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Abstract

For nearly 50 years immunogold labeling on ultrathin sections has been successfully

used for protein localization in laboratories worldwide. In theory and in practice, this

method has undergone continual improvement over time. In this study, we carefully

analyzed circulating protocols for postembedding labeling to find out if they are still

valid under modern laboratory conditions, and in addition, we tested unconventional

protocols. For this, we investigated immunolabeling of Epon-embedded cells,

immunolabeling of cells treated with osmium, and the binding behavior of differently

sized gold particles. Here we show that (in contrast to widespread belief)

immunolabeling of Epon-embedded cells and of cells treated with osmium tetroxide is

actually working. Furthermore, we established a “speed protocol” for immunolabeling

by reducing antibody incubation times. Finally, we present our results on three-

dimensional immunogold labeling.

K E YWORD S

(serial) immunogold labeling, Archaea, Diatoms, Epon 812—osmium tetroxide

1 | INTRODUCTION

Around 1890, Emil von Behring and Shibasaburo Kitasato discovered a

“specific antitoxic activity” in serum of animals infected with diphtheria.

Nowadays, this activity can be attributed to proteins known as anti-

bodies (Kenneth, Travors, & Walport, 2008). However, the concept of

immunocytochemistry and its application in electron microscopy was

developed much later. In the late 1950s, ferritin with a diameter of

11 nm was the first electron dense marker molecule that was coupled

to antibodies (Singer & Schick, 1961). Without further treatment, only

the iron-containing core of this molecule with a diameter of 5.5 nm is

visible in the electron microscope. The so-called apo-ferritin shell can

be visualized using alkaline bismuth solution (Ainsworth & Karnovsky,

1972). Up to now, a variety of marker molecules and enzymes for

immunoelectron-microscopy is known, such as horseradish peroxidase

or iron dextrans (Dutton, Tokuyasu, & Singer, 1979; Nakane & Pierce,

1967). Being electron dense and manufacturable in uniform sizes, colloi-

dal gold coupled to antibodies (immunoglobulin G proteins, IgGs) is pref-

erably used in immunocytochemistry for electron microscopy (Faulk &

Taylor, 1971; Slot & Geuze, 1985). Meanwhile, gold particles in various

sizes down to 1 nm in diameter are commercially available. Via auto

metallographic processes like silver enhancement, these nano-sized gold

particles can be enlarged until the desired size is reached (Danscher,

1981; Stierhof, Hermann, Humbel, & Schwarz, 1995). Another instru-

ment for antigen detection is protein A or G. These small molecules with

a size of ~30–40 kDa exhibit a strong affinity to the Fc-parts of anti-

bodies from different species and can also be linked with gold particles

(Romano & Romano, 1977; Roth, Bendayan, & Orci, 1978).

In particular, when performing immunocytochemistry experi-

ments in electron microscopy not only the detection system is
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important for signal intensity and accuracy of localization, but also the

sample preparation. The development of cryo preparation techniques

(e.g., plunge freezing, propane jet freezing, high-pressure-freezing

(HPF) and freeze substitution (FS)) significantly enhanced ultrastruc-

tural preservation of specimens, resulting in improved labeling effi-

ciency of sensitive or of low copy number antigens (Humbel &

Schwarz, 1989; Peschke, Moog, Klingl, Maier, & Hempel, 2013; Rachel

et al., 2010). The use of cryo preparation methods aims at a near

native preservation of cell structure. Ideally, the water content of the

sample is vitrified after high-pressure freezing (Dahl & Staehelin,

1989; Moor & Riehle, 1968; Studer, Graber, Al-Amoudi, & Eggli,

2001). During freeze substitution the water in the sample is consecu-

tively exchanged by organic solvents at −80 to −90�C to prevent for-

mation of ice crystals (Steinbrecht & Müller, 1987). To stabilize cell

structure, chemical fixatives like aldehydes, uranyl acetate or osmium

tetroxide can be added to the substitution cocktail. Due to the fact

that aldehydes are not reactive at temperatures below −40�C

(Humbel & Schwarz, 1989), the substitution solution can fully infuse

the sample before aldehydes start to crosslink the specimen

(Horowitz, Giannasca, & Woodcock, 1990). With regard to immuno-

gold labeling, the use of osmium tetroxide being a strong oxidizing

reagent and hence acting on epitope structure, is not recommended

(Hopwood, 1969). Finally, samples are infiltrated with and embedded

in resins, such as epoxy resins, which are recommended for ultrastruc-

tural investigations. Due to the strong cross-linking properties of

epoxy resins, including reactions with the biological sample, antigenic-

ity of the sample can be reduced (Stirling, 1990). This loss of antige-

nicity can be lowered when methacrylate resins like Lowicryl or

London resins are used instead, because methacrylates can retain bio-

chemical reactivity especially within partial dehydration. Furthermore,

they offer more and sometimes more gentle polymerization possibili-

ties like UV-polymerization at low temperatures (Newman & Hobot,

1999). In addition, Lowicryl resins do not co-polymerize with biologi-

cal structures. Another fact that might lead to higher labeling effi-

ciency on Lowicryl sections in comparison to epoxy resin sections

might be the roughness of the section surface. Epon sections were

found to be three times smoother than Lowicryl sections and there-

fore exhibiting less surface area, which also lowers the chance of

accessible epitopes (Kellenberger, Dürrenberger, Villiger, Carlemalm, &

Wurtz, 1987).

