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Programmed sub-cellular release is an in vitro technique for the quantitative study of detachment of a single cell.  Cells are released with temporal and spatial control to study the dynamics of cell contraction.  
Long Abstract:

Programmed sub-cellular release is an in vitro technique designed to trigger the detachment of distinct parts of a single cell from a patterned substrate with both spatial and temporal control1. Sub-cellular release is achieved by plating cells on an array of patterned gold electrodes created by standard microfabrication techniques. The electrodes are biochemically functionalized with an adhesion-promoting RGD peptide sequence that is attached to the gold electrode via a thiol linkage.  Each electrode is electrically isolated so that a sub-cellular section of a single cell spanning multiple electrodes can be released independently. Upon application of a voltage pulse to a single electrode, RGD-thiol molecules on an individual electrode undergo rapid electrochemical desorption that leads to subsequent cell contraction2. The dynamics of cell contraction are found to have characteristic induction and contraction times. Programmed sub-cellular release has the potential to study the full cascade of events that involve the extracellular matrix, actin rearrangement, and protein signaling pathways.

General Procedure

RGD-thiol conjugation

1. Mix 150 μL of 2mM cyclo RGDFK peptide with 1.25 μL of triethylamine by vortexing for 5 - 10 minutes. Then, add 150 μL of 2 mM NHS-thiol and vortex for at least 4 hours.

Functionalization of glass with polyethylene glycol (if desired)

1a.  Add 73 µL of [Methoxypoly(ethyleneoxy)propyl]trimethoxysilane (PEG-silane) in 50 mL tolune and 40 µL concentrated hydrochloric acid.  Immerse device in PEG-silane solution in a petri dish and cover.  Incubate for 24-48 hours.  
1b.  Rinse the device in such a way as to minimize contact between the pegylated surface and moisture by removing PEG-silane solution with a transfer pipette and replacing with fresh toluene.  Repeat several times.  Sonicate device in ethanol for 30 seconds and rinse a final time with ethanol before drying under nitrogen gas.

Device Preparation

2. Sub-cellular release patterns containing long narrow gold stripes of 10 µm, shown in Figure 1a are fabricated using standard photolithography techniques.  The width and spacing the individual electrodes can be tailored for specific cell lines.  The electrode geometry can also be varied if necessary, although an array of parallel lines is optimum for most applications.  The key requirements for the electrode array are: (i) the electrodes are individually addressable, (ii) the gold film is transparent (15 nm – 35 nm), and (iii) the cells span multiple electrodes.  Fabrication procedures incorporating the lift-off method is recommended over the etch-back method because it can be difficult to completely remove residual photoresist from the gold film which can inhibit electrochemical desorption of thiol molecules.

3. Inspect the gold connections of the gold electrodes and contact pads under a microscope to identify any defects, such as broken lines, to make sure all the connections will be individually addressable and unbroken during the experiment.

4. Attach wires to the contact pads of the gold pattern using conductive epoxy.  A piece of tape can be applied temporarily to hold the wires in place when cold soldering.  
5. Wait for at least 6 hours for the epoxy to dry and then remove the tape.

6. Rinse the slide containing the gold pattern with ethanol and dry with nitrogen gas. 

7. Assemble the device as shown in Figure 1. 

8. Add enough 1 mM RGD-thiol solution to completely cover the gold pattern (300 µL for the device in Figure 1d).  Incubate in the dark for at least 2 hours as thiol molecules are sensitive to light.  Prevent the chloridized silver wire reference and platinum wire counter electrodes from touching this solution since thiol molecules bind to both silver and platinum.

9. After incubation, disassemble the device and rinse extensively with ethanol and dry with nitrogen gas. Reassemble the device with a new o-ring and add enough PBS to submerge working electrodes and tip of reference and counter electrodes (0.8 mL PBS for the device shown in Figure 1d).

10. Connect the device to a potentiostat and verify the thiol binding to the gold surface by measuring a current-voltage curve of a single electrode. The current-voltage curve should be similar to that of Figure 2. Rinse the device with PBS after measurement.

