy 

(SPM). In particular, scanning ion conductance microscopy (SICM) was used to 

image chromaffin cell surfaces during exocytosis. 

Chapter 4 presents a microstamping technique to make microisland cultures to 

promote formation of autapses and enable study of synaptic transmission in 

single neuron cells. 

Chapter 5 presents a method for targeting cells to electrochemical electrodes 

for cost-effective and high-throughput studies of transmitter release. 

This thesis is concluded in chapter 6, where some possible future directions 

relating to my works are discussed. 
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CHAPTER 2 

MATERIALS and METHODS 

 

2-1 SICM Setup 

Scanning ion conductance microscope (SICM) mainly consists of a 3-

dimensional piezoelectric scanning unit, a DSP (digital signal processing) 

controller unit and a patch-clamp amplifier for current measurement.  A 

schematic of our home-built SICM is shown in Figure 2-1. Borosilicate glass 

II

XYZ 
piezo

XYZ motor 
stage

Oscilloscope

EPC 10DSP unit  SBC 6711

Piezo 
HVA

MPC-100 SutterII

XYZ 
piezo

XYZ motor 
stage

OscilloscopeOscilloscope

EPC 10EPC 10DSP unit  SBC 6711

Piezo 
HVA

MPC-100 Sutter

Figure 2-1 Schematic of our home built SICM setup. 
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pipettes (1 mm O.D. and 0.56 mm I.D., WPI Inc., Sarasota, Florida) were pulled 

using a laser-based or filament-based Brown-Flaming pullers (P-2000 and P-97, 

Sutter Instrument, Novato, CA) yielding tip diameters of ~100-200 nm and 

resistances of ~100 – 200 MΩ when filled with standard bath solution. Two-line 

program was used to pull scanning nanopipettes in both P-2000 and P-97, and 

example program is shown in Table 2-1. 

 

P-97 Filament puller 

HEAT PULL VEL DEL 

450  30 220 

440 250 27 180 

P-2000 Laser puller 

HEAT FIL VEL DEL PUL 

330 4 30 220  

320 3 27 180 250 

  

Table 2-1 Example program to pull ~100MΩ nanopipettes. 
 

 

A dc potential of 150-250 mV was applied to pipettes using a patch-clamp 

amplifier (EPC10, HEKA, Lambrecht, Germany) and the current signal was 

sampled using a DSP board (SBC6711 with 4AD/DA module, Innovative 
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Integration Co., Simi Valley, CA). ScanIC Control software (Ionscope, London, 

U.K.) was used to acquire images and to control the piezo-electric scanner 

through the DSP board. A distance modulation method of SICM was used as 

previously described (64). Movement of the SICM probe was achieved by using 

piezo electric scanners (PXY-40 with D12, or PZ8-D12 or Tritor 100, 

Piezosystem Jena, Jena, Germany). The scanners were mounted on an 

Olympus IX-51 microscope (Olympus, Tokyo, Japan) using custom-made 

hardware and the system was carefully shielded to minimize pickup of 60Hz and 

harmonics. Loading of the z-axis scanner was minimized to increase the speed 

of the response. It generally took ~3 minutes to generate an image with 512 by 

128 points. 

 

2-2 Piezoactuators of our SICM System 

  Two kinds of piezoactuators were used in this experiment. Piezoactuators are 

most important factor in the SICM system for determining the scanning speed. 

Among X, Y and Z piezoes, the Z piezo is the most important because the 

feedback speed is the main factor to reduce the scan speed.  We tried several 

different piezo actuators to optimize our SICM system. At first, we chose piezo 

from the fast scanners series, PXY 40 D 12 and PZ 8 D 12 (Piezosystem Jena, 

Germany). The PXY 40 D 12 piezo actuators have a range of 40 μm and were 

used for controlling the X and Y axis with SG closed-loop control. The PZ 8 D 12 

was used for the modulation and Z direction control and has a range of 8 μm. By 

using the PZ 8 D 12 (resonance frequency ~>3kHz without any load on the 
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piezo), we could reach a maximum modulation frequency of 1kHz which provides 

a several times faster scan speed than the more commonly used Tritor100 piezo 

(see ref. (29, 44)). However, we found that there was a crosstalk between X, Y 

and Z axes for this piezoactuator combination. Therefore we used another piezo, 

the Tritor100, which has a 100 μm range in all three directions, and little crosstalk 

between the axes. However, it has a low resonance frequency, so our modulation 

frequency decreased to 200Hz. There are some other piezoactuators that may 

be suitable for future instruments such as the picocubeTM series which has a 

resonance frequency of ~5-10 kHz from PI (Physik Instrumente, Co, Germany). 

However, we need to know an effective mass for actual resonance frequency for 

SICM. Thus, actual resonance frequencies are typically much lower than the 

specified unloaded resonance frequencies. 

 

2-3 SBC6711 DSP (Digital Signal Processing) Board and A4D4 Module 

(Controller Unit) 

  The SBC6711 is a stand-alone DSP single-board computer featuring dual 

OMNIBUS I/O module sites made by Innovative Integration Co (Simi Valley, CA). 

The SBC6711 has a TMS320C6711 32-bit DSP chip (Texas Instrument, Houston, 

Texas) as a data movement/data processing engine made. The SBC6711 

communicates with a PC using a standard USB port. The A4D4 A/D, DAC 

module was added to the SBC6711 DSP board to allow up to four 16-bit analog 

outputs (e.g. control the 3 piezos) and four 16-bit analog inputs (e.g. to sample 

the current). The A4D4 module has data acquisition speeds up to 200 kHz. 
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2-4 EPC 10 Amplifier 

  An EPC-10 Patch Clamp Amplifier from HEKA (Lambrecht, Germany) was 

used for our SICM experiments. PULSE software was used for controlling the 

gain of the amplifier (1mV/pA), and the dc applied pipette potential ~200 mV (for 

~100 MΩ pipette to make ~2 nA current). Pulse software was also used for 

attempts at “smart patch clamp” recordings of currents. 

 

2-5 Software 

  ScanIC Control software (Ionscope, London, U.K.) was used to generate 

images and to control the piezo-electric scanner through the DSP board. ScanIC 

View software was used to analyze images. The user specifies relevant control 

parameters such as current setpoint, gains for feedback control, scan area with 

desired X and Y points and modulation frequency. Typical value of “Gain” is 100-

200, “SetPoint” is 10-20, “PGain” is 9 and “ErrSignal” is 10 for the Tritor100 

piezoactuator. 

 

2-6 Monte Carlo Simulation 

  Monte Carlo simulations were used to estimate the mean and standard 

deviation of the distance between depressions assuming a random distribution of 

the observed number of depressions over the image area. 2 to 4 points were 

randomly placed in 3x3 and 5x5 μm areas and distances between each pair of 

points were compiled for 100,000 independent iterations. The simulation was 
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written using the macro language of Igor Pro 5.0 (WaveMetrics, Inc., Lake 

Oswego, OR). Statistical comparison between the experimentally measured 

mean distance between punctate depressions and the mean value for random 

placement was performed using Student’s t-test. 

 

2-7 Chromaffin Cell Preparation and Solutions 

  Bovine adrenal chromaffin cells were prepared (as described in the section 2-

8) and seeded on 25-mm glass coverslips coated with poly(D)-lysine. Culture 

media consisted of DMEM (GIBCO) supplemented with 10% (vol/vol) FBS and 

1% penicillin/streptomycin. Cells were kept in a humidified 37oC incubator with 

5% CO2 and used 1-5 days after preparation. All reagents were obtained from 

Sigma unless otherwise stated. The standard bath solution consisted of 150 mM 

NaCl, 5 mM KCl, 2 mM MgCl2, 5 mM CaCl2, 10 mM HEPES and 10 mM glucose 

titrated to pH 7.2 with NaOH. This solution was also used in the pipette. The 

depolarizing high K+ bath solution consisted of 55 mM NaCl, 100 mM KCl, 5 mM 

CaCl2, 2 mM MgCl2, 10 mM HEPES and 10 mM glucose titrated to pH 7.2 with 

NaOH. In order to minimally perturb cell morphology upon high K+ stimulation, 

~1/3 by volume of the high K+ solution was gently added to the chamber to yield 

a final K+ concentration of ~33 mM. For experiments testing the necessity of Ca2+ 

for K+-triggered exocytosis, the initial Ca2+-free bath solution consisted of 150 

mM NaCl, 5 mM KCl, 7 mM MgCl2, 10 HEPES and 10 glucose. The Ca2+-free 

depolarizing bath solution consisted of 55 mM NaCl, 100 mM KCl, 7 mM MgCl2, 

10 mM HEPES and 10 mM glucose. The bath solution for Ca2+ addition consisted 
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of 97 mM NaCl, 50 mM KCl, 15 mM CaCl2, 10 mM HEPES and 10 mM glucose 

titrated to pH 7.2 with NaOH. Osmolalities of all solutions were 310-320 mOsm.  

 

2-8 Adrenal chromaffin cell culture 

Before Collection of Glands 

1.  Autoclave items needed at collection site, back at the lab, and to coat the 

plates 

 200 ml bottle with cap 

 500 ml bottle for Buffer 1 

 600 ml flask 

 Centrifuge tube(s) 

 Petri dish in foil (both top and bottom lids in one piece) 

 3 autoclaved bags 

i. Large forceps and blunt scissors 

ii. Small scissors 

iii. Small forceps and 2 small scissors 

 Filter – Put closed jar connector. Place one small piece of mesh (Spectra 

Mesh-macroporous filter) over black connector. Place open jar over filter 

and screw on. Make sure that the filter is all the way around connector – 

not leaking. 

2. Coat 6 well plates with 0.0025% poly-l-lysine (or higher concentration such as 

0.0075% or 0.005%) 

3. Prepare bucket for collection site. 
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 Gloves 

 Ice Bucket 

 200 Buffer 1 

 Tray 

 Autoclave pack of blunt scissors and long forceps 

 Labcoat 

 Internal Order Form (to lent car) 

4. Prepare for the hood: 

 Tray 

 Two packs of autoclaved forceps and scissors 

 Filter 

 Two 60 ml syringes 

 300 ml flask 

 Timer 

 Four 50 ml tubes 

 Autoclaved 600 ml flask 

 Autoclaved Petri dish 

 Pipette 

 Autoclaved centrifuge tube(s) 

 Autoclaved 200 ml bottle with cap 

 

At Collection Site 

1. Remove attached fat from bluntly dissected glands using blunt scissors. Use 
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autoclaved scissors and forceps. 

  Note: Do not use glands with any cuts on tears 

2. Place 3-4 glands in 200 ml Buffer 1 – sterile. Keep at RT. 

3. Place trimmed fat in bag glands came in and dump into trash when finished. 

 

Back at the Lab 

1. Warm up Buffer 1 and Chromaffin medium in 37oC water bath. 

2. Add glands in jar, long forceps, 30 mg collagenase P (10 mg per gland), 10 

Buffer 1, and Percoll to tub of materials. 

3. Wash the tray and long forceps with 70% ethanol and dry out with a paper 

towel. 

4. Take glands out of jar of Buffer 1 with long forceps and place in tray. 

5. Trim off the excess fat with autoclaved small scissors and long forceps. 

6. Place excess fat in paper towel and place in a 50 ml trash tube for biohazard 

disposal. 

7. Holding finger over nozzle of 60 ml syringe, add 55 ml Buffer 1. Turn upside 

down and remove air. 

 * Note: Be careful not to touch the black part of the plunger. 

8. Insert syringe into portal vein hole in adrenal gland and inject Buffer 1 to wash 

out each gland. 

 * Note: Refill syringe with 55 ml Buffer 1 if needed, removing air. 

9. Massage gland and then squeeze out Buffer 1 into 300 ml flask. 

 * Note: Wash glands until liquid running out is clear. Wash each gland 4-6 
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times. 

10. In a 50 ml tube, add 30 ml Buffer and 30 mg collagenase. Mix gently by 

inversion. 

 * Note 1: Do not shake when mixing because it will damage the enzyme. Try 

to avoid making bubbles. 

 * Note: This is a 10% collagenase solution. 

 * Note: Collagenase is kept in -20oC freezer in a Drierite container. 

11. Dump out Buffer 1 wash from tray and 300 ml flask down sink, wash out the 

tray with 70% ethanol, and then place the glands back in the tray. 

12. Hold finger over nozzle of 60 ml syringe and fill with 10% collagenase 

solution. Hold syringe upside down and remove air. 

13. Massage glands to remove any Buffer 1. Inject 10% collagenase into glands, 

and quickly place into autoclaved 600 ml flask with collagenase still inside 

gland. 

14. Cover flask with foil used to autoclave it and incubate and shake at 37oC 

water bath for 15 minutes. 