Although alternative ways of antigen (proteins, carbohydrates,

etc.) localization for high-resolution microscopy are available

(e.g., genetic tags coupled to fluorescent dyes for correlative micros-

copy), immunogold labeling is still a well-established and a widely

applied technique for subcellular localization of antigens. Based on

considerable experience in the field of antigen localization, we per-

formed various experiments to unravel which of the circulating proto-

cols for postembedding immunolabling are still valid. In this article, we

present our results on postembedding immunogold labeling on Epon

sections in comparison to Lowicryl and Tokuyasu thawed cryo-

section labeling. Furthermore, we freeze substituted samples of high-

pressure frozen microorganisms with a cocktail containing significant

amounts of osmium tetroxide. In addition, we developed an

accelerated protocol for protein localization and we compared labeling

efficiency of secondary antibodies coupled to gold particles of differ-

ent sizes. As a highlight, we present an alternative analytical method:

three-dimensional immunogold labeling of serial ultrathin sections.

Immunocytochemical investigations were performed on ultrathin sec-

tions of organisms we routinely grow and handle in our laboratories:

Ignicoccus hospitalis (I. hospitalis), a hyperthermophilic prokaryote and

Phaeodactylum tricornutum (P. tricornutum), a photosynthetic unicellu-

lar and eukaryotic microalga.

2 | MATERIALS AND METHODS

2.1 | Cultivation of organisms

I. hospitalis was cultivated anaerobically in modified ½ SME (i.e., half

concentrated synthetic seawater medium; Paper et al., 2007). Serum

bottles were inoculated in a dilution of 1:200 with a preparatory cul-

ture and incubated at 90�C while shaking (50 rpm).

P. tricornutum wild type was grown in f/2 medium and under con-

stant illumination (80 μmol photons × m−2 × s−1) at 22�C as described

previously (Hempel, Lau, Klingl, & Maier, 2011; Peschke et al., 2013).

The cells were harvested via sedimentation for 1–2 hr and cryo-

immobilized by high-pressure freezing as described below.

2.2 | Preparation of samples for electron
microscopy

Cells of Ignicoccus were concentrated via filtration on top of a polycar-

bonate membrane with a pore size of 0.2 μm using a syringe filter

adapter. When working with P. tricornutum, cell density was increased

via sedimentation for 1–2 hr.

For resin embedding, Ignicoccus and Phaeodactylum cells were

immediately high-pressure frozen (EM PACT 2, Leica, Wetzlar, Ger-

many; HPF compact 02, Wohlwend, Sennwald, Switzerland) to mini-

mize the destructive contact to oxygen. This was followed by freeze

substitution (AFS 2, Leica, Wetzlar, Germany) in acetone containing

0.5% (v/v) glutardialdehyde, 0.5% (w/v) uranyl acetate, and 5% (v/v)

water, or in acetone containing 0.2% (w/v) osmium tetroxide, 0.1%

(w/v) uranyl acetate and 9.3% (v/v) water, respectively. Then, cells

were either embedded in the epoxy resin Epon 812 substitute resin

(Fluka Chemie AG, Buchs, Switzerland), or in the methacrylate resin

Lowicryl HM20 (Polysciences Inc., Warrington, FL). For freeze substi-

tution and Epon embedding, we used the following protocol: −90�C

for 8 hr, heating to −60�C within 6 hr, −60�C for 8 hr, heating to

−30�C within 4 hr, −30�C for 4 hr, heating to 0�C within 4 hr

(Ignicoccus). The freeze substitution protocol for P. tricornutum dif-

fered slightly with a shorter heating step of 1 hr in between the

respective temperature levels of −90, −60, and −30�C. Otherwise,

the handling of Phaeodactylum was identical to Ignicoccus. Samples

were then washed three times with ice cold acetone and infiltrated in

acetone/Epon (2 + 1) for 1 hr at room temperature (RT, 25�C),
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acetone/Epon (2 + 1) for 1 hr acetone/Epon (1 + 1) for 2 hr, acetone/

Epon (1 + 2) for 20 hr (all at RT) and in freshly prepared Epon for 2 hr

at 30�C. Epon was polymerized at 60�C for 2 days (Rachel et al.,

2010). For freeze substitution followed by Lowicryl-embedding, we

used the following protocol: −90�C for 8 hr, heating to −60�C within

1 hr, −60�C for 6 hr, heating to −40�C within 1 hr, −40�C for 7 hr.

After washing cells three times with acetone, cells were infiltrated

with Lowicryl HM20 in acetone/Lowicryl (2 + 1) for 2 hr, acetone/

Lowicryl (1 + 1) for 2 hr, acetone/Lowicryl (1 + 2) for 2 hr, and freshly

prepared Lowicryl for 16 hr at −40�C. The polymerization of Lowicryl

was performed under UV light at −40�C for 2.5 days.

Preparation of cryosections according to Tokuyasu based on proto-

cols by George Posthuma, (Utrecht, the Netherlands) and was adapted

accordingly for our samples (Möbius & Posthuma, 2018; Tokuyasu,

1973). Enriched samples were fixed in a PBS buffer (pH 7.2) containing

2% (v/v) formaldehyde and 0.1% (v/v) glutardialdehyde for 30 min at

room temperature. To remove aldehydes, fixed samples were cen-

trifuged at 6.000g for 15 min and washed with PBS buffer. After

another centrifugation step, the resulting pellets were covered in a

droplet of 10% gelatine, gently mixed and immediately transferred onto

ice. After 15 min incubation on ice, gelatine-embedded cell pellets were

cut into small cubes and infiltrated in 2.3 M sucrose overnight on a

rotary incubator at 4�C. The following day, infiltrated blocks were

mounted on aluminum pins and frozen in liquid nitrogen.

2.3 | Generation of antibodies

Antibodies directed against the Ignicoccus A1-part of the ATP

synthase (polyclonal anti-A1 antibodies were used in a dilution of

1:200), and antibodies directed against the acetyl-CoA synthetase

(ACS; polyclonal anti-ACS antibodies were used in a dilution of 1:100)

were raised in rabbits from the purified native complex (Heimerl et al.,

2017; Küper, Meyer, Müller, Rachel, & Huber, 2010; Mayer et al.,

2012). The monoclonal antibody against ß-glucan chrysolaminarin was

raised in mice and was purchased at Biosupplies (Australia).