Plating cells on device

11. Trypsinize cells in a cell culture flask and transfer the flask to a cell incubator until cells are fully detached from the surface. Add enough media containing serum to quench the reaction of trypsin.  Add cells to the device.  Transfer the device to an incubator which supplies 37oC, 5% CO2, and high humidity to allow spreading.

12. After at least 4 hours remove media and rinse the device gently with fresh media.  Add enough fresh media so that the working, counter, and reference electrodes are in contact with the media (about 800 µL for the device in Figure 1d). Submerge the tips of reference and counter electrodes into the media and transfer the device to a microscope within a live cell chamber (Fig. 2e) at 37oC, 5% CO2 and high humidity.  

Cellular release using time-lapse microscopy
13. Adjust the microscope to the desired magnification (typically X15 or X60) and focus on a cell for release.  Connect the release electrode to the working electrode of the potentiostat. Connect the reference and counter electrodes to the potentiostat accordingly. 

14. Program the image acquisition software (e.g. Nikon NIS-Elements).  The frame rate and total acquisition time will depend on the specific experiment and cell line; a typical setting for NIH 3T3 fibroblast cells is one image per second for about 15 mintues.  (In NIS-Elements select Applications menu, Define/Run Experiment and select the desired experimental conditions.) Save the experiment and parameters.

15. Program the potentiostat software to apply a potential of -1.3 V with respect to the chloridized silver chloride (Ag/AgCl).  The duration of the pulse may vary between 5 – 50 seconds.  (In Princeton Applied Research, V-3 Studio software, go to New Experiment, Potentiostatic, and save as Voltammetry Checkout.) 

16. Begin image acquisition and then initiate the voltage pulse (by clicking on the green arrow shown in the PAR V-3 studio software). Record the time difference between the start of image acquisition and the initiation of the potential pulse so that the time at the onset of the potential pulse (t = 0) can be properly identified in the video.  
Analyzing video of cell release

17. Measure the end-to-end distance of the cell throughout the time sequence obtained in the previous step.  Normalize by subtracting each value from the initial length of the cell and dividing by the maximum contraction value and plot the normalized contraction values versus time to obtain a curve similar to that shown in Figure 3b. 

Additional Techniques

A. Live-cell imaging of fluorescent cellular proteins can be observed by transiently transfecting cells with GFP-labeled protein. Cells are transfected and plated on the device for 12-36 hours following steps 10a – 10c and then released following the general procedure given above. Note that the fluorescence exposure time and image acquisition frequency must be adjusted accordingly when incorporating this technique, since GFP-labeled proteins photobleach within seconds (Lifeact-GFP actin will photobleach after many minutes). Follow steps 1-10 above and then perform steps 10a-10c before continuing with step 11.

10a. Trypsinize cells from a T-75 cell culture dish with 1.5 mL trypsin. After cells have completely detached, add 8.5 mL of cell media containing serum to quench trypsin reaction. Transfer 1.5 mL of media containing cells to a 25 mm cell culture dish and add an additional 2.5 mL media. Incubate the cells at 37oC, 5% CO2 and high humidity overnight.

Transfect cells according transfection procedure. The following are two examples for the transfections of paxillin and actin.

10b. GFP-Paxillin: Prepare two eppendorf vials each containing 250 μL of Opti-MEM. Add 10 μL lipofectamine to one vial and 4 μg of DNA plasmids encoding GFP-labeled protein to the other vial. Mix each tube gently by pipetting several times and incubate for 5 minutes. Transfer the vial containing lipofectamine to the vial containing DNA dropwise and mix gently. Incubate the solution for 20 minutes and gently transfer the solution to the culture dish prepared in step 10a.

Lifeact-GFP: Prepare an eppendorf tube with 100 μL of Opti-MEM and add 2 μL of DNA plasmids encoding Lifeact-GFP. Mix gently by pipetting and then add 8 μL of FuGENE to the DNA by inserting the pipet tip directly into the solution. Make sure to minimize any contact with the plastic vial since chemical residue from the plastic vial can inhibit the activity of FuGENE. Gently add the DNA solution to the cells.

