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ABSTRACT

Expansion microscopy (ExM) is a microscopic imaging approach that can achieve super-resolution visualization
of fluorescently labeled biological samples using conventional fluorescence microscopy. The method is based
on embedding of a fluorescently labeled biological sample in a hydrogel matrix followed by the physical
expansion of the specimen, which is then viewed using a conventional fluorescent microscope. Variations of
the method can be used to visualize endogenously expressed fluorescent proteins, such as GFP, fluorescently
tagged antibodies, nucleic acids, or other fluorescently tagged molecules. A significant challenge of the method is
that the physical expansion of the specimen produces a concommitant reduction in fluorescence intensity, which
can make imaging difficult. We describe an approach for amplifying fluorescence signal following expansion of
immunolabeled tissue sections by applying fluorescently labeled Fab fragment secondary antibodies to intensify
fluorescent signal and enhance detection of labeling using conventional fluorescent microscopy.
A method to increase immunofluorescence signal intensity of Expansion Microscopy specimens is described.
Method utilizes commercially available reagents.
Enhances ability to acquire useful images in expanded tissue samples.
© 2022 The Author(s). Published by Elsevier B.V.
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Specification table

Subject area; Neuroscience

More specific subject area; Microscopy

Name of your method; Fab secondary antibodies to improve fluorescent signal in EXM

Name and reference of original Protein Expansion Microscopy (ProExM) for Intact Tissues.

method; Ref: Asano SM, Gao R, Wassie AT, Tillberg PW,Chen F, Boyden ES. 2018.

Expansion Microscopy: Protocols for imaging proteins and RNA in cells and
tissues. Curr. Protoc. Cell Biol. 80:e56 doi: 10.1002/cpcb56
Resource availability; NA

Method details

Wide-field fluorescence microscopy and laser scanning confocal microscopy are workhorses for
imaging macromolecules, cellular structure, and cellular processes in biological samples. However,
the maximum resolution these microscopes can achieve is limited by the diffraction of light to
approximately 0.25 pum in the horizontal (XY) plane and to roughly 0.6 um in depth (Z-plane)
[1], limiting the ability to resolve molecular complexes, organelles and other subcellular structures
and domains. Advances in optical physics have led to the development of fluorescence-based
light microscopy methods that can exceed the resolution barrier to achieve "super-resolution” in
the range of 10-120 nm (XY) and 50-80 nm in the Z dimension [1-3]. These advances include
Total Internal Reflectance Fluorescence (TIRF), Structured Illumination Microscopy (SIM), Stimulated
Emission Depletion (STED), Photoactivated Localization Microscopy/Stochastic Optical Reconstruction
Microscopy (PALM/STORM), and super-resolution spinning disk confocal microscopy, which all require
specialized instrumentation. Another limitation of these approaches is that the depth of field can be
restricted to a few hundred nanometers from the specimen surface.

Expansion Microscopy (ExM) provides an alternative approach to achieve super-resolution imaging
in biological samples using conventional fluorescence microscopes, which are widely available. ExXM
relies on embedding fluorescently labeled cells or tissues anchored in a hydrogel matrix that is then
isotropically expanded by a factor of up to 10X. Samples become optically transparent when expanded,
permitting visualization of fluorescently labeled structures at super-resolution using conventional
fluorescent microscopes [4-10]. A number of ExM variants that use different hydrogel matrices and
labeling approaches have been developed for the visualization of a range of biological molecules
including proteins, nucleic acids, and lipids [4-10]. Key challenges in ExM include crosslinking the
target molecule(s) in the specimen to the hydrogel while preserving the ability to fluorescently
label the target molecule, and the spatial “dilution” of the target molecule that occurs when the
specimen is expanded. Several different matrices have been developed with specific chemistry tailored
to crosslinking different types of target molecules into the hydrogel matrix prior to expansion of
the specimen [4-10]. The spatial dilution of the target molecule that occurs during the physical
expansion of the specimen cannot be prevented, as the target molecules within the specimen are
physically moved away from one another, decreasing local concentration of the target and reducing
signal intensity. For example, in X10 ExM the specimen is expanded by 10X in the X)Y, and Z
dimensions, reducing the target molecule concentration by a factor of 103, which is accompanied
by a concommitant reduction in labeling intensity. This large reduction in signal intensity can render
imaging of expanded samples difficult (Fig. 1). Another challenge, particularly for ExXM procedures that
utilize post-expansion immunolabeling, is that expanded samples are large and delivery of antibodies
deep into the specimen can be difficult.

The approach described here employs monovalent, fluorescently-labeled Fab fragment secondary
antibodies, which are much smaller than whole IgG antibodies, to improve delivery of secondary
antibodies into expanded specimens and increase signal intensity (Fig. 2).