2.4 | Immunogold labeling on resin sections

Immunogold labeling of ultrathin resin sections was performed

according to the following protocol: Inactivation of free aldehyde

groups in 1× PBS—glycine 0.1% (w/v) for 5 min, blocking in 1× PBS—

BSA 1% (w/v) for 10 min, incubation with primary antibody diluted in

1× PBS—BSA 0.1% (w/v) for 15, 30, 60, or 90 min, five times washing

in 1× PBS—BSA 0.1% (w/v) for 2 min, incubation with secondary anti-

body diluted in 1× PBS—BSA 0.1% (w/v) for 5, 15, 30, 60, or 90 min

respectively, five times washing in 1× PBS—BSA 0.1% (w/v) for 2 min,

two times washing in 1× PBS for 2 min, cross-linking of epitopes and

antibodies in 1× PBS—glutardialdehyde 2% (v/v) for 5 min, two times

washing in 1× PBS for 2 min, three times washing in H2O for 2 min.

For detection of primary antibodies, goat anti-mouse or goat anti-

rabbit secondary IgGs coupled to “ultrasmall”, 6, 10, and 15 nm gold

particles (Aurion, Wageningen, the Netherlands) were used. For sec-

ondary antibodies coupled to “ultrasmall” gold particles,

immunolabeling was followed by silver enhancement using R-Gent

SE-EM silver enhancement reagents (Aurion). Thereafter, sections

were poststained with uranyl acetate 2% (w/v) in water.

2.5 | Immunogold labeling on Tokuyasu sections

Immunogold labeling of thawed cryosections was performed as

described previously with slight variations (Tokuyasu, 1973; Griffiths,

McDowall, Back, & Dubochet, 1984; Möbius & Posthuma 2018; Web-

ster & Webster, 2014): three times washing in 1× PBS for 2 min, inacti-

vation of free aldehyde groups in 1× PBS—glycine 0.1% (w/v) for

15 min, blocking in 1× PBS—BSA 1% (w/v) for 30 min, incubation with

primary antibody diluted in 1× PBS—BSA 0.1% (w/v) for 45 min, five

times washing in 1× PBS—BSA 0.1% (w/v) for 2 min, incubation with

secondary antibody diluted in 1× PBS—BSA 0.1% (w/v) for 45 min, five

times washing in 1× PBS—BSA 0.1% (w/v) for 2 min, two times washing

in 1× PBS for 2 min, cross-linking of epitopes and antibodies in 1×

PBS—glutardialdehyde 2% (v/v) for 5 min, two times washing in 1× PBS

for 2 min, three times washing in H2O for 2 min. For detection of pri-

mary antibodies, goat anti-rabbit secondary IgGs coupled to “ultrasmall”

or 6 nm gold particles (Aurion) were used. For secondary antibodies

coupled to “ultrasmall” gold particles, immunolabeling was followed by

silver enhancement using R-Gent SE-EM silver enhancement reagents

(Aurion). Thereafter, sections were poststained with 2% uranyl oxalate/

acetate, pH 7 (Griffiths et al., 1984; Möbius & Posthuma, 2018) for

5 min and with uranyl acetate 0.4% (w/v) in 2% methylcellulose (w/v)

for 5 min on ice. Afterward, sections were embedded in a thin layer of

uranyl acetate 0.4% (w/v) in 2% methylcellulose. For this, a drop con-

taining the solution was applied on parafilm. Grids were then fished

with a wire loop and were dried with a filter paper. Grids were allowed

to further dry in the loop for 30 min. Finally, they were carefully

removed from the loop with a syringe or with tweezers.

2.6 | Transmission electron microscopy

Transmission electron microscopy was mainly performed on a 120 kV

Philips CM12 (Thermo Fisher Scientific) equipped with a LaB6 cathode

and a 1 k × 1 k slow-scan CCD camera and EM Menu 4.0 (TVIPS,

Gauting, Germany). Additionally, we used a Zeiss EM 912 with an inte-

grated OMEGA-filter with an acceleration voltage of 80 kV which uses

a 2 k × 2 k slow-scan CCD camera with the respective software pack-

age (Tröndle Restlichtverstärker Systeme, Moorenweis, Germany).

2.7 | Image processing and three-dimensional
(3D) reconstruction

Image- and data processing was performed using Image J (Schneider

et al., 2012), Photoshop CS5 and Adobe Illustrator (Adobe, San Jose,
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CA). For 3D reconstructions, we used serial ultrathin sections with a

nominal thickness of 70 nm. Segmentation and 3D reconstruction of

EM data was carried out with AMIRA (Thermo Fisher Scientific) as

described previously (Heimerl et al., 2017).

