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Abstract

Rigid attachment of microtubules (MTs) to glass cover slip surfaces is a prerequisite for a variety 

of microscopy experiments in which MTs are used as substrates for MT-associated proteins, such 

as the molecular motors kinesin and cytoplasmic dynein. We present an MT-surface coupling 

protocol in which aminosilanized glass is formylated using the cross-linker glutaraldehyde, 

fluorescence-labeled MTs are covalently attached, and the surface is passivated with highly pure 

beta-casein. The technique presented here yields rigid MT immobilization while simultaneously 

blocking the remaining glass surface against nonspecific binding by polystyrene optical trapping 

microspheres. This surface chemistry is straightforward and relatively cheap and uses a minimum 

of specialized equipment or hazardous reagents. These methods provide a foundation for a variety 

of optical tweezers experiments with MT-associated molecular motors and may also be useful in 

other assays requiring surface-immobilized proteins.
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1 Introduction

In vitro, single-molecule microscopy studies of molecular motor proteins can provide 

valuable insights into how they generate forces essential to mitosis and other critical cellular 

functions. Single-molecule studies of microtubule (MT) motors and other MT-associated 

proteins (MAPs) frequently employ surface-immobilized MTs. While axonemes (bundles of 

MTs and other associated proteins) have been used frequently for this purpose [1-5] and 

have the advantage of adsorbing strongly to untreated glass, they contain other proteins in 

addition to tubulin, and they are not the natural substrates for cytosolic molecular motors. 

Moreover, the large diameter of axonemes (~160 nm) may be undesirable in certain assays. 

Therefore, MTs are generally preferable, and so a reliable method for fixing them to a glass 

surface is of utility.
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Rigid MT attachment is important in order to achieve high-quality measurements: unwanted 

motion makes it impossible to precisely track the positions of MT-bound MAPs and 

introduces compliance to the motor-MT system that complicates interpretation of forces 

measured by optical tweezers and other methods. Unfortunately, MTs adsorb very poorly to 

untreated glass. Any MTs that do bind tend to bow and agitate on the surface and often 

detach when a force is applied. Therefore, specialized methods of MT attachment to glass 

are required. For optical trapping, it is also required that the remaining surface be well 

passivated (usually using a blocking agent such as bovine serum albumin (BSA), casein, or 

polyethylene glycol (PEG) derivatives), so that the trapped microspheres (“beads”) do not 

bind to the glass via nonspecific adsorption. This is important because attractive bead-

surface interactions could, for example, impair molecular motor movement and/or give false 

indications of MAP-MT binding.

We sought a method to eliminate essentially all nonspecific microsphere-surface 

interactions. A variety of techniques have been reported in the literature for immobilizing 

MTs on glass. We experimented with several approaches, such as coating glass with 

nonspecifically adsorbed poly-L-lysine [6-9], antibodies [10], rigor kinesins (both G234A 

[11, 12] and T93N [13, 14] mutants), or BSA-biotin (with streptavidin and biotinylated 

MTs) [15, 16]. We also experimented with silane-PEG-N-hydroxysuccinimide (silane-PEG-

NHS) reagents. In our hands, several of these techniques were effective at either 

immobilizing MTs or preventing trapping beads from binding to the surface but did not 

accomplish both simultaneously (see Note 1). For example, although rigor kinesin is very 

effective at binding MTs (we use this technique in other single-molecule assays in our 

laboratory), microspheres frequently bind irreversibly to the kinesin-coated surface, even in 

the presence of blocking agents.

Aminosilanization (coating of surfaces, typically containing free hydroxyl groups, with 

aminated alkoxysilane molecules) has been used for years to promote binding of a variety of 

biological materials to glass (see, e.g., [17] and references therein), including MTs [18-20]. 

Reported aminosilanization conditions and protocols vary widely, and optimization of this 

surface chemistry is still an active area of research [21-26]. However, we found that, when 

used in combination with chemical cross-linking [27-31] and appropriate surface blocking 

[20], aminosilanized cover slips perform exceptionally well, both in terms of binding MTs 

and limiting microsphere adhesion. Certain parameters, such as incubation times and 

blocking reagents, are critical to achieving good results with MTs. Therefore, we thought it 

would be of general benefit to provide the protocols we established, based on current 

literature and optimization in the laboratory. The procedures given here are cheap and easy 

and do not require hazardous cleaning reagents. MTs attach rigidly to the glass and support 

robust movement by a variety of MT-associated molecular motors. Trapping beads, whether 

coated in protein or not, show no binding (even transiently) to the blocked cover slip surface 

1An additional technique [57], reported to be very effective at attaching MTs while preventing nonspecific absorption, is coating the 
glass surface with a highly hydrophobic silane. Anti-tubulin antibodies are then adsorbed to the glass, and the remaining surface 
blocked with Pluronic® F-127 (Sigma), a poloxamer (triblock copolymer) of polypropylene glycol (which is hydrophobic and sticks 
to the hydrophobic surface) flanked on either side by polyethylene glycol (which is hydrophilic and forms a protective “brush” layer in 
the solvent above the glass) [57]. F-127 has been used to minimize bead-surface interactions in optical trapping experiments in the 
absence of protein [58, 59], but we have not tested this method.
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when pushed into or dragged against the glass (even after days in the chamber at room 

temperature).

The method works as follows. First, the glass is prepared through a series of cleaning 

procedures that remove contaminants and hydroxylate the surface. Next, the surface is 

aminosilanized, thereby coating the glass with positively charged amine groups that attract 

MTs (due to the strongly negative MT surface charge). The treated glass cover slip is then 

used to assemble a microscopy flow chamber. This flow chamber is treated with 

glutaraldehyde and extensively washed, leaving a mixture of surface amines and reactive 

formyl groups on the glass. Fluorescent tubulin is then prepared and polymerized into MTs. 

The MTs are bound to the surface, attracted initially by the surface charge, and then 

covalently coupled to the glass via reaction between exposed lysyl residues on the MT and 

the surface-bound formyl groups. Finally, the remaining surface is blocked with β-casein, 

which physically adsorbs to the glass, thereby passivating it. The casein also reacts with any 

remaining formyl groups to inactivate them. Figure 1 summarizes how the individual steps 

contribute to the overall procedure. The reader is encouraged to consult each of the Notes, 

which contain important practical information, as well as explanations of theoretical 

principles.

The procedures presented here yield a flow chamber suitable for a number of optical 

tweezers studies involving MAP function, such as our accompanying protocol for 

measurement of kinesin force generation (see Chapter 10). These methods are also likely to 

be useful in other single-molecule studies of MAP-MT interactions and other assays 

requiring immobilization of proteins on glass surfaces.

2 Materials

2.1 Cover Slip Aminosilanization

1. Cover slips (18 mm × 18 mm × 0.170 mm) (No. 1.5, Zeiss Cat. No. 

474030-9000-000; see Note 2).

2. Porcelain cover glass holders (Thomas, Part No. 8542E40-TS; see Note 3).

3. Clean blunt-nosed forceps (clean in ethanol and flame prior to use).

4. Double-deionized water (ddH20) purification system (see Note 4).

2Zeiss cover slips are manufactured by Schott/Marienfeld Superior (Lauda-Konigshofen, Germany). While other cover slips will 
probably work acceptably, we use these because of the high quality of the glass and more importantly because of their highly precise 
thickness of 170 ± 5 μm. Individual No. 1.5 cover slips within typical lots from most manufacturers can vary in thickness from 160 to 
190 μm, potentially leading to a significant deviation from the 170 μm cover slip thickness for which most oil-immersion microscope 
objectives are designed. This can induce unwanted spherical aberration that broadens the width of the focused laser beams (e.g., 
optical trapping beams) in all dimensions, as well as degrading imaging quality in fluorescence microscopy. This problem can be 
avoided by manually measuring each cover slip with a micrometer before use (and discarding those that are too thin or thick) or by 
purchasing cover slips like the ones recommended, for which there is very little variability in thickness.
3We find porcelain cover slip holders the most convenient because they fit nicely in our jars and tend to sit very stably on the bench. 
However, they are expensive. Cheaper racks made of other materials may be substituted as long as they are resistant to 100 % acetone 
and ethanol and can withstand temperatures up to 110°C. Polytetrafluoroethylene (Teflon®) and polypropylene (e.g., Wash-N-Dry™ 
polypropylene racks) are acceptable alternatives.
4Many water purifiers have a low flow rate, making the rinsing steps in the cover slip preparation protocol more time consuming and 
less effective. If the flow rate is less than ~10 mL/s, we advise filling a clean polypropylene carboy with ddH2O and using the spigot 
on the carboy to dispense the water.
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5. Mucaso™ detergent solution, 2 % (v/v): 98 % double-deionized water, 2 % 

Mucasol fast alkaline cleaning agent (Merz Hygiene GmbH), by volume.

