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Abstract

Unroofing, which is the mechanical shearing of a cell to expose the cytoplasmic surface of the cell

membrane, is a unique preparationmethod that allowsmembrane cytoskeletons to be observed by

cryo-electron microscopy, atomic force microscopy, freeze-etching electron microscopy and other

methods. Ultrasound and adhesion have been known to mechanically unroof cells. In this study,

unroofing using these two means was denoted sonication unroofing and adhesion unroofing,

respectively. We clarified the mechanisms by which cell membranes are removed in these unroof-

ing procedures and established efficient protocols for each based on themechanisms. In sonication

unroofing, fine bubbles generated by sonication adhered electrostatically to apical cell surfaces and

then removed the apical (dorsal) cell membrane with the assistance of buoyancy and water flow.

The cytoplasmic surface of the ventral cell membrane remaining on the grids became observable

by this method. In adhesion unroofing, grids charged positively by coating with Alcian blue were

pressed onto the cells, thereby tightly adsorbing the dorsal cell membrane. Subsequently, a part

of the cell membrane strongly adhered to the grids was peeled from the cells and transferred onto

the grids when the grids were lifted. This method thus allowed the visualization of the cytoplasmic

surface of the dorsal cell membrane. This paper describes robust, improved protocols for the two

unroofing methods in detail. In addition, micro-unroofing (perforation) likely due to nanobubbles

is introduced as a new method to make cells transparent to electron beams.
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Introduction
Unroofing is not a new preparation method in a strict sense, as it has

been used repeatedly in the history of imaging the cytoplasmic surface

(i.e. inner surface) of the cell membrane. Structural information

regarding the membrane-associated cytoskeleton (i.e. membrane

cytoskeleton) and organelles is vital for understanding essential

functions related to infection, endocytosis, signal transduction

and motility. Therefore, it is essential to establish a preparation

method for observing these structures under various microscopes.

Orthodox unroofing involves the mechanical shearing of cells,

whereupon the soluble cytoplasm and several organelles flow

out concomitantly upon the disruption of the cell membrane,
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rendering the inner surface of the cell membrane exposed and visible.

Unroofing is a unique preparation method that must be performed to

observe themembrane cytoskeleton and associated structures in cryo-

electron microscopy (cryo-EM), atomic force microscopy (AFM) and

freeze-etching replica electron microscopy (freeze-etch EM).Notably,

unroofing enabled the display of intracellular structures via AFM for

the first time [1,2] because the procedure allowed AFM cantilever tips

to be placed directly on intracellular structures. Generally, unroofing

is easier if the cells are firmly attached to the substrate. Therefore,

the unroofing procedure has closely involved the use of poly-L-lysine

(PLL) to adhere cells onto the substrate [3–5] (see also the review

in [6]). In early days, after cells were tethered onto the substrate,

the apical cell membrane and cytoplasm were swept away with a

squirt of Ringer’s solution or buffer expelled from a Pasteur pipette

or the needle of a syringe [4,5,7–9]. A ventral cell membrane adhered

firmly on the substrate with PLL is left intact, even when the apical

portion of a cell is ablated to a considerable extent. However, this

type of unroofing required technical skill and produced a low yield.

The urgent need to observe the intracellular cytoskeleton under

electron microscopy inspired the use of detergents such as Triton

X or saponin to elute the cytoplasm, resulting in a type of chemical

unroofing [10–17]. This detergent-induced unroofing has been used

frequently because the chemical dissolution of the cell membrane is

much easier to achieve than mechanical unroofing. It is believed that

the cytoskeleton is detergent insoluble, and the spatial arrangement of

the cytoskeleton in cells is therefore considered to remain intact after

treatment with detergents. However, the membrane and membrane-

associated structures (i.e. caveolae and clathrin-coated vesicles),

membrane cytoskeleton and endoplasmic reticulum (ER) network

are completely removed by the dissolution of the membrane lipids.

The interaction between the cytoskeleton and the inner surface of the

membrane is lost as well. Under these circumstances, Heuser [18,19]

first introduced sonication as an effective tool for unroofing in freeze-

etch EM. Compared with a squirt of Ringer’s solution, sonication

produced good results in terms of reproducibility and image quality.