15. While waiting, wash tray with water and then 70% ethanol. Dry with paper 

towels. 

16. 15 minutes later, take the glands back to the hood. Quickly re-inject 

collagenase solution, put back into flask, cover with foil, and continue 

incubating at 37oC for another 15 minutes. 

 * Note: Discard any leftover collagenase solution in trash tube. 

17. While waiting, add a small amount of buffer 1 to the petridish, and prepare 
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scissors and forceps. 

18. At the end of the incubation period, place glands in the cleaned and sterilized 

tray. 

19. Use sharp scissors to cut open glands. Start at the vein hole and then cut 

around ~3/4 the circumference of the gland. Open the gland like a book and 

remove the white medulla with the forceps. If the incubation was correct, the 

medulla should peel off of the red cortex. 

 

 * Note: If the incubation time was too short- then the medulla and outer cortex 

will stick together. If the incubation time was too long- then the medulla will be 

“soupy”, i.e. be liquified. 

 * Note: Do not take red cortex. Trim off cortex stuck to medulla. 

 * Note: Do not touch inside of glands – only use sterile tools. Also, do not lay 

scissors down in the tray. 

20. Place the white medulla in petri dish with Buffer 1. 

21. Place unwanted gland parts in trash tube. Discard trash tube in Dead Animal 

Freezer. 

22. Rinse sharp scissors with Buffer 1. Use scissors to cut medulla into smallest 

pieces possible while it is in Buffer 1 for 3-4 minutes. 

23. Obtain the filter and glass jar. 

24. Use a 25 ml pipette to stir the minced glands. Tilt the petri dish to bunch the 

large pieces of the glands in one corner. 

25. Remove the liquid with the pipette and place in the open jar of the filter. Take 
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as much liquid as possible without taking chunks of the glands. 

26. Use the pipette to stir the liquid in the mesh to prevent pieces of the glands 

from clogging the mesh. 

27. When all of the liquid has been filtered, either take the open jar with the mesh 

off or take the closed jar with the connector off. 

28. Pour filtered liquid in a 50mL tube. Fill up to 45 mL with Buffer 1. Gently mix 

by inversion 

29. Centrifuge at 140g (setting the scale to a little bit lower than 0.5) for 10 

minutes at RT. 

30. Clean the hood with 70% ethanol. 

31. Discard supernatant by vacuum with a pasteur pipette. 

32. Add 20 ml Buffer 1 and gently resuspend pellet by running solution up and 

down in 25 ml pipette. 

33. In another 50 ml tube, add 2 ml 10x Buffer 1 and 18 ml percoll. Mix well by 

inversion 

 * Note 1: pH of 10x Buffer 1 should be 4.5 because pH of percoll is 8.5. Mix 

together final pH should be around 7.2. 

 * Note 2: 10x Buffer 1 and Percoll are kept in clear door refrigeration. 

 * Note 3: Percoll is used to separate the cells. 

34. Add cells to autoclaved centrifuge tube and centrifuge at 18oC for 30 minutes 

at 15,000 rpm in high speed centrifuge. 

35. After centrifugation, solution will be divided into three layers. 

 * Top layer – Dead tissue. 
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 * Middle layer – Further divided into two layers of norepinephrine and 

epinephrine secreting chromaffin cells. 

 * Bottom layer – Red blood cells 

36. Use pipette to gently remove the middle part soon the high speed centrifuge 

is done. Try to avoid the other two layers. – The top layer can be discarded 

first a Pasteur pipette with vacuum. 

37. Fill up to 45 ml with Buffer 1. 

38. Centrifuge at 140g (setting the scale to a little bit lower than 0.5) for 10 

minutes at RT. 

39. Remove supernatant with a pasteur pipette and vacuum. 

40. Add 20 ml Buffer 1, and gently resuspending the pellet. 

41. Add 10 ml chromaffin medium to cell solution 

42. Centrifuge 140g (setting the scale to a little bit lower than 0.5) for another 10 

minutes at RT. 

43. Remove supernatant with a pasteur pipette and vacuum. 

44. Check the cell density by hemacytometer. 

45. Plate cells on polylysine-coated 25 mm-diameter coverslips in 6 well plates at 

a density of approximately 1.5 (2.5) * 105 cells/well. 

46. Label plates chromaffin cells, date and initials 

47. Store cells in incubator. 

 

Chromaffin Medium 

89 % of DMEM medium (high glucose): 445 ml 
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10% of FBS: 50 ml 

 1% of P/S (penicillin/streptomycin): 5 ml 

 * Note: DMEM medium is in 500 ml bottle, so take 55 ml out then put FBS 

and P/S into the bottle. If ingredients are sterile, just mix under the hood.  If 

ingredients are not sterile, sterile filter under hood. 

 

Poly-L-Lysine 

0.01 % Poly-L-Lysine (Stock from Sigma) 50 ml 

Sterile dd water          150 ml 

* Which is 0.0025% of Poly-L-Lysine. Mix two ingredients under hood. Store in 

refrigeration case. 

 

1000 ml Buffer 1: pH: 7.2 

145 mM NaCl:  145*1*58.44 = 8.47 g 

2.8 mM KCl:  2.8*1*74.55 = 209 mg 

0.85 mM NaH2PO4: 0.85*1*120 = 102 mg 

2.15 mM Na2HPO4: 2.15*1*142 = 305 mg 

10 mM HEPES: 10*1*238.3 = 2.38 g 

10 mM Glucose: 10*1*180.2 = 1.80 g  

100 ml 10x Buffer 1 has the same amount of above chemicals but pH should be 

4.5 



 
20

2-9 SU-8 2000 Permanent Epoxy Negative Photoresist 

  SU-8 2000 series (MicroChem, Co, Newton, MA) are high contrast, epoxy 

based photoresist series designed for micromachining and other microelectronic 

applications, where a thick, chemically and thermally stable image is desired. 

There are many different viscosities of SU-8 available that can produce film 

thickness of 0.5 to >200 microns with a single coat process. The exposed and 

subsequently thermally cross-linked portions of the film are rendered insoluble to 

liquid developers. SU-8 has excellent imaging characteristics and is capable of 

producing very high aspect ratio structures. SU-8 has very high optical 

transmission above 360 nm, which makes it ideally suited for imaging near 

vertical sidewalls in very thick films. In addition, SU-8 is good for permanent 

applications where it is imaged, cured and left on the device. SU-8 is very easy to 

use because it is most commonly exposed with conventional UV (350-400 nm) 

radiation. However, i-line (365 nm) is the recommended wavelength. Upon 

exposure to UV, cross-linking proceeds in two steps (1) formation of a strong acid 

during the exposure step, following by (2) acid-catalyzed, thermally driven epoxy 

cross-linking during the post exposure bake (PEB) step. In general, a hard bake 

(~10 minutes at 200oC) is needed to fully cross-link the SU-8 polymer into a 

permanent structure. 

 

Spin Coating SU-8 

SU-8 2000 has twelve kinds of viscosities (~March, 2007). It is important that 

the spin acceleration of SU-8 on a wafer should not be too fast in order to ensure 
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a uniform thickness over the entire wafer. Thickness of the SU-8 as a function of 

spin speed is shown in Figure 2-2 and 2-3. In general, a spin speed around 2000 

rpm gives a very nice uniform thickness of SU-8 (1-3). 
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Figure 2-2 SU-8 2000 Thickness vs. Spin Speed (1-3). 
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Figure 2-3 SU-8 2000 Thickness vs. Spin Speed (1-3). 
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Soft Bake 

A hotplate is usually used to do the soft bake process. It is important to have a 

level hotplate with good thermal control and uniformity. A convention oven is not 

recommended because a skin may form on the resist. The skin can inhibit the 

evolution of solvent, resulting in incomplete drying of the film and/or extended 

bake time. The recommended Soft Bake temperatures times for the various SU-8 

thickness is shown in Table 2-2 (1-3).  

 

 

Soft Bake Times Thickness 

[micron] 65oC [minutes] 95oC [minutes] 

0.5 -2  1 

3-5  2 

6-15  2-3 

16-25  3-4 

26-40 0-3 4-6 

45-80 0-3 6-9 

85-110 5 10-20 

115-150 5 20-30 

160-225 5-7 30-45 

230-270 7 45-60 

280-550 7-10 60-120 

 

Table 2-2 SU-8 Soft Bake Times (1-3). 
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Exposure 

  An appropriate exposure time and an appropriate exposure system are 

required to obtain sharp vertical sidewalls in the SU-8 2000 photoresist. The SU-

8 manufacturing company (MicroChem, Co) recommends a long pass filter to 

eliminate UV radiation below 350 nm. With optimal exposure, a visible latent 

image will be seen in the film in 1 minute after being placed on the post exposure 

bake hotplate. The recommended exposure energy is listed in Table 2-3 for 

various SU-8 thicknesses. It is also important to know that UV exposure time can 

be different for different substrates (1-3). 

 

 

Thickness 

(micron) 

Exposure Energy 

(mJ/cm2) 

0.5 -2 60-80 

3-5 90-105 

6-15 110-140 

16-25 140-150 

25-40 150-160 

45-80 150-215 

85-110 215-240 

115-150 240-260 

160-225 260-350 

230-270 350-370 

280-550 370-600 

  

Table 2-3 SU-8 Exposure Dose (1-3). 
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Post Exposure Bake (PEB) 

  The post exposure bake must take place immediately after UV exposure. After 

1 minute of PEB at 95oC, an image of the mask should be visible in the SU-8 

2000 photoresist coating. If no visible latent image is seen during or after PEB 

this means that there was insufficient exposure, heating or both. Table 2-4. 

shows the recommended times and temperatures (1-3). 

 

 

Post Exposure Bake Time (minutes) Thickness 

(micron) 65 oC 95 oC 

0.5 -2  1-2 

3-5  2-3 

6-15  3-4 

16-25  4-6 

26-40 0-1 5-6 

45-80 0-2 6-7 

85-110 2-5 8-10 

115-150 5 10-12 

160-225 5 12-15 

230-270 5 15-20 

280-550 5 20-30 

  

           Table 2-4 Post Exposure Bake Times (1-3). 
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Development 

  SU-8 2000 photoresist has been designed for use in immersion, spray or 

spray-puddle processes with MicroChem’s SU-8 developer. In our case, we used 

an immersion method. Other solvents can be used as a developer such as ethyl 

lactate and diacetone alcohol. In many cases, strong agitation is required to 

develop high aspect ratio and/or thick film structures. The recommended 

development time is shown in Table 3-5. However, developing time is also related 

to UV exposure time and how strong the features are agitated, so the times 

shown in Table 2-5 are not always correct (1-3).  

 

 

Thickness 

[micron] 

Development Time 

[minutes] 

0.5 – 2 1 

3-5 1 

6-16 2-3 

16-25 3-4 

26-40 4-5 

45-75 5-7 

80-110 7-10 

115-150 10-15 

160-225 15-17 

230-270 17-20 

280-550 20-30 

  

           Table 2-5 Development Times for SU-8 Developer (1-3). 
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Hard Bake (cure) 

  Although SU-8 2000 is mechanically very stable, a hard bake is needed for 

applications where the imaged resist is to be left as part of the final device. The 

purpose of this hard bake step is to ensure that SU-8 2000 properties are stable 

under various temperatures and handling conditions. Hard bake temperatures in 

the range of 150oC to 250oC and a bake time between 5-30 minutes are 

recommended. 

 

2-10. Rat Postnatal Hippocampal Culture 

  The following is a protocol for mass cultures and microisland cultures of 

postnatal rat hippocampal neurons. 1-4 days pups (~6-8 pups per each prep.) 

were used. This protocol was adapted from Dr. Steven Mennerick’s lab at 

Washington University in St. Louis. 

 

Procedure: 

1. Begin warming a culture flask containing water to +37oC on hot plate 

2. Sterilize instruments and sylgard dish in 100% ETOH 

3. Thaw aliquots of glucose, glutamine, FBS (Fetal Bovine Serum), HS Pen/Strep 

in hood. 

4. For mass cultures, spread 1 drop of collagen uniformly on dish. For 

microislands, in the case of spraying method, spray collagen with an atomizer, 

and in the case of microstamping method, stamp collagen on agarose coated 

coverslips. 
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5. Dry dishes in hood. For mass cultures dry for 2-3 hours. MIs dry for 1 hour. UV 

dishes for 1 hour. 

6. Place 3mg papain into 15 ml falcon tube. place 3 mg BSA into another 15 ml 

falcon tube. 