6. APTES (3-aminopropyl triethoxysilane, also called APS; Sigma Cat. No. 440140 

or A3648) or AEAPTES (N-(2-aminoethyl)-3-aminopropyl triethoxysilane, Gelest 

Cat. No. SIA0590.5) (see Note 5).

7. Acetone (Sigma, cat. no. 270725; see Note 6).

8. Spectrophotometric grade ethanol, 200 proof (Sigma, Cat. No. 459828; see Note 6).

9. Five plastic jars, 250 mL each, made of polymethylpentene (PMP) (Nalgene). 

Label each of the jars and lids with the following: ddH20, Mucasol, Ethanol, 

Acetone, Silane (see Note 7).

10. Bath sonicator with temperature control (Fisher Scientific, FS30D) and holder for 

jars (see Note 8).

11. Plasma cleaner (PDC-001, Harrick Plasma).

12. Oven or hot plate (see Note 9).

13. Vacuum desiccator.

14. Personal protective equipment: nitrile gloves, eye protection, lab coat, etc.

2.2 Microscope Slide Chamber Construction

1. Microscope slides (3″ × 1″ × 1.0 mm).

2. Parafilm® “M” (Bemis, see Note 10).

5We have had excellent results with both APTES and AEAPTES, but we prefer AEAPTES due to its increased stability against self-
catalyzed hydrolysis by its terminal amine [26]. It is critical to avoid contact with humidity during storage, to prevent polymerization 
of the aminosilane (even small amounts of water can catalyze extensive polymerization over time). Preferably, the reagents should be 
stored under nitrogen or argon in a bottle sealed with a rubber septum (e.g., Sigma Cat. No. 440140), so that no direct contact between 
the stock solution and room air occurs. Alternatively, we aliquot the aminosilanes into 2 mL volumes, flash freeze in liquid nitrogen, 
and store in an airtight plastic bag with Drierite desiccant (anhydrous CaSO4) at −80°C until use. If this method is used, the aliquot 
should be brought to room temperature in a desiccator, to prevent water condensation. Some authors recommend distilling APTES 
regularly to remove polymers [60]. However, we have obtained satisfactory results with aminosilanes properly stored for several 
months. See also Note 24.
6We use very high (>99 %) purity reagents for cover slip cleaning and surface preparation, in order to avoid contaminating the glass 
surface with undesired chemicals (especially organic molecules, which may interfere with surface chemistry by binding the substrate 
and/or lead to background fluorescence during microscopy).
7Any non-glass jars that are resistant to the chemicals used can be substituted (e.g., other jars composed of PMP). We recommend 
using a separate jar for each reagent (water, Mucasol solution, ethanol, acetone, and silane solution) to minimize cross-contamination 
and any potential unwanted reactions that might result. Keep jars tightly closed when not in use.
8To suspend the jars in the sonicator bath, we use a simple homemade holder fashioned from a polystyrene box lid. Use a scalpel to 
cut a recess in the lid and a hole through which the jar body (but not the lid) can pass. Set this holder on top of the sonicator, and insert 
the jar, such that as much of the jar as possible is submerged in the bath without making physical contact with any of the walls of the 
sonicator.
9The cover slips are baked at approximately 110°C a few different times during preparation. If an oven is unavailable, we have found 
that a hot plate or other heater can be used as an “oven” by simply placing an aluminum foil “tent” overtop of it. Simply adjust the 
heating element such that the air temperature inside the tent is approximately 110°C. For whatever baking method is used, it is 
important that the inside of the oven be clean. Baldng cover slips in an oven with dust, or other contaminants that get vaporized during 
heating, can foul the glass surface and thereby ruin the effects of the prior cleaning steps.
10We prefer to use Parafilm in place of the double-sided tape often employed in constructing microscope slide chambers because it 
attracts fewer contaminants (e.g., dust), it is easier to place on the slide, and it allows slides to be prepared in large numbers for later 
use (versus having to apply the tape immediately before placing the cover slip). In addition, we have observed glue dissolving along 
the edges of the chamber over time in flow chambers made with tape (visible as whitish streaks along the chamber edges). This is in 
agreement with work by Schäffer et al. [58], who reported direct evidence of solution contamination in flow chambers constructed 
with tape.
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3. Forceps (tweezers): one sharp-nosed and one blunt-nosed.

4. Heat gun (e.g., Fit Gun-3, Alpha Wire) or heating block.

2.3 Slide Chamber Glutaraldehyde Treatment

1. 25 % glutaraldehyde (Sigma): divided in ~10 μL aliquots and stored at −20°C (see 

Note 11).

2. Kimwipes® delicate task wipes (Kimtech).

3. Filtered, compressed air or nitrogen (see Note 12).

2.4 Labeling of Tubulin with Cy3 Dye

See Note 13:

1. Bovine brain tubulin (1 mg/vial, Cytoskeleton, Inc.; see Note 14).

2. Cy3™ monofunctional N-hydroxysuccinimide (NHS) ester reactive dye (10 mg/

mL): dissolve one vial of Cy3 monofunctional NHS ester dye (0.2 mg, GE 

Healthcare) in 20 μL anhydrous DMSO. Store at −20°C in the dark (see Note 15).

3. PM buffer: 100 mM PIPES and 1 mM MgCb, pH ~7.

4. Beckman Coulter Optima™ TLX Ultracentrifuge (120,000 maximum rpm).

5. Beckman TLA-100 fixed angle rotor (7 × 20 mm, 0.2 mL tube).

2.5 Cy3-Labeled MT Polymerization

1. BRB80 buffer: 80 mM PIPES (Sigma P6757), 2 mM MgCb, and 1 mM EGTA, pH 

~7.

2. Unlabeled bovine brain tubulin (10 μL aliquots of 10 mg/mL): dissolve 1 vial of 1 

mg lyophilized powder (Cytoskeleton, Inc.) in 100 μL BRB80 buffer (final 

concentration 10 mg/mL). Aliquot and flash freeze. Store aliquots at −80°C (see 

Note 16).

11Glutaraldehyde can polymerize extensively in aqueous solution (see [27, 28] for a comprehensive review). We store it at −20°C to 
limit this behavior.
12The compressed air typically available at the lab bench is generally not suitable for drying chambers, as it may contain abundant 
contaminants (e.g., particulate matter, water vapor, and oil droplets from air pumps). Instead, highly pure, compressed nitrogen gas is 
generally used, with an oil-free filter system at the output of the air line. However, in practice, we have found that the bench air in our 
lab can be used by employing the following system: A ~1 m hose filled with Drierite is attached to the air line, with two 0.2 μm 
syringe filters in series at the output. This provides air of sufficient dryness and absence of contaminants for preparing chambers for 
routine optical trapping studies.
13Labeling tubulin with Cy3 is not absolutely necessary, and Cy3-labeled tubulin may be substituted with another fluorescently 
labeled tubulin, e.g., carboxytetramethylrhodamine (TAMRA)-labeled tubulin (Cytoskeleton, Inc.). However, Cy3 is brighter and 
more photostable than rhodamine derivatives, allowing a lower labeled/unlabeled tubulin ratio to be used while still easily visualizing 
MTs. Finally, whereas rhodamine MTs suffer light-induced structural damage resulting from the formation of reactive oxygen species 
(ROS) [61, 62], we have found Cy3 MTs to be less affected (we also use an oxygen scavenging system to eliminate ROS in either 
case).
14Tubulin may be purified in the laboratory relatively easily, which is generally far more economical. Traditionally, the approach is to 
purify tubulin by cycles of polymerization, sedimentation, and depolymerization [63, 64] (followed by removal of MAPs with a 
phosphocellulose column), and abundant protocols are available both via laboratory websites and the literature [65-67]. Recently, a 
one-step, high-efficiency purification method was developed [68] that may also prove useful (and may permit the isolation of tubulin 
from a wider variety of sources).
15DMSO is preferred over ddH2O as solvent: NHS ester has a fast hydrolysis rate in water, especially at high pH (after hydrolysis, it 
can no longer react with NH2 groups of amino acids); moreover, the dye is more soluble in DMSO.
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3. Cy3-labeled tubulin (1.6 μL aliquots of 30 μg tubulin, labeled/unlabeled ~1:2; each 

preparation will be slightly different - adjust accordingly).