10c. Remove media containing transfection agent from the culture dish after 6 hours. Rinse the culture dish with PBS and add fresh media.  For best results, transfected GFP cells should be viewed within 24-48 hours after transfection (the minimum time is about 16 hours).

Continue with step 11 in the general procedure above.

B. Study of molecular inhibition can be carried out by replacing step 12 above with the step 12* below.

12* Mix the volume of media used in step 12 with the appropriate amount of the drug of interest to make a concentration that will inhibit specific cellular activity but is not toxic to the cell.  Transfer the media with inhibitor solution to the cell release device chamber and incubate.  The incubation time should be sufficiently long so that the inhibition process has equilibrated.  

Continue the general procedure to release cells (step 13). Note that image acquisition time and length may need to be increased as inhibition of certain cellular processes may result in an increase the induction and contraction times.  Addition of the drug blebbistatin, a molecular inhibitor of myosin II, resulted in a large increase in both the induction and contractions times in Figure 5.  For this study the time-lapse experiment was programmed for 45 minutes to capture the release and full contraction of the cell.  

C. Immunofluorescence staining studies can be incorporated into experimental procedures at the end of the general procedure given above (step 17).

18. Add 80 μL of 30% paraformadehyde to the device chamber on the microscope stage for 1 hour to fix cells.

19. Gently rinse cells with PBS.  

20. Incubate the cells with 0.1% Triton-X 100 for 10 minutes to permeabilize the cell membranes.  Rinse cells with washing buffer 3 times.

21. Add blocking buffer to block cells for at least 20 minutes. 
22. Dilute primary antibody (e.g. monoclonal anti-vinculin-FITC antibody) in blocking buffer at 1:40 and add the solution to cells and incubate for 1 hour.
23. Remove the media and wash cells 3 times in wash buffer.
24. Dilute secondary antibodies, phalloidin 568 (1:40) and DAPI (1:100) in blocking buffer and add to the cells. Then, incubate the cells for 1 hour.
25. Remove the liquid containing the antibodies and wash cell 3 times in wash buffer.
26. Disassemble device and add a drop of ProLong Antifade solution to the cells and cover with a glass cover slip.  Seal the two glass pieces together with nail polish.  Image cells with fluorescence microscopy after the sample is dry.  Examples of cells plated on a sub-cellular release patterned and fix and stained according to this procedure is given in Figure 4.

Representative Results

An example of sub-cellular programmed release of an NIH 3T3 fibroblast cell is given in Figure 3a.   The release electrode is indicated by the white arrow in the first panel.   At t = 0 s the cell clearly terminates on the release electrode.  After an induction period of 55.6 seconds the cell contracts quickly with a characteristic contraction time of 5.3 s.  The contraction length is measured and plotted as normalized cell contraction versus time as described in step 17 of the general procedure.  

Figure 4 displays representative results of a stained cell.  These cells were fixed and stained on a release device according to steps 18-26 of the immunofluorescence staining procedure.   These particular cells adhered to a device in which the gold was functionalized with RGD-thiol (step 1) and the glass surface was functionalized with PEG-silane (step 1a and 1b).  The cell shown in 4 a & b spread on gold electrodes of varying width and spacing.  These images are an overlay of phase contrast and fluorescence where the green indicates the location of the vinculin proteins (focal adhesions), the red indicates the actin filaments and the blue indicates the nucleus.  

A typical molecular inhibition study is given in Figure 5.   In this study the myosin II inhibitor, blebbistatin was added to the cell media at a concentration of 50 µM, 30 minutes prior to cell release as described in step 12*.  Inhibition of myosin II by blebbistatin resulted in a large increase in both the induction and contraction times.

Discussion
Some of the critical steps involved in this experiment include characterization of devices, control of incubation time, use of fresh reagents and minimization of cell contamination. Devices should be characterized before each use to ensure electrodes are properly patterned; a broken line or an unwanted connection between electrodes can prevent desorption of the RGD-terminated thiol or cause unwanted thiol desorption.  In addition, the plating time should carefully controlled when comparing cells released in different experiments as differences in contraction and induction times have been measure for cells plating with short (≤4 hrs) and long (≥12 hrs) incubation times.  Best surface functionalization results are obtained with fresh, moisture-free reagents. 2 mM cyclo RGDFK can be prepared in DMSO, aliquoted and stored at -20 °C for up to two weeks.  2 mM NHS-thiol solutions can be aliquoted in DMSO and stored at -20 °C for up to two months.  Lastly, every part of the device exposed to RGD-thiol solution should be cleaned with ethanol extensively and dried after step 9 to prevent organic contamination during cell culture.  The outside of the device should be sprayed with additional ethanol immediately prior to cell culture to avoid bacterial contamination.