7. Bring volume of BSA tube to 13 ml with L-15 media. Dissolve BSA. 

8. Add 3 ml of BSA solution to 13 ml with L-15 media. Dissolve BSA. 

9. 5-5 Media: To 90 ml MEM add FBS, HS, glutamine (200 μl), Pen/Strep, and 

glucose. Warm to +37 oC. 

10. Filter sterilize the BSA into a 50 ml falcon tube. 

11. Filter sterilize the papain into a 15 ml falcon tube. Add sterile stir bar to papain 

solution. 

12. Place BSA and papain tubes into culture flask in +37oC bath. Bubble both the 

BSA and papain solutions with 95% Oxygen /5% Carbon Dioxide using a pasteur 

pipette. 

13. Place 2 gauze pads in hood. Put sterilized instruments on gauze. 

14. Rinse the slygard dish with BSA. Put BSA solution into sylgard dish for 

dissection. 

15. Put small amount of BSA into lid of a sterile culture dish. 

16. Anesthetize animals using halothane (~5 drops to 500 ml container). 

 * Note: This procedure should be done in fume hood. 

17. Decapitate animals. Remove brains. Place in the BSA containing sylgard dish. 

18. Dissect hippocampi under dissecting scope. Place in the BSA containing 

sylgard dish. 
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19. Make sure water bath maintains temperature (+35-37oC). 

20. Free the hippocampi into ~500 μm transverse sections using scalpel and a 

forceps to pin the tissue. 

21. Using pipette, place slices into papain. Incubate slices for ~15-20 minutes at 

+35-37oC. Stir occasionally for 15-30 seconds. The papain is constantly blowing 

with the 95% Oxygen/ 5% Carbon Dioxide. 

22. Trituration: expect this to take ~15-20 minutes. 

23. Remove papain solution and rinse tissue twice with media. 

24. With a fire-polished pipette (large diameter), add 1 pipette full of warm 5-5 

media. Triturate for ~3-4 min. When passing the tissue back into tube, be careful 

not to completely expel solution so no bubbles are made. 

25. After first trituration let the tissue settle. Remove the solution from top of 

tissue. Discard the first trituration. 

26. Fire polish a new pipette to a smaller diameter than the first. Add new media. 

Triturate as before. 

27. Repeat the trituration with pipettes of decreasing diameter 4-5 times until no 

more tissue is visible. 

28. After the final addition of cells to 15 ml tube add media to appropriate volume. 

29. General volume: 15 Rat pups final volume 6 ml. Use 0.5 ml into 40 ml 5-5 

media for MIs (26 MIs dishes). Mass cultures dilute 5.5 ml into 30 ml 5-5 media 

(15 Mass culture dishes). 

30. Add ~1.5 ml cells per dish. 

31. Place dishes in incubator (+37oC) with 5% Carbon Dioxide. Culture media are 
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not fed. 

32. After 72-96 hours add 10 μl per dish of ARA-C. 

 

NOTE: 

 Carolina Cover Glass (12 mm Circles, No 0, cat. #BA-63-3009) is used 

for MIs and Mass Cultures. Clean cover glass by dipping in 100% EtOH 

then flame to dry. 4 cover glass per dish. For mass culture, the cover slip 

is coated with collagen then air dry for 2-3 hours before UV. MIs cultures 

the coverslip is coated with a thin film of agarose then air dry overnight 

before collagen is sprayed onto the dish. 

 For Mouse Cultures add 5 ml per dish of Insulin-Transferrin-Sodium 

Selenite (Sigma, #I 1884) media supplement to each dish. Insulin-

Transferrin-Sodium Selenite is mixed with 50 ml sterile water then 50 μl 

aliquots are stored at -80. Do not refreeze aliquots. 

 

GIBCO 

 Earle’s Minimal Essential Medium (1X MEM liquid, #11090-081) 

 Leibovitz’s L-15 Medium (1X liquid, #11415-064) 

 Fetal Bovine Serum (Heat-Inactivated, #16140-063) Make 5 ml aliquots, 

Store-80 

 Horse Serum (Heat-Inactivated, #26050-070) Make 5 ml aliquots, Store-

80 

 L-Glutamine-200 mM (100X, #25030-149) Make 1 ml aliquots, Refreeze 
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after use -80 

 Penicillin/Streptomycin (#15070-089) Make 1 ml aliquots, Store-80 

 

SIGMA 

 Agarose (A 9918, Type II-A) 0.15% Boil in microwave to dissolve. Use 

agarose warm. Spread uniformly on 35 mm dishes. Dry ON before 

spraying with collagen. 

 Collagen Type I (C 7661, from rat tail) 10 mg/20ml (0.5 mg/ml) in 1:1000 

Acetic Acid. Filter sterilize the solvent with syringe filter before adding 

collagen. The collagen will take two days to dissolve. Vortex before using. 

Store in refrigerator. Don’t use more than 3 weeks. 

 Papain (P 4762) Store - 20oC. 

 Bovine Serum Albumin (A 7030) Store – 20oC 

 Glucose (G 5767) Make 30% solution. Filter Sterilize. Make 1 ml aliquots. 

Store – 80oC. 

 ARC-C (C 1768) Make 1mM stock solution. Filter sterilize. Make 1 ml 

aliquots. Store -80oC. 

 

OTHER 

 35 mm Falcon dishes (#3001) 

 Culture Flask with holes for 50 ml Falcon Tube and 15 ml Falcon Tube 

 #5 Forceps 

 Spatula 
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 Surgical scissors, small and large 

 Sylgarded 35 mm culture dish 

 Small scalpel 

 Sterile gauze pads 

 Autoclaved miniature stir bar for papain solution 

 One sterile 35 mm dish for dissecting tissue 

 Sterile cotton plugged 9’’ pipettes 

 

2-11 Fabrication of ITO (indium tin oxide) Electrochemical Microelectrodes 

on Glass Chip 

  There are many materials which can be used as microchip-based 

electrochemical electrodes. In general, desirable properties of a working 

electrode are 1) large usable potential range, 2) low and stable background 

current, 3) mechanically robust, cleanable, and reusable, 4) optically transparent, 

5) easy to integrate into common microfabrication process steps. As explained 

earlier, carbon fibers represent a “gold standard” for measurement of 

catecholamine release for many decades. However, integrating carbon-fibers 

within microfabrication processes is difficult. Thus, our lab developed a new 

method to use a transparent electrode because it allows us to easily visualize 

cells as they are tested and allows concurrent optical measurements. For 

instance, our lab measure [Ca2+]I using fluorescent Ca2+ indicators during 

exocytosis experiments. Optical measurements are often very important for us to 

study exocytosis with expression of a mutated protein being tagged with Green 
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Fluorescent Protein (GFP). We know that Indium Tin Oxide (In2O3/SnO2, ITO) is 

good material for this purpose because ITO has excellent optical transparency, 

high electrical conductivity, and wide electrochemical working window (79). There 

are several steps required for ITO to serve as a useful electrode for measuring 

quantal catecholamine release on a microchip. 

1. ITO must be deposited on a transparent and electrically insulated 

substrate. In general, glass is an excellent substrate for ITO deposition. 

We used ITO coated glass slides from Sigma (St. Louis, MO) which has a 

typical film thickness of 15-30 nm, a typical transmittance to visible light of 

84%, and a resistance of 70-100 Ω/square.  

2. ITO must be patterned. ITO must be removed from specific regions on the 

substrate to define an array of individually addressable electrodes with a 

conducting trace that carries current to a region on the chip (usually the 

edge) where it is convenient to make a connection to an external amplifier. 

Patterning ITO is straight forward and using an inexpensive 

photolithographic process described below. 

3. The patterned ITO must be electrically insulated from the cell-containing 

solution on the chip except for the area of the working electrode where the 

cell sits. It is important to pattern a small-area (cell-sized) working 

electrode because the background noise of the recording is proportional 

to the surface area of the working electrode 

4. Cells must be positioned over the working electrode. 
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Patterning ITO 

  The process of patterning ITO was adapted from reference (79). The 

patterning procedure is the following: 

1. The ITO-coated slide was cleaned with 2-propanol and/or acetone 

2. The ITO slide was plasma treated in the PDC-32G Basic Plasma Cleaner 

from Harrick Scientific Corporation (Ossining, NY) at Mid RF level for 1 

min. 

3. The ITO slide was attached in the middle of a 6’’ clean Si wafer using tape 

and spincoated with AZ P4620 positive photoresist at 3000 rpm for 60s, 

which produced a ~10-15 μm thick film of photoresist. 

4. The wafer slide was heated on a hotplate at 65
o
C for 3 minutes, and then 

continuously baked on the hotplate at 95
o
C for another 3 minutes. 

5. The ITO slide was detached from the wafer and exposed for ~20-30 

seconds (exposure times are different for different thicknesses of 

photoresist) under UV light from a UV exposure system (NuArc 26-1KS, 

The M&R Companies, Glen Ellyn, Illinois) using a high-resolution 

transparency as the photomask. 

6. The ITO slides were developed in AZ 400K developer for ~1 minute with 

gentle agitation until the clearly defined electrode pattern appears. Then, 

the slide was washed with DD water and blown with air. 

7. The slide was baked again on a hotplate at 200
o
C for ~10 minutes. 

8. The slide is immersed in a solution containing 0.2 FeCl3 and 6 M HCl for 

~30 minutes to etch the portion of the ITO film that is not covered with 
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photoresist.  

9. After ~30 minutes, the photoresist coating was removed with DD water 

and acetone. 

The ITO patterning procedure is summarized in Figure 2-4. 

 

positive photoresist

glass indium tin oxide

transparency film

UV lightA B

C ED

positive photoresist

glass indium tin oxide

positive photoresist

glass indium tin oxide

transparency film

UV lightA B

C ED

Figure 2-4 Patterning ITO on a glass substrate. Left: (A) Spin-coat positive 
photoresist on the ITO glass (B) expose the photoresist through a 
transparency film (C) remove exposed regions of the photoresist in developer 
solution (D) etch the unprotected ITO layer with an acidic solution (E) remove 
the unexposed photoresist with acetone or ethanol. 
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CHAPTER 3 

SCANNING ION CONDUCTANCE MICROSCOPY (SICM) 

Measurement of Changes in Membrane Surface Morphology Associated with 

Exocytosis Using Scanning Ion Conductance Microscopy 

 

3-1 Background 

  The extent that vesicles maintain a distinct identity and morphology after fusing 

with plasma membrane has been controversial for many decades. Membrane is 

added by exocytosis and reinternalized by the process of endocytosis and the 

long lasting controversy is the nature of the exocytosis-endocytosis cycle (12).  

In particular, does the vesicle retain its shape in a transient “kiss-and-run” fusion 

event or does the vesicle collapse into the surface with endocytosis occurring at 

independent sites on the plasma membrane? 

We used SICM (Scanning Ion Conductance Microscopy) to image changes in 

the membrane surface morphology of bovine chromaffin cells during stimulation 

of exocytosis. As shown in Figure 3-1, SICM uses the changes in electrical 

resistance that occurs as a micropipette approaches a nonconducting surface as 

the feedback signal to maintain the pipette at a fixed distance from an object as 

the pipette is scanned over the surface in a raster pattern (41). SICM is 

particularly useful to image cells (45) because, unlike the case of atomic force 

microscopy, the probe never touches the surface membrane.  

Scanning ion conductance microscope (SICM) was invented in 1989 by the 

Hansma group in UC Santa Barbara to image the topography of nonconducting 



 
38

surfaces that are covered with electrolytes (34). SICM is one of a number of 

scanning probe technologies that generate images by moving a sharp probe over 

the sample surface in a raster pattern. Atomic force microscopy (AFM), invented 

in 1986, is the most popular SPM (Scanning Probe Microscopy) on the market 

right now. AFM uses a sharp tip (as small as atomic dimensions) at the end of a 

cantilever spring to apply a constant fixed force, as the probe is moved over the 

sample surface to generate topographic images (8).  Even though AFM has a 

higher resolution than SICM, SICM is especially useful for biological samples 

because it can image soft samples without damaging them. However, for a long 

time, beginning SICM technology was only applied to imaging flat polymeric films. 

Cell
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Feedback

XYZ      
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Objective

Glass Cover Slip
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Vesicle

Chromaffin cell
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XYZ      
Piezo
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Nanopippete

Vesicle

Chromaffin cell

Figure 3-1 Scanning Ion Conductance Microscopy to 
measure release of hormone by exocytosis in a living cell. 
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Finally, in 1997, significant improvements to SICM were made by the Korchev lab 

to allow imaging of live cells (43). Since then, SICM has been used for many 

biological investigations such as imaging cells and tissues in vitro (25, 27, 28, 64), 

useful combinations of SICM with other techniques such as SNOM (Scanning 

near-field optical microscopy) (46, 60), patch-clamp (20, 24, 31) and confocal 

microscopy (26).  SICM also has potential applications in nanotechnology (11, 

78). 