3 | RESULTS

3.1 | Immunolabeling on Epon sections versus
Lowicryl- and Tokuyasu sections

It is generally accepted that epoxy section labeling is less effective

than comparable experiments on Lowicryl- or cryosections. However,

recognizability of ultrastructural details of epoxy resin embedded cells

was excellent and even superior to cells embedded in methacrylate

resins or cells prepared for Tokuyasu cryosection labeling. The better

structural preservation was caused by the respective fixation tech-

nique that was applied but also by the resin itself. At this point it

should be mentioned that the visibility of membranes is usually excel-

lent in Tokuyasu cryosections but the silver enhancement might have

had a negative effect on the bilayer delineation. In the course of this

study, high-pressure-frozen cells of the hyperthermophilic archaeon

I. hospitalis were freeze-substituted without osmium tetroxide. Cells

were then embedded in two different resins (Epon 812 substitute

medium and Lowicryl HM20), and cryosections were prepared

according to Tokuyasu. We compared the structural preservation of

the cells and the relative labeling intensity after immunocytochemical

treatment. Table 1 summarizes primary antibodies (incubated for

60 min) tested on ultrathin sections of I. hospitalis and their binding

behavior on different resins or on cryosections, respectively. Three

(antibodies directed against DNA, against phosphoenolpyruvate car-

boxylase and against malate dehydrogenase) out of six of the tested

antibodies, did not bind to Epon sections at all, but did, however, to

Lowicryl- and/or to cryosections (Table 1). Labeling of Lowicryl- or of

Tokuyasu sections (even with higher dilutions of primary antibodies)

led to high signal intensities for the same antibodies. Figure 1 illus-

trates immunogold staining on Epon- (a and d), on Lowicryl- (b and e)

and on Tokuyasu sections (c and f). Here, we located the archaeal A1-

AO ATP synthase, an enzyme involved in the energy metabolism of

the archaeon I. hospitalis. The background signal on each section was

low, indicating the specificity of the antibodies. Comparing the density

of gold particles, Lowicryl- and cryosection labeling indeed appeared

to be more sensitive than epoxy resin labeling. To avoid unspecific

labeling, lower concentrations of primary and secondary antibody

were applied on cryosections, which show the highest label density.

However, Epon sections (Figure 1a,d,g,i) impressed apparently by their

excellent preservation of details, resulting in a clearly visible compart-

mentalized cell structure and an electron dense cytoplasm. Especially

the filamentous structures in the intermembrane compartment (IMC)

were clearly delineated on Epon resin sections, and the lipid bilayer of

the cytoplasmic membrane was visible. Preservation of Lowicryl-

embedded cells was sufficient but to some degree compromised

(Figure 1b): the compartmentalized character of the cell was still rec-

ognizable, but with fewer details. Moreover, no bilayer could be

depicted and cytoplasmic protrusions and vesicles appear blurrier.

Occasionally, we observed cells that were totally or half broken out of

the resin. Cell preservation on cryosections was very heterogeneous

and varied from sufficient to poor (Figure 1c,f,h,j). Partially, we

observed well-preserved cryo-sectioned cells with visible membranes

(Figure 1f,h; Flechsler, 2015). At this point it should be mentioned,

that silver enhancement often interferes with structural preservation

and therefore might have led to the differences in Figure 1c,h.

In conclusion, all three methods led to very similar labeling pat-

terns although ultrastructural preservation of cells was diverse. Addi-

tionally, we showed that labeling on Epon sections, if possible, was a

good alternative to localization on Lowicryl sections and on Tokuyasu

cryosections, with the benefit that precise subcellular localization

coincided with good ultrastructure (Flechsler, 2015; Griffith, Mari, De

Mazière, & Reggiori, 2008).

3.2 | Immunolabeling of sections containing
osmium

To illustrate the efficiency of immunostaining on sections containing

significant amounts of osmium tetroxide (OsO4), we used P. tricornutum

cells, which were high-pressure frozen, freeze substituted with a solu-

tion containing 0.2% of OsO4, and embedded in Epon 812 substitute

resin. Figure 2 shows a P. tricornutum cell immunolabeled with an anti-

body against the ß-glucan chrysolaminarin, a linear polymer of ß(1

TABLE 1 Binding behavior of antibodies on ultrathin sections of Ignicoccus hospitalis prepared in three different ways

Antibody Epon Lowicryl Tokuyasu

α-DNA − + ++

α-A1-AO ATP synthase + ++ ++

α-PEP carboxylase − + ++

α-malate dehydrogenase − + ++

α-succinic semialdehyde reductase + no data ++

α-crotonyl-CoA hydratase/3-hydroxybutyryl-

CoA dehydrogenase

+ ++ ++

Note: Signal intensity: − no signal, + good signal, ++ strong signal. Based on Flechsler, 2015.
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F IGURE 1 Comparison of immunolabeling on Epon-, on Lowicryl- and on cryosections. Epon section (a and d, 1� AB 1:200, 2� AB 1:50),
Lowicryl section (b and e, 1� AB 1:200, 2� AB 1:50), cryosection (c and f, 1� AB 1:500, 2� AB 1:100) of Ignicoccus hospitalis cells labeled with an
antibody directed against archaeal A1–AO ATP synthase. Silver enhancement of the ultrasmall gold particles for 35 min. g–j: Unlabeled Epon- (g,i)
and unlabeled cryosection (h,j) of I. hospitalis. Modified from Flechsler (2015). Scale bars: 500 nm (a–c, g,h), 100 nm (d–f (zoom-ins on a–c), i,j
(zoom-ins on g,h))
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− > 3) and ß(1 − > 6) linked glucose units, which is also known as

leucosin. As documented in previous studies, the antibody exclusively

localized to the vacuole of the microalgae (Schreiber et al., 2017). At this

point, the excellent overall structural preservation has to be noted. The

complex plastid showed a clear delineation of the thylakoid membranes

and the dot-like internal membranes of the mitochondrion were visible

as was the Golgi stack. Also the content of the vacuole was visible (mar-

bled vacuole). In comparison to this, chemically fixed cells, dehydrated

in a graded ethanol or acetone series at RT, could not be used for the

localization of chrysolaminarin. The reason for this might be the com-

plete loss of vacuolar content within the fixation and dehydration pro-

cedure, the loss of antigenicity or a combination of both.