Materials and methods
Animals and tissue preparation

Long-Evans rats were maintained on a 12 h light:12 h dark light cycle (~25-40 lux at cage level) in
a pathogen-free rodent barrier facility. Food and water were available ad libitum. Tissue preparation
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Fig. 1. ExM of pre-embedding immunolabeling for Protein Kinase C (PKC) in rod bipolar cells in rat retina. Wide-field images of PKC immunolabeling in 200 pm thick retinal sections
acquired using a 10X objective lens before and after expansion (Expansion Factor = 4.09x). Immunolabeling intensity is decreased by expansion. (A) PKC immunolabeling before expansion.
(B) After expansion (no adjustment of brightness and contrast). (C) Same image as panel B, with adjustment of brightness and contrast to highlight rod bipolar cell features. Arrowheads:
rod bipolar cell synaptic terminals. B/C, brightness/contrast; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bars = 100 um.



Fig. 2. Fab secondary antibodies produce strong signal in Post-ExXM immunolabeling. Double labeling for Vesicular Glutamate Transporter 1 (VGIuT1) and Protein Kinase C (PKC) in rat
retina. Images of post-expansion immunolabeling using Fab fragment secondary antibodies. Images acquired using a 20X objective lens. (A) PKC immunolabeling identifies rod bipolar cells
(RB) in the inner nuclear layer (INL), their dendrites in the outer plexiform layer (OPL), and selectively labels their terminals (arrows) in the innermost portion of the inner plexiform layer
(IPL), as expected. (B) Immunolabeling for VGIuT1 is present in the terminals of photoreceptors in the outer plexiform layer (OPL) and all types of bipolar cell terminals throughout the
inner plexiform layer (IPL), as appropriate. (C) Overlay of panels A and B. ONL, outer nuclear layer; GCL, ganglion cell layer; IS, inner segments; OS, outer segments. Scale bar = 50 pm.
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followed typical procedures used for immunolabeling of retinal sections, as previously described [11].
Rats were anesthetized using ketamine (100 mg/kg) and xylazine (5 mg/kg) by i.p. injection, then
perfused with 0.1 M phosphate buffered saline (PBS, pH 7.2) followed by 4% paraformaldehyde in PBS
for 20 min. Eyes were dissected free, the corneas were removed, and the resulting eyecups were fixed
for one to two additional days in 4% paraformaldehyde in 0.1 M PBS or 0.1 M cacodylate buffer at
4°C. Eyecups were rinsed in PBS, cryoprotected using 30% sucrose in PBS, immersed in OCT medium
(Sakura Tissue Tek; VWR, West Chester, PA), and frozen. Frozen sections (100-200 pum thickness)
through the vertical meridian of the eyecup were cut and stored free-floating in PBS at 4°C for up
to several days before immunolabeling.

Microscopy

Widefield images of expanded, immunolabeled retinal sections were imaged on an Olympus [X70
epiflourescence microscope fitted with filters for imaging standard green (AlexaFluor 488), near red
(Alexafluor 568) and far red (AlexaFluor 647) fluorophores. Images were captured using 10X, 20X, and
40X objective lenses and a QiCAM CCD camera and Qcapture software (Qimage Vancouver, British
Columbia, Canada). To prepare figures, image scale was calibrated, and images were imported into
Photoshop software (Adobe Systems, Mountain View, CA). If necessary, adjustments were made to
brightness and contrast to highlight specific labeling.

Procedure

The procedure below is adapted from the procedure for Protein Expansion Microscopy (ProExM)
with  post-expansion immunolabeling described by Asano et al. [7]. The reader is directed to
Asano et al. [7] for formulations for the various reagents and solutions used to perform the
ProEXM procedure. For this report, we performed immunolabeling using well-characterized primary
antibodies directed against well-known cell- and synapse-marker proteins in the mammalian retina:
Vesicular Glutamate Transporter 1 (VGIuT1), which labels the synaptic terminals of photoreceptors
and bipolar cells [12,13], and Protein Kinase Co (PKC), which specifically labels rod bipolar cells
[14]. Immunolabeling patterns for VGIuT1 and PKC observed in ExXM samples match those previously
reported in the literature [12-14]. All primary and secondary antibodies used in these studies are
available commercially (see Table 1).

Expansion procedure (adapted from the “ProExM” procedure described in ref [7]

Gelation:

Gelation requires the following solutions (for formulations see ref [7]): Acryloyl-X SE/DMSO stock
(“AcX solution”); Monomer solution (“Stock X”); TEMED stock solution; Ammonium Sulfate stock
solution; 4 hydroxy-TEMPO (4HT) solution; Alkaline buffer.