Unroofing via sonication is used in freeze-etch EM [18–24], and in

platinum replica electron microscopy, it is combined with critical

point drying [25] owing to the high quality of the resultant image

at high magnification. However, sonication unroofing still requires

some experience to obtain successful results. The commercially

available horn-type ultrasonic generator was originally designed

as a homogenizer with high-output power (greater than 50 W)

and precisely regulated the power in only the high-power regime

(∼10–50 W). Whole cells disappeared immediately upon exposure

to such high-power sonication. In contrast, the optimal output

power for unroofing was 0.5–0.8 W in our experiments. Therefore,

the specimen must be held motionless by hand at an appropriate

distance from the tip of the horn, even under the lowest power of the

device (∼5–10 W, varying among product makers). To overcome this

difficulty, the ultrasonic generator was customized to also regulate the

power from 0–1 W to optimize the sonication unroofing procedure

and increase its efficiency. An alternative mechanical unroofing

method uses adhesive glue (named here adhesion unroofing for

convenience) and is designed to allow the inner surface of the

dorsal cell membrane to be observed. In brief, this method peels

away the apical membrane using an adhesive mesh grid or coverslip

coated with Alcian blue. Adhesion unroofing is a mild unroofing

compared with sonication unroofing, where fine bubbles stir the

buffer during unroofing. Therefore, adhesion unroofing is suitable

for observing delicate intracellular structures despite its low yield.

Different procedures are used for adhesion unroofing depending on

the purpose of the study. Practically, this method has been used for

several decades with some modifications [26–34] because no special

equipment is required. Adhesion unroofing is also known by various

other names, including the rip-off method, the squashing method and

the sandwich method. The above two kinds of unroofing methods

using sonication or adhesive glue were improved in this study for

application to cryo-EM and AFM. In this paper, the optimized

protocols to increase the efficiency of the two unroofing methods

are described in detail, and the mechanisms involved are explained.

Methods

Preparation of reagents

The following solutions used in sonication unroofing and adhesion

unroofing were prepared before each experiment:

(i) HEPES-based mammalian Ringer’s solution: 155 mM NaCl,

3 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 3 mM NaH2PO4,

10 mM glucose and 5 mM HEPES (pH 7.4) [6]. HEPES: 4-

2(2-hydroxyethyl)-1-piperazineethanesulfonic acid.

(ii) Ca-free HEPES-based mammalian Ringer’s solution: As the

Ringer’s solution above but without CaCl2.

(iii) PLL solution: Poly-L-lysine (MW 30,000–50,000: Sigma-

Aldrich, St. Louis, MO, USA) was dissolved in in Ca2+-free

Ringer’s solution at a concentration of 0.5 mg ml−1. This

reagent was used exclusively for sonication unroofing and

was filtered through Millipore filters (Millex Syringe Filter

SLGSV255F: Merck KGaA, Darmstadt, Germany) prior to

use.

(iv) Isotonic KHMgE buffer: 30 mM HEPES, 70 mM KCl, 3 mM

MgCl2 and 1 mM EGTA (slightly modified from the orig-

inal recipe [6]), which was adjusted to pH 7.4 with KOH.

EGTA: ethylene glycol tetra-acetic acid (Dojindo Laborato-

ries, Kumamoto, Japan).

(v) Hypotonic KHMgE buffer: One part isotonic KHMgE buffer

was mixed with two parts distilled water (DW).

(vi) Unroofing buffer: Isotonic KHMgE buffer with 0.1 mM

AEBSF as a protease inhibitor. Protease inhibitor was added

just prior to use.

AEBSF: 4-(2-Aminoethyl) benzene sulfonyl fluoride hydrochlo-

ride (Pefabloc SC, Roche, Basel, Switzerland). Other protease

inhibitors or inhibitor cocktails may be used if they are soluble

in water.

(vii) Alcian blue solution: Alcian blue (MP Biomedical LLC, OH,

USA) powder was dissolved in DW water to 1% (volume

weight percent) and was used to produce adhesive mesh grids

or coverslips for adhesion unroofing.

Equipment for sonication unroofing

A horn-type ultrasonic generator was customized to be regulated

within the low-power region (0–10W,27 kHz) (UR-21PS Tomy-seiko

Co., Tokyo, Japan).

