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Title: Confocal Imaging of Confined Quiescent and Flowing Colloid-Polymer Mixtures
A. Will you require assistance with video microscopy, such as filming a complex dissection or microinjection technique (Y/N, please specify steps by number. Also, please list make and model of your microscope)?  N. Leica DM4000 + Visitek VT-eye and VT-infinity confocal scanheads. Our microscopy techniques are standard.

B. Does your protocol include detailed, step-by-step, descriptions of software usage (Y/N, please specify steps by number)? N.

C. Which steps of your protocol will viewers benefit most from having filmed? (use the numbering below) 2.5, 3.5, 4.5

D. What is the single most difficult aspect of this procedure and what do you do to ensure success? 

Accurately tracking particles with sub-pixel resolution: we do several checks to ensure that we have found unbiased centers and that we follow statistically likely trajectories.

E. Will the shoot take place in more than one location?  (Y/N, specify travel time between locations)  N – the shoot will take place entirely in my lab.

Schematic Overview (read by a voice talent at JoVE)

The overall goal of the following experiment is to quantify the changes in confined phase behavior and transport properties of attractive colloidal suspensions using confocal microscopy. (Intro)  This is achieved by formulating colloid-polymer mixtures to model attractive colloidal suspensions. (P1)  The mixtures are imaged, and confined in thin wedge cells to show how confinement modifies the structure, dynamics, and phase behavior of these mixtures. (P2)  Next, mixtures are imaged as they flow through microchannels to determine the effect of the strength of attraction between the colloids on the confined transport properties of the mixtures. (P3)  Automated image analysis and particle-tracking algorithms can show how quiescent confinement leads to solidification, (P4) and image-correlation algorithms can show how increasing strength of attraction leads to increasingly non-Newtonian flow behavior. (P5)

Video editor:

Use the provided schematic with all labels, as follows:

P1 – Begin with the left side of the schematic, the “Colloid-polymer mix” and labels.  Rearrange the key (below) to the right side.

P2 – Use the two top center parts of the schematic (“Quiescent experiments” and “Wedge shaped cell”) Fade evenly between the two parts with the narrative.

P3 – Use the two bottom center parts of the schematic (“Flow experiments” and blue box with ocular at bottom).  Fade evenly between the two parts with the narrative.

P4 – Fade the to the top right graph.

P5 – Fade to the bottom right graph.
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1. Introductory Interview (spoken by you on camera. Don’t forget to smile!)  

1.1. Rahul Pandey: The main advantage of this technique over other methods, like electron microscopy or dynamic light-scattering, is that it allows direct access to trajectories of single particles, from which structural and dynamic metrics can be computed for direct comparison to simulations.

1.2. Jacinta Conrad: This standard method can help answer key questions in the field of soft condensed matter physics, such as how suspensions self-assemble in the presence of interparticle interactions, or how solid-like suspensions yield under an applied force or stress.  

Protocol Chapters (read by a voice talent at JoVE):

2. Preparing Colloid-Polymer Mixtures

2.1. For this protocol have prepared PMMA (say as the letters: P-M-M-A) particles that are labeled with a dye.  Consult the linked reference material in the text protocol for standard preparations.

2.1.1. WID: representative action of preparing PMMA, talent’s choice

2.1.2. CU: labeling a container with PPMA+dye

2.2. Make a 3:1 mixture by weight of bromocyclohexane in decahydronaphthalene.  Next, add tetrabutylammonium, an organic salt, to 1.5 mM.  This solvent matches the refraction index of the particles and partially screens their charge.

