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center when released a ‘dead zone’ was implemented which was an area in the center for 

which all values remained zero. This was achieved with a simple ‘if’ or case statement. 

At the end of the dead zone to the furthest deflection of the thumbstick values increased 

in a cubic fashion so that finer control was available in the center and increased speed 

was available at the furthest deflections.  

Programming - Navigation system 

The navigation system drew input from a marked point deposition point, and the 

current position of the 3-axis stage. Using these coordinates a vector was computed, 

normalized and used to create a direction indicator line which was overlaid onto the 

chamber image before it was displayed in the GUI (Fig x). When the target deposition 

point was within 80µm in X and Y the line was replaced with a circle centered on the 

deposition point to avoid obscuring the view of the deposition point. 

Programming - Image Capture 

Image capture was performed with an NI1407 capture card which, because it was 

manufactured by National Instruments, was highly compatible with LabVIEW and easy 

to command with LabVIEW’s IMAQ functions and the Measurement and Automation 

Explorer. The NI1407 card was configured in NI Measurements and Automation explorer 

under Devices and Interfaces/IMAQ devices. This is where the interface name was set, 

which is how the card was referenced in the LabVIEW program. Additionally this is 

where the acquisition parameters were set including the acquisition window height and 

width, and the black and white reference levels. These attributes could not be set in the 
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LabVIEW workspace or the running application. If the image was too bright or dark the  

configuration of the capture card had to be reset to obtain the best image visibility. 

In the LabVIEW program image capture started with the ‘IMAQ Init.vi’ using the 

NI1407 interface name (img0). A temporary memory location was created (IMAQ 

Create.vi) and a grab acquisition set up (IMAQ Grab Setup.vi) outside of the imaging 

timed loop structure, causing it to happen once at the program startup. These settings 

were run into a flat sequence structure with in the imaging timed loop structure where the 

first function was an image grab (IMAW Grab Acquire.vi) completing image capture. 

The image was further processed, overlaid with navigation cues, and recorded. 

Programming - Image Processing 

The image was processed in several ways to enhance the image for patterning and 

improve video quality. While the imaging optics were cleaned, the large number of filters 

in front of the CCD tended to make a perfectly dust free image unlikely and temporary. 

As such, to remove the image artifacts created by dust particles a matching algorithm was 

used. First an image was captured with the substrate far out of focus so the only visible 

things were dust particles. This image was saved as default file “baseline.bmp” which 

was loaded during the applications startup. This image was converted to an array, and the 

average value of elements was computed, then each element was subtracted from the 

average, this new array was then added to the incoming image converted to and array and 

then re-converted to an image. This removal of baseline artifacts could be switched on or 

off, and that option was carried through the rest of the image stream. 
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It was easier to recognize cells, which often appeared very faintly, by increasing 

the contrast of the image. Towards this end a BCG (brightness, contrast, and gamma) 

table could also be engaged. The values of the BCG table were configurable from the 

front panel (GUI). From here the image was sent to the recording functions. 

Programming - Image Recording 

Video footage of early experiments was captured on a different computer because 

of the processing requirements and lack of recording software. The entire patterning 

process had to be recorded, generating hours of footage and tens of gigabytes of data then 

needed to be sorted. With the introduction of multicore processors it became possible to 

perform this process to the patterning computer. We implemented an in-program 

recording facility which would allow for quick and on-demand capture of single 

frames/images (snap) or short lengths of video (grab). With the previously implemented 

image acquisition stream saving an image with IMAQ write.vi was simple. To record 

lengths of video an AVI had to be created, individual frames written and eventually 

closed, each as a separate step enclosed in a case structure as the entire sequence was part 

of a loop.  

Stage Programming - Aerotech calls 

There were two modes of speaking with the Aerotech stage, a queue mode or a 

queue free mode. The mode was set during the application and the stage initialization, 

and could be changed at any time. In the queue free mode every motion command was 

immediately issued to the stage and the previous commands were aborted in contrast to 
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queue mode in which successive commands were added to a stack and the stack 

dequeued from the bottom. In order to achieve smooth navigation with the controlpad the 

queue free mode was used. To recall specific points on the substrate automatically, the 

queue mode was used. There was another option of modes which was important in 

controlling the stage; Absolute or Relative modes when describing a movement and 

whether it should refer to an absolute position in space, or a movement relative to the 

current position. The Absolute mode was called with AerQueMoveAbs when a specific 

point needed to be recalled. Finally, the AerParamGetValue command was important for 

reading the current position of the stage.  