A dissecting microscope (SZ-61, Olympus Corporation, Tokyo,

Japan) was set up with an assistance device (position controller)

that holds the horn-type probe in a hands-free manner and is able

to change the vertical position, the front-back position and the

tilt as shown in Fig. 1. More recently, another assistance device

similar to the above position controller (Hitachi High-Technologies

Corporation, Tokyo, Japan) was combined with an inverted phase-

contrast light microscope (CKX-53, Olympus Corporation, Tokyo)

to determine the optimal degree of unroofing by monitoring the

unroofing process with a video camera (Fig. 2).
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Fig. 1. Unroofing setup consisting of a dissecting microscope, customized ultrasonic generator and an assistance device (position controller: See text for

explanation). Photographs of the setup from the upper right (right image) and upper left (left image) showing the solutions A: HEPES-based Ringer’s solution. B:

Ca-free HEPES-based Ringer’s solution. C: Poly-L-lysine (PLL) dissolved in Ca-free HEPES-based Ringer’s solution (0.5 mgml−1). D: Hypotonic or isotonic KHMgE

buffer. E: Unroofing buffer. F: Fresh unroofing buffer for washing unroofed cells.

Fig. 2. New unroofing setup consisting of an inverted phase-contrast micro-

scope equipped with a video camera, customized ultrasonic generator and an

assistance device holding the horn-type probe in a hands-free manner.

Equipment for adhesion unroofing

Using a dissection microscope during adhesion unroofing can be

convenient for handling mesh grids and small coverslips, but it is not

always necessary for individuals with good vision.

Procedure of sonication unroofing

(i) Cells were cultured on C-flat gold mesh grids (#200) or

molybdenum mesh grids (#200) covered with carbon-coated

Formvar (polyvinyl formal) for cryo-EM, small coverslips

(2.5 mm × 2.5 mm, Matsunami micro cover glass, thickness

no.1Matsunami Glass IND. LTD,Osaka, Japan) for freeze-etch

EM or an appropriate substrate for AFM (Fig. 3, Step 1). The

mesh grids and substrate were hydrophilized with plasma ion

discharge followed by disinfection with 70% alcohol prior to

initiating the cell culture (Fig. 3).

(ii) Cells were sequentially washed with Ca-plus and then Ca-free

Ringer’s solution for a few seconds each to remove the culture

medium (Fig. 3, Step 2). Ca-free Ringer’s solution was used to

prevent the aggregation of PLL due to Ca ions when cells were

immersed in PLL in the next step.

(iii) Cells were soaked in PLL solution for ∼5–8 s (Fig. 3, Step 3). In

this step, the cells became more firmly attached to the substrate,

and the cell surfaces were covered with positively charged PLL.

(iv) The cells were washed three times (for 2–3 s each) in hypo-

tonic KHMgE buffer. This step was performed to remove the

unbound PLL, but it also swelled the cells slightly so that they

burst easily during sonication.However, when hypotonic buffer

use is avoided for the protection of delicate structures or the aim

of research, isotonic buffer may be used to wash away unbound

PLL instead of hypotonic buffer (Fig. 3, Step 4).

(v) Immediately after washing away the unbound PLL, the cells

were exposed to fine bubbles generated by weak sonication

(0.5 W, 27 kHz) in the unroofing buffer for ∼10 s (Fig. 3, Step

5). As shown in Fig. 4 and Supplementary Video 1 online, the

sample was placed 2–3 mm away from the tip of the horn.

(vi) The unroofed cells were washed again for 2–3 s with slight

shaking in fresh unroofing buffer to remove debris from the

specimen surface and were processed promptly according to the

observation method (Fig. 3, Step 6).

(vii) (a) For cryo-EM, unroofed cells on mesh grids were quickly

frozen in liquid ethane using a Leica EMGP plunger. The frozen

samples were mounted on a cryo-transfer holder and observed

directly under a cryo-electron microscope.

(vii) (b) For freeze-etch EM or AFM, unroofed cells were typically

fixed with 2% glutaraldehyde in KHMgE buffer for 20 min.

Samples were washed twice with phosphate-buffered saline

(PBS) after fixation.When immunological labelling is necessary

to identify the constituent proteins of certain structures, samples

should be incubated with a primary antibody after this step.