2.2.1. MED: bromocyclohexane in decahydronaphthalene being weighed out and mixed together (throughout shoot, all stock bottles should be clearly labeled with chemical formulas or names)

2.2.2. MED: weighing and adding tetrabutylammonium to mix

2.2.3. CU: mixing of the three components in container, makes solvent

2.3. To precisely determine the density of the particles, suspend the particles at 0.1 volume by volume in the prepared solvent.  (TEXT: ( = 0.10)
2.3.1. MED: pouring out an aliquot of prepared solvent for 10% v/v PMMA mix
2.3.2. CU: adding solvent to particle mix (from 2.1.2)
2.4. Centrifuge the suspension at 800 G for 75 minutes. Check that the particles do not sediment after centrifuging.
2.4.1. MED: removing the mix from the centrifuge and looking at it

2.4.2. ECU: mix after centrifuging, no sedimentation
2.5. Then, to prevent the particles from settling, add either base solvent drop-wise to match the solvent density to that of the particles. (TEXT: CXB or DNH) 
2.5.1. MED: adding, drop-by-drop a solution to the mix (CXB or DNH)

2.5.2. ECU: mix as solution is added by drops
2.6. Next, prepare a 40% suspension of the PMMA particles in the prepared solvent mixture.  (TEXT: ( = 0.40)
2.6.1. MED: adding particles to solvent to make 40% v/v PMMA mix (should be like steps in 2.3, and if not, show how they differ in this shot)
2.7. Also prepare linear polystyrene in the solvent mixture at a high concentration, like 50 mg per mL, calculated from the molecular weight and radius of gyration of the polystyrene.
2.7.1. MED: talent weighs out polystyrene

2.7.2. MED: taking aliquot of solvent, then adding aliquot polystyrene to that aliquot the weighed polystyrene in a vial mixing chamber (beaker)
2.8. Using the concentrated PMMA particle suspension and polystyrene solution, make suspensions of the desired concentration of particles with polymers. Here, the suspension contains 15 volume percent of PMMA particles …
2.8.1. MED: talent sets up some tubes to make several PMMA/polystyrene mixtures, then starts taking first aliquot of PMMA mix (show which suspension)

2.8.2. [2.8.2 to 2.9.1 all one shot] CU: adding PMMA to first tube vial
2.8.3. MED: taking aliquot of polystyrene mixture

2.9. ... and the polymer concentration ranges from 0 to 25 mg per mL.

2.9.1. CU: adding polystyrene to PMMA aliquot in first vial tube
2.10. Bidispersed suspensions of two differently sized and differently labeled PMMA particles, in equal volume fractions, can also be mixed with the polymer solution. 
2.10.1. CU: a clearly labeled bi-dispersed suspension of PMMA particles 

2.10.2. MED:  taking an aliquot of the bi-dispersed mix and adding to a vial tube, then adding solvent to same vial tube 
2.11. After mixing each suspension, centrifuge them (TEXT: 800 x g, 75 min) and then add a solvent (TEXT: CXB or DNH) drop-wise to closely match the solvent density to that of the particles.
2.11.1. WID: unloading tubes from centrifuge, these were those set up in 2.8.1

2.11.2. WID: at bench, adding solvent, by drops to the tubes
2.12. Lastly, equilibrate all the samples, by placing the sealed samples in a tumbler (TEXT: 0.2 π rad / sec) for at least 24 hours before imaging them.
2.12.1. MED: loading the samples/tubes into a tumbler and closing it up