Programming - Graphical User Interface 

The graphic user interface (GUI) is shown in Figure 4.14. The 'front panel' as it is 

referred to in LabVIEW contains labeled controls and indicators linked to the features 

described earlier in this section. 



 

 Figure 4.14: Graphical user interface of the laser cell patterning system's control application. 
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finder function was tuned find all the round objects between 7 and 12 um in diameter (the 

healthy size of chick forebrain neurons) though this could be changed for proper 

recognition of different cell types. Next the algorithm would select the round object 

which was nearest to the center of the field of view (where the laser guidance region was) 

and move the laser to that point.  

Because of slight inconsistencies in the chamber mounting such as different 

chamber walls and slightly un-level chamber assemblies, the laser focus could vary for 

each patterning session by as much as 20 um. This required a rough mechanical 

adjustment of the CCD camera, and a finer calibration of the laser point. This fine 

calibration was performed by capturing the closest cell, and once trapped, marking that 

cell’s centroid as the laser center. Using the image coordinates of the computed centroid 

of a currently patterned cell and the saved coordinates of the laser center a vector 

between them could be computed (Figure 4-15).  

Because the patterning process was imaged perpendicular to the substrate plane 

(axis X and Y) the cells position in Z was not recognized and its guidance had to be 

manually controlled. Other options such as a set vertical guidance speed, or a focusing 

algorithm based on sharpness and or changes in circle size were not accurate enough to 

keep the cell in the guidance region. 

 Additionally, there were constant image irregularities (large bright or dark spots 

which occluded the image of the cell) present in the chamber arising from surface and 

suspended debris, accidental air bubbles, accumulated cells, and the refractive qualities of 

microstructures in the elastomeric membranes. These were so frequent, and in the case of 
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from the egg and decapitated. The skull was opened with serrated scissors and the 

cerebral hemispheres were removed. The cerebral hemispheres from up to 3 chicks were 

broken into fine pieces with two pairs of forceps. Next these pieces were mechanically 

dissociated by sieving through a nylon mesh (73μm pore diameter) into Media 199 

containing 10% fetal bovine serum (FBS). The cell suspension was plated in a T150 

flask. Cultures were grown at 37°C and 5% CO2. After 3 days the media was replaced 

with additional media changes every 3–4 days. Only a small fraction of the cells (<1/10) 

survived 24 hr after dissociation and were attached to the plastic substratum. Cultures 

reached confluency after 1-2 weeks at which time they were used to condition media for 

3-4 days. After 3-4 days in of confluency the cells were passaged by dissociating with 

.25% Trypsin EDTA for 5minutes, neutralizing with normal glial media. They were then 

spun in a centrifuge at 1000rpm for 6 minutes. The supernatant was removed and the 

cells were re-suspended in 1ml of glial media. A fraction of these cells were re-plated in 

T-150 flasks while the rest were cryogenically frozen for later use. 1ml of a concentrated 

cells suspension in 50% FBS 10%DMSO were slowly frozen in a 2ml freezing vial and 

kept at -80°C for up to 3 months. Thawing and resuspension of cells was performed by 

quickly thawing the 2ml tube in a 37°C water bath just until liquid, but still cold. 1ml of 

glial media was added to this drop-wise. The 2ml was transferred to a 15ml conical tube 

and 8ml of glial media was added. This suspension was centrifuged at 1100rpm for 6 

minutes, the supernatant removed, and 10ml of fresh glial media was added. After a 

gentle trituration this media was added to a T150 flask and placed in the incubator. 
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Astrocytes cultures were kept to condition media as well as with the intent for use 

in later heterotypic neuronal circuits. High purity astrocyte cultures were obtained by 

passage 3[172]. Astrocytes were discarded after passage 4 as their ability to produce 

astrocytic factors was questionable[173]. 