4. Guanosine-5′-triphosphate (GTP; 25 mM, with equimolar MgSO4).

5. Anhydrous DMSO.

6. Paclitaxel (Taxol) (2 mM): dissolve 1 vial of lyophilized powder (0.2 μmol/vial; 

Cytoskeleton, Inc.) in 100 μL anhydrous DMSO. Store at −20°C. The working 

concentration is 10–20 μM.

7. Dithiothreitol (DTT) (1 M): dissolve DTT in ddH20 and store at −20°C. The 

working concentration is 1 mM.

8. Glycerol cushion (BRB80 with 60 % glycerol): 80 mM PIPES, 2 mM MgCb, 1 

mM EGTA, and 60 % glycerol (v/v).

9. Beckman Coulter Optima™ TLX Ultracentrifuge (120,000 maximum rpm).

10. Beckman TLA-100 fixed angle rotor (7 ×20 mm, 0.2 mL tube).

2.6 β-Casein Preparation

1. Bovine β-casein, 1 g (Sigma, Cat. No. C6905), store at −20°C upon arrival.

2. 50 mL of 20 mM Tris-HCl buffer, pH ~7, chilled.

3. 0.5 M NaOH for pH adjustment.

4. pH test strips (Fisher Scientific).

5. Ultracentrifuge with Beckman Ti 70.1 rotor and 10.4 mL centrifuge tubes 

(Beckman, Cat No. 355603).

6. 50 mL syringe with 0.22 11m filter.

7. Glass Pasteur pipette with long tip.

2.7 Sample Preparation: MT Attachment and Surface Passivation

1. BRB80 buffer (see Subheading 2.5).

2. 25 mg/mL bovine β-casein (see Note 17 and Subheading 3.6).

3. 10 mM paclitaxel (Sigma) in DMSO.

16The vial should always be kept on ice, since the tubulin will polymerize at higher temperature.
17Caseins (chemical properties reviewed in refs. [69, 70]), the major proteins in milk [71], are highly amphipathic, giving them 
surfactant-like properties [72, 73]. As reported previously [20], casein is very effective in passivating an aminosilanized surface to 
prevent protein binding. In our hands, 1 mg/mL β-casein was superior to BSA (even up to 10 mg/mL) and Pluronic F127 in blocking 
the aminosilanated cover slip surface and preventing trapping microspheres from binding. Free microspheres do not bind to the cover 
slip surface, and there are no measureable binding forces when a trapped bead is dragged along the surface. We use β-casein rather 
than whole casein because it is available in higher purity and we found it dissolves much better. Moreover, it is resistant to 
denaturation/precipitation induced by DTT (β-casein contains no cysteine residues [71]) or elevated temperatures [74], and forms 
stable micelles even at low pH [75]. Although it is a natively unstructured protein [76, 77], β-casein nevertheless has a domain 
structure, with a highly negatively charged N-terminal region and a hydrophobic C-terminus. This allows it to interact favorably with 
both hydrophilic and hydrophobic surfaces [72, 76, 78, 79], forming a “brush” layer on the surface with the hydrophilic N-termini 
pointing up into the solvent (Fig. 9a, b). These properties make it an excellent choice for blocking APTES surfaces, since different 
parts of the protein can interact favorably with both the positively charged amine and the aliphatic chain of APTES.
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4. 1 M DTT (see Subheading 2.5).

5. Glutaraldehyde-functionalized slide chamber.

6. Cy3-labeled MTs (see Subheading 3.5).

7. Pieces of filter paper cut into strips ~ 2 in. long and ~0.5 in. wide.

8. Vacuum grease (see Note 18) and cotton-tipped applicator.

3 Methods

3.1 Cover Slip Aminosilanization

This protocol describes how to amino-functionalize glass cover slips for subsequent 

treatment with glutaraldehyde. These cover slips are used as substrates for MT 

immobilization. The glass is first cleaned and activated (Fig. 2) and then treated with an 

aminopropyltriethoxysilane. The relevant chemistry [21, 26, 29, 32-36] is presented in Fig. 3 

and the aminosilane surface coating strategy is outlined in Fig. 4 (see Note 19):

1. Fill bath sonicator with water and set temperature to 45°C.

2. Set oven to 110°C.

3. Rinse out the Mucasol jar with ddH2O and fill it nearly to the top with 2 % 

Mucasol.

4. Rinse off the cover slip holders and put in the cover slips. Wear gloves to avoid 

getting finger oils on the glass (handle only the edges) and use forceps to place the 

cover slips in the holders. From this point forward, avoid any direct contact with 

the cover slips, and handle only the holders. We typically prepare two racks (24 

cover slips) at a time.

5. Put cover slip holders in the Mucasol jar (one holder on top of the other), fill to the 

top with 2 % Mucasol, and cap the jar. Optional: For stability, insert a plastic 

“wedge” (a piece of a 15-mL conical tube works well) in the jar to prevent the 

cover slip holders from moving.

18Slide chamber ends should be sealed to prevent solution evaporation (which can markedly change concentrations), limit exposure to 
oxygen (which can produce ROS, especially in the presence of microsphere and fluorescent dye interactions with laser light), and 
provide physical closure of the chamber. Vacuum grease is highly preferred to nail polish for this purpose, since it can be applied 
more precisely (thus limiting the possibility for damage to valuable microscope optics by accidental contact) and because it is 
immiscible in aqueous solution (as opposed to the acetone solvent used in nail polish). When using nail polish as sealant, Schäffer et 
al. [58] reported contamination of the chamber solution, and we observe regions of casein precipitation near the chamber edges that 
grow toward the center over minutes (presumably with similar effects on other proteins). This is accompanied by nonspecific binding 
of trapping microspheres to the cover slip and MTs. These problems are not encountered when using vacuum grease.
19The optimal conditions (e.g., temperature, solvent vs. vapor deposition, solvent type, silane concentration, etc.) for silane deposition 
are still a topic of debate and ongoing research [25, 26]. Based on our review of the literature, and our desire to keep our protocol as 
simple as possible, we use a solution-phase deposition in acetone solvent. Although aqueous deposition protocols are available, we 
chose to avoid this method because silanes can polymerize extensively when exposed to water. In addition, given the pKa of surface 
silanol groups (pKa ~4 or ~9, depending on the silanol configuration) on glass [80-82] and amino groups on aminosilanes (pKa,~10) 
[55, 83], in aqueous solution near neutral pH, the surface silanols carry a negative charge, while the aminosilane carries a positive 
charge [24, 32, 60, 83]. This causes the silane to physisorb with its amino group toward the glass, which prevents the associated 
silanol groups on the glass from participating in condensation reactions with APTES silanol groups (though possibly limiting 
unwanted silane polymerization on the glass surface [24]).
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6. Submerge the body of the Mucasol jar in the bath sonicator (just up to the cap; see 

Note 8).

7. Run sonicator on degas setting for 5 min. Then sonicate for 25 min.

8. Rinse the ddH2O jar well with ddH2O and then fill it. Using forceps, transfer cover 

slip racks directly from the Mucasol jar to the ddH2O jar. Rinse under running 

ddH2O for about 3–5 min, gently swirling and periodically dumping the water from 

the jar. Minimize exposure to the air (see Note 20).