2.12.2. WID: starts tumbler action and walks away
3. Quiescent Sample Experiment and Analysis: Phase Behavior

3.1. Begin with assembling rectangular chambers from glass coverslips.  The microscope slide thickness here is 1 mm, and is thus the chamber thickness, which permits bulk behavior by the colloid-polymer mixes.
3.1.1. WID: talent assembling rectangular chamber, establishing
3.1.2. CU: as above, a detail
3.1.3. LAB MEDIA: Figure 1a – schematic, finish on this
3.2. If a multi-height chamber is desired, make thin wedge-shaped chambers using a single coverslip spaced on a wedge.  The opening angle of the chamber is less than 0.5 degrees and the chamber thickness ramps from 6 microns to 1 mm. This configuration allows the confinement thickness to be continually varied.
3.2.1. MED: establishing shot for multi-height chamber assembly
3.2.2. ECU: making the “wedge” described above
3.2.3. LAB MEDIA: Figure 1b – schematic, finish on this
3.3. Fabricate the chambers to be placed on an inverted microscope and seal them with a UV-curable epoxy, resistant to the solvent mixture.
3.3.1. ECU: assembled chamber ready to seal, applying sealant
3.3.2. CU: completing the application of sealant to chamber
3.3.3. [Added shot] Placing sealed chamber in UV light for curing
3.4. The microscope used here is a line-scanning, confocal microscope attached to an inverted microscope with a 100X oil-immersion lens having a numerical aperture of 1.4.
3.4.1. WID: talent approaches confocal, which is in focus and in the foreground
3.4.2. CU: talent switching between objectives to bring the 100X 1.4 NA objective into the focal plane of shot
3.5. Using the appropriate wavelengths to excite the dyes, and take 50-micron square images at 512 pixels, square.  Start with a 1/32 second exposure and then adjust for image quality.
3.5.1. MED: talent starts working with software
3.5.2. SCREEN CAPTURE: setting image parameters (size) and exposure, then taking image and adjusting settings, followed by taking a second image of same and getting a better quality result
3.6. Next, locate the bottom of the chamber; particles will be adhered there. Then, move the focus to the midpoint of the chamber.
3.6.1. SCREEN CAPTURE: locating particles at bottom of chamber with focus and then adjust up to midpoint of chamber
3.7. Now, take about 500 images at a rate of 1 frame per second, at the midplane, for 2D analysis.
3.7.1. SCREEN CAPTURE: setting imaging parameters and starting the imaging sequence
3.8. Then, for 3D analysis, take z-stack images with 0.2 micron gaps over 30 microns.
3.8.1. SCREEN CAPTURE: setting parameters for the 3D imaging 
3.9. Rahul: In any colloidal imaging experiment, optimizing the imaging conditions to obtain high-contrast images is critical – the quality of the images determines the accuracy to which particles can be located using software.
3.9.1. MED: talent, at computer, gives intereview
3.10. Analyze the images using a particle-tracking software package. An algorithm that resolves the particles to 40 or 50 nanometers should be available.
3.10.1. SCREEN CAPTURE: opening the particle tracking software and loading images
3.11. Particle tracking is only possible if the particles move less than the interparticle spacing between consecutive frames.
3.11.1. SCREEN CAPTURE: playing particle tracking data frame-by-frame 
3.12. To evaluate the particles’ structure and dynamics, use the following metrics: a 3-D pair correlation function …
3.12.1. SCREEN CAPTURE: using 3D pair correlation function 
3.13. … a 2-D or 3-D mean-squared displacement …
3.13.1. SCREEN CAPTURE: using above function
3.14. … and a 2-D or 3-D self part of the van Hove correlation function.
3.14.1. SCREEN CAPTURE: using above function
4. Particle Flow Experiment and Analysis