Finally, unroofed fixed cells were washed well in DW just prior

to rapid freezing. For AFM observation, unroofed and fixed

cells were examined directly by AFM in PBS or DW.

Procedure of adhesion unroofing

The adhesive mesh grids or coverslips used for picking up

the dorsal cell membrane must be prepared prior to the

experiments

For cryo-EM, C-flat gold mesh grids (#200) or molybdenum mesh

grids (#200) covered with carbon-coated Formvar were used to

collect the membrane. The mesh grids must be flat for efficient

peel-off. If there were even small dents in a mesh grid, it was not

usable. For freeze-etch EM, small coverslips (2.5 mm × 2.5 mm) were

commonly used to collect the cell membrane. In the case of AFM, the

specimen stage and substrate used for measurement generally varied
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Fig. 3. Schematic illustration of the procedure for sonication unroofing. The numbers in the figure correspond to the step numbers in the procedure in the text. 1.

Cell culture. 2. Removing the culture medium by washing with Ringer’s solution and Ca-free Ringer’s sequentially with gentle shaking. 3. Soaking in PLL solution.

4. Washing the samples three times with hypotonic buffer or isotonic buffer for removing unbound PLL with gentle shaking. 5. Unroofing cells with fine bubbles

generated by sonication in unroofing buffer. 6. Washing unroofed cells in fresh unroofing buffer to remove debris with gentle shaking.

Fig. 4. Phase-contrast optical micrograph showing the positional relationship

between the sample and the tip of the horn for ultrasonic generation in

sonication unroofing. The arrow indicates a stream of fine bubbles.

among manufacturers. Each step of the following procedure must be

modified slightly according to the substrate for AFM (Fig. 5).

Grids or coverslips were hydrophilized with a plasma ion dis-

charger and then soaked in 1%Alcian blue solution in DW for 2 min.

After being washed twice in DW (10 s each), the mesh grids and

coverslips were kept clean and dry until use. Adhesive mesh grids or

coverslips were prepared less than 3 h before the experiments because

the adhesive properties decreased with time. PLL is very sticky as

a glue and may also be used instead of Alcian blue. However, we

preferred to use Alcian blue because PLL is a much larger molecule

that can be observed by EM, and unbound PLL sometimes attaches

to a fresh unroofed surface and becomes a source of contamination.

Therefore, we employed Alcian blue instead of PLL despite its weaker

adhesive strength.

(i) Cells were cultured on a small square coverslip (2.5mm× 2.5mm)

(Fig. 5, Step 1). These coverslips must be hydrophilized with

plasma ion discharge followed by disinfection with 70% alcohol

prior to initiating cell culture.

(ii) Cells cultured on the coverslip were washed sequentially with

Ca-plus and then Ca-free Ringer’s solution for a few seconds

each to remove the culture medium (Fig. 5, Step 2).

(iii) Cells were further washed in unroofing buffer for a few seconds

(Fig. 5, Step 2).

(iv) The washed cells on coverslips were placed in new Petri dishes,

as shown in Fig. 5, Step 3.

(v) For cryo-EM, Alcian blue-treated C-flat gold mesh grids or

molybdenum mesh grids covered with carbon-coated Formvar

were placed on the cells cultured on coverslips (Fig. 5, Step 4).

For freeze-etch EM or AFM, instead of mesh grids, Alcian blue-

treated coverslips (2.5 mm × 2.5 mm) were placed on the cells

(Fig. 5, Step 4′).

(vi) Any excess amount of unroofing buffer was absorbed with filter

paper so that the grids or coverslips contacted the cells firmly

(Fig. 5 Step 5 or Step 5′).

(vii) When necessary, a small piece of glass was placed on the grid

as a weight. In this way, the cells were squashed gently, and the

unroofing efficiency was increased. A glass slide was cut into

small pieces (5 mm × 5 mm square) with a cutter, and one of

these pieces was used as a weight in this study (Fig. 5, Step 6).

(viii) (a) For cryo-EM, after squashing the cells with the adhesive grid

for 1 min, the grid was lifted from the cells by pouring 500 µL

of unroofing buffer over the unroofing setup (Fig. 5, Step 7).

In this process, the dorsal cell membrane with the membrane

cytoskeleton was torn off onto the mesh grids (Fig. 5, Step 8).