9. After rinsing, fill the ddH2O jar and sonicate for 5 min. Rinse again briefly. This is 

an acceptable place to stop and resume at a later time (leave the cover slips in water 

until proceeding).

10. Set a paper towel on a flat, stable surface next to a clean piece of aluminum foil 

that is big enough to wrap around the cover slip holder. Remove one cover slip 

holder at a time from the jar and tap it on the paper towel a few times to remove 

water (firmly, but without knocking the cover slips out of their slots). There should 

be very little water left. Immediately place the holder on the aluminum foil and 

wrap the foil around it. The holder should be protected from dust, while still 

allowing some air to circulate. Keep the holder in the foil until step 17.

11. Put all racks in the oven until all cover slips are completely dry (~30 min). They 

should look completely clean by eye.

12. Remove racks and let them cool for a few minutes. Then place them in the plasma 

cleaner (still in the aluminum foil covers). Evacuate the chamber to ~800 μtorr and 

turn on the RF coil on “high” for 5 min (see Note 21). Then turn off the cleaner, 

return the chamber to atmospheric pressure, and remove the cover slips.

13. Optional: test one cover slip by placing a drop of approximately 20 μL of ddH2O 

on the center of the glass surface. It should spread evenly over the glass without 

beading at all, indicating the highly hydrophilic nature of the plasma-treated 

surface (Fig. 2c).

14. Leave the racks (still covered) on the bench for 15 min (see Note 22).

Perform steps 15–22 in the fume hood:

20The purpose of the cleaning steps is to remove gross surface contaminants (e.g., dust, oil, and glass particles remaining from the 
manufacturing process), leaving the glass surface as clean as possible prior to the final plasma cleaning. During the rinsing step, the 
main goal is to remove all traces of Mucasol, while preventing exposure to any dust that may be in the air.
21Plasma cleaning (see refs. [84, 85] for very informative reviews and ref. [86] for discussion of the effects on glass) removes surface 
contaminants (particularly hydrocarbons) from the glass and induces silanol formation [86] on the surface, thereby rendering it very 
hydrophilic [87] and amenable to silanization. Plasma cleaners work by exciting the molecules in a low-pressure gas with a radio-
frequency electromagnetic wave. The energized gas emits ultraviolet radiation and eventually forms a plasma consisting of ions, free 
electrons, and reactive radical species that bombard contaminated surfaces. As contaminants are broken down, they rapidly vaporize, 
leaving the surface extremely clean. Various mixtures of gas can be used, including room air (i.e., ~78 % nitrogen, ~21 % oxygen, ~1 
% argon), which is what we use. Historically, similar cleaning processes have been accomplished by chemical means (reviewed by 
Kern [88]), in particular “piranha” solution (a 3:1 mixture of sulfuric acid and hydrogen peroxide). This solution is corrosive, violently 
reactive with organic matter, and potentially explosive [26, 56, 57]. Although piranha is still widely used and can replace plasma 
cleaning, we highly recommend the latter based on its efficacy, ease, safety, and environmental friendliness.
22Following plasma cleaning, the cover slips are left in room air briefly in order to allow a layer of water to adsorb on the surface. 
During the subsequent treatment with aminosilane, this promotes hydrolysis of amino silane ethoxy groups to silanols specifically near 
the surface, rather than throughout the solution, thereby favoring surface binding rather than polymerization of unbound aminosilane.
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15 Fill the Acetone jar with 125 mL acetone and the Silane jar with 100 mL 

acetone. Measure an additional 125 mL in a graduated cylinder for use in step 
18.

16 Add 2 mL aminosilane (APTES or AEAPTES) to make a 2 % v/v solution (μ80 

mM). Gently swirl the liquid in the jar to mix well (see Note 23 regarding 

safety!).

17 Using a metal forceps, dip each cover slip rack in the Acetone jar several times. 

Immediately dip each rack in the Silane jar for 10 s, gently agitating the jar by 

hand (see Note 24). After treating the first rack, immediately proceed to step 18 
before repeating steps 17 and 18 for the second rack.

18 Remove the cover slip rack and again dip repeatedly in the Acetone jar to 

remove excess, weakly physisorbed aminosilane.

19 Dump the contents of the Silane jar into an appropriate waste container. Transfer 

the contents of the Acetone jar to the Silane jar, and fill the Acetone jar with the 

remaining 125 mL of acetone in the graduated cylinder. Dip the cover slip racks 

repeatedly in the Acetone jar.

20 Tap each cover slip rack dry on a paper towel, cover in aluminum foil, and bake 

for 1 h at 110°C.

21 Dispose of the contents of the Silane jar. Swirl the acetone in the Acetone jar to 

rinse the walls thoroughly, and then transfer it to the Silane jar. Rinse the walls 

well. Rinse forceps in the acetone briefly to remove aminosilane, and dispose of 

the acetone (see Note 25).

22 Remove cover slip racks from the oven and let them cool for a few minutes. 

Then place them in the Ethanol jar and fill it with spectrophotometric ethanol 

23Aminosilanes are corrosive to the skin, eyes, and mucous membranes. Be familiar with the material safety data sheet (MSDS). 
Handle only in the fume hood and wear appropriate personal protective equipment (nitrile gloves, eye/face protection, and lab coat). If 
storing under nitrogen or argon (e.g., using a container with a rubber septum seal), use extreme care to prevent spraying bottle 
contents or overpressurizing the bottle with compressed gas. Any spills or droplets of aminosilane solutions should be cleaned 
promptly with a Kimwipe with acetone or ethanol. If allowed to dry, spills form white films that are difficult to remove. We perform 
all aminosilane work on absorbent pads with plastic backing.
24Deposition times for aminosilanes vary considerably in the literature and in the technical documentation provided by manufacturers, 
from minutes to many hours. Prolonged reaction times may lead to formation of complex, branched silane networks and agglomerates 
on the treated surface [22, 24, 60, 89] that expand upon exposure to water [60]. These networks constitute a dynamic gel that can 
restructure continuously [36]. In our hands, this short 10 s incubation yields excellent results. For longer incubations (e.g., 30 min, or 
even 1 min, if using improperly stored aminosilanes, which may have partially polymerized), we have observed behavior consistent 
with the formation of an aminosilane gel on the surface that hinders interactions between subsequently attached MTs and motors 
during both optical trapping and single-molecule fluorescence experiments. Motors are unable to bind to and move along particular 
MTs when cover slips are treated with aminosilane for these longer incubation times. Interestingly, in the absence of initial 
glutaraldehyde surface treatment, it is precisely the MTs that remain stably bound after introducing β-casein that are unable to support 
movement, possibly due to the MTs embedding within the silane gel network (see also Note 46). We therefore recommend as short an 
incubation time as needed to support reliable MT attachment and molecular motor motility on all MTs tested (prior to glutaraldehyde 
treatment, β-casein should release virtually all MTs from the glass, consistent with the absence of any significant gel network on the 
surface).
25This protocol creates a significant amount of acetone waste. This could be decreased using vapor-phase silanization (rather than the 
solution-phase silanization employed here), which has also been reported to be less sensitive to ambient conditions (e.g., humidity) 
[26]. However, this requires additional equipment (e.g., a vacuum chamber compatible with organic vapors). Since the waste acetone 
should be free of significant contaminants except for aminosilane, and since aminosilanes boil at a much higher temperature than 
acetone (>200 °C), the acetone could be recycled, e.g., via purification using a combination of Drierite (anhydrous CaSO4, to remove 
water) and fractional distillation [90, 91].
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(ethanol can be reused over several preparations). Sonicate for 10 min (see Note 

26).

23 Transfer the cover slip racks to the ddH2O jar and rinse well in ddH2O. Sonicate 

5 min in ddH2O and rinse again briefly.

24 Repeat steps 10 and 11.

25 Store the aminosilanized cover slips in the cover slip holders in a vacuum 

desiccator containing Drierite (anhydrous CaSO4) (see Note 27).