AcX infusion. Tissue sample placed in 0.1 mg/ml Acryloyl-X SE (AcX) in PBS (make by diluting AcX
1:100 with PBS), overnight at room temperature. No shaking.

Gelation. Prepare gelation chamber (see ref [7], Fig. 4) before removing tissue from AcX solution.

(1) Rinse tissue in PBS 2 x 15 min, RT.

Thaw components for Gelling solution (Monomer solution, 4HT solution, Ammonium Persulfate
solution, TEMED solution). Keep in ice bath after thawing.

Add, in order, in a 47:1:1:1 ratio (Scale total volume amount to size of sample to embed. Need 400
pl of Gelling solution for a single coronal section of mouse brain):

(a) Monomer solution
(b) 4HT solution

(c) TEMED solution

(d) Ammonium Persulfate solution

(e) Vortex briefly

Immediately place specimen into microfuge tube with gelling solution at 4°C in dark for 30 min.
(in refrigerator).
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Table 1

Primary and secondary antibodies.
Primary Antibodies Dilution Supplier
Protein Kinase Co (PKC) (rabbit polyclonal) 1:300 Sigma/Millipore. Cat# P4334; RRID:AB_477345
Vesicular Glutamate Transporter 1 (VGIuT1; 1:100 NeuroMab. Cat# 75-066, clone N28/9;
mouse monoclonal) RRID:AB_2187693
Vesicular Glutamate Transporter 1 (VGIuT1; 1:1000 Synaptic Systems. Cat# 135 304, clone;
Guinea pig polyclonal) RRID:AB_887878

Secondary Goat anti-IgG Antibodies

Goat anti-Guinea Pig IgG AlexaFluor 488 1:100-1:200 Thermo/Molecular Probes. Cat# A11073;
RRID:AB_2534117

Goat IgG anti-Mouse IgG AlexaFluor 488 1:100-1:200 Thermo/Molecular Probes. Cat# A11029;
RRID:AB_138404

Goat IgG anti-Rabbit IgG AlexaFluor 568 1:100-1:200 Thermo/Molecular Probes. Cat# A11036;

RRID:AB_10563566
Secondary Fab Goat anti-IgG Antibodies

Fab Goat anti-Guinea Pig IgG-AlexaFluor 488 1:100-1:200 Jackson ImmunoResearch, Cat# 106-547-008;
RRID:AB_2632435

Fab Goat anti-Mouse IgG-AlexaFluor 1:100-1:200 Jackson ImmunoResearch, Cat# 115-547-003;

488 RRID:AB_2338869

Fab Goat anti-Rabbit IgG-AlexaFluor 1:100-1:200 Jackson ImmunoResearch, Cat# 111-547-003;

568 RRID:AB_2338058

Important note: Perform the next steps at 4 °C within 5 min to prevent premature gelling.

After 30 min at 4°C in fridge, place 20 nl of gelling solution in gelation chamber sized to fit the
specimen, and transfer section to chamber with soft paintbrush. Section must lie flat without wrinkles
(use brush to remove wrinkles if necessary).

Add 20 pl droplet of gelling solution to the lid (usually a coverslip) of the gelling chamber and
slowly place the lid onto the chamber being sure to exclude air bubbles. (see ref [7], Fig. 4 for
diagram).

Place gelation chamber in incubator at 37 °C for 2 h. Gelation chamber must be level.

Remove specimen from incubator, gently remove gelation chamber top with a razor blade, remove
chamber sides, and trim off excess gel.

Wet a paintbrush with Alkaline Disruption Buffer solution and wet the gel top and sides. Wait
until buffer soaks the border of the gel, then gently coax the specimen off the glass slide using soft
paintbrush.

Place specimen in Alkaline Disruption Buffer Solution at room temperature for 15 min x 2.

Place specimen, into 50 ml conical tube lid filled with Disruption Buffer heated to just short of
boiling. Place tube lid with specimen into a polyethylene container with wet paper towels on the
bottom and a loose fitting lid. Place the container holding the specimens into a 50 °C oven with humid
atmosphere for 5 h.

Remove specimens from oven and allow specimens to cool to room temperature. Specimens must
remain covered with Alkaline Disruption Buffer as they cool.

Trim off excess gel using a razor blade and rinse samples in 1x PBS, 3 x 5 min at room
temperature.

Immunolabeling (note: specimen may continue to expand during this step):

Remove PBS and apply blocker solution (5% normal goat serum + 2.5% BSA + 0.1% triton X in PBS)
for 2 h at room temperature.