F IGURE 2 Immunolabeling on ultrathin sections of Epon-embedded Phaeodactylum tricornutum cells (0.2% OsO4 during freeze substitution).
1� AB: anti-β-glucan diluted 1:10,000; 2� AB: 6 nm gold diluted 1:50. b: Higher magnification of the marbled vacuole. Arrows indicate gold
particles in the vacuole. Scale bars: 500 nm (a), 100 nm (b)

F IGURE 3 Speed immunolabeling on ultrathin sections of Epon-embedded Ignicoccus hospitalis cells depicting the structural preservation. 1�

AB: anti-ACS diluted 1:100; 2� AB: ultrasmall gold diluted 1:50; Gold particles were enlarged with a silver-enhancement solution for 25 min; a:
Incubation time of 1� and 2� AB 30 min. b: Incubation time of 1� and 2� AB 60 min. c: Incubation time of 1� and 2� AB 90 min. Modified from
Flechsler (2015). Scale bars: 500 nm (a–c), 50 nm (d–f (zoom-ins on a–c))
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3.3 | Speed immunolabeling

In commonly used protocols for immunogold labeling on ultrathin sec-

tions, antibody incubation steps are usually carried out for one or two

hours. After the complete procedure, which generally takes 4 to 5 hr,

we frequently observed immunolabeled cells that showed reduced

contrast and visibility of structural details (Figure 3b,c) compared to

nonlabeled cells or to cells with shorter incubation times (Figure 3a).

Therefore, an experiment was performed in which both antibody incu-

bation steps were gradually shortened. Immunolabeled Epon sections

of I. hospitalis cells, incubated with primary (A1 part of the archaeal

ATP synthase) and secondary antibodies for 5, 15, 30, 60 and 90 min,

respectively were compared regarding labeling density and structural

preservation. Figure 4 shows immunolabeled cells incubated with pri-

mary and secondary antibodies for 5–30 min, respectively (Figure 4a–

c). The zoom-ins Figure 4d–f) on the sections labeled for the respec-

tive incubation times give a more detailed view on the gold particles

distributed along the outer cellular membrane (OCM). According to

these results it became clear that gold particle density increases with

time (5–90 min; Figures 3 and 4). However, our study also suggests,

that labeling density is absolutely sufficient after 30 min incubation

time at least when using antibodies linked to 1 nm gold particles. We

want to highlight that even antibody incubation times of 5 and 15 min

resulted in a specific labeling pattern with a significant number of gold

particles in the I. hospitalis OCM (Flechsler, 2015; Küper et al., 2010).

Furthermore, we observed 5 to 10% of gold particles in the cytoplasm

of I. hospitalis. According to previous studies, these labels could be

considered as specific since the enzymes are most probably synthe-

sized in that compartment and transported to the OCM (Küper et al.,

2010; Mayer et al., 2012). Regarding structural preservation of details,

the accelerated protocol scored considerably better. Figure 3 shows

an immunolocalization of the ACS on ultrathin sections of I. hospitalis

incubated with antibodies for 30 (Figure 3a), 60 (Figure 3b) and

90 min (Figure 3c). Already at the first glance, the cell with the

shortest total incubation time (Figure 3a) revealed the most structural

details. In Figure 3a,b, the OCM, the IMC, and the cytoplasm could be

distinguished, taking into account that the cytoplasm of the cell in

Figure 3c was bleached. However, in Figure 3a, the OCM, the IMC,

and the cytoplasm can clearly be recognized, and additionally cyto-

plasmic protrusions in the IMC are visible. Thus, we concluded that

incubation times of 30 min for primary and secondary antibody each

can be absolutely sufficient to obtain specific labeling patterns and

can even lead to better visibility of ultrastructural details

(Flechsler, 2015).

3.4 | Influence of gold particle size on efficiency of
immunolabeling

Not only good quality of primary antibodies and the preservation of

fine structure, but also the gold particle size had a decisive impact on

the results of immunocytochemistry experiments. To clearly depict

the effect of the gold particle size on labeling intensity, we immuno-

stained cells of I. hospitalis with primary antibodies directed against

the archaeal ATP synthase and secondary antibodies coupled to gold

particles of different sizes, namely “ultrasmall-”, 6, 10, and 15 nm gold

particles (Figure 5). Comparing cells labeled with gold particles of dif-

ferent sizes, it became obvious that the highest labeling intensity was

F IGURE 4 Speed immunolabeling on ultrathin sections of Epon-embedded Ignicoccus hospitalis cells regarding signal intensity. 1� AB: anti-A1

diluted 1:200; 2� AB: ultrasmall gold diluted 1:50; Gold particles were enlarged with a silver-enhancement solution for 25 min; a and d: Incubation
time of 1� and 2� AB 5 min. b and e: Incubation time of 1� and 2� AB 15 min. c and f: Incubation time of 1� and 2� AB 30 min. d, e, and f: zoom-in
on gold particles in the OCM. Modified from Flechsler (2015). Scale bars: 500 nm (a–c), 50 nm (d–f)
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F IGURE 5 Comparison of four different secondary ABs coupled to gold particles of different sizes. Ignicoccus hospitalis cells were labeled
with a 1� AB directed against the archaeal A1-AO ATP synthase (diluted 1:200) and with different 2� ABs (ultrasmall-gold + silver enhancement
(a,c); with 6 nm-gold (g,d), with 10 nm-gold (b,e), and with 15 nm-gold (h,f). 2� ABs were diluted 1:50. Scale bars: 500 nm (a,b,g,h), 50 nm (c–f)
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achieved using “ultrasmall” gold particles (Figure 5a). As described pre-

viously, we observed a decreasing binding intensity by increasing size

of gold particles from ultrasmall gold (Figure 5a,c) to 15 nm gold parti-

cles (Figure 5f,h; Gu & D'Andrea, 1989). Supporting Information S1

shows a model representation of immunogold-labeled ultrathin sec-

tions with secondary antibodies that are coupled to differently sized

gold particles with antibodies and gold particles drawn in scale. The

model emphasizes the steric hindrance that arises from and increases

with the gold particle size.