3.2 Microscope Slide Chamber Construction

This protocol describes constructing a microscope slide chamber for use in single-molecule 

microscopy. The chamber consists of an aminosilanized cover slip fixed to a standard 

microscope slide by two strips of Parafilm. The chamber is subsequently treated with 

glutaraldehyde to facilitate the covalent binding of MTs to the cover slip. After flowing 

reagents into the chamber, it is sealed using vacuum grease:

1. Optional: clean microscope slides in 2 % Mucasol, as done for cover slips prior to 

silanization.

2. Cut a sheet of Parafilm into strips of ~5 mm in width (see Note 28).

3. Cut two pieces from the Parafilm strips of ~1 inch (2.5 cm) in length.

4. Wear gloves. Place a slide on top of a photocopy of the template provided in Fig. 

5i. Hold it firmly in position with one hand. With the other hand, put each piece of 

Parafilm (film side down, so it sticks) carefully along the edge of the gray rectangle 

that demarcates the chamber (Fig. 5a). Once the pieces are in the proper position, 

push down lightly in a few spots with a finger to help them stick.

5. Use a small cylinder (e.g., a 1 mL plastic pipette tip) to burnish the film onto the 

glass (Fig. 5b). Rub with even pressure across both strips several times to make 

good adhesion (see Note 29).

26Washing the silanized cover slips in ethanol and water has three purposes: (1) removal of loosely bound aminosilane (sometimes 
visible as small white deposits after the initial baldng), (2) hydrolysis of any remaining ethoxy groups in order to form silanols and 
promote intramolecular siloxane bond formation, and (3) final cleaning to remove any surface contaminants.
27Aminosilanized surfaces are easily contaminated and thereby inactivated by organic impurities adsorbed from the air [92]. In 
addition, carbon dioxide has a well-studied capacity to adsorb onto and react with these surfaces (e.g., refs. [93, 94]), forming 
carbamates and bicarbonates that will not facilitate glutaraldehyde attachment. In a protocol similar to ours, Jeney et al. [19] 
recommend storing aminosilanized cover slips for no more than 2 days in order to ensure strong MT attachment. Although storing the 
treated glass in water or other solution may limit adsorption of airborne contaminants and CO2, the amino silane amine groups can 
catalyze siloxane bond hydrolysis and release from the surface (i.e., the reverse of the condensation reaction they catalyze during 
binding) [23, 26, 95], which is more facile in solution (the use of AEAPTES rather than APTES somewhat limits this problem [26]). 
Storage in vacuum significantly prolongs the activity of aminosilanized surfaces [92, 96]. We store aminosilanized cover slips in a 
vacuum desiccator with Drierite to remove any residual humidity and leave the vacuum line on in order to ensure the lowest pressure 
possible over extended periods. Avoid opening the desiccator unnecessarily. Cover slips stored in this manner retain activity for days 
to weeks. In fact, we have used cover slips stored for over one month. If cover slips are stored for more than 1–2 weeks, we usually 
clean them by repeating steps 22-25 (sonication in ethanol and water) before using them.
28A paper cutter works well to make long, straight, clean cuts. Whatever cutting tool is used, it should be very sharp. Dull cuts will 
crush the film into the paper backing along the edge and make it difficult to separate them. Furthermore, ragged edges can disrupt 
smooth fluid flow through the chamber, thereby interfering with good MT alignment on the glass. When cutting, keep the film side up, 
with the paper backing on the table, so the Parafilm stays clean. These strips can be stored in a clean plastic bag until ready for use.
29When burnishing the Parafilm, do not press too hard, as this can either deform the film or make it difficult to remove the backing 
later. Many slides with two pieces of Parafilm attached can be prepared at once and stored indefinitely in a dust-free box or bag for 
later use.
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6. Use the pincers on a pair of sharp-nosed forceps to “pick” at the paper backing on 

one of the strips of Parafilm until it begins to separate. Once the backing is 

separated from the Parafilm, use the tweezers to pull it off completely (Fig. 5c; see 

Note 30). Remove the backing from both pieces of Parafilm.

7. Position the slide over the template again. Use a forceps to pick up an 

aminosilanized cover slip by the corner (so as not to contaminate the “useful” area 

that will form the surface of the chamber). Carefully place it in position on the 

template (Fig. 5d, see Note 31).

8. Lightly tap the cover slip with the back of the tweezers over the part touching the 

Parafilm (this is just to make it stick weakly so it does not fall off).

9. Pick up the whole slide chamber with the tweezers, cover-slip-side-up. With the 

heat gun on the table pointing upward, turn it on “high.” Hold the center of the 

slide over the heat gun, about 1/2in. away (Fig. 5e). As the Parafilm heats, it 

becomes transparent. Wait ~1 s after this happens and remove the slide quickly.

10. Hold the slide chamber firmly with forceps (or set on a clean surface). Then 

quickly use the back of the tweezers to lightly press or tap on the cover slip regions 

above the Parafilm (Fig. 5f; this forms a tight seal between the two pieces of glass). 

Set the slide chamber aside to cool (Parafilm will turn opaque).

11. Store the chamber in the vacuum desiccator for later use, or proceed immediately to 

glutaraldehyde treatment (see Note 32).

3.3 Slide Chamber Glutaraldehyde Treatment

Here we provide a protocol for activating the aminosilanized surface of the slide chamber 

with glutaraldehyde (Fig. 6), to enable subsequent covalent attachment of MTs (see Note 

33). This is a widely used method for protein immobilization [30], and similar methods have 

been used by others for optical trapping assays [31]. We generally prepare several slides at 

once and store them dry for later use (similar to other reports [37, 38]), but this procedure 

may also be done immediately prior to an experiment:

30Pull parallel to the glass surface more than upward, to avoid pulling the film itself off the glass. If the film does begin to separate 
from the slide, this indicates it was not burnished sufficiently. Simply press it back down and burnish it again.
31Place one edge down over the template and then carefully remove the tweezers, letting the cover slip drop into place. Make an effort 
to position it perfectly on the first attempt, to avoid sliding the cover slip around on the Parafilm and contaminating the aminosilanized 
surface. To avoid contamination, it is also advisable to use separate forceps for removing the Parafilm backing and for handling the 
cover slips.
32We prefer to immediately treat the chambers with glutaraldehyde, since the density of amine groups on the surface with which the 
glutaraldehyde can react will be greatest for newer slide chambers. In addition, treatment with glutaraldehyde may prolong the activity 
of the chamber by preventing loss of active amines, as happens slowly for an untreated aminosilanized surface. If the slide chambers 
will be stored for more than a few days, we prefer to seal the ends with small pieces of plastic cling wrap (carefully burnished with a 
cotton-tipped applicator to form a tight seal). This limits exposure to any residual gases or contaminants in the desiccator and is easily 
removed prior to use.
33The use of cross-linkers such as glutaraldehyde is often a matter of concern. We wish to emphasize that the procedure employed 
here immobilizes glutaraldehyde on the glass surface, with all free glutaraldehyde subsequently removed. During MT immobilization, 
only the bottom surface of the MT (which the motor would not make contact with anyhow) is chemically altered, leaving the upper 
surface in its native form. In addition, it is worth noting that previous reports have demonstrated kinesin motility on glutaraldehyde-
fixed MTs at rates similar to those untreated for MTs [97]. Finally, all remaining glutaraldehyde on the glass surface is blocked with 
β-casein (which contains several lysine residues [71] capable of reacting with the glutaraldehyde) before any motors are introduced.
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1. Prepare a “humidity chamber” by placing a damp Kimwipe in a tight-sealing box 

large enough to hold several slide chambers. An empty pipette tip box works well 

(see Note 34).

2. Remove the 25 % glutaraldehyde from the freezer (one 10 μL aliquot per 3 slide 

chambers to be treated). Centrifuge briefly and then dilute 1:2 in chilled, ultrapure 

ddH2O (e.g., 10 μL glutaraldehyde + 20 μL ddH2O) to yield ~8 % glutaraldehyde 

(see Note 35).

3. Set each slide chamber to be treated cover-slip-side-up in the humidity chamber.

4. Fill each slide chamber with glutaraldehyde solution using a pipette. Pipette the 

solution into the mouth of the chamber, and it will be drawn in via capillary action 

(see Fig. 5g; no filter paper is needed for this step). Use approximately 10 μL per 

chamber, adding solution just to the point that ~1 μL starts to pool at the outlet of 

the chamber.