Remove blocker and replace with desired primary antibodies diluted in blocker solution (See
Table 1). Incubate overnight to 24 h at room temperature with gentle rocking.

Remove primary antibody and rinse in PBS, 4 x 30 min at room temperature. Gentle rocking can
be used.
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Apply fluorescently labeled Fab fragment secondary antibodies diluted 1:100 in blocker solution.
Incubate overnight to 24 h at room temperature with gentle rocking.

Remove secondary antibody and rinse in PBS, 4 x 30 min at room temperature. Gentle rocking can
be used.

Mounting specimen for imaging

Use Poly-L-Lysine to anchor the specimen to the coverslip to prevent movement during imaging.

(a) Clean a 22 x 50 mm coverslip with water, then 100% ethanol. Air dry.

(b) Soak the coverslip with 0.1% poly-L-lysine in water (w/v) for 20 min at room temp.
(c) Rinse coverglass surface 3x with water

(d) Air dry (covered to prevent dust accumulation).

Transfer tissue specimen in expanded gel to the poly-L-Lysine-coated coverslip. Because fade-
retardant mounting media can cause tissue shrinkage and distortion, no fade-retardant mounting
medium was used [7].

(a) Remove most of the rinse liquid from the vessel holding the labeled, expanded specimen (i.e.,
petri dish, etc.).

(b) Place a clean coverslip (not poly-lysine coated) next to expanded specimen and use paint brush
to gently transfer the specimen onto the coverslip.

(c) Lift the coverslip with the specimen out of its container using a small paintbrush

(d) Gently wick away liquid on the expanded specimen’s top surface using a kimwipe then from
the sides of the gel, and finally from under the specimen.

(e) Use paintbrush to gently slide the expanded specimen from the clean coverslip to the Poly-
L-Lysine coated coverslip. Mount the specimen onto a clean microscope slide. The side of
the specimen on the Poly-L-Lysine coated coverslip will be the side to image for best quality
imaging.

(f) After mounting, add a small amount of 1X PBS to keep the gel hydrated to prevent shrinkage.

Imaging

Place specimen onto the microscope and capture images. Imaging can be performed using wide-
field epifluorescence or confocal microscopes, according to availability and experimental needs.

Troubleshooting

Imaging shortly after completing the labeling procedure is strongly recommended as fluorescent
signal in expanded samples tends to decay with time. If post-imaging storage of the specimen is
desired, the gel can be removed from the coverslip and stored in 1x PBS at 4°C covered in foil. A
further recommendation is to minimize exposure of the specimen to fluorescent excitation to reduce
bleaching of fluorescent tags. Many fade-retardant mounting media can cause tissue shrinkage, which
is not desirable for ExM.

Pre-embedding methods for immunolabeling of specimens for ExM have been used very
successfully [4-7,9,10]. However, pre-embedding ExXM procedures, such as enzymatic digestion steps,
can affect the antigen(s) of interest as well as primary and secondary antibodies bound into the
specimen, leading to reduced signal [4-7,9,10]. Digestion procedures also can affect the antigen(s) of
interest in post-embedding ExM, diminishing binding of primary antibodies to the antigen of interest
and reducing signal. Careful adjustment of digestion and disruption procedures may be required to
optimize antigen retention in both pre- and post-expansion EXM preparations. A variety of embedding
matrices and cross-linking reagents have been developed to improve retention of specific types of
molecules in EXM preparations [4-10], and careful matching of the target molecule to the matrix and
cross-linking procedures also may improve labeling. Although examples shown in this report illustrate
single and double-immunolabeling, EXM is compatible with triple immunolabeling and additional
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fluorescent tags, such as DAPI to label nuclei. However, some fluorescent labels do not tolerate pre-
embedding ExM procedures well, leading to weak or absent fluorescent signal. For example, the
popular deep-red tag AlexaFluor647 is sensitive to pre-embedding ExM procedures, and use of other
deep-red tags, such as Biotium 633, may be preferable [9,10].

Although Fab fragment antibodies have only one antigen binding site, that does not guarantee
the absence of cross-reactivity of the Fab antibody. It is recommended that all secondary antibodies
used for ExM labeling, regardless of whether they are Fab fragments or whole IgGs, be highly cross-
adsorbed to remove non-specific cross-species reactivity.

The procedure described here was used specifically for post-expansion immunolabeling of
relatively thick tissue sections. We found that the use of Fab fragment secondary antibodies, which
are much smaller than whole IgG secondary antibodies, improved the fluorescent signal in post-
expansion ExM. The use of Fab fragment secondary antibodies also should be useful for enhancing
labeling intensity in ExM of cultured cell preparations.
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