Cell Culture - Media 

The media used for culturing and patterning neurons was conditioned by 

astrocytes. The preconditioned medium was comprised of Neurobasal™ (without l-

glutamine or phenol red) supplemented with 1x GlutaMAX™ (Gibco) 1% 

antibiotic/antimycotic (10,000 units/mL penicillin G sodium, 10,000ug/mL streptomycin 

sulfate) 50µg/mL Gentamicin and 2.5µg/mL Amphotericin. When astrocyte cultures 

reached confluency they were switched to this serum free, preconditioned media for 3 

days. 20mL of preconditioned medium was added to T150 flasks with confluent astrocyte 

cultures. The media was removed 24 hours later and added to a 250mL bottle of frozen 

conditioned media and returned to the freezer. When a bottle was filled it was thawed and 

filtered with .22µm filter and aliquotted into 50mL tubes and refrozen. As needed 50mL 

tubes were thawed and 2% B27 and 100ng/mL NGF 7s was added to create the a finished 

neuron culture media. The astrocyte conditioned media critically improved neuron 

survival at low densities (as low as 10cells/cm2) 

Base  media: 

Media 199 without L-glutamine or phenol-red 

5% fetal bovine serum 

0.5 % (1x) GlutaMAX (L-glutamine substitute) 
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2% B27 neuronal supplement 

100 ng/mL NGF 

  1%  antibiotic/antimycotic 

  50ug/mL Gentamicin  

  2.5ug/mL Amphotericin 

 

The other medium used in our experiments, referred to as glial media, was 

comprised of Media 199 (without l-glutamine or phenol red) with 10% fetal bovine 

serum with 1x GlutaMAX™ (Gibco) 1% antibiotic/antimycotic, 50µg/mL Gentamicin 

and 2.5µg/mL Amphotericin. This media was used to plate and grow astrocyte cultures to 

confluency, as well as to rinse brain tissue after digestion with Trypsin.  

Serum free glial conditioned media: 

Neurobasal without L-glutamine or phenol-red 

0.5% antibiotic/antimycotic 

0.5% Gentamicin  

0.5 % (1x) GlutaMAX (L-glutamine substitute) 

After 24 hours on confluent culture of glial cells  

Freeze  

Filter .2µm filter 

Add 2% B27 neuronal supplement 

100 ng/mL NGF  
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Laser Cell Patterning Process 

The step-by-step process of assembling the laser deposition chamber and 

patterning cells using the laser cell patterning software control application is described in 

Appendix A and B respectively. Generally, 25-100nL volumes of cell suspension were 

injected into the chamber by the microinjection system to an area near (Z<1000µm, 

XY<2000µm) but not directly above the desired deposition point. Some clumping could 

occur while cells were sitting in the syringe and injection fiber and these clumps should 

not fall into the desired deposition area. Single, round, dark cells were selected from the 

injected suspension and manipulated at about 150µm/s horizontally and 25 µs vertically 

toward electrodes and/or microwells of the substrate. Rows were patterned at once, from 

the closest to the farthest from the injection point. The microinjection fiber was inserted 

or withdrawn from the chamber every 2 to 3 rows in order to keep minimize the distance 

(and time) between the microinjection point and the target positions on the substrate. 

Each cell took between 30 and 45seconds to guide to a point on a substrate. However, 

injection and finding healthy looking, single cells added to the overall pattern time. The 

overall average time to pattern a cell was closer to 90 seconds.  

Laser Cell Patterning Process - Post patterning 

After patterning the chamber was sprayed with 70% ethanol or Enivrocide™ and 

wiped down. The microwells of the membrane protect the cells from being washed out by 

movement, so the patterned substrate may be immediately removed from the chamber. 

After removal form chamber membrane bound coverslips were placed in 35 mm dishes 

(if not already in a dish) prefilled with 2mL of culture media. MEAs were placed in MEA 
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boxes and media was topped off. Patterned substrates were then incubated at 37°C and 

5% CO2. Cells were kept inside custom made boxes with FEP film tops which allowed 

for the exchange of gasses (C02 and 02) but retained water. A small container of water 

with AquaClean (Wak-Chemie®) was kept inside these boxes. This was especially 

important because some of the MEA cultures had very low volumes of media which were 

otherwise prone to dehydration. Furthermore, it allows for increased isolation, and more 

sterile transport between the incubator and the bio-hood or microscope. 

Accuracy of Laser Cell Deposition System 

Results 

To calculate the accuracy of the laser deposition system, we patterned rows of  8-

μm diameter polymer microspheres rather than cells because they had a more uniform 

shape and size which allowed for more accurately pinpointed centroids. The beads where 

Figure 4.16: Examples of patterning accuracy. A) 8µm polymer microspheres patterned 

with the laser cell patterning system in a square array. B) Chick forebrain neurons patterned with 

the laser cell patterning system with the same square pattern. 
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patterned every 100μm and the resulting 10-bead pattern was imaged and analyzed. The 

average distance between spheres, from centroid to centroid was 100.0 ± 0.9μm, yielding 

an accuracy of less than 1μm. By repeatedly depositing beads into the same location, we 

obtained that the spatial accuracy for a single guidance was better than 1/10 pixel (0.46 

μm/pixel for that setup). This accuracy and precision is far beyond the error imposed by 

cell irregularities and cell migration. Furthermore, the substrate features which are the 

target of our pattering process in this research were 30µm diameter electrodes. 