Dorsal membrane fractions attached to the grid were washed

to remove debris in fresh buffer for a few seconds and frozen

quickly in liquid ethane using a Leica EM GP plunger.

(viii) (b) For AFM or freeze-etch EM, after absorbing the excess

amount of unroofing buffer with filter paper (Fig. 5, Step 5′)
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Fig. 5.Schematic illustration of the adhesion unroofing procedure. The number labels of each step in the figure correspond to experimental steps described in the

text. 1. Cell culture on the coverslips (2.5 mm × 2.5 mm). 2. Removing the culture medium by washing with Ringer’s solution and subsequent unroofing buffer. 3.

Placing the samples in new dish. 4. Placing a sticky grid on the cells. 5. Absorbing excess buffer with a filter paper. 6. Placing a small glass slide (5 mm × 5 mm)

as a weight. 7. Lifting the grid from cells by pouring 300 ml of unroofing buffer. 8. Transferring the dorsal cell membrane onto the grid. Steps 1–8 are for cryo-EM.

Steps 4′–8′ are for AFM or freeze-etch EM.

and maintaining contact for 1 min (Fig. 5, Step 6′), the upper

coverslip was lifted by pouring fixative (2% glutaraldehyde in

KHMgE buffer) over the unroofing setup (Fig. 5, Step 7′). The

dorsal cell membranes were peeled off onto the upper coverslip

(Fig. 5, Step 8′). The specimens on the coverslip were further

fixed for 10 min in the same fixative and then washed in

KHMgE buffer. In AFM, specimens were observed directly in

buffer. In freeze-etch EM, the specimens were further washed

well with DW and then quickly frozen using a high-pressure

freezing apparatus or a device that quickly freezes a sample by

contact with metal.

Microscopes used in this study

For the observation of frozen unroofed cells (cryo-EM), an FEI

Tecnai G2 Polara and a cryo-specific Hitachi SU9000 were used. The

AFM we used was an Olympus BIXAM. Freeze-etching replicas of

unroofed cells were observed under a Hitachi H-7600 conventional

transmission electron microscope.

This study addresses improved unroofing mechanisms and proto-

cols for application to cryo-EM, AFM and freeze-etch EM in terms

of sample preparation methods but does not describe the observa-

tion procedures of cryo-EM, AFM and freeze-etch EM. People who

are interested in them should refer to papers published previously

[1,2,10,31,34,35].

Results

Images of unroofed cells obtained by various

microscopy techniques

As detailed in the methods section, the protocols developed in this

study significantly increased the success rate of unroofing. The elu-
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Fig. 6. Gallery of micrographs of unroofed cells obtained by various microscopy techniques. (a) Cryo-electron micrograph of native unroofed cells (NRK cells).

Large numbers of cytoskeletal actin filaments, microtubules (arrows), endoplasmic reticulum (ER) parts and ribosomes (small arrows) overlap with each other

because the thickness of the sample is much greater (∼300 nm) than a conventional electron microscopy thin section. However, the image appears clear under

high contrast because the cytoplasm is washed away by unroofing. (b) Immuno-freeze-etch EM micrograph showing the membrane cytoskeleton on the inner

surface of a cell membrane exposed by sonication unroofing. Microtubules are labelled with an anti-beta tubulin antibody and then subsequently labelled with a

gold conjugated-secondary antibody (coloured in yellow). (c-1) Atomic forcemicrograph showing the cytoskeleton on the inner surface of ventral cell membrane.

(c-2) High-magnification atomic force micrograph showing actin filaments. The short periodicity (5.5 nm) of the actin filaments is displayed clearly. Thus, the

cantilever is able to directly scan the cell after unroofing.

cidation of the unroofing mechanism, described below, also allowed

the optimization of the protocol. In addition, the development of an

assistance device that controls the position of the horn tip greatly

improved the yield. These advances enabled unroofing to be used

as the preparation method for various microscopies. Such unroofing

methods made it possible to observe the three-dimensional structures

of the cytoskeleton and organelles attached to the inner surface

(i.e. cytoplasmic side) of the cell membrane using various types of

microscopies (Fig. 6). In particular, it was impossible to observe intra-

cellular structures at high resolution with AFM without removing

the cell membrane. Another feature of unroofing is that the degree

of unroofing varies from cell to cell. For example, in some cells,

the cytoplasm and cytoskeleton were completely removed, leaving

only the clathrin-coated vesicles and caveola on the inner surface of

the membrane (Fig. 6). In other cells, many cytoskeleton components

remained on the inner surface of the membrane. Therefore, various

structures of the inner surface of cell membranes (membrane under-

coat) could be observed in even one unroofing experiment.