5. Cover the humidity chamber and incubate at room temperature for 30 min.

6. After the incubation, use a folded Kimwipe to wick the solution out of each 

chamber (it helps to hold the slide upright, drawing the solution out of the bottom 

end). Remove all of the solution (see Note 36).

7. To remove residual unreacted glutaraldehyde, rinse each chamber three times with 

200 μL of ultrapure ddH2O, wicking it through with Kimwipes (see Note 37).

8. Dry each chamber with filtered, compressed air. Use a pipette tip on the end of the 

air line to direct air through the chamber and hold a Kimwipe on the opposite end 

to collect the water. Blow air only in the direction of solution flow during steps 6 

and 7. When completely dry, store the chambers in the vacuum desiccator.

3.4 Labeling of Tubulin with Cy3 Dye

This protocol explains how to label purified tubulin with the cyanine dye Cy3 (Fig. 7). This 

enables visualization of fluorescent MTs in the microscope using 532 nm laser excitation. 

The protocol is modified from the one given by Peloquin et al. [39]:

1. Add 20 μL cold PM buffer to 1 mg bovine brain tubulin (1 vial of Cytoskeleton 

tubulin). Dissolve and mix well; keep the tube on ice.

34The purpose of the humidity chamber is to limit evaporation of the slide chamber contents during incubation.
35We measure the pH of the 8 % glutaraldehyde solution to be approximately 4.5. This pH is favorable for preventing glutaraldehyde 
polymerization [27, 28, 30], but is more acidic than that commonly employed for glutaraldehyde reactions, and somewhat unfavorable 
for reaction with aminosilane surface amine groups (pKa≈7–10 [55, 56]), which must be deprotonated in order to react. On the other 
hand, it is beneficial if a large portion of the surface amines do not react, so that the aminosilanized surface retains its positive charge. 
It also is likely unnecessary to create a very high density of surface aldehydes for MT binding, and possibly even undesirable, given 
the effects of glutaraldehyde on MT morphology in tissue fixation [98].
36The most effective method for using a Kimwipe to withdraw the solution is to fold the wipe several times in a rectangular shape and 
then press the corner of this rectangle firmly into the corner of one of the mouths of the slide chamber. Do not remove the wipe until 
all solution has been withdrawn. From this point forward) always flow solutions in the same direction through each chamber. This 
avoids drawing any contaminants from the widing paper into the chamber.
37Use a 200 μL pipette so that flow remains constant during each rinse. Try to flow the water through the chamber as rapidly as 
possible. If persistent bubbles form (thereby preventing adequate rinsing of parts of the cover slip surface), use the filtered air or a 
nitrogen stream to blow all the solution out of the chamber, and rinse it again. Make sure the entire surface of the cover slip is washed.
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2. Add 1 μL of 25 mM Mg-GTP and 2.5 μL DMSO to the tubulin; incubate at 37°C 

for 15 min.

3. Mix 2 μL Cy3 monofunctional NHS ester with the polymerized tubulin and 

incubate at 37°C for 40 min in the dark (see Note 38).

4. Transfer the mixture to a clean 0.2 mL TLA-100 tube. Remove the excess dye by 

centrifugation for 5 min at 37°C at 37,000 rpm (53,000 rcf, average; k-factor48.1).

5. Carefully remove the supernatant, then add 40 μL cold PM buffer to resuspend the 

pellet. Incubate on ice for 15 min to depolymerize the MTs. Cool rotor to 4 °c.

6. Spin the solution for 5 min at 4 °C at 37,000 rpm (53,000 rcf, average; k-factor 

48.1) to remove insoluble fraction.

7. Move supernatant to a clean new tube, add 2 μL of 25 mM Mg-GTP and 5 μL 

DMSO, and then incubate at 37°C for 15 min in the dark. Warm rotor to 37 °c.

8. Spin the solution for 5 min at 37°C at 37,000 rpm (53,000 rcf, average; k-factor 

48.1).

9. Discard supernatant, add 25 μL cold PM buffer, then incubate on ice for 15 min. 

Cool rotor to 4°C.

10. Spin the solution at 37,000 rpm (53,000 rcf, average; k-factor 48.1) for 5 min at 

4°C.

11. Move supernatant to a clean 1.5 mL microcentrifuge tube. Use Nanodrop or other 

microliter UV spectrometer to determine the concentration of both tubulin and Cy3 

dye, and calculate the labeling ratio (equivalent to labeled/unlabeled tubulin). 

Aliquot to appropriate amount, flash freeze, and store at −80°C.

3.5 Cy3-Labeled MT Polymerization

This procedure yields fluorescently labeled MTs suitable for optical trapping and other 

single-molecule assays (Fig. 8).

Skip steps 1–4 if 20 μL aliquots of 10 mg/mL unlabeled tubulin is already prepared.

1. Set ultracentrifuge to 4 °C with TLA-100 rotor inside.

2. Spin a vial of lyophilized, unlabeled tubulin (1 mg) briefly in tabletop centrifuge at 

maximum speed. Put the vial on ice, and add 100 μL BRB80 (to make μ10 mg/mL 

tubulin solution). Pipette gently to dissolve, avoiding formation of air bubbles.

3. Transfer the tubulin solution to a Beckman centrifuge tube (343775 or 342303), 

and centrifuge at 80,000 rpm (250,000 rcf, average; k-factor 10.3) for 10 min. 

Transfer the supernatant to a 0.5 mL microcentrifuge tube on ice, leaving any pellet 

(precipitated and/or polymerized tubulin) behind.

4. Make 20 μL aliquots, flash freeze in liquid nitrogen, and store at −80°C.

38Increasing the concentration of functionalized dye in solution does not necessarily lead to better labeling yields. Tubulin with 
multiple dyes attached may not polymerize well or may irreversibly aggregate [39].
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Skip step 5 if 5 μL aliquots of 10 mg/mL (labeled/unlabeled ≈ 1:22) tubulin is available.

5 Remove 1 aliquot each of Cy3-labeled tubulin and unlabeled tubulin from the 

freezer. Thaw quickly in the hand and immediately place on ice. Combine the 

labeled and unlabeled tubulin (this gives approximately 10 mg/mL total tubulin, 

labeled/unlabled≈ 1:22; see Note 39). Make 5 μL aliquots, flash freeze, and 

store at −80°C.

6 Thaw a 5 μL tubulin aliquot from step 5.

7 Dilute 1 μL of 1 M DTT in 49 μL ddH2O, to yield 20 mM DTT.

8 Prepare polymerization buffer: 2 μL glycerol cushion (see Note 40), 1 μL of 25 

mM Mg-GTP, 6.5 μL BRB80, 0.5 μL of 20 mM DTT (from step 7). Add 5 μL 

polymerization buffer to the 5 μL tubulin aliquot. Mix gently with the pipette 

(avoid bubbles).

9 Incubate the tubulin solution for 20 min in a 37°C water bath to start 

polymerizing the tubulin into MTs. Protect from light to avoid photobleaching 

of the fluorescent dye.

10 Dilute 1 μL of 2 mM paclitaxel in 9 μL DMSO (200 μM paclitaxel). Add 1.1 μL 

of this to the MTs (20 μM paclitaxel final). Mix gently.

11 Incubate MTs at 37°C for an additional 20 min (see Note 41). During the 

incubation, set the ultracentrifuge to 25°C (see Note 42) with the TLA-100 rotor 

inside.

12 In a Beckman centrifuge tube (343775 or 342303), add 60 μL of glycerol 

cushion and 0.7 μL of 2 mM paclitaxel and mix (for a balance tube, use 60 μL 

glycerol cushion and 10 μL H2O).

13 Carefully layer the 10 μL of MTs onto the glycerol cushion (do not disturb the 

cushion with the pipette tip). Mark the outside edge of the tube with a permanent 

marker to help find the pellet position after the centrifugation.