3.5 | 3D immunogold labeling

Beside localization of protein and carbohydrate epitopes in two dimen-

sional (2D), 3D data sets were collected using serial ultrathin sections

to investigate the spatial distribution of gold particles and antigens,

respectively. On the basis of serial sections followed by subsequent

immunolabeling, images were recorded for the generation of 3D models

(also see Flechsler, 2015). Supporting Information S2 shows 16 selected

images from a series of 20 images in total of an I. hospitalis cell con-

nected with one cell of Nanoarchaeum equitans (N. equitans), which is a

prokaryotic organism that lives in direct association with I. hospitalis.

The images were collected from serial sections of Epon-embedded cells

à 70 nm and cells were immunolabeled with an antibody directed

against the ACS. The overall good ultrastructural preservation is partic-

ularly striking in this case. In 2D, the majority of gold particles were

evenly distributed following the curvature of the OCM. Only few labels

could be detected in the cytoplasm and almost no gold particles could

be found in the background. Figure 6a–e shows the 3D reconstruction

of the data set (Supporting Information S2–Supporting Information S4).

F IGURE 6 3D-reconstruction and

visualization of a data set of serial
sections from Ignicoccus hospitalis from
various orientations. In the subpanels,
selected cell components like the IMC are
highlighted (a) or left out (b,d), especially
for better visibility of internal structures in
the cytoplasm or the intermembrane
compartment (IMC) (c). e: 3D-
reconstruction of serial sections with one
of the referring sections included at the
bottom. Cells were prepared as described
and labeled with a 1� AB directed against
the ACS and detected with 2� AB: 6 nm
gold diluted 1:50. Red: Cytoplasm and
inner membrane (IM); green: IMC and
outermost cellular membrane (OCM);
yellow: gold particles; dark blue: vesicles;
purple: structures in the IMC; dark grey:
putative phosphate storage; light blue:
one cell of Nanoarchaeum equitans linked
with I. hospitalis. Majority of gold particles
is located in association with the OCM,
only few are located in the cytoplasm.
Based on Flechsler (2015)

FLECHSLER ET AL. 699



Figure 6a and d displays the bottom and the top view on the recon-

struction including all observed structures and compartments. The cyto-

plasm is colored in red, whereas OCM and IMC are green. Gold

particles are shown as yellow dots and putative vesicles are dark blue.

N. equitans is shown in light blue. Furthermore, the structure labeled in

purple represents a previously unknown structure in the IMC, which

has been described recently as filamentous matrix (Heimerl et al.,

2017). These filamentous structures in the IMC are suspected to be

involved dynamic processes of the endogenous membrane system

(Heimerl et al., 2017). Figure 6e shows the reconstruction from a side

view with an original micrograph.

In this side view, gold particles appear in rings around the cyto-

plasm in fixed intervals. The distance of the individual rings is due to

serial sections of 70 nm, since antibodies cannot penetrate the sections,

and thus, only bind to their surface. Similarly to the localization in 2D,

gold particles in 3D-models could be found preferably in the OCM,

underlining the high specificity of this immunocytochemistry experi-

ment. In almost every section, few gold particles were found in the

cytoplasm.

4 | DISCUSSION

4.1 | Immunolabeling on Epon sections versus
Lowicryl sections and Tokuyasu cryosections

In this study, efficiency of immunogold labeling and preservation of

ultrastructure of samples was compared on Tokuyasu cryosections

and on resin sections (Epon vs. Lowicryl). With an often two- to three-

fold enhanced labeling intensity Tokuyasu cryosection labeling is con-

sidered the “most efficient procedure for immunogold labeling”

(Kellenberger et al., 1987; Peters, Bos, & Griekspoor, 2006). Advan-

tages of the Tokuyasu method are that aldehyde fixation is the only

potential denaturation step and antigens are kept in an aqueous

medium for the whole procedure. Therefore, the loss of antigenicity is

not caused by harsh organic solvents during dehydration and embed-

ding (Griffiths, 1993; Schwarz & Hohenberg, 2001). In addition, the

accessibility of antigens is enhanced compared to resin embedded

antigens (Stierhof & Schwarz, 1989). For immunocytochemistry on

resin sections, the majority of electron microscopists generally prefer

embedding in methacrylates. The higher roughness of the surface of

methacrylate sections compared to epoxy sections (three times

rougher than that of epoxy sections (Kellenberger et al., 1987)) might

contribute to the often higher label density. Maybe even more impor-

tantly, and in contrast to methacrylates, epoxy resin components also

react with biological molecules. In addition, Lowicryl resins infiltrate

and polymerize (under UV) at temperatures below −30�C, which is

below the so-called collapse temperature. At these temperatures,

structural bound water, which contributes to the integrity of mole-

cules and thus to their near natural preservation, is not removed

completely. Lowicryl resins can deal with elevated amounts of water

(Hobot, 1990) and this characteristic is also advantageous for freeze

substitution with solutions containing small amounts of water.