Mechanism of sonication unroofing

It is essential to understand the mechanism of unroofing to

apply this method properly for various microscopies. Therefore,

real-time visualization of the unroofing process was obtained

under a phase-contrast microscope to clarify why and how the

cell membrane is removed during sonication. When a horn-type

ultrasonic generator was operated in a buffer solution, a flow of

microbubbles and nanobubbles was emitted from the tip of the

horn. Such cavitation occurred even under low-power sonication

(27 kHz, 0.5 W). As shown in Supplementary Video 2, it became

evident that the microbubbles induced by sonication played the

leading role in unroofing. First, the microbubbles adhered to the

cell surface and sheared the cells with microbubble motion (Fig. 7,

see Supplementary Video 2 online). An assistance device was also

made to easily and accurately direct fine bubbles onto a sample and

to facilitate the positioning of a probe tip of an ultrasonic generator

while viewing the process under a dissection microscope. It is further

discussed below how the fine bubbles adhere to cell surfaces and

shear the membrane.

Mechanism of adhesion unroofing

The mechanism of adhesion unroofing using Alcian blue-coated

grids or coverslips is easy to understand. Alcian blue has a positive

charge, as seen in its molecular structure, allowing Alcian blue-coated

grids or coverslips to become electrostatically glued to the negatively
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Fig. 7. (a-1–a-4) Continuous scenes from a video recording of sonication unroofing. Microbubbles (asterisks) adhere to a portion of the cell first and then shear it

by pulling (yellow arrows). Red arrows indicate nanobubbles during rupture. (b) High-magnification phase-contrast micrograph of unroofed cells showing the

membrane cytoskeleton attached to the ventral cell membrane. At lowmagnification, nothing appears to remain on the substrate after sonication, but increasing

the magnification allows the observation of the ventral membrane and the cytoskeleton attached to it.

charged cell surface. The electrostatic adhesion force of Alcian blue

is weakened in water, and thus, the yield of dorsal cell membranes

peeled off onto the grids was low. However, adhesion unroofing

possesses the advantage of making the inner surface of the dorsal

cell membrane visible, making it superior for the preservation of

delicate structures. This is in contrast to the sonicationmethod,which

disrupts the membrane with fine bubbles. Interestingly, mitotic cells

appeared to adhere preferentially to the grid or an apical coverslip

(Fig. 8). This is because cells in mitosis tend to be rounded, which

weakened their binding to the substrate. Frequently, many mitotic

cells moved onto the grid together, but in many cases, parts of the

ventral cell membrane were left on the substrate. That is, the cells

that moved onto the grid were partially unroofed, and as shown in

Fig. 8, the chromosomes were sometimes exposed, allowing direct

observation with SEM or AFM. In the adhesion method, the adhesive

grid was pressed onto the apical cell surface so that the mitotic cells

were easily moved onto the grid. The decrease in the force binding

the substrate resulted in the loss of the cells and made it difficult to

observe mitotic cells via the sonication method. At any rate, adhesion

unroofing is a useful method despite its low yield because no special

equipment is required for it.

Discussion

Hypothesized detailed mechanism

of sonication unroofing

Generally, the outer surface of the cell membrane is slightly negatively

charged as a whole. Therefore, PLL, which exhibits many positive

charges, binds it easily. After modification with many PLL molecules,

the outer surface of the cell membrane is positively charged. Fur-

thermore,microbubble surfaces are considered negatively charged, as

shown in a previous study [36], which is why microbubbles adhere to

the cell surface. Microbubbles electrostatically bound to the surface

Fig. 8. Simultaneous imaging through cryo-STEM (left) and cryo-SEM (right)

of a mitotic anaphase cell unroofed via the adhesion method. As seen from

the SEM image (right), part of the ventral cell membrane is peeled off, and the

chromosomes are exposed. In the cryo-STEM image (left), chromosomes and

organelles are clearly observed although the thickness of cell is much greater

than several hundred nanometres.

of the cell membrane gradually ruptured the cell membrane through

buoyancy and fluid flow forces. The PLL not only connects cells to

the substrate but also positively charges the cell surface. Thus, PLL

processing is an important step in the sonication unroofing proce-

dure. Such an unroofing mechanism, derived from video analysis, is

summarized according to the scheme in Fig. 9.