 

3-2 Principle of Scanning Ion Conductance Microscopy 

3-2-1 Classical Method of SICM (DC mode) 

  The SICM consists of a glass nanopipette probe filled with electrolyte lowered 

into a conducting solution bath toward a non-conductive sample. As the tip of the 

nanopipette approaches the sample, the pipette resistance increases because 

the gap that ions can flow through is decreased. Changes of the pipette current 

are measured by an amplifier, and are used as a feedback signal to control a 

piezoelectric manipulator to keep the distance between the pipette tip and 

sample constant. Thus, the path of the tip follows the topography of the surface. 

In Figure 3-2A, the current (I) through the pipette can be given by 

)(dRR
VI

ACp +
= , 

where V is the voltage applied to the electrodes. Rp is the resistance of 

nanopipette itself and RAC is the access resistance of the nanopipette opening. 

Access resistance is defined as resistance along the convergent paths from the 
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bath to the nanopipette opening. In general, RAC is a complex function of the 

distance (d) between the sample and the probe, and the geometry of the sample 

surface. The current (I) versus distance (d) curve is shown in Figure 3-2B. Here, 

Im is the current when the tip is far from the surface. The x-axis is the separation 

distance between the sample and tip normalized to r (the pipette radius). “Set 

Current” on the curve indicates the set-point current for the feedback loop. 

Therefore, if the current is more than the set-point then the pipette is moved 

towards the sample whereas the pipette is moved away when the current is too 
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r
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Figure 3-2 Principle of scanning ion conductance microscopy. A. 
Schematic of DC mode SICM. B. Current vs. distance curve. 
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low. 

 

3-2-2 Distance Modulation Method of SICM (AC mode) 

  A distance modulation method was introduced by Korchev’s group in 2001 (64). 

Because, in the case of the traditional DC method, ion current flowing from the 

nanopipette decreases so rapidly as soon as the pipette approaches the sample, 

it was difficult for them to have a robust control for a complicated sample. In 

addition, the ionic current can drift slightly over the time course of an experiment. 
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3-3 Distance modulation (AC) mode of SICM. A. Schematic of 
AC mode SICM. B. Current vs. distance curve.
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In the distance modulation method, the movement of the pipette tip (Δd or MOD) 

generates a modulated current (IMOD) as shown in Figure 3-3A and B. The 

modulated current signal is used as the signal for the feedback loop. In the case 

of DC mode SICM, the current (I) is maximum when the pipette is a long way 

from the surface of the sample. However, IMOD for the modulation method of 

SICM is only generated when the probe senses the sample. IMOD reaches a 

maximum value when the pipette just touches the surface. Most successful 

scanning in nonmodulated SICM is achieved at the distance of approximately a 

nanopipette tip radius from sample surface, which gives a range of setpoint 

current within ~97%-99.8% of IMAX (the pipette tip current far from the surface) 

(43). Thus, even a 1% change will affect the feedback control, and can lead to 

loss of control. In the distance modulated (AC) mode, the optimal scanning 

distance is also approximately one nanopipette tip radius from the surface which 

gives a modulated current (IMOD) that stays in the same optimal range of 0.2-3% 

of IDC. However, IMOD is less sensitive to a dc drift in IMAX.  In addition, it does not 

cause a loss of control from a partial blockage of the pipette. With this modulated 

mode of SICM, it is even possible to scan living cells continuously for more than 

24 hours (29). The modulation distance is ~20% of the radius, but it can be 

slightly different depending on the topology of the sample. A modulation distance 

of ~20-100% of the pipette radius worked well for most of our experiments. 
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3-3 Piezoelectrical Actuators 

Piezo(electrical) effect 

  The piezoelectric effect is often encountered in daily life. For example, in small 

butane cigarette or gas grill lighters, a lever applies pressure to a piezoelectric 

ceramic creating an electric field strong enough to produce a spark to ignite the 

gas. Alarm clocks often use a piezoelectric element for the alarm sound system. 

The word “piezo” is derived from the Greek word for pressure. In 1880, Jacques 

and Pierre Curie discovered that pressure applied to a quartz crystal creates an 

electrical charge in the crystal. They called this phenomenon the piezo effect. 

Applying an external force to a piezoelectrical material generates a separation of 

electrical charge between 2 ends of the material. If electrodes are connected to 

the 2 poles surface, the charges will generate a voltage U.  

C
FdU ⋅

=  

where, d is piezoelectrical modulus; a material parameter(depending on 

direction), F is generating force to the piezoelectrical material, the volume of the 

material will be approximately constant.and C is electrical capacitance. 

Application of a voltage to a piezoelectrical material can cause a change of the 

dimensions of the material, thereby generating a motion. A common material for 

piezoelectrical actuators is PZT (lead-zirconium-titanate). On the other hand, for 

the electrostrictive effect, the common material is PMN (lead-magnesium-

niobate). There are two common designs for actual piezoactuators, the stacked 

design (left) and the tube design (right) as shown in Figure 3-4. The stacked 



 
44

design consists of a large number of stacked ceramic discs. The electrodes are 

placed on the two sides of the ceramic discs as shown in the figure. The 

piezostacks are also called, piezoelectrical actuators or piezoelectrical translators. 

Piezostacks expend and shrink by the piezoelectrical effect depending on the 

electrical field strength and saturation effects of the ceramic material. In the tube 

design, the transverse piezoelectrical effect is applicable. The tubes are made 

from a monolithic ceramic, and they are metalized on the inner and outer surface. 

In general, the inner surface is connected to the positive voltage. When an 

electric field is applied to the tube actuator, a contraction in the direction of the 

tube’s axis as well as a contraction in the tube’s diameter results in a motion. 

Piezotubes are generally used for SPM (scanning probe microscopes) including 

AFM (atomic force microscopes), and SICM.  

Uo

Uo

L
Uo

Uo

L

Figure 3-4 Two kinds of the piezoactuator designs. Left: Stack 
design. Right: Tube design. 
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Open and Closed Loop Piezoactuators 

  The position of a piezoactuator can be controlled by simply applying a control 

voltage in an “open loop” mode. However, the relationship between drive voltage 

and piezo position is nonlinear near the ends of the active range and the 

relationship between voltage and position can exhibit a dependence on history 

known as hysteresis. Therefore, a position-measurement device can be used to 

control the piezo voltage in a closed loop piezoactuator. Closed loop 

piezoactuators have high linearity, long-term position stability, repeatability and 

accuracy. There are two kinds of closed loop piezoactuators. One uses a SG 

(strain gage) and the other uses capacitive measurement of position. In general, 

capacitive piezoactuators are more accurate and faster than SG piezoactuators 

because SG piezoactuators can have slight nonlinear behavior and thermal noise. 

On the other hand, capacitive piezoactuators are at least two times as expensive 

as SG piezoactuators. 

 

Resonance frequency 

  The resonance frequency is one of main factors to evaluate the speed 

capability of piezoactuators. In general, a piezoactuator with a higher resonance 

frequency can produce faster scan speed for SICM. However, the resonance 

frequency is a function of the “loading”, or additional mass linked to the 

piezoactuator. The resonance frequency given in the product data tables refers to 

the unloaded piezoactuator. The resonance frequency of any spring and mass 

system is a function of its stiffness and effective mass. The resonance frequency 
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can be written by, 

eff

T

m
kf ⎟

⎠
⎞

⎜
⎝
⎛=

π2
1

0  

where, f0 = resonance frequency [Hz] 

 kT = piezoactuator stiffness [N/m] 

 meff = effective mass (~1/3 of the mass of the ceramic stack) 

When attaching an additional mass M to the piezoactuator, the resonance 

frequency drops according to the following equation: 

eff

eff

m
m

ff
′

=′
00  

where, m’eff = loaded mass = M + meff 

From the equation above, we know that increasing the effective mass of the 

loaded actuator by a factor of 4 will reduce the resonance frequency by a factor 

of 2. 
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3-4 Our SICM System 

Figure 3-5 shows our SICM setup including a head stage, 3D piezo, 

nanopipette and holder, 3D course manipulator and Faraday cage. Because the 

resolution of piezoes is generally sub-nanometer, the SICM resolution actually 

Figure 3-5 Our home built SICM setup. Amplifier head stage, 3D piezo, 
nanopipette and holder, 3D course manipulator and Faraday cage are 
shown in the picture. The Faraday cage normally encloses the system but it 
tilled up here to allow view of the system. 

head stage 

nanopipette 
and holder 

XYZ (3D) Piezo 

XYZ course 
manipulator 

Faraday cage 
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depends on the tip diameter of the nanopipette. Figure 3-6 shows a scanning 

electron micrograph of a typical SICM nanopipette on the top left and an image to 

test the resolution of the system on the top right. The test sample contains pores 

of diameter a 100-200 nm pores on PET (polyethylenterephthalate). The bottom 

two images show a comparison between scanning electron micrograph (SEM) 

image and an SICM image of the test sample. This comparison attests to the 

accuracy of our SICM system.  

Piezoactuators can have a nonlinear hysteresis between the control voltage 

and position that is most prominent near the edge of a scan where the 

piezoactuator changes direction. This hysteresis can produce an “edge effect” in 

the image. In order to test for an edge effect during experiments and to check 

piezo calibration, we imaged surfaces of known samples, CD-R (Recordable 

Compact Disc) and DVD-R (Recordable Digital Versatile Disc or Digital Video 

Disc) (Figure 3-7). We did not find any edge effect for CD-R and DVD-R. If there 

is edge effect on SICM, we would expect the grooves at the edge of the image to 

be spaced differently than the grooves on the middle of the image. 
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Figure 3-6 Top left: Scanning Electron Micrograph (SEM) of SICM probe 
with a diameter of ~100 nm. Top right: SICM image of 100-200 nm pores 
on a polyethylenterephthalate (PET) membrane surface. Comparison 
between scanning electron micrograph (SEM, Bottom left) image and an 
SICM image (Bottom right) of the test sample. This comparison attests to 
the accuracy of our SICM system. 

300 nm 

5 μm 
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3-5 Imaging of Changes in Cell Morphology Associated with Exocytosis in 

Chromaffin Cells using SICM 

  Bovine chromaffin cells were imaged before and after depolarization with a 

bath solution containing 50–70 mM K+. Each scan took about 3 minutes to 

generate a 512 x 128 image with scanning areas of either 3 x 3 µm or 5 x 5 µm. 

Figure. 3-8, A and B, represent two control scans in physiological bath solution 

demonstrating a typically smooth cell surface with height variations of 140–170 

nm. After stimulation with the high K+ solution, four punctate depressions 

appeared (Figure 3-8 C). Figure 3-8 E presents line profiles before and after 

stimulation demonstrating two depressions with depths and half-widths of ~100 

nm. The depressions were absent in the next scan taken 3 minutes later 

 

Figure 3-7 SICM images of CD-R (left) and DVD-R surface 
(right). 
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(Figure 3-8 D). Three other sample scans taken ~3 minutes after high K+ 

stimulation that contain punctate depressions are depicted in Figure 3-9, A–C. 

The smallest punctate depressions that we could detect had depths of ~30–40 

nm and half-widths of ~90–100 nm, whereas feature sizes larger than 600 nm, or 

features that were not symmetric, were not classified as punctate depressions. 

Using these criteria, we observed a total of 25 punctate depressions after high K+ 

stimulation in nine out of 56 cells tested. The width of the depressions measured 

at half depth was 196 ± 25 nm, whereas the measured depth of the depressions 

FIGURE 3-8  Punctate depressions appear after high K+ stimulation. (A 
and B) Cell membrane morphology before stimulation. (C and D) Cell 
membrane morphology after stimulation. Punctate depressions appear 
(C), then disappear over several minutes (D). (E) Line profiles (blue 
from B and red from C). (F) Enlarged image from black dashed square 
from panel C. 
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was 81 ± 8 nm (mean ± SE). In many cases, the ~100 nm outside diameter of the 

pipette is likely to prevent full probing of the depth of the depressions. As is 

evident in Figures. 3-8 and 3-9, punctate depressions were generally clustered 

within an area of ~1–2 µm2. We performed further analysis of scans obtained 

from the nine cells that showed punctate depressions to quantify the apparent 

clustering of these features. The average distances between two depressions 

was quite similar for the two different scan sizes we used with values of 0.93 ± 

0.13 µm for 3 x 3 µm images (N = 16 depression pairs) and 1.12 ± 0.16 µm for 5 

x 5 µm images (N =11 pairs). We performed Monte Carlo simulations to 

determine the expected distances between depressions if they were randomly 

distributed throughout the image. Random placement resulted in mean distances 

of 1.56 µm for the 3 x 3 µm images and 2.60 µm for 5 x 5 µm images (Figure 3-

10). 
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Figure 3-9 Line profiles of punctate depressions (A–C) and a valley-type 
feature (D) appearing ~3 min after stimulation; x axis units are μm whereas y 
axis units are nm). 
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Figure 3-10 Monte Carlo simulations indicate that depressions are 
clustered rather than randomly distributed. Observed distances between 
depressions (blue) are compared to distances expected if the same 
number of depressions are randomly distributed in a 3x3 μm image (left) or 
a 5x5 μm image (right). 