Dehydration approaches like progressive lowering of temperature

(PLT) and also freeze substitution following high-pressure freezing are

therefore assumed to be less harmful to cells and tissues than dehy-

dration at ambient temperatures and polymerization of Epon or Ara-

ldite resins at 60 up to 100�C (Hobot, 1990; McDonald, 2014;

Shiurba, 2001). All these facts indicate a decreased antigenicity of bio-

molecules in Epon-embedded samples, and/or a highly reduced acces-

sibility of the antibodies to the targets. Therefore, Epon appears to be

and is often quoted as an inappropriate embedding resin for immuno-

gold localization in electron microscopy (e.g., “a drawback of the

“HPF-freeze substitution-Epon” embedding method is that most mol-

ecules lose their antigenicity during the procedure” in Zeuschner

et al., 2006). Nevertheless, there are a number of examples for suc-

cessful labeling of epoxy resins after conventional processing or

cryofixation/freeze-substitution. These include small neurotransmitter

labeling (Ottersen, Zhang, & Walberg, 1992), immunolabeling, and lec-

tin labeling of carbohydrate epitopes (Moussian et al., 2006;

Ndinyanka Fabrice et al., 2017; Richter et al., 2012), immunolabeling

of proteins (Groos, Reale, & Luciano, 2001), biotin of biotinylated pro-

teins (Viens et al., 2008), glycoinositolphospholipids, and

glycosphingolipids (Winter, Fuchs, McConville, Stierhof, & Overath,

1994). The experiments shown in this study, but also in previous stud-

ies from our laboratory demonstrated that Epon sections can be supe-

rior for many immunolabeling studies, at least when studying archaeal

cells and microalgal cells (Heimerl et al., 2017; Küper et al., 2010; Liu

et al., 2016; Mayer et al., 2012; Meyer, Heimerl, Wirth, Klingl, &

Rachel, 2014; Mix et al., 2018; Peschke et al., 2013; Schreiber et al.,

2017). Slight changes in the chemical nature of nowadays resins com-

pared to the 1970s and 1980s (e.g., Embed 812 from Electron Micros-

copy Sciences as replacement product for EPON 812; Luft, 1961)

make epoxy resins a lot more useful than generally thought (Frankl,

Mari, & Reggiori, 2015; Stirling, 1990). However, it needs to be noted

that we were not able to detect gold particles on Epon sections with

three out of six tested primary antibodies (Table 1). These antigens

could in contrast be detected on Lowicryl- and on Tokuyasu-sections

with strong signal intensities. For all other tested antibodies, a strong

signal was present on sections of Epon- and of Lowicryl-embedded

Ignicoccus cells, and on cryosections prepared according to Tokuyasu.

In our study, the Tokuyasu technique indeed turned out to be the

most sensitive method for immunocytochemistry. Signal intensity on

Tokuyasu sections was increased compared to that on Lowicryl sec-

tions, and was higher than labeling on Epon sections, although higher

dilutions of antibodies were used in Tokuyasu experiments. However,

using epoxy resins turned out to be the method of choice when focus-

ing on ultrastructural preservation in combination with immunocyto-

chemistry. For Ignicoccus, an excellent cellular ultrastructure was

obtained throughout using Epon as embedding resin, provided that it

was preceded by gentle cell harvesting, HPF and an appropriate, opti-

mized freeze substitution protocol. On the contrary, we occasionally

observed cells that were broken out of the resin when embedded in

Lowicryl. This might be due to Lowicryl not reacting covalently with

the sample (Griffiths, 1993). Preservation of cells prepared according

to Tokuyasu was extremely variable and ranged from good to poor,
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which might be due to silver enhancement or gelatin embedding of

the sensitive cells or due to material extraction after thawing the sec-

tions (Flechsler, 2015; Liou, Geuze, & Slot, 1996).

Finally, immunocytochemistry experiments using three different

preparation methods led to similar results. This demonstrated the

meaningfulness of immuno-EM in this study. Although resulting in

lower labeling efficiency, a striking advantage of Epon sections is their

excellent structural visualization capability, which enables or facilitates

the identification of labeled structural details on an ultrastructural

level. Thus, we conclude that Epon sections can be considered as a

good alternative to methacrylate and thawed cryosections if antigens

are still detectable. Lowicryl and thawed cryosections can be used as

additional controls for labeling experiments.

4.2 | Immunogold labeling of sections
containing OsO4

The application of OsO4 as postfixation and staining agent in electron

microscopy has some clear and obvious advantages. The improved fixa-

tion and retention of lipids in membranes and of other components

containing C–C-double bonds leads to a significant better structural

preservation. That is extremely important, when the presence of certain

membranes and their shape and positioning is necessary for the scien-

tific output of the investigation. A good preservation of bilayers can be

accomplished by the application of the Tokuyasu technique, by low

concentrations of tannic acid (Berryman, Porter, Rodewald, & Hubbard,

1992), the application of uranyl acetate alone as postfixative or by the

addition of OsO4. Using uranyl acetate for postfixation in immunocyto-

chemical studies led to an enhancement of membrane ultrastructure

without apparent effects on the respective antigens in these experi-

ments (Berryman & Rodewald, 1990; Valentino, Crumrine, & Reichardt,

1985). An example for the application of OsO4 was the visibility of the

complex plastid membranes in diatoms such as P. tricornutum (Peschke

et al., 2013; Schreiber et al., 2017). Other cell structures that benefit

from the use of OsO4 are mitochondria, the nucleus with the nuclear

envelope, the Golgi apparatus and the endoplasmic reticulum. However,

OsO4 reduces the antigenicity of desired localization targets and nega-

tively influences the accessibility of epitopes. Furthermore it was

shown, that higher concentrations of OsO4 could have a cell compo-

nent destructive, proteolytic, and actin filament degrading effect

(Baschong et al., 1984; Behrman, 1984; Locke, 1994; Maupin & Pollard,

1983; Maupin-Szamier & Pollar, 1978). Therefore, and if it cannot be

avoided as supposed by Hopwood (1969) and others (Frankl et al.,

2015), a reduction of the OsO4 concentration makes sense. However,

the application of OsO4-concentrations in the range of 0.2 or 0.3%

instead of 2% in freeze substitution significantly reduces the negative

effect of the chemical but still enables very good structural details (Liu

et al., 2016; Maupin & Pollard, 1983; Mix et al., 2018; Peschke et al.,

2013). Depending on the sample, even a reduction to 0.02% OsO4

delivered satisfying structural preservation (data not shown). In addi-

tion, the reduced dark OsO4 staining resulted in less interference with

the polymerization by UV light in the case of Lowicryl sections. In our

experience, cryo-fixation via high-pressure freezing prior to the applica-

tion of OsO4 in freeze substitution was a prerequisite for successful

immunogold localization as the close-to-natural preservation in this

freezing technique prevents damage of epitopes and therefore dimin-

ished the negative effects of OsO4. In addition, we were using epoxy

resins (usually Epon 812 substitute resin) as embedding media for

immunogold labeling because of the improved ultrastructure compared

to methacrylate resins.