Discovery and usefulness of another

micro-unroofing (perforation) that is hidden by

large-scale sonication unroofing

Sonication unroofing is a method for shearing cells by exposing

them to a stream of micro- and nanobubbles generated by sonication.

Video analysis of the unroofing process reveals that the microbubbles

play a key role in unroofing (Fig. 6 and see Supplementary Video 2

online). In some cases, microbubbles will shear off the entire cell

membrane while forming a cluster (see Supplementary Video 2

online). It is difficult to clearly visualize nanobubbles as bubbles

under an optical microscope, but in Supplementary Video 2, they can
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Fig. 9. Schematic illustration of how microbubbles adhere to the cell mem-

brane in sonication unroofing. The positively charged PLL adheres to the cell

membrane and neutralizes the negative charge of the cell surface, while the

excess positive charge of the PLL covers the cells. Because microbubbles are

partially negatively charged, they become attached to the cell membrane via

the PLL. The membrane is torn off by the combined force of the buoyancy

of the bubbles and the flowing force of the solution. +: positive charge; −:

negative charge. Upper right inset shows a vectoral sum diagram. The arrow

vector lengths are arbitrary.

be identified as small bright blinking spots. Such observations suggest

that nanobubbles have a short lifetime and rupture as soon as they

come into contact with the sample. Therefore, their role in unroofing

remains to be determined. However, careful analysis of the video

shows that the local cell contrast appears to be altered after rupture

of the nanobubbles (Fig. 10). Such contrast alteration suggests that

cell membrane perforation occurs via the shock wave created when

the nanobubbles burst, and the cytoplasm flowing out from there

may change the contrast. Although nano- and microbubbles are

thought to be generated simultaneously by sonication, there is a

difference in the timing with which they impact and react with cells.

Specifically, the effect of the nanobubbles on the cells was clearly

detectable during only the first few seconds after exposure to the

bubble stream generated by weak sonication because perforation

by the nanobubbles was hidden by full-scale shearing owing to the

microbubble impact several seconds later. In fact, some cells exposed

to the flow of bubbles for a few seconds were still undamaged, so they

appeared to be several microns thick, but intracellular mitochondria

and the ER were clearly observed (Fig. 11). It is as if the cells were

transparent to the electron beam. Perhaps the nanobubbles generate

several perforations in the membrane from which soluble cytoplasm

flowed out. Nevertheless, it is worth noting that there were many

parts of the ER just beneath the cell membrane, which were linked

to each other and surrounded the whole cell (Fig. 11). It is possible

that soluble components of these cells flowed out through small

holes in the cell membrane (i.e. perforation) that were probably

caused by nanobubbles. To detect only the perforation effect of the

nanobubbles, sonication should be completed within a few seconds

(i.e. brief sonication). Such brief sonication unroofing may be useful

for observing fine intracellular structures, including organelles, in

cryo-EM in the future.

Common issues experienced in unroofing experiments

During sonication unroofing, the most common difficulty is excessive

cell destruction and loss owing to high sonication intensity. One

Fig. 10.Magnified images of a portion of a video in chronological order (1–3).

If the nanobubbles are several hundred nanometers in diameter, they appear

as bright spots with halation (arrows), even under a phase-contrast optical

microscope. Upon the rupture of the nanobubbles, the area becomes slightly

brighter (dashed circle). This is thought to be owing to holes in themembrane

and the cytoplasm flowing out.

approach to prevent this is to increase the distance between the probe

tip and the sample. However, the distance from the probe tip to the

sample and the degree of unroofing are neither proportional nor

inversely proportional. If the sample is 1 cm or more away from the

tip of the probe, it cannot be unroofed, even if the output is increased

to 2 W or more. Therefore, the best way to customize the ultrasonic

generator is to regulate the output power from 0.5 to 1 W.