14 Centrifuge at 80,000 rpm (250,000 ref, average; k-factor 10.3) for 10 min. 

During the centrifugation, prepare the wash buffer: 150 μL BRB80 plus 1.52 μL 

of 2 mM paclitaxel.

15 Following the centrifugation, the pellet, containing the MTs, will be toward the 

outside wall of the tube (the side marked in step 13) and should have a slightly 

pink color. Remove ~50 μL of supernatant/cushion, keeping the pipette at the 

top of the liquid and moving down as it is withdrawn (see Note 43).

39If using rhodamine-labeled tubulin rather than Cy3-labeled tubulin, a ratio of 1:10 labeled/unlabeled is recommended.
40Glycerol enhances MT polymerization and stability [40, 41, 99].
41Paclitaxel, which is a potent stimulator of MT polymerization, is added after initially polymerizing with only glycerol and GTP, 
because adding paclitaxel initially leads to the formation of many short (<1 μm) MTs [44], rather than fewer longer filaments. The 
latter is more desirable for the optical trapping assay. MT length can be controlled to some extent by adjusting the incubation period 
prior to adding paclitaxel.
42MTs polymerize best at 37°C but are stable in the presence of paclitaxel at room temperature.
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16 Rinse the walls of the tube above the remaining cushion with 50 μL of wash 

buffer, and carefully remove it. Then remove the remaining cushion, pipetting 

from the side of the tube opposite the pellet.

17 Gently rinse the pellet with an additional 50 μL of wash buffer, and carefully 

remove it without disturbing the pellet.

18 Resuspend the pellet in 10 μL of wash buffer (~5 mg/mL tubulin; see Note 44). 

The final mixture will be fairly viscous. Transfer it to a small microcentrifuge 

tube shielded from the light (use a black tube or cover it in aluminum foil). 

These MTs are stored at room temperature and can be used in optical trapping 

assays for a week or more.

3.6 β-Casein Preparation

This procedure yields 25 mg/mL β-casein for use in passivating the aminosilanized cover 

slip surface:

1. Remove the β-casein bottle from the freezer and place it on ice.

2. Add 25 mL of Tris-HCl buffer to bottle. Stir gently with a serologic pipette to 

dissolve as much as possible. Avoid malcing bubbles.

3. Use ~15 μL of solution to check the pH on a pH strip. Add NaOH dropwise (~18 

drops) until the pH reaches ~8 (see Note 45).

4. Add another 5 mL of Tris buffer. As solution is added, rinse off the pipette from 

step 1 to prevent loss of protein. Swirl to dissolve and readjust pH to ~8 with 

NaOH (~12 drops).

5. Place the bottle on a rocker in a 4 °C cold room for 1 h. Readjust pH to 8 with 

NaOH (~4 drops).

6. Return bottle to rocker in cold room for 2 h more. Readjust pH to 8.

7. Gently swirl bottle and rotate to get any residue off the walls and into solution. Let 

the bottle sit upright for 5 min and wash the walls with 5 mL Tris buffer.

8. Using a serologic pipette, transfer the entire protein solution from the bottle to a 50 

mL conical tube. Wash the walls of the bottle with 3 mL of Tris buffer and add it to 

the conical tube. Then add Tris buffer to bring total volume in tube to 40 mL.

9. Centrifuge the solution in the ultracentrifuge at 65,000 rpm (388,000 rcf, average; 

k-factor 42.3) for 20 min at 4°C.

43The purpose of centrifuging the MT solution through the glycerol cushion is to remove any unpolymerized tubulin (which will 
remain in the supernatant) and very short MT fragments (which will remain in the cushion). These “contaminants” can interfere with 
MT binding to the cover slip and clutter the surface of the cover slip with unwanted fluorescence. Following the centrifugation, the 
objective is to remove all protein except that in the pellet before resuspending the MTs. Take care not to (a) disturb the pellet or (b) 
mix the upper and lower levels of the supernatant.
44Resuspension of the MT pellet can take several minutes. Pipette solution up and down above the pellet, and avoid sticking the 
pipette tip directly into the pellet, especially in the beginning, as this can cause shearing of the MTs. Avoid maldng bubbles.
45Casein is acidic and will lower the pH as it dissolves. It becomes less soluble as the pH approaches the casein isoelectric point of 
~4.6.
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10. Carefully remove the tubes from the centrifuge. There will be a faint cloudy layer 

at the top and a very small gray pellet at the bottom. Use the Pasteur pipette to 

withdraw the middle, clear layer to a clean 50 mL conical tube on ice. This solution 

should look completely clear.

11. Sterile filter the solution to a clean conical tube on ice. Aliquot, snap freeze, and 

store at −80°C (large aliquots can be stored for subsequent thawing and 

realiquotting).

3.7 Sample Preparation: MT Attachment and Surface Passivation

The procedure below describes how to attach MTs to the glass cover slip and block the 

remaining surface to prevent unwanted adsorption of microspheres during subsequent 

optical trapping experiments (Fig. 9). At the near-neutral pH of most assay buffers, MTs 

have negative surface charge (especially at the C-terminal, glutamate-rich tubulin “E-hook” 

with which kinesin interacts) [51-54], whereas aminosilanized surfaces (pKa = 7-10 [55, 

56]) are protonated and thus positively charged. The MTs are thus rapidly adsorbed to the 

glass, whereupon they covalently bind the formyl groups left from previous glutaraldehyde 

treatment. During the MT incubation, reagents for the desired assay should be prepared 

(e.g., molecular motors bound to optical trapping beads in the presence of ATP; see Chapter 

10). Following blocking with β-casein, the reagents are introduced to the flow chamber, the 

chamber ends are sealed, and the sample is taken to the microscope for the experiment.

Prepare the following freshly at the beginning of a set of experiments:

1. “BRB/Tx”: 350 μL of BRB80, 0.5 μL of 10 mM paclitaxel. Keep at room 

temperature.

2. Blocker: 156 μL of BRB/Tx, 14 μL of 25 mg/mL β-casein. Keep at room 

temperature.

3. “MT30”: 0.5 μL MT stock (10 mg/mL), 14.5 μL BRB/Tx (i.e., 30× dilution). Keep 

at room temperature and protect from the light (can be used for several days).

Do the following for each experiment:

4 Mix the MT30 suspension gently to evenly distribute the MTs. Add 0.5–0.8 μL 

MT30 (depending on the desired MT density on the cover slip) to 10 μL 

BRB/Tx. Flow this into a glutaraldehyde-treated flow chamber, using a piece of 

filter paper (see Fig. 5g) waiting on the opposite end in order to get very good 

flow through the chamber (this aligns the MTs with the chamber’s long axis) 

(see Note 36 regarding the direction of flow).

5 Incubate the MTs in the chamber for 20–30 s and flush the chamber with 40 μL 

of BRB/Tx. Incubate 20 min or longer (see Notes 46 and 47).

6 During the MT incubation, prepare the reagents for the main assay (see, e.g., 

Chapter 10 for a protocol to measure kinesin force generation), timed so that all 

incubations end at approximately the same time.
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7 About 1 min before the end of the incubations, flush the flow chamber with 40 

μL of Blocker and leave it to incubate.

8 Flow the assay solution into the flow chamber. Dry the ends with a Kimwipe, 

wiping away from the center of the chamber and taking care not to suck solution 

out of the chamber itself. Seal the chamber with vacuum grease as shown in Fig. 