4.1. For this experiment, make a simple flow cell from a square glass capillary, 100 microns wide.  Attach Teflon tubing and use glass coverslips for structural support.
4.1.1. WID: establish talent assembling flow cell
4.1.2. LAB MEDIA: Figure 7 – interject schematic
4.1.3. CU/ECU: attaching tubing to flow cell, setting coverslip on cell
4.2. Next, load the colloid-polymer mixture of interest into a glass syringe and attach it to a dispensing system, such as a pump.
4.2.1. MED: loading mix into syringe
4.2.2. CU: attaching syringe to pump and 
4.3. Now, mount the setup to the inverted microscope, as used in the previous section.  The syringe, flow cell and outlet should be kept as level as possible.
4.3.1. CU: putting flow chamber onto scope
4.3.2. MED: attaching tubing between flow chamber and syringe, then making adjustments so that the pump is level with the stage/chamber
4.4. Set the flow rate according to the colloid-polymer mixture concentration. Through square capillaries, 200 to 2,000 microns per second have been used.
4.4.1. MED: dialing in the pump setting 
4.4.2. CU: final setting of pump, then starting flow
4.5. During flow, collect 2D images as described in the previous section, at different distances from the channel floor, from five to 50 microns.  If the particles appear elliptical, increase the acquisition frame rate.
4.5.1. MED: talent adjusting settings on the computer, to bring the flowing particles into the correct focus
4.5.2. SCREEN CAPTURE: acquired images showing elliptical particles, talent changes frame acquisition rate, gets more images and new images show spherical particles
4.6. Use tracking software in IDL or Matlab to analyze the flow. 
4.6.1. SCREEN CAPTURE: in particle tracking software, loading images
4.7. Rahul: Obtaining sub-pixel resolution in particle-tracking requires careful adjustment of the tracking parameters to yield centroids that are not biased in a particular direction.
4.7.1. MED: talent at computer, gives interview
4.8. During slow flow, when particles move less than the interparticle distance between frames, trajectories can be obtained using tracking-routines.
4.8.1. SCREEN CAPTURE: show particles moving short distances between frames then applying tracking-routines
4.9. In faster flow, use image correlation to calculate velocity.  Subdivide each image into horizontal images in the direction of the flow. In sequential images, shift the second image to match the first, and use the shift distance to calculate the velocity.
4.9.1. SCREEN CAPTURE: show particles moving faster between frames, then opening subdivided images show schematic of the subdivision process.
4.10. Between image pairs, for each subdivision of the original images, make a histogram of all the calculated shift values. If the values are not strongly peaked, repeat the experiment at a faster frame rate.  
4.10.1. SCREEN CAPTURE: making histograms
4.10.2. MED: talent checking the histograms on screen and, looks to camera, points out peak and if good enough, then thumbs up, and if not, “so-so” hand gesture
5. Mono-dispersed and Bi-dispersed Suspension Analysis
5.1. PMMA particles with a colloid diameter of 0.865 microns were suspended at 15% volume by volume in 23.6 mg of polymer per mL of mixed solvents. 

5.1.1. LAB MEDIA: Figure 2 – upper left image

5.1.2. LAB MEDIA: Figure 2 – center left image

5.1.3. LAB MEDIA: Figure 2 – lower left image

5.2. Structural and dynamic metrics were used to evaluate the images, including pair correlation …

5.2.1. LAB MEDIA: Figure 2 – center column top image

5.3. … and mean-square displacement.  
5.3.1. LAB MEDIA: Figure 2 – right column top image
5.4. (Omitted.)

5.5. Changing flow parameters can change fluid phases.  For example, a bi-dispersed suspension of 1.48 micron and 0.73 micron particles was formulated.  Particles occupied 15% of the volume.   
5.5.1. LAB MEDIA: Figure 5a

5.6. By decreasing the confinement thickness, a solid-like colloidal gel phase was induced, containing both particle types.

5.6.1. LAB MEDIA: Figure 5d

5.7. Mean square displacement of the large particles decreased as the system got increasingly confined, consistent with solidification.

5.7.1. LAB MEDIA: Figure 6a

5.8. Flow properties of weakly attractive and strongly attractive particles were compared.   Polymer concentration varied from 5 to 25 mg per ml in suspensions. 
5.8.1. LAB MEDIA: Figure 8

5.9. The weakly attractive suspension showed a density profile that varied strongly with position across the channel during a flow of 10 microliters per hour.

5.9.1. LAB MEDIA: Figure 9a,b

5.10. The density profile of the strongly attractive suspension was nearly constant across the channel under the same conditions.