When cells were cultured on molybdenum or gold grids covered

with carbon-coated Formval film and used as a sample, the carbon-

coated Formval film was often completely fragmented, even at a low

sonication output. Initially, the Formval film is a strong support mem-

brane, but it tends to deteriorate over time. The support membrane

should thus be produced using a Formval solution prepared within 4

months, if possible.

Another difficulty that may be encountered is contamination by

PLL in sonication unroofing. Following buffer stirring via sonication,

the PLL-containing debris that was released from the cells frequently

re-adheres to newly unroofed cell surfaces. The medium-chain PLL

used in this experiment had a molecular weight of 30 000–50 000

and was observed as contamination under an electron microscope.

Therefore, immediately after unroofing, it is important to perform

several seconds of washing by shaking the sample in fresh unroofing

buffer. However, as mentioned above, PLL not only tethers the cells

to the substrate but also adds positive charges to the cell surface

by covering the entire cell. This makes it easier to attach negatively

charged microbubbles to the cell surface. For this reason, PLL pro-

cessing is an essential step for sonication unroofing, and omitting this

step will reduce the efficiency of unroofing. In contrast, Alcian blue

has a low molecular weight and therefore does not appear under an

electron microscope at magnifications of 100 000 times or lower or

cause image contamination. Although the cytotoxicity of the cupric

compound Alcian blue is not clear, soaking the cell directly in Alcian

blue solution instead of PLL solution is not recommended.Moreover,

since the positive charge per molecule is small, Alcian blue is not a

substitute for PLL in sonication unroofing. In adhesion unroofing,

the grid coated with Alcian blue is thoroughly washed, dried and

used as an adhesive for picking up the cell membrane, which is less

toxic to cells. The adhesive strength of the grid coated with Alcian

blue in this way seems to be weak compared with that of the PLL-

coated grid. However, as mentioned above, Alcian blue itself does not

contaminated images. In addition, other contaminants seem to poorly

adhere due to their weak adsorption force, so we prefer to use Alcian

blue in adhesion unroofing.

Because unroofing is the mechanical removal of the cell mem-

brane as described above, the unroofing buffer used is also very

important to maintain the intracellular structure in the native state.

The ion composition of the unroofing buffer must be equivalent
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Fig. 11.Cryo-EM images of a cell perforated by brief sonication. (a) Low-magnification image of a perforated cell. The areas without a cell membrane are coloured

yellow or green. The regions in yellow are considered holes instantaneously opened by shock waves generated by the bursting of nanobubbles. The green region

is considered partially unroofed by ordinary shearing. Blue asterisks (∗) indicate parts of the ER just beneath the cell membrane, which were linked to each other

and surround the whole cell. (b) High magnification of the green region in (a). The ER and many actin filaments are clearly observed because many cytoplasmic

soluble components are eluted. Arrow heads show deformed mitochondria because of changes in the cytoplasmic environment due to unroofing. The asterisk

indicates an area between green and yellow regions that is still covered with a cell membrane. (c) Enlarged image of a portion of (a) covered with cell membrane.

Because the cytoplasm remains to some degree, the mitochondria (Mt) remain intact. Microtubules (arrow) and many filaments are retained, though they do

not clearly correspond with the partially unroofed area (green area in a).

to that of the cytoplasm to maintain the spatial arrangement of

the cytoskeleton. For this purpose, the HEPES buffer used herein

contained K and Mg instead of Na and Ca. In addition, proteinase

inhibitors should also be added to the unroofing buffer.

Concluding remarks

Unroofing is a very useful preparation method for structural analysis

of the inner surface of a cell membrane and the cytoskeleton in

cryo-EM, AFM and freeze-etch EM. The improved protocol and the

developed equipment setup presented in this study increased the yield

of unroofing. Real-time video recordings of the unroofing revealed

the mechanism by which the fine bubbles generated by sonication

in the buffer solution attached to the cell surface and sheared off

the membrane via buoyancy and a flowing force. Elucidation of

the unroofing mechanism will accelerate the application of this

method to various microscopies. In addition, a detailed analysis

of the mechanism and careful observation revealed another micro-

unroofing (perforation of the cell membrane by nanobubbles) hidden

by the large-scale unroofing.
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Supplementary data are available at Microscopy online.
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