Results - Viability of Laser Patterned Neurons 

During early development and testing the laser pattering system judgment of 

viability was briefly assessed to ensure the method was suitable and warranted continued 

development. The viability of neurons patterned with similar IR and near IR lasers had 

been demonstrated by other groups[109] as discussed in chapter 2. Observing cells within 

four hours of patterning was used to demonstrate not only the accuracy of the system but 

also the viability of patterned cells. We deemed the extension of neurite outgrowth by 

phase microscopy sufficient to show the viability of neurons. Long term viability was 

difficult to address because of the nearly guaranteed migration of the cells. Until a means 

of confinement or tracking was developed further assessment was not possible. 

Additionally, viability of the laser patterned neurons and DNA damage were assessed by 

a co-worker, Tabitha Rosenbalm, and presented in her master's thesis. She exposed 

neurons trapped in agarose gels the laser radiation normally used for patterning and 

assessed outgrowth and DNA damage using COMET assay. 
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Results - Cell types and cell patterns 

The laser cell pattern system was used to pattern multiple cell types and created 

various cell patterns; it was also used to patter growth factor encapsulated microspheres. 

Results - Astrocyte Culture Purity 

In order to ensure a high probability of patterning a true astrocyte during the 

single cell heterotypic neuronal circuit experiments the astrocyte cultures were evaluated 

for purity. This was done by re-plating a small fraction of astrocytes in a standard 35mm 

polystyrene dish with at a density that allowed individual cells to be easily identified. 

These cells were allowed to attach for 4 hours and then fixed with 4% formaldehyde and 

1% glutaraldehyde in 0.1 M Phosphate Buffer (PB) (pH 7.4) for at least 2 hours at room 

temperature or overnight. This plate was then immunocytochemically stained with a 

primary antibody for Glial Fibrillary Acidic Protein (GFAP)(MAB360, Millipore), and 

Alexa Fluor 488 Donkey anti-mouse 

Figure 4.17: 10x micrographs of first passage astrocytes stained for GFAP. a) fluorescent 

image showing GFAP positive cells b) Phase image showing all cells. 
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secondary (Molecular Probes A21202). A 10x micrograph with a field of view covering a 

600µm x 1200µm area of the culture was taken under phase microscopy and fluorescent 

microcopy. Approximately 100 cells were imaged in this area and the fraction of GFAP 

positive cells over phase contrast identified cells was recorded. After the first passage 

cells were nearly 100% pure astrocytes (Figure 4.17). 

Results - Laser Patterned Fibroblast Bridge 

As the Laser Cell Patterning System was developed it was continually applied to 

various research projects which were also used to test its ability and aid in developing a 

widely applicable research tool. One example was its use in building a bridge of 

fibroblasts between two 'islands' of cardiomyocytes. This was done to test the distance 

Figure4.18: Fibroblast bridge between two cardiomyocyte 'islands'. 
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over which fibroblasts could synchronize the beating of the two groups of 

cardiomyocytes by electrical signal conduction. This application is illustrated in Figure 

4.18. The application illustrates the ability of the system to deposit cells to areas specific, 

but not predetermined points on the substrate with high resolution. It also demonstrated 

the temporal precision of the system, and how it can be employed in cell biology 

research. 

Results - Laser Patterned Line of Pectoral Myoblasts on MEA 

In early attempts to create a simple but fully closed neuronal circuit we attempted 

to build an on-chip reflex arc. For these experiments pectoral myoblasts were harvested 

from day 12 embryonic chicks and patterned in a line between two electrodes (Figure 

Figure 1-1: A line of Pectoral Myoblast cells patterned across two 

electrodes of an MEA. 
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4.19). This early application demonstrated the additional need for some form of 

restriction  (i.e. elastomeric membranes) as the cells would clump into an island rather 

than fusing to form a myotube. 