5h (see Note 48). Avoid getting any grease on the surface of the cover slip that 

will contact the objective. When finished, wipe away any excess grease (see 

Note 49).
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Fig. 1. 
Protocol scheme. Each pathway summarizes the major steps in preparing a slide chamber 

with MTs attached and the surface passivated against nonspecific microsphere binding
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Fig. 2. 
Glass preparation for aminosilanization. (a) Borosilicate glass cover slips are sonicated in an 

alkaline (pH ~11.5) phosphate detergent to remove gross surface contaminants (and possibly 

a very thin surface layer of the silicon dioxide network that forms the glass structure). Next, 

plasma cleaning removes any residual organic contaminants and converts surface siloxanes 

to silanol groups that are more reactive with aminopropyltriethoxysilanes. (b) Prior to 

plasma cleaning, 20 μL of ddH2O deposited on the cover slip surface forms a bead (left), 

which, when viewed from the side (right), forms a dome shape with a non-negligible contact 

angle, θc (even if one attempts to spread the drop over the surface). (c) Following plasma 

cleaning, 20 μL of ddH2O flows evenly over the highly hydrophilic glass surface and does 

not form a bead (left). The contact angle is greatly reduced (and difficult to observe; right)
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Fig. 
3 Aminopropyltriethoxysilane structures and reaction scheme. (a) Chemical structures of 3-

aminopropyltriethoxysilane (APTES) and N-(2-aminoethyl)-3-aminopropyltriethoxysilane 

(AEAPTES). (b) General reaction scheme for aminopropyltriethoxysilanes, shown for the 

specific case of AEAPTES. Exposure to water leads to hydrolysis of the ethoxy groups, 

yielding two alcohols, a silanol and an ethanol leaving group. Silanols can undergo 

condensation reactions either with each other (water condensation) or with unhydrolyzed 

silanes (ethanol condensation) to form siloxane bonds and yield oligomers. The water 

released by the condensation reaction can participate in hydrolysis of additional ethoxy 

groups. Thus, even small amounts of water can catalyze silane polymerization. Uncontrolled 

polymerization yields complex, disordered networks that form a viscous sol–gel [36]. Note 

that the reaction scheme shown here is a simplified, conceptual summary and that hydrolysis 

and condensation can potentially occur on different parts of each molecule simultaneously. 

Silane polymerization is catalyzed by the addition of ammonia (not shown). (c) 

Aminopropyltriethoxysilanes for five-membered ring structures (left APTES, right 

AEAPTES), allowing the amino group to intramolecularly catalyze silane polymerization, 

even in the absence of water
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Fig. 4. 
Aminopropyltriethoxysilane functionalization of glass using APTES (R=–(CH2)3–) or 

AEAPTES (R=–(CH2)3–NH(CH2)2–). An appropriately cleaned glass surface containing a 

high density of silanol groups is exposed to the aminosilane in nearly anhydrous acetone, 

yielding a diverse mixture of free silanes and silanols in solution, which then physisorb onto 

the surface via hydrogen bonding and/or ionic interactions (several configurations in 

addition to the ones shown are possible). The addition of heat drives the formation of 

siloxane bonds between the physisorbed silanes/silanols and the glass surface by supplying 

energy and removing condensation products (water and ethanol) by evaporation. This 

reaction is catalyzed by the terminal amine group. Rinsing in ethanol and water removes any 

remaining physisorbed aminosilane deposits and leads to hydrolysis of remaining ethoxy 

groups on the bound silanes, converting them to silanols. A final heating/drying helps these 

silanol groups form intramolecular siloxane linkages (siloxane bonds may also form via 

reaction of adjacent ethoxy and silanol groups, as during the initial bonding to the surface). 

This conceptual scheme does not illustrate several concurrent pathways that also lead to 

stable binding of aminosilanes to the glass surface (e.g., aminosilane oligomerization in 

solution, followed by physisorption and binding to the surface). The final product of this 

treatment is a glass surface densely covered in covalently attached amines
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Fig. 5. 
Slide chamber preparation. (a) Parafilm is applied to a glass slide and (b) burnished with a 

clean pipette tip so it adheres to the glass. (c) The paper backing is removed with a pair of 

sharp-nosed tweezers (paper backing is pseudo-colored pink in this image to enhance 

visibility). (d) An aminosilanized glass cover slip is carefully placed on top of the exposed 

film strips (the cover slip is pseudo-colored pink and outlined in yellow in this image to 

enhance visibility) and lightly pressed down (not shown), and (e) the slide chamber is heated 

briefly (cover-slip-side-up) until the Parafilm becomes transparent. (f) The cover slip is then 

gently pressed with a tweezers in order to form a tight bond with the parafilm. After treating 

the chamber with glutaraldehyde (not shown), (g) microtubule solution and then trapping 

assay solution are introduced from one end of the chamber while simultaneously using a 

filter paper “wick” on the opposite end to help draw the solution through (in the photograph, 

a blue dye is used instead of trapping solution in order to enhance visibility). (h) The 

chamber is then sealed using a cotton-tipped applicator saturated in vacuum grease. By 

twisting the applicator at the entrance of the chamber, grease is swept into the mouth of the 

chamber, forming a perfect seal. (i) Using a template during steps (a-d) helps ensure 

consistent chamber volumes and cover slip placement. The template provided has a chamber 

width of 4 mm, yielding a volume of ~10 μL (Color figure online)

Nicholas et al. Page 26

Methods Mol Biol. Author manuscript; available in PMC 2014 December 08.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 6. 
Glutaraldehyde treatment of amino-functionalized glass. The bifunctional glutaraldehyde 

binds surface amine groups via a hydrolysis reaction, thus functionalizing the surface with 

formyl groups that will bind surface-exposed Iysines on proteins. Extensive rinsing removes 

any free glutaraldehyde that could yield unwanted reactions in the final assay. Finally, the 

glass is thoroughly dried and stored under vacuum
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Fig. 7. 
Labeling of tubulin with Cy3 dye. Tubulin is first polymerized into MTs. Cy3 conjugated to 

the reactive N-hydroxysuccinimide (NHS) is then added, which facilitates attachment of the 

dye to amine groups on the surface of the MT. After pelleting the MTs and removing excess 

dye, the MTs are resuspended and depolymerized in the cold. The insoluble fraction is then 

pelleted and the supernatant transferred to a new tube in which the tubulin is repolymerized, 

pelleted, and depolymerized again, followed by aliquotting and snap freezing. This strategy 

ensures that the tubulin is labeled in regions other than the key interfaces required for 

polymerization and that the final product contains only tubulin capable of cyclic 

polymerization and depolymerization (and thus unperturbed by the attached dye)
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Fig. 8. 
MT preparation. (a) Addition of GTP to free tubulin (αβ-tubulin dimers) induces MT 

polymerization (promoted by addition of glycerol [40, 41] and 37°C temperature). When 

preparing fluorescent MTs, the small amount <5 %) of tubulin labeled with the organic 

fluorophore Cy3 incorporates randomly into the MT lattice and is distributed sparsely 

enough that the dye molecules do not affect motor interaction with the MTs in the optical 

trapping assay. Initially, MTs exhibit dynamic instability [42, 43]. Paclitaxel greatly 

enhances polymerization and stabilizes the MTs [44-49] (the DMSO in which paclitaxel is 

dissolved also enhances MT polymerization [50]). (b) Removal of residual-free tubulin and 

very short MT fragments is accomplished by sedimentation through a 60 %-glycerol 

“cushion.” First, MTs are layered carefully on top of the cushion. Following centrifugation, 

the free tubulin and very short MTs remaining in the supernatant are removed. The MT 

pellet is then resuspended in buffer. These MTs are stable for days to weeks at room 

temperature
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Fig. 9. 
MT immobilization in aminosilane-/glutaraldehyde-treated slide chambers. (a) The 

negatively charged MT is attracted to the positively charged glass surface. Following 

incubation, reactive formyl groups attached to the glass bind to amines on surface-exposed 

Iysines on the MT, thus covalently linking the MT to the cover slip. (b) End-on view of MT 

attached to glass, with remaining surface passivated with β-casein (introduced to the 

chamber at 2 mg/mL). The β-casein, an amphiphile capable of adsorption on a variety of 

surfaces, forms a bilayer on the glass surface that prevents unwanted interactions with 

trapping microspheres, and its lysine residues react with any remaining formyl groups. (c) 

The β-casein N-terminal hydrophilic region is negatively charged, allowing favorable 

interactions with the positively charged glass surface. The top layer extends this hydrophilic 

region into the solution, forming a “brush” layer on the surface that prevents trapping beads 

from sticking. (d) Fluorescence image of Cy3-labeled MTs covalently bound to the cover 

slip in a microscope flow chamber. They are very well aligned with the long axis of the 

chamber due to combination of the laminar flow induced when filling the chamber and the 

highly favorable initial adhesion to the positively charged glass. Scale bar: 10 11m
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