5.10.1. LAB MEDIA: Figure 9c,d

5.11. Similarly, there were differences in the velocity profiles of these suspensions.  Weakly attractive particles were close to the Newtonian prediction for their velocity.
5.11.1. LAB MEDIA: Figure 10a,b

5.12. Whereas, strongly attractive particles deviated slightly from the Newtonian prediction for their velocity, especially closer to the side-wall of the channel, where Y is zero.

5.12.1. LAB MEDIA: Figure 10c,d

6. Conclusion Interview (spoken by you on camera)

6.1. Rahul Pandey: After watching this video, you should have a good understanding of how to use confocal microscopy to investigate phase behavior and flow properties of colloidal suspensions. 

6.2. Rahul Pandey: [Here, we showed how confinement modified the quiescent phase behavior of colloid-polymer mixtures by measuring the pair-correlation function and mean-squared displacement of the particles. We also showed how changing the strength of attraction between particles changed the particle density and velocity profiles during microchannel flow.]

Consider not filming [this section] of the narrative, unless there is time. 

6.3. Jacinta Conrad: Following this procedure, other metrics like cluster sizes and fractal dimensions can be calculated from the particle positions to answer additional questions like how confinement modifies the shape of the aggregated clusters of particles.

List of Provided Media Filenames and Descriptions (fill this in)

3.1 –  01_Conrad_Figure 1a.tif  -  rectangular cell

3.2 –  02_Conrad_Figure1b.tif  -  wedge-shaped cell

4.1 –  03 Conrad_Figure7.tif  - flow cell and imaging protocol (inset) for flow experiments 
5.1.1 –  04_Conrad_Figure2_left_top.tif  -  upper left image  -  confocal micrograph of a colloidal gel at h/2a=8.7

5.1.2 –  05_Conrad_Figure2_left_center.tif  -  upper left image  -  confocal micrograph of a fluid of clusters at h/2a=17

5.1.3 –  06_Conrad_Figure2_left_bottom.tif  -  upper left image  -  confocal micrograph of a colloidal fluid at h/2a>116

5.2 –  07_Conrad_Figure2_center_top.tif  -  center column top image  -  particle pair correlation function for a colloidal gel

5.3 –  08_Conrad_Figure2_right_top.tif  -  right column top image  -  mean squared displacement (MSD) for a colloidal gel

5.4 –  09_Conrad_Figure2.tif  -  confocal images, g(r), and MSD (r) of a gel, fluid of clusters, and colloidal fluid

5.5 –  10_Conrad_Figure5a.tif  -  confocal image of a quiescent weakly repulsive suspension in bulk

5.6 –  11_Conrad_Figure5d.tif  -  confocal image of a quiescent strongly attractive suspension in bulk

5.7 –  12_Conrad_Figure6a.tif  -  mean squared displacement as a function of confinement thickness for a weakly repulsive suspension

5.8 –  13_Conrad_Figure8.tif  -  confocal images of suspensions in quiescence(bulk) and during flow through microchannel (at midplane and close to bottom wall) suspensions

5.9 –  14_Conrad_Figure9ab.tif -  density profile of weakly attractive suspension during flow through microchannel at two downstream positions

5.10 –  15_Conrad_Figure9cd.tif  -  density profile of strongly attractive suspension during flow through microchannel at two downstream positions

5.11 –  16_Conrad_Figure10ab.tif  -  velocity profile of weakly attractive suspensions during flow through microchannel at two different downstream positions

5.12 –  17_Conrad_Figure10cd.tif  -  velocity profile of strongly attractive suspensions during flow through microchannel at two different downstream positions

General Preparation

It’s critical for a smooth and organized shoot that all reagents are accounted for, in advance.   

Any overnight or long incubation steps should be recognized and specimens/samples be prepared in advance so that prior steps can be recorded and shooting can continue with pre-prepared specimens/samples.  

All tubes/flasks should be pre-labeled neatly before we arrive.  

Ex. Luciferase assay done in 96 well plates should be labeled with negative/positive control wells and experimental samples are labeled accordingly.

( 2013, Journal of Visualized Experiments