Distance between punctate 
depressions

(Random distribution)

Distance between punctate 
depressions

(Random distribution)
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The mean distances between depressions were significantly smaller than that 

expected by random placement (p < .001 for both image sizes).  

High K+

High K+

High K+

High K+

High K+

High K+

Figure 3-11 Large Membrane Ripples. Large membrane ripples were 
observed after high K+ stimulation. 
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Whereas nine of 56 cells exhibited clear punctate depressions, after high K+ 

stimulation, most of the remaining cells exhibited ripples or other large 

morphological changes (e.g., Figure 3-11, Figures. 3-9 D and 3-12 C) that may 

have resulted from fusion and collapse of vesicles into the surface membrane.  

Figure 3-12 Morphological changes require both depolarization and 
extracellular Ca2+. (A) Control image in Ca2+ free solution. (B) After 
depolarization with high K+ solution in the absence of Ca2+. (C) Ripples 
become evident after addition of 5 mM Ca2+ to the bath solution. The 
dashed red ovals show an example of surface features that remain 
stationary from scan-to-scan and thus demonstrate that the region of the 
membrane that is scanned remains constant. 
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Since increases in membrane surface area are expected to accompany 

exocytosis, we measured the surface area of scans before and after stimulation. 

The surface area of scans increased several minutes after stimulation by 0.66 ± 

0.24 µm2 (~7%, N = 19) for 3 x 3 µm scans and 0.76 ± 0.27 µm2 (~3%, N = 28) 

for 5 x 5 µm scans. It is expected that fusion of an individual chromaffin granule 

should result in an increase in membrane area of ~0.2 µm2 (15). In contrast, the 

difference in area in the two scans before high K+ stimulation averaged –0.04 ± 

0.13 µm2 for 3 x 3 µm scans and 0.01 ± 0.12 µm2 for 5 x 5 µm scans.  

Stimulation of exocytosis requires both membrane depolarization and 

extracellular Ca2+, so we performed control experiments where cells were 

exposed to a high K+ bath solution lacking Ca2+. Figure 3-12 presents an 

experiment, typical of seven cells, where cells were sequentially exposed to a 

high K+ solution lacking Ca2+ and then a high K+ solution containing 5 mM Ca2+. 

In all seven cells, obvious morphological changes (although no obvious punctate 

depressions) were observed after addition of Ca2+ solution but not upon addition 

of high K+ solution lacking Ca2+ (Figure. 3-12 C). The change in the area of scans 

upon addition of high K+ solution lacking Ca2+ was –0.03 ± 0.04 µm2, whereas the 

change after subsequent addition of 5 mM Ca2+ was 0.41 ± 0.13 µm2 (3 x 3 µm 

scans).  

Figure 3-13 summarizes responses from 56 cells to high K+ stimulation in the 

presence of Ca2+. 9 cells showed clear punctate depressions (e.g. Figure 3-9 A-

C), 9 cells exhibited valley-type features (e.g. Figure 3-9 D) and 27 cells showed 

large membrane ripples upon depolarization. 11 out of 56 cells showed no 
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obvious morphological changes upon high K+ stimulation. 

          Figure 3-13 Histogram of observed changes from 56 cells. 
 

 

In conclusion, we have shown changes of membrane surface morphology 

associated with exocytosis. The size of punctate depressions, such as those in 

Figures 3-8 and 3-9, are consistent with that expected for the fusion of individual 

~300 nm-diameter chromaffin granules, although a direct size comparison is not 

possible with the limited resolution of our pipettes, and it is also possible that 
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these depressions represent sites of endocytosis rather than exocytosis. The 

clustering of punctate depressions we observed is consistent with reports of "hot  

spots" of Ca2+ channels and hormone release from endocrine cells (30, 51, 59) 

and with previous observations of clustered depressions in pancreatic acinar cells 

using atomic force microscopy (62). Punctate depressions were usually only 

present for a single scan and were therefore dynamic over a timescale of several 

minutes. On the other hand, punctate depressions, when observed, had a lifetime 

of at least several tens of seconds-the time required to scan the feature. 

 

3-6 Discussion and Future Directions 

  We observed net increases in membrane surface area accessible to the 

scanning pipette upon stimulation that are consistent with previous reports using 

membrane capacitance to measure net increases in membrane area (e.g., 

Augustine and Neher (6)). In the majority of cells, increases in surface area 

resulted from large morphological features such as valleys (Figure 3-9 D) and 

ripples (Figures 13 C) that may reflect collapse of vesicle membrane into the 

plasma membrane. This does not exclude the possibility that some vesicles may 

instead undergo a transient "kiss and run" fusion, because such events would 

likely escape detection in our experiments. Future experiments combining SICM 

with fluorescent labeling of vesicle membrane proteins or cargo should help 

clarify the origin and evolution of surface membrane morphological changes that 

result from transmitter exocytosis.  
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3-7 Preliminary Experiments Using SICM for “smart patch-clamp” 

Recording from Hippocampal Synaptic Boutons 

  The fundamental structures for information transfer and processing in the 

nervous system are chemical synapses, where electrical impulses, or action 

potentials in the presynaptic neuron causes influx of Ca2+, which triggers release 

of transmitters into the narrow (~20 nm) synaptic cleft. The one-vesicle 

hypothesis (reviewed in (65)) says that an action potential causes fusion of either 

zero or one (and only one) vesicle per active zone. Most CNS synapses contain 

only a single active zone. 

  As explained in the chapter 1, the capacitance of a cell membrane is 

proportional to its area, thus the insertion of vesicle membrane during exocytosis 

results in an increase in capacitance whereas the removal of membrane by 

endocytosis decreases capacitance. However, capacitance measurements have 

been studied only for endocrine cells (54, 68), or in special neurons with large 

presynaptic structures such as cochlear hair cells (56), retinal bipolar nerve 

terminals (74), the presynaptic terminals at the calyx of Held (66), posterior 

pituitary terminal (42), and, in one report, in large (multi-active zone) 

hippocampal mossy fiber terminals (33). There are currently no reports of 

capacitance measurements resolving single synaptic vesicle fusion events at 

CNS syanpses. 

To resolve individual vesicle fusion events, we explored the use of the “smart 

patch-clamp” technique (patch-clamp capacitance measurements combined with 

SICM). Patch-clamp recording from conventional (single active zone) synaptic 
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boutons is prohibitively difficult because these structures are small, with a volume 

of ~1 μm3. Addition of SICM allows the probe pipette, with a sub micron diameter, 

to scan the surface of cultured rat hippocampal neurons in order to get a clear 

image of surface morphology. Once an image is obtained, the desired target 

synapse can be identified and the same pipette used for the scan can be used 

for patch-clamp recording. Sample images of hippocampal neutons are shown in 

Figure 3-14 Sample Images of Cultured Hippocampal Neurons by SICM. A, 
B: fine neurite process. C: A typical axon. D: A Hippocampal cell body. 
 

A B 

D C 
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Figure 3-14. This was combined with fluorescence imaging to determine the 

location of active zones of neurotransmitter release using FM1-43 labeling of 

vesicles. Knowledge of surface morphology enabled selection of a spot on the 

membrane that is both free of surface debris and orthogonal to the orientation of 

the pipette and is thus ideal for seal information. The process for smart patch-

clamp recording from cultured hippocampal terminal is shown in Figure 3-15. On 

the left is a fluorescence micrograph of a cultured hippocampal neuron loaded 

with the styryl dye FM1-43. The fluorescent spots indicate active zones 

containing labeled vesicles. Schematic on the right of Figure 3-15 is a pipette 

scanning over terminal identified by FM1-43. In the case of smart patch clamp, 

Figure 3-15 Process for smart patch-clamp recording from cultured 
hippocampal terminals using SICM. Left: Fluorescence micrograph of a 
cultured hippocampal neuron loaded with the styryl dye FM1-43. Right: 
Schematic depicting pipette scanning over terminal identified by FM1-43 
staining. 
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the same scanning pipette is used as a patch-clamp pipette. 

I attempted whole bouton recording by rupturing the patch of membrane 

beneath the pipette using either a pulse of suction, electrical impulse (zap 

function in Pulse software) or perforated-patch with amphotericin B. Using this 

approach, I was able to make gigaohm seals on fluorescently identified boutons 

at least 100 times. However, all of the attempts for whole-bouton recording were 

unsuccessful. In most cases, applying suction resulted in the terminal and 

dendrite being sucked into the pipette. Amphotericin B failed to permeablize the 

membrane patch.  

For future studies, I would suggest attemping to patch-clamp a cell body of 

hippocampal neurons or INS-1 cell’s microvilli to compare hippocampal boutons 

with these cells. The suction or electrical impuse method and amphotericin B can 

be used at the same time. My attemps were performed while still learning 

hippocampal neuronal cultures. Thus, future attemps may be more successful 

once further experience is gained in preparation of cells. In addition, scanning 

surface confocal microscopy (SSCM: SICM + confocal microscopy) could aid 

future attempts to patch the boutons because it is very hard to know if you made 

a patch on a bouton without confocal microscopy. 
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CHAPTER 4 

MICROPATTERNING 

Micropatterning of Cultured Hippocampal Neurons 

 

4-1 Background 

  It is important to be able to study neurons in culture in simple networks in order 

to address questions in neuroscience at the cellular and molecular levels. The 

simplest network is known as the autapse, where a neuron synapses onto itself 

(50). Autapses are simple to study because the same patch-clamp pipette can be 

used to excite the presynaptic cell and record the post-synaptic response. In 

addition, autaptic responses are more homogeneous than normal synaptic 

responses (50). Whereas neurons rarely exhibit autapses in vivo, autapses were 

reported in cultured chicken spinal ganglion cells and in sympathetic ganglion 

cells cocultured with myocytes in the 1970s (22, 70). In general, in traditional in 

vitro neuron cell cultures on homogeneous substrates, it is nearly impossible to 

find autaptic synapses because of complicated connections within neuronal 

networks. In many cases, it is also shown that autapses are intermixed with 

synapses from neighboring neurons. Thus, micropatterning of cultured neurons 

has become a popular technique to promote formation of autapses or to attempt 

to establish defined synapses between pairs of neurons.  Micropatterning 

involves deposition of biomolecules on a substrate that promote attachment and 

growth of neurons alternating with coatings that prohibit attachment and 

outgrowth. 
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  Autaptic “microisland” cultures are traditionally made by spraying a collagen 

solution on agarose-coated substrates using a micro atomizer (7). This process 

creates spots of collagen at random locations on the coverslip that vary in 

diameter from tens of micrometers to millimeters. Isolated hippocampal neurons 

and glia from neonatal rat brains are then placed on the coverslips. Glial cells 

attach and grow on the collagen microislands and provide a supportive substrate 

for attachment of neurons and outgrowth of axons.  Axon outgrowth does not 

occur over the collagen areas, so axons tend to spiral around the perimeter of 

the collagen microisland and form autapses onto other regions of the cell (Figure 

4-1).  Establishment of a successful autaptic microisland thus requires one and 

Figure 4-1 Neuron containing autapses produced by collagen spray of a 
microatomizer with an agarose background substrates. A) Left: phase 
contrast image. Right: bright field image. B) A. Autaptic neuron. B. Two 
neurons on a collagen microisland. Scale Bar of A) and B) are 50 and 20 
μm, respectively. 

A) B) 
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only one neuron being deposited on a collagen microisland of the appropriate 

size.  It is not surprising then that successful microislands are scarce on 

coverslips prepared with the atomizer approach because of the widely varying 

size of the collagen microislands.  Thus sometimes several coverslips have to 

be scanned to find an appropriate autaptic neuron.  Using microcontact printing 

method, we were able to create more controlled patterning of neurons on 

microisland 

  In the late 1990’s, methods for micropatterning neuronal cell cultures using 

“soft” lithography with PDMS were introduced by Whitesides’ lab (9, 21). Later, 

many cell types were patterned by this method such as human umbilical vein 

endothelial cells (HUVEC) (18), capillary endothelial cells (55, 57), cortical 

neurons (71) and hippocampal neurons (39, 48). However, there is no report 

using these approaches to create microisland autaptic cultures.  An overview of 

these techniques will be shown in the next section. 