Results - Laser Aligned Adult Cardiomyocytes 

Another unique application of the laser patterning system was for patterning and 

aligning rod-shaped adult cardio myocytes. Adult cardiomyocytes are rod-like cells about 

150µm in length and 30-50µm in diameter. In vivo these cells have a very organized 

structure, one that is difficult to recreate after dissociation. The laser cell patterning 

system because of the weakly focused laser's axially elongated (200µm) guidance and 

Figure 4.20: Adult cardiomyocytes aligned side by side. 
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trapping region could be used to manipulate the cells into a vertical column and guide 

them to the substrate. Once the bottom end of the cell made contact with the substrate the 

laser was used to pull the cell in a specific direction as it was pushed flat onto the 

substrate. In this manner the rod-like adult cardiomyocytes could be aligned side by side  

(Figure 4.20) and end to end (Figure 4.21). 

  

Figure 4.21: Adult cardiomyocytes aligned end to end. 



 

 

CHAPTER V 
MICROFABRICATION FOR CIRCUIT DEFINITION 

 
 

 
Introduction 

Physical confinement and restrictive guidance imposed by a 3D construct is a 

simple and highly effective method for patterning cells and controlling axon 

outgrowth[105, 174, 175]. The only example of single-cell-resolution neuronal circuits to 

date employed channels and microwells etched in agar[21] to confine and direct neurite 

outgrowth. We have chosen to use PDMS elastomeric membranes with microwells and 

microtunnels for this purpose. PDMS is biocompatible, reusable, transparent, and 

increases the signal to noise ratio of electrodes[20]. The elastomeric membranes are very 

similar to and fabricated using the same techniques as microfluidic devices.  

Microfabrication - Design 

Materials and Methods 

Design of the elastomeric membranes was based on a simple system of 

microwells connected by microtunnels. The microwells would keep neurons patterned to 

the electrodes of an MEA from migrating off the electrode. The microtunnels would 

restrict neurite outgrowth from neurons along a specific path to adjacent 

neuron/microwell/electrode targets. The microwells and microtunnels were created when 

an elastomeric membrane with clear-through holes and shallow channels was aligned and 

a attached to an MEA. As long as the elastomeric membrane is firmly sealed to the MEA 

all neurite extension will be restricted to the tunnels defining interneuron connectivity. 

Based on publications dealing with geometric guidance of neurite outgrowth[174, 175], 



112 

 

two different designs were proposed which were intended to influence neurite polarity as 

well imposing direction. These designs were created with the goal of overcoming the 

resolution and feature size limitation of our photolithography process, which could only 

produce channels as narrow as 8 microns across. Such a wide channel width could not be 

used as a barrier to cell migration. Instead, the tunnel height was made shallow enough 

(<3µm) to keep the neurons from moving from the microwell into the microtunnel 

(Figure 5.1). The “directed” design is composed of rows of clear through holes connected 

by tapered channels as seen in Figure 5.2. In the “snag” design (Figure 5.3) the tapered 

channels end in a sharp turn, which may reduce the probability of a neuron extending its 

axon in the wrong direction. With higher resolution features, the tapering could be more 

drastic and probably more effective. Finally, once some experiments were carried out and 

we began to understand more about the limitations of the microfabrication system a final 

microstructure design intended to influence polarity was developed. This "hook" design 

is shown in Figure 5.4. 

Microfluidic channels in the elastomeric membranes were used to flow surface 

modification solutions, culture media and experimental factors into the microwells and 

guidance channels. This allows for neuronal survival at the very low culture density 

required to achieve a one-to-one neuron-electrode ratio and completely identified 

connections.  
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Figure 5.1: Elastomeric membrane. The Microwells confine the neurons the short 

microtunnels allow only the neurites to pass through. 



 

 

 

Figure 5.2: Original "Directed" microstructure design. At the narrowest point the channels 

are 8-10µm in diameter. 

Figure 5.3: "Snag" microstructure design intended to induce polarity by hindering neurite 

outgrowth in the backward direction via a sharp angled turn. However, misalignment of the 

circular micro wells could easily overwrite the sharp angles of the first layer. 

Figure5.4: "Hook" microstructure design. In this design the microwell is distanced from 

the sharp angled meeting of microtunnels, eliminating the chance of overwriting. However, the 

path of the presynaptic neuron 1.1 takes when it converges with the microtunnel of 1.2 is 

uncertain. This is the type of scenario that can be studied with the microstructure and laser cell 

patterning systems. 