Morphological differences between cell types can dictate the sub-cellular release behavior of cells. In general, cell lines suitable for programmed sub-cellular release are polarized cells with minimal cell-cell adhesion.  These include: NIH fibroblasts3, MEFs (mouse embryonic fibroblasts)


4 ADDIN EN.CITE , AG04151 (human skin fibroblasts), HT1080 (human fibrosarcoma cells)5, and MDA-MB-231 (human breast cancer cells) cells6. Epithelial and endothelial cells, on the other hand, tend to form small clusters when plated on the device and therefore, do not release readily from the surface7,8. 

Programmed sub-cellular release is a powerful tool to provide both temporal and spatial control by utilizing the rapid desorption of RGD-thiol molecules and the freedom to select desired releasing electrode. This technique can be combined with other techniques, such as immunofluorescence microscopy, pharmacological inhibition studies, and real-time live cell imaging of fluorescently labeled proteins to study biochemical and biophysical aspects of cell detachment.  
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Table of specific reagents and equipment:

	Name of the reagent
	Company
	Catalogue number
	Comments

	Cyclo (Arg-Gly-Asp-D-Phe-Lys) (RGDFK)
	Peptide International
	PCI-3661-PI
	150 µL vials were stored in 2mM aliquots in DMSO at -20˚C (stored and used for up to 2 weeks)

	Dithiobis(succinimidyl undecanoate) (NHS-thiol)
	Dojindo
	D537-10
	150 µL were stored in 2 mM aliquots in DMSO at -20˚C (stored and used for up to 3 months)

	Triethylamine
	Fisher Scientific
	O4884-100
	 

	Methoxypoly(ethyleneoxy)propyl]trimethoxysilane (PEG-silane) 
	Gelest
	SIM6492.7 
	shelf-life of about 6 months

	Toluene
	 
	 
	 

	Hydrochloric acid
	 
	 
	 

	Ethanol
	 
	 
	 

	Acetone
	 
	 
	 

	Isopropanol
	 
	 
	 

	PBS
	Gibco
	70011044
	 

	NIH 3T3 mouse fibroblast cells 
	ATCC
	CRL-1658
	 

	Cell culture medium: Dubecco’s modified media 
	ATCC
	30-2002
	supplemented with 10% bovine calf serum (ATCC) and 1% penicillin/streptomycin (Sigma)

	Trypsin
	Sigma
	T4049
	 

	Opti-MEM
	Invitrogen
	11058-021
	 

	Lipofectamine 2000 
	Invitrogen
	11668-027
	 

	FuGENE
	Roche Applied Science
	11 815 091 001
	 

	37% Formaldehyde
	Fisher Scientific
	F75P-1GAL
	 

	0.1% Triton X-100 in PBS 
	Alfa Aesar
	A16046
	 

	Wash buffer 
	 
	 
	2.5% fetal calf serum (ATCC) in PBS

	Blocking buffer 
	 
	 
	10% fetal calf serum in PBS

	Monoclonal anti-vinculin-FITC antibody produced in mouse 
	Sigma
	F7053
	 

	568 Phalloidin
	Invitrogen
	A12380
	 

	DAPI
	Invitrogen
	D3571
	 

	Prolong
	Invitrogen
	P36930
	 

	DNA plasmids encoding green fluorescent protein (GFP) tagged-paxillin
	
	 
	 

	Lifeact-GFP
	see reference 9
	 
	 