 

4-2 Micropatterning Methods 

4-2-1 Microstamping Method 

  Microstamping is also known as microcontact printing (μCP) (36). PDMS is 

used as a stamp to transfer “ink” molecules to various substrates such as glass, 

silicon or plastic surfaces such as polystyrene or PET (polyethylenterephthalate) 

(18, 39, 72).  Advantages of using the PDMS microstamping method are that 

PDMS microstamps can be used repeatedly and it is a simple, quick and 

inexpensive. However, a disadvantage of this method is that it requires 
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optimization to find the best stamping approach to transfer molecules to the 

substrate. For example, collagen solution on the PDMS stamps should not be too 

dry or too wet during the stamping procedure or there will not be effective transfer 

to the substrate. In general, the ink molecules such as collagen or polylysine 

solution are transparent, so it is also hard to check weather stamping was 

successful or not without including a fluorescent indicator. The stamping process 

and examples of neurons patterned with this method are depicted in Figure 4-2. 



 
68

 

 
 

Figure 4-2 Microstamping method. A) Schematic of stamp preparation. 
B) Rat cortical neurons cultured on ECM gel grids stamped on 
polystyrene petridish (7 Days in Vitro). C) SEM (scanning electron 
micrograph) image of rat cortical neuron on a patterned substrate (4 
Days in Vitro). 

A) 

B) C) 
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4-2-2 Microfluidic Method 

Another technique to deposit cell adhesive molecules employs PDMS 

microfluidic channels (21). In this method, microfluidic channels are molded into 

PDMS which is then sealed to the substrate upon which adhesion molecules will 

be patterned. Fluid containing the cell-attachment molecules is then flowed 

through the PDMS microfluidic channels. An advantage of this method is that we 

can make the desired pattern with a well-defined density of adhesion molecules 

which is determined by the height of microfluidic channels and the concentration 

of adhesion molecules in the solution. In this method, we avoid the need to 

precisely wet the stamp as with microcontact printing. However, this method is 

not as fast as the microcontact printing method. In addition, it is hard to create 

disconnected features, such as microislands, by this method. Thus, this method 

is generally not suitable for hippocampal autapse culture. However, by using 

three-dimensional microfluidic systems, it can also be possible to have 

disconnected features, but it requires an additional alignment process between 2 

layers of micromolded PDMS (14). The microfluidic method is shown in Figure 4-

3. 
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Figure 4-3 Microfluidic method. A) Schematic of method. B) Rat cortical 
neurons cultured on polylysine tracks (8 Days in Vitro). 15 μm and 25 μm lines 
for a, c and b, d respectively.

A) 

B) 
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4-2-3 Microstencil Method 

  One can use a PDMS stencil to transfer desired molecules to the surface of 

substrates through a thin PDMS membrane containing holes (35, 55, 69). These 

PDMS membranes can easily be attached to desired substrates. After the PDMS 

stencil is attached to the substrates, cell adhesive molecules like collagen can be 

uniformly coated on the top of the stencil. The stencil is then peeled off the 

substrate to leave collagen islands behind. Then cells can be seeded on the 

substrate. An advantage of the stencil method is that we can have better 

deposition rate than that of microstamping method because we deposit wet 

molecules directly on the top of the hole to make microislands. A disadvantage is 

that this thin stencil is very hard to handle because it is easily torn. The stencil 

method can create disconnected features and the stencil membrane can be 

reused after an ethanol wash. It is reported that stencils can be fabricated with a  

membrane thickness of 2-50 μm and with hole diameters of 3-500 μm (35). 

Examples of the microstencil method are shown in Figure 4-4. 
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Figure 4-4 Stencil method of micropatterning. BCE 
(Bovine adrenal capillary endothelial cells) on FN 
(Fibronectin) coated substrates. 
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4-2-4 Laser Ablation Method 

  The UV-laser ablation method uses a computer controlled laser system to 

remove coatings on a substrate (47). The removed part is either the adhesion 

molecules or the blocking molecules, depending on the preparation procedure 

(Figure 4-5). 

Figure 4-5 Micropatterning by Laser Ablation Method. A) Image of 
laminin micropatterns B) PC12 cells on laminin micropatterns on OTS 
(octadecyltrichlorosilane) background substrates. 

B) A) 
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4-3 Techniques for Patterning Cells Using Lithographic Methods 

  Photolithography is the most widely used micropatterning technique. In general, 

photoresist solution is dispensed on a flat surface like a silicon or glass wafer, 

spun into a thin film and dried. In the case of a positive photoresist, when it is 

exposed to UV light through a mask, exposed regions become soluble to a 

specific developer solution. On the other hand, in the case of a negative 

photoresist, exposed regions become insoluble to the developer. “Soft” 

lithography refers to a method developed by Whitesides’ lab to mold 

poly(dimethylsiloxane) (PDMS), a transparent and flexible silicone material, over 

patterned photoresist (76). PDMS is an excellent material for biological 

application because it is biocompatible and transparent. Thus, cells can be 

cultured within or on the top of the PDMS devices and cells can be imaged 

through PDMS using a microscope. It is permeable to gases such as oxygen but 

not readily permeable to liquids, thus it is commonly used to make microfluidic 

devices. It can be bonded to PDMS itself, silicon, polystyrene and glass.  

 

PDMS microfabrication process consists of the following steps (Figure 4-6): 

1. The desired pattern is laid out using appropriate software such as 

AutoCAD or Freehand. 

2. The file containing the desired pattern is sent to a printing service to create 

a high-resolution transparency photomask.  Transparency films are an 

inexpensive alternative to the “hard” chromium masks traditionally used for 

high resolution photolithography in the semiconductor industry.  



 
75

Transparencies can be ordered with resolutions of 5080 dpi from the Univ. 

of Ill. Printing Service (~$50) or 20,000 dpi from CAD/Art Services 

(Brandon, Oregon) (~$100) enabling minimum feature sizes of ~15 μm or 5 

μm, respectively. If smaller feature sizes are needed, traditional chromium 

masks can be ordered (~$400 - $1000).  

3. Photoresist solution is spin coated onto the silicon wafer substrate. 

MicroChem SU-8 negative photoresist is very popular to achieve thick films 

(see the section 2-9 for detail). 

4. A “pre-bake” of the photoresist is performed by heating the silicon wafer at 

65 oC for a few minutes and then 95 oC for a few minutes on a hot plate 

(see the section 2-9 for detail). 

5. The transparency mask is placed over the photoresist film and exposed to 

UV light for a controlled period of time. 

6. A “post-bake” of the photoresist is performed by heating to 65 oC for a few 

minutes and then 95 oC for a few minutes. 

7. The photoresist film is developed using a special developer solution for 

several minutes. Here, photoresist can be rinsed with 2-propanol to check if 

the photoresist is fully developed (The solution will be milky if the 

photoresist is not fully developed).  The patterned photoresist is now 

ready to serve as the mold for the PDMS. 

8. The PDMS monomer is mixed with the curing agent (usually in a 10:1 ratio) 

and the poured on the top of the photoresist master.  PDMS is cured by 

baking it for several hours at 60-80 oC.  A vacuum is applied to the baking 
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oven to remove air bubbles. 

9. The PDMS device is then peeled off of the mold and used. 

 

 

 

 

Silicon Wafer 

Pour Photoresist Solution 
on a Silicon Wafer 

Silicon Wafer

Photoresist

Spin Coat Silicon 
Wafer with Photoresist 

Expose Photoresist to UV through 
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Pour PDMS Solution on the top 
of Photoresist Master 

PDMS 
solution 

Cure 

Heat 

Pre-Bake of the 
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Heat

Post-Bake of the 
Photoresist Film 

Figure 4-6 Summary of the process to micromold PDMS. 
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4-4 Cell Adhesive and Cell Repulsive Surface Chemistry 

Surface chemistry is the most important factor in patterning growth of neuronal 

cells. For hippocampal neurons, the cell adhesive and repulsive molecules 

should be suitable for both hippocampal neurons and glial cells. In cell cultures, 

in serum containing medium, it is known that glial cells readily attach to various 

substrates such as glass or plastic.  There are a lot of cell adhesive materials 

available, but it is very important to know that cells vary in how well they adhere 

to a given substrate. Thus, a poor choice of adhesion materials can cause cell 

death.  

 

4-4-1 Cell Adhesive Materials 

Poly-l-lysine (molecular weight: 70,000-1,500,000) 

  Polylysine is a good material for adhesion of neurons and other cells such as 

chromaffin cells. A solution with a concentration of 0.001-0.0025% of polylysine is 

generally applied to glass. A film forms in several minutes and then the solution is 

removed and the surface is rinsed with distilled water. Thus, it is very easy to use. 

However, polylysine in solution is toxic to cells. Thus, the rinse step is important. 

A low concentration of polylysine can be added to collagen, ECM gels or other 

extracellular matrix to help neurons stick to the substrate (71). In rat hippocampal 

cell cultures, we found that a 0.002% polylysine solution helped glial cells and 

neuron cells stick to glass coverslips and polystyrene petri dishes when applied 

to the entire glass coverslip (i.e., for a “mass culture” of neurons). On the other 

hand, polylysine did not support viable microisland cultures when sprayed on 
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agarose with an atomizer (data not shown). 

 

Collagen 

  A microatomizer is commonly used to spray collagen on agarose coated 

substrates to make microislands (50). Collagen has been used to culture 

hippocampal neurons for decades. Both glial cells and neurons tend to stick and 

grow very well on collagen. However, for microstamping, it is hard to deposit 

collagen on the agarose coated substrates, because if the collagen solution is 

too dry on the stamp, then it is not effectively transferred to the agarose surface. 

Addition of a small amount of polylysine to the collagen solution has been 

recommended to improve cell adhesion (7). 

 

ECM gel 

  ECM (Extracellular Matrix) gel is also a good cell adhesive material. ECM gel 

contains various biomolecules such as laminin and fibronectin. Cortical neurons 

have been successfully patterned using microcontact printing of ECM gel mixed 

with polylysine (73). However, we found that this mixture was not very successful 

with hippocampal cells since most of hippocampal neurons died in less than 10 

days. It is possible that either glial cells or hippocampal neurons are not very 

compatible with ECM gel stamps. If ECM gel was used over the entire glass 

surface, then hippocampal cells showed good survival as a “mass culture”. ECM 

gel is a liquid only for temperatures between 4-10 oC but quickly gelates within 5 

minutes at room temperature. Thus, it is important to keep the temperature of the 
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ECM gel medium below 10 oC during microstamping. ECM gel is much more 

expensive then collagen. 

 

Laminin 

  Laminin is one component of ECM and laminin with polylysine has been used 

to culture hippocampal neurons previously (39). Laminin is easy to use and is 

appropriate for many cell types. However, it is very expensive. It is known that 

laminin can promote neuronal growth and axons grow in the direction of 

increasing surface density of laminin (19). 

 

4-4-2. Materials Used to Prevent Cell Adhesion 

Agarose 

  Agarose is generally used in neuron cell cultures. Agarose is a weakly 

hydrophobic gel. 0.15% of agarose powder is dissolved in water by heating the 

solution for 30 – 60 seconds in a 500-watt microwave oven. Hot agarose solution 

can be uniformly spread on substrates to make a hydrophobic thin coating by 

either dipping coverslips into the hot agarose solution or few drops of agarose to 

a coverslip on a petridish. Agarose is a very good material to make collagen 

microislands for neuron cell cultures because glial cells do not adhere to agarose, 

but it does not have adverse affects on nearby cells. The only drawback is that it 

is not easy to transfer molecules to an agarose coated substrate during 

microstamping. Figure 4-7 depicts a sample of my initial results in culturing 

hippocampal neurons on microislands created by microcontact printing of 
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collagen on an agarose substrate. 

 
 

 

Figure 4-7 Hippocampal 
neuron cultures on collagen 
microislands on thin agarose 
coated glass coverslips. The 
diameter of each microisland 
is ~200-300 μm (7 Days in 
Vitro). 
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Polystyrene 

  Polystyrene is a very hydrophobic biocompatible material. Previous work 

showed that cortical neurons grow well on ECM gel micropatterns on a 

polystyrene petridish (73). Most cells do not stick to polystyrene. However, in the 

case of hippocampal cell cultures, we found that glial cells tend to stick to 

polystyrene and proliferate. Hippocampal neuron cultures on collagen 

microislands with polystyrene background substrates are shown in Figure 4-8. 