	Silver epoxy 
	SPI supplies
	05000-AB
	 

	Photoresist
	Rohm & Haas
	S1813
	 

	Developer
	Rohm & Haas
	MF-CD-26
	 


	Name of Equipment
	Company
	Model

	E-beam evaporator
	Kurt J. Lesker
	PVD 75

	Automated mask alignment system
	EVGroup
	EVG620

	Mask containing electrode design
	Photo Sciences
	 Custom design

	Potentiostat
	Princeton Applied Research
	VersaSTAT 3

	V-3 studio software
	Princeton Applied Research
	Ver. 1.20.3055

	Live cell chamber
	Pathology Devices
	 05110032

	Wide-field inverted Microscope complete with motorized stage (Prior) and Nikon T-PFC perfect focus
	Nikon
	Eclipse TE2000-E

	Digital CCD camera
	 Hamamatsu Photonics KK
	 Orca-4E 

C4742-80-12AG

	Imaging Analysis Software
	Nikon
	NIS-Elements AR 3.0

	Cell release device chamber components
	Hopkins machine shop
	 Custom design

	Platinum counter electrode
	Alfa Aesar
	45058

	Chloridized silver wire reference electrode 
	A-M System
	531500

	Cell incubator
	 Thermo Electron Corp
	 3110 Series II w/ water jacket and CO2 incubator 

	Glass slides
	Fisher Scientific
	12-545-H

	Eppendorf tubes
	 Denville
	 C2170
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Figure captions
Figure 1. Experimental design and set-up for programmed sub-cellular release.  (a) Photograph of programmed sub-cellular release device consisting of a 45x50 mm No. 1 glass slide on which release electrodes (gold stripes) have been microfabricated.  The inset shows a reflection microscopy image of the release electrodes. Bar, 10 µm. (b) Photograph of programmed sub-cellular release device in which thin wires have been cold soldered onto the contact chip to connect the release electrodes to a potentiostat.  (c)  Photograph of the top and bottom view of the unassembled device which holds the sub-cellular release device. (d) Photograph of the assembled device which holds the sub-cellular release device.  This device allows cells to adhere to release electrodes while also serving as a 3-electrode electrochemical cell, allowing for the electrochemical desorption of the RGD-terminated thiol molecules.  Platinum wire and chloridized silver wire were used as counter and reference electrodes, respectively.  The gold electrode array serves as the working electrode.  (e) Photograph of the cell release device under the live cell chamber.  Device dimensions are 9.5 mm x 6.5 mm x 1.6 mm to allow it to fit under the chamber.  

Figure 2. Cyclic voltammogram of RGD-terminated thiol on a single electrode in PBS (pH 7.4).  The potential was scanned from 0 V to -1.4 V at a scan rate of 100 mVs-1.   Desorption of the RGD-terminated thiol is characterized by a peak or shoulder at about -1.1 V (vs. Ag/AgCl).  From 0 V to about -0.5 V, the thiol monolayer is stable and there is no current flow.  The potentials at which desorption begins and ends are indicated by Ui and Uf, respectively. The current at potentials positive to -0.5 V verifies desorption of the RGD-thiol molecules.

Figure 3. Release of a cell by programmed sub-cellular release.  (a) A phase microscopy image of a cell released with this technique.  The white arrow indicates the electrode to which the voltage is applied at t = 0 s.  An induction time of 55.6 s is followed by a fast contraction time of 5.3 s.  Magnification, 15x.  Bar, 10 µm.  (b) The normalized cell contraction versus time obtained for the cell in (a).  The solid line is a fit to the equation ΔL(t)/ΔLm = 1 – exp[-(t-t0)/τ], with t0 =  induction time and τ = contraction time.  

Figure 4.  Overlaid phase contrast and fluorescence image of an immunofluorescence stain of cells on gold patterns (dark gray lines) containing lines 10 µm wide with 5 µm spacing (a) and 3 µm wide with 14 µm spacing (b).  Cells were stained for actin fibers (Alexafluor 568 phalloidin, red), vinculin (FITC anti-vinculin, green), and cell nucleus (DAPI, blue).  Magnification, 60x.  Bar, 10 µm. 

Figure 5.  Normalized cell contraction curves and mean induction and contraction time with 0 µM (n = 18) and 50 µM (n = 3) blebbistatin.
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