 
 

 

Figure 4-8 Hippocampal 
neuron cultures on collagen 
microislands on polystyrene 
petridishes. The diameter of 
each microisland is ~200-300 
μm (7 Days in Vitro). 
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Octadecyltrichlorosilane (OTS) 

  Octadecyltrichlorosilane, a self-assembling silane compound, is used to make 

hydrophobic coverslips (49). OTS hydrophobic coverslips are formed by soaking 

glass coverslips in a 1% solution (by volume) of octadecyltrichlorosilane in 250 ml 

of toluene with 0.5 ml of butylamine overnight (These substances are very toxic 

and must be handled under a fume hood). We found that these silanized 

coverslips are much more hydrophobic then agarose and polystyrene with a 

 
 

Figure 4-9 Hippocampal 
neuron cultures on collagen 
microislands on OTS silanized 
glass coverslips. The diameter 
of each microisland is ~200-
300 μm (7 Days in Vitro). 
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contact angle of greater than 90o. However, glial cells still tend to stick to these 

silanized substrates. A study showed that PC12 cells grew well on laminin traces 

patterned on OTS silane (47). Hippocampal neuron cultures on collagen 

microislands with an OTS background substrate are shown in Figure 4-9. 

 

PEG (polyethylene glycol) 

  PEG is also known to block cell adhesion as a substrate for hippocampal 

neuron cell cultures (10). However, this material has not been tested in our 

cultures. 

 

4-5 Culture of Hippocampal Neurons on Microstamped Substrates 

Hippocampal microisland cultures were successfully carried out using a 

microstamping method. Sparse neuronal culturing grew well collagen stamped 

agarose microislands for 3-4 weeks. For well stamped coverslips, we found 

several hundreds of nice collagen microislands with up to ~10-20 autptic cell 

islands per coverslip when the cells were prepared by Dr. Steven Mennerick’s lab 

at Washington University (St. Louis, MO). However, I did not fully optimize the 

size of microislands to maximize the number of single neuron (autaptic) 

microisland. One confounding variable is that the cell concentration varied quite a 

bit between preparations. In addition, according to patch-clamp experiments from 

Dr. Steven Mennerick’s lab, neurons on both microstamped microislands and 

traditional microislands by the spraying method had similar electrophysiological 

properties (data not shown). Figure 4-10 shows a comparison from the same 
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hippocampal neuron, preparation culture, of on microislands using either the 

traditional collagen spraying method or the microstamping method. In this 

example, there is no clear microisland apparent in the spraying method, 

presumably because the spray droplets were too large to confine out growth of 

neurons in this microscopic field. On the other hand, the microstamped 

microislands are uniform in size. We also made dumbbell-shaped microislands 

which potentially can be used to study synapses between a pair of neurons 

Figure 4-10 Hippocampal neuron cultures on microislands by a traditional 
spraying method (left) and by a microstamping method with ~200 μm 
diameter of microislands (right). 
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(Figure 4-11). A typical image of a microisland with only one neuron with autaptic 

connections is shown in Figure 4-12 left. The right side of the figure shows a 

microisland with a pair of neurons.  

 

Figure 4-11 Hippocampal neuron cultures on microislands by a 
microstamping method with ~100 μm diameter of microislands (left) and 
by microstamping method with dumbbell shape microislands (right). 
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4-6 Conclusions 

A microstamping approach was successfully used to pattern collagen 

microislands on agarose coated glass coverslips. Since microcontact printing 

worked very well and is the simplest method among micropatterning methods 

describe above, we did not try the microfluidic and/or microstencil approaches. 

However, there are several problems with the microstamping method; 1) the 

timing between wetting and stamping is critical to make good microislands, 2) the 

size of microislands is somewhat larger than the desired size because wet 

collagen solution can be stamped outside of the border of PDMS stamps. Thus, 

in certain cases, when we need very accurate sizes of stamps, microfluidic or 

stencil method may be preferable. 

Figure 4-12 Left: microisland with a single neuron for studying 
autaptses. Right: microisland with a pair of neurons (18 days in vitro). 

200 μm 200 μm 
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CHAPTER 5 

ELECTROCHEMICAL MICROELECTRODE ARRAY (EMEA) BIOCHIPS 

Self-aligning electrodes and cell docking sites for amperometric detection of 

quantal catecholamine release. 

 

5-1 Previous Work in Area  

  Our laboratory has been developing microchip electrochemical devices from 

the early 2000’s (13). In the first project, in collaboration with microfabrication 

experts at University of New York at Albany, they were able to detect quantal 

secretion from individual cells by electrochemical electrodes fabricated in 

picoliter-sized wells. The well-electrodes were sized to snugly fit chromaffin cells 

I FCa2+

IF
Carbon Fiber 
Electrode

I FI FCa2+

IF

Ca2+

IF
Carbon Fiber 
Electrode

Figure 5-1 Schematic of carbon-fiber amperometry experiment. 
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so that catecholamines released from a large fraction of the surface area of the 

cell must diffuse only a short distance before they are oxidized on the surface of 

the electrode. In amperometric recording, they were able to see quantal release 

events that are similar in amplitude, time course and area as previous reported in 

the literature by carbon-fiber electrodes (37, 38, 75) (Figure 5-1). For this method, 

there were some problems which include a difficulty to bring cells to the electrode 

wells and the use upright microscope is required because the microchips are not 

transparent. In addition, the fabrication cost is relatively expensive and 

complicated. In 2005, Lindau’s Lab in Cornell university developed 

electrochemical detector arrays to detect quantal exocytosis using platinum 

microelectrodes on a glass coverslip (32). In the following year, a microchip 

device was introduced from our lab using transparent indium tin oxide (ITO) 

electrodes to measure quantal exocytosis from cells in microfluidic channels. ITO 

films on a glass substrate were patterned as 20-μm-wide stripes using 

photolithography (67). As an extension of our previous work, in this thesis, I used 

patterned ITO electrode on glass chip to deposit cells through the holes of 

microstencil (PDMS thin layer) or photoresist (Figure 5-2). 
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5-2 ITO Electrode Layout 

  20,000 dpi transparent films from CAD/Art Services (Brandon, Oregon) were 

used as photomasks and AutoCAD 2007 (Autodesk, Inc., San Rafael, CA) was 

used to layout mask designs. The photomask and actual patterned ITO device 

are shown in Figure 5-3. Twelve independent electrodes were patterned on the 

3.5 cm by 2.5 cm chip. We made the gaps much narrower than the ITO stripes 

(200 μm) so that precise alignment of openings in the insulation would not be 

necessary. 

Cells

ITO electrodes

Glass Chip

PDMS Stencil
or Photoresist

Cells

ITO electrodes

Glass Chip

PDMS Stencil
or Photoresist

Figure 5-2 Schematic view of self-aligning electrodes and cell docking 
sites for amperometric detection of quantal catecholamine release. 
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3.5 cm

2.5 cm

3.5 cm

2.5 cm

Figure 5-3 Patterned ITO electrodes. Top left: photo mask layout for 
patterning ITO. Top right: expended image showing 12 independent 
electrodes with 200 μm-wide black stripes and 25 μm gaps in between 
stripes. Bottom: patterned ITO electrodes on the glass slide substrate. 

2.5 cm

1.8 cm
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5-3 Fabrication of PDMS Stencils 

  The procedure for PDMS stencil microfabrication is very similar to that of 

PDMS microstamp microfabrication explained in chapter 3. For both devices, we 

used patterned SU-8 negative photoresist to mold PDMS. For PDMS stencils, the 

PDMS was compressed using clamps so that the patterned SU-8 posts penetrate 

the PDMS film to produce holes (Figure 5-4). In particular, a multi-layer stack was 

Figure 5-4 Summary of the process of PDMS stencils.  
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assembled before clamping as depicted in Figure 5-5. 

First, a transparency film is carefully placed onto the PDMS solution. The 

flexibility of transparency film facilitates removal following cure of the PDMS film. 

Next, a flat metal plate and a rubber gasket are placed on both the top and the 

bottom of the assembly. The metal plates and rubber apply a uniform force to the 

PDMS membrane. The rubber gaskets help prevent cracking of the Si wafer 

(Figure 5-5). The thickness of the PDMS stencil membrane is the same as that of 

the SU-8 photoresist (~15 μm). Figure 5-6 shows photos of PDMS stencils over 

patterned ITO electrodes. Whereas the PDMS serves as an insulating film over 

the patterned ITO, holes in the PDMS stencil both define the working electrode 

area and provide cell docking sites. 
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transparency film

clamps

silicon wafer

PDMS

metal plate

rubber plate

metal plate

rubber plate

transparency film

clamps

silicon wafer

PDMS

metal plate

rubber plate

metal plate
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Figure 5-5 Schematic of sandwich assembly for fabricating PDMS 
stencils. The wafer and transparency film was sandwiched with metal 
plates and rubber gaskets. 

 

gasket
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PDMS stencil

Glass Substrate

ITO electrode

Working electrode 
(cell docking site)

ITO electrode

PDMS stencil

Glass Substrate

ITO electrode

Working electrode 
(cell docking site)

ITO electrode

Figure 5-6 PDMS stencil over patterned ITO electrodes on a glass 
slide. Holes in the stencil serve as cell docking sites and also define 
working electrodes. The dark spots on the stencil (bottom image) are 
dusts from a transparency film. 
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5-4 Amperometric Detection of Quantal Exocytosis of Catecholamines on 

Microchips 

Chromaffin cells were harvested as described in chapter 2.  Some chips were 

subjected to plasma treatment for several minutes by the PDC-32G Basic 

Plasma Cleaner before use. Following plasma treatment, cells usually stuck to 

the surface of the PDMS stencil and onto working electrode. However, without 

plasma exposure, cells were easily displaced from the surface of the chip when 

the stimulating high K+ solution was added. In order to load cells, several drops 

(~3-5 μl) of cell solution were placed upon the biochip by a pipette. Cells then 

settle on the chip in a random arrangement. If sufficiently high densities of cells 

are placed on the chip then most stencil holes contain one or more cells. Since 

the cell density was different for each preparation, the cell densities on the 

biochips are different for all the time. In general, high density is required to carry 

out this experiment. Figure 5-7 shows chromaffin cells trapped within stencil 

holes. Whereas not all holes contain cells, we found some cells are almost 

always stuck in holes.  

There are three ways to stimulate cells as briefly described before; 1) seed 

cells on the chip first and wait until cells settle down and gently add high K+ 

solution, 2) after plasma treatment of the chip, seed cells and add high K+ 

solution to stimulate cells, 3) add high K+ solution to cells before seeding cells on 

to the chip. Amperometric data was acquired at a sampling frequency of 4 kHz 

with a low pass filter set to a cut-off frequency of 1 kHz. Figure 5-8 shows typical 

amperometric recording of quantal exocytosis. In Figure 5-8, the top 
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amperometric recording was performed by using photoresist insulation rather 

than the PDMS. After use, electrodes tend to become dirty and passivatency, 

however ITO can be re-used. Recycling involved first removing the photoresist or 

the stencil, then the ITO chip is cleaned by acetone, treated in the plasma 

cleaner, and then re-insulated. 

 

 

 

 

 

 

 

    
    
   Figure 5-7 Bovine adrenal chromaffin cells were trapped holes over      
   patterned ITO electrodes (blue stripes on row) (right). 
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Figure 5-8 Amperometric Recording. Quantal catecholamine detection 
from the microchip device. Top: typical amperometric recording from 
positive photoresist on a patterned ITO biochip. Bottom: typical 
amperometric recording from PDMS stencils on a patterned ITO biochip. 
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5-5 Multiplexed Array of Electrochemical Electrodes Using Microfluidic 

Channels 

  Multiple microfluidic channels are desired to enable experiments with multiple 

test substances. A large number of individually addressable electrodes are 

desired with minimal pin connections. Thus, we designed a multiplexed array of 

“horizontal” microfluidic channels intersecting with “vertical” electrode stripes. 

Individual electrodes are addressable by placing the reference electrode in a 

microfluidic channel and connecting the working electrode to the appropriate pad 

on the edge of the chip. The intersection of the two conductive paths determines 

the active electrode. The multiplexed array design with microfluidic channels is 

shown in Figure 5-9 (left). In the example in Figure 5-9 (left), an individual chip 

Microfluidic channels
n = 12

Patterned ITO electrodes Microfluidic channels
n = 12

Patterned ITO electrodes

Figure 5-9 An array of PDMS microfluidic channels on the top of an array 
of ITO electrtodes. In this example, 5 microfluidic channels X 12 electrode 
lines = 60 addressable electrodes. Vertical blue stripes on the right 
indicate ITO stripes. The holes are openings in the photoresist insulation 
that covers the ITO chip. 
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can have 60 addressable electrodes (12 electrodes stripes X 5 microfluidic 

channels). Figure 5-9 (right) shows a photo of 3 horizontal microfluidic channels 

(~150 μm) intersecting 4 vertical ITO stripes (100 μm wide).  

The holes are ~20 μm–diameter openings in the insulating photoresist 

patterned on the ITO chip. The mask for patterning the photoresist does not have 

to be precisely aligned with the patterned ITO substrate because 1) the ITO 

electrodes and photoresist holes have exactly to same spacing (200 μm). 2) the 

ratio of ITO stripe width to the gaps between ITO stripes (20 μm) is high. Thus 

random placement of holes leads to a 90% chance that holes fall over electrodes 

3) There are more holes than ITO stripes, therefore the 2 arrays can be even 

>200 μm out of register and still have one set of holes for every ITO stripe 

(Figure 5-10). 

We made a subsequent improvement that does not rely on narrow gaps 

between electrodes and further increase the success rate of random alignment. 

In this design we made the gaps the same as the width of ITO electrodes (200 

μm) and made the distance between rows of holes half the electrode spacing – 

100 mm. Thus, every other row of holes is guaranteed to fall on the ITO 

electrodes. Using this design, we were able to align holes with electrodes very 

easily, and the alignment issue was not a problem anymore. For the next step, on 

the top of the chip, PDMS microfluidic channels (with a width of ~500 μm and a 

height of ~250 μm) were attached as shown in Figure 5-11 (top). No special 

sealing between the PDMS and the glass/ITO chip was required because of the 
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low fluid pressure used.  Bovine adrenal chromaffin cells were seeded through 

the microfluidic channels by a 1 ml syringe. Although most of the cells were stuck 

on the inlet reservoir, some cells flowed through the device and some cells 

docked on photoresist holes as shown in Figure 5-10. Actually, the successful 

docking rate into the holes was even higher with the use of microfluidic channels 

than simply placing a drop of solution on the chip.  

The success of the multiplexed design relies on the microfluidic channels being 

electrically independent. In other words, the resistance between microfluidic 

channels must be high. I measured the resistance between adjacent channels 

filled with standard cell bath solution using Ag/AgCl electrodes and a patch-clamp 

amplifier. The resistance between well sealed channels routinely exceeded 10-20 

GΩ. 

Another test of electrical independence I performed was measurement of the 

electrode double-layer capacitance. When only a single microfluidic channel was 

grounded, the measured capacitance was ~40 pF, consistent with a single 20 μm 

diameter working electrode with a specific capacitance of ~12.7 μF/cm2. When 2 

microfludic channels were connected to the ground electrode, the measured 

electrode capacitance doubled in value, consistant with the parallel connection of 

2 working electrodes 
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A further test for electrical isolation between microfluidic channels is illustrated 

in Figure 5-11. The middle channel of this 3-microfluidic-channel device was filled 

with a test analyte, 1mM ferricyanide, whereas the other 2 channels contained 

buffer without the analyte, cyclic voltammetry (a ramp-like voltage scan) 

demonstrated a normal reduction voltammogram (red trace) when the ground 

electrode was placed in the ferricyanide channel. However, only capacitive 

current was measured when the ground electrode was placed in the channel 

containing bath solution (black trace). 

We checked whether microfluidic channels have cross talk between channels. 

PDMS 
Channel 

~1000 μm

Patterned ITO 
Electrode 
~200 μm

~400 μm

PDMS 
Channel 

~1000 μm

Patterned ITO 
Electrode 
~200 μm

~400 μm

Figure 5-10 Microfluidic channel approach. Chromaffin cells are trapped 
into the photoresist holes. Diameters of holes are ~20-30 μm.  

Chromaffin cells 
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Thus, after filling one channel with Ringer’s solution at pH 7.2 (no analyte, black 

trace in Figure 5-11) and an adjacent channel with 1 mM ferricyanide in 0.5 M 

KCl at pH 3 (red trace in Figure 5-11), we recorded a current versus voltage 

graph of cyclic voltammogram. As shown in Figure 5-11 (bottom), there was no 

cross talk between adjacent channels. Cyclic voltammetry, i.e., the current due to 

reduction of ferricyanide is completely absent in the curve obtained with the 

working electrode in the microfluidic channel containing Ringer’s solution. 

 

5-6 Cyclic voltammetry 

Cyclic voltammetry is a common electrochemical technique to study oxidation-

reduction reactions. In cyclic voltammetry, the potential of a working electrode is 

ramped between two potential values to induce the oxidation and/or reduction of 

a test analyte. The resulting current vs. potential curve is called a cyclic 

voltammogram. When the potential is scanned in the positive direction, the 

electrode is more likely to oxidize the analyte (positive current). As the potential is 

scanned in the negative direction, the electrode is more likely to reduce the 

analyte (negative current).  

As can be seen in Figure 5-11 (red trace), the potential is scanned to oxidizing 

potential to the right (here, there is no obvious peak because the scan speed is 

slow), until the potential is sufficient to oxidize Fe(CN)6
4- to Fe(CN)6

3-. When the 

potential is then reversed and scanned towards more reducing (negative) 

potentials, Fe(CN)6
3- is then reduced to Fe(CN)6

4-. 

In bulk solution, ferricyanide is in the oxidized state (Fe(CN)6
3-). Scanning the 
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potential from a positive value to a value more negative than ~0.2V leads to 

reduction of ferricyanide to Fe(CN)6
4- and a negative Faradaic current (Figure 5-

11 red trace). The current reaches a saturating value of ~-2nA as the current 

become limited by the diffusion rate of ferricyanide to the working electrode 

surface. Upon scanning the voltage back to a value more positive than ~0.2V, the 

near the electrode surface is oxidized to Fe(CN)6
3-, resulting in a transient 

positive current peak. This oxidizing peak is short lived because the local 

Fe(CN)6
4- is rapidly oxidized and the remaining Fe(CN)6

4- generated during the 

reducing sweep has diffused away. 
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Figure 5-11 Voltammogram of ferricyanide demonstrate no cross talk 
between adjacent microchannels. Top: PDMS microfluidic channels 
on a chip. Bottom: Black trace: current obtained with Ringer ’s 
solution at pH 7.2. Red trace: current obtained with 1mM 
ferricyanide in 0.5 M KCl at pH 3. Scan rate was 100 mV/s. 
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5-7 Conclusions 

  We developed a biochip to record quantal exocytosis using “self-alignment” of 

docking sites and working electrodes, by patterning holes in insulating materials. 

These devices represent a simple and effective way to target cells to electrode. A 

further improvement would be to use insulating materials that are “cytophobic”, 

i.e. cell repellent, whereas electrode materials should be used that promote cell 

adhesion. This would more efficiently sort cells towards electrode “docking sites”. 

My results also show that multiplexing microfluidic channels with electrode arrays 

is a promising approach to allow recording from dozens of cells on a single 

microchip. The next step of this approach would be to develop chip connectors, 

amplifier arrays and software to support simultaneous recordings from dozens of 

cells. 
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CHAPTER 6 

SUMMARY AND FUTURE DIRECTIONS 

 

We developed new nano- and micro- techniques to help study exocytosis. In 

this thesis, three techniques were developed, which were scanning ion 

conductance microscopy (SICM), microcontact printing (microstamping), and 

electrochemical microelectrode array (EMEA) biochip. Using these approaches, 

this thesis demonstrated several examples of how engineering principles can be 

effectively applied to address biological problems of exocytosis. 

 

6-1 Scanning Ion Conductance Microscopy (SICM) 

Scanning Ion Conductance Microscopy (SICM) was used to image changes in 

surface membrane morphology upon the stimulation of exocytosis with high K+ 

solution from bovine adrenal chromaffin cells. We found multiple punctate 

depressions (~100-600 nm wide by 40 -100 nm deep) in the cluster within ~1-2 

μm2 for 16% of the cells (9 out of 56 experiments), and increases in membrane 

surface area in 64% (36 out of 56 experiments) of cells after high K+ stimulation. 

Monte Carlo computer simulation proved that the punctate depressions were 

clustered. 

However, SICM shares a problem with other types of scanning probe 

microscopy. The speed of the scan is limited. The total scanning time to generate 

one image is ~3 minutes for 512 X 128 points with our SICM system. In general, 

to reliably detect vesicle fusion events, a temporal resolution of 1 second or less 
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is required. There are several factors which affect the scan speed of SICM, and it 

is possible to improve the speed if those factors are improved. Three important 

factors are the following; 

 

1. Piezoactuators: the selection of the piezoactuators is the most important 

factor of SICM capability. As explained in chapter 2, piezoactuators with 

higher resonance frequencies potentially would perform a faster scan 

speed. However, it is not always the case because the resonance 

frequency is changed by the effective mass (loading the piezoactuation). 

Therefore, it is ideal to know the load performance of the piezos before 

purchase and design the system to minimize the mass attached to each 

piezo. Although they are very expensive, capacitive closed-loop 

piezoactuators allow more precise and reproducible positioning than SG 

(stain gage) close-loop piezoactuators. Open-loop piezoactuators are 

cheaper but have a hysteresis effect and a creep effect. SG closed-loop 

piezoactuators do not have a hysteresis effect and a creep effect, but have 

thermal drifts and sensing is generally slower than capacitive closed-loop 

piezoactuators. 

2. Software algorithm: the software feedback algorithm is another factor to 

improve the scan speed. There is still room to increase the feedback 

algorithm to increase the scan speed. For example, repetitive scans could 

pre-position the manipulator at the last recorded position in order to find the 

surface more quickly (Dr. Yuri Korchev, Imperial College, personal 
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communication) 

  3. DSP (digital signal processing) board: the speed of the DSP (digital signal 

processor) is another factor that can affect SICM scanning speed. Certainly 

performing the calculations on older, slower computers was rate-limiting in 

the past. I have not studied if the processing speed of our current DSP is 

rate-limiting for acquiring images. 

   

  In addition to improving these three factors, if we do several line scan instead 

of an area scan, it will be possible to resolve faster changes in surface 

morphology. One possible implementation would be to recognize punctate 

depression during an area scan and then switch to a rapid line scan mode to 

resolve the time course of depression evolution. Another possible extension of 

SICM would be to integrate an electrochemical electrode on the scanning, 

nanopipette, perhaps by using double-walled pipettes. This would allow 

coincident a detection of surface changes associated with exocytosis together 

with release of catecholamine from the vesicle. Combining SICM with fluorescent 

microscopy (e.g. Korchev ref) would enable coincident a detection of 

fluorescently labeled vesicles with changes in surface morphology upon 

exocytosis. 

 

6-2 Microcontact Printing (Microstamping) 

  Microcontact printing was a simple and effective method to make hippocampal 

microisland cultures. The greatest strength of the technique compared to the 
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spray method is that the microisland sizes are uniform. Therefore many more 

autaptic recordings can be made per coverslip. We have not optimized the 

microisland size and the smallest size that can be easily fabricated is ~100 μm. 

In the future, we also can try to pattern neurons in more complex arrays, for 

example, simple networks between neurons. One approach to achieve this will 

be to pattern adhesion molecules as spots connected by thin lines in a grid 

pattern.  The spots are intended to adhere the soma whereas the connecting 

lines allow axon growth between neurons and formation of synapses.  This 

approach has already been used successfully for cortical neurons (73). A few 

studies have demonstrated patterning of hippocampal neurons in grids (48, 63), 

but this method is not optimized yet. The studies did not investigate long-term 

cultures on grids, and did not show different size of grids. Thus, more systematic 

study will be required to optimize the culture of hippocampal neurons. “Dumbbell” 

or other shapes might yield better results than grid shapes. 

 

6-3 Electrochemical Microelectrode Array (EMEA) Biochip 

  We developed microfabricated EMEA biochip devices to electrochemically 

measure quantal catecholamine release from single chromaffin cells. Patterned 

ITO on glass substrates was used to fabricate electrodes. We patterned cell-

sized holes in a ~15 μm thick film by two methods by PDMS thin membrane 

(stencil) method and positive photoresist. Our chip design is unique in that it 

allows “self-alignment” of working electrodes and cell docking sites. After cells 

were seeded, we recorded amperometric spikes indicative of quantal exocytosis 
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following stimulation of cells. This approach was very simple and effective to 

target cells to electrodes. However, our initial design has only one fluid 

compartment, therefore all cells were stimulated at the same time, and we only 

can use one stimulation solution. Thus, we developed a device with multiple 

microfluidic channels. This latter design also allowed multiplexed addressing of 

electrodes. For example, a chip with 20 connection pads around the perimeter 

and 3 microfluidic channels can address 60 electrodes independently. In the 

future, this approach can potentially produce device with hundreds or thousands 

of independent working electrodes. The electrode array based chip is also 

reusable. In the future, it may be possible to combine this chip with patch-clamp 

and TIRF (total internal refractive fluorescent) microscopy to obtain 

complementary information about exocytosis. 
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