Finally, it should be mentioned, that there have also been studies

performing postembedding immunogold electron microscopy of

chemically fixed biological material with low concentrations of

osmium tetroxide (0.1% OsO4; Lechtreck, Teltenkötter, & Grunow,

1999; Pedersen, Geimer, & Rosenbaum, 2006).

4.3 | Speed immunolabeling

In protocols for postembedding labeling, incubation times for primary

antibodies range from 30 min (Aurion's protocol for immunogold

labeling) to 18 hr (Miyake & Colquhoun, 2012). Similar referrals, vary-

ing from 45 min to 2 hr (Richards, Owen, Riehle, Gwynn, & Curtis,

2001) were found for secondary antibodies. However, according to

Griffiths, high affinity binding can be observed more quickly than non-

specific binding and incubation of 5 to 30 min suffices (Griffiths,

1993). Additionally, the group of Hyatt reported that specific labeling

could be achieved after 15 min incubation of both, primary and sec-

ondary antibody (Hyatt, 1991). To find out the best parameters for

labeling of Ignicoccus proteins, different incubation times of primary

and secondary antibodies were compared regarding labeling density

and structural preservation of cells. In the following, the term “incuba-

tion time” is used in a generalized sense and refers to both, primary

and secondary antibody incubation steps. In this experiment, two pri-

mary antibodies were used whose binding behavior on cells of

I. hospitalis have been studied for a while in our laboratory (anti-A1-AO

ATP synthetase and anti-ACS). This resulted in specific labeling of the

Ignicoccus OCM after incubation of sections for 5 and 15 min using

the anti-A1-AO ATP synthetase antibody. After 30 min incubation, a

significant amount of gold particles was observed on ultrathin sections

that specifically bound to the Ignicoccus OCM (Flechsler, 2015) with

comparable results to longer incubation times (Küper et al., 2010).

However, there was no substantial difference regarding signal

intensity after 60 min and after 90 min incubation time, respectively.

These observations were in line with reports by Hyatt who showed

that immunogold labeling reaches a saturation level after 60 min incu-

bation at room temperature, or at 37�C (Hyatt, 1991). Griffiths per-

formed similar studies to this approach on thawed cryosections, using

two different antibodies. In this experiment, two different incubation

times were tested, namely, 30 min and 3 hr, and in addition concen-

tration of antibodies were varied. The results of this study suggested

that incubation times longer than 30 min have only limited impact on

the signal (Griffiths, 1993). Apparently, in our study preservation of

the ultrastructure appeared to be different depending on the incuba-

tion times. Long incubation steps (90 min) frequently led to bleached
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cells, as shown in an extreme example in Figure 3a. This finding was

similar to a previous study of Berryman and Rodewald (1990). In gen-

eral, cells were well preserved after a 30 min incubation period. The

use of an accelerated protocol clearly demonstrated that shorter incu-

bation times (30 min) may often suffice for immunolabeling and con-

tribute to better preservation of ultrastructural details. With respect

to cells of Ignicoccus, a detailed preservation of ultrastructure was of

major importance regarding labeling of fine structures in the IMC. Also

the ultrastructural preservation of eukaryotic samples might benefit

from shorter incubation times of immunolabeling experiments. How-

ever, one should bear in mind that optimal incubation times and addi-

tional parameters (e.g., antibody and marker quality and

concentration) might be different for distinct epitopes and therefore

have to be determined separately for every system (Flechsler, 2015;

Möbius & Posthuma, 2018).

4.4 | Influence of gold particle size on
immunolabeling efficiency

As shown in this and in previous studies (e.g., Gu & D'Andrea, 1989;

Yokota, 1988), the gold particle size of the detection system was deci-

sive for signal intensity. We obtained the best signal for cells labeled

with “ultrasmall” gold. However, the application of “ultrasmall” gold

particles involves a number of drawbacks, such as inhomogeneous sil-

ver or gold enhancement, and in our case gold particles tended to

cluster. In addition, we observed a decreasing binding intensity by

increasing size of gold particles from “ultrasmall” gold to 15 nm gold.

This was in line with previous results (Horisberger, 1981; Stierhof,

Humbel, & Schwarz, 1991). These experiments indicated that obvi-

ously a larger number of still unoccupied primary antibodies were left

in case of the relatively large gold markers. As a consequence, also

antibodies which are bound to smaller fluorescence labels (with

enhanced sensitivity) were used for ultrathin resin section labeling

(Schwarz & Humbel, 2014). The reduced efficiency of gold markers

might be due to electrostatic repulsion (negative surface charge) and

steric hindrance arising from gold particles coupled laterally to the Fc-

region of IgG molecules (Supporting Information S1, Dulhunty,

Junankar, & Stanhope, 1993). The bigger the gold particle, the larger

the steric hindrance and the more difficult it will be for the secondary

antibody-gold particle construct to bind to the primary antibody.

4.5 | 3D immunogold labeling

In recent years, there has been huge progress in the field of 3D elec-

tron microscopy. The continuous development in sample preparation

(from conventional methods to cryo methods), the development of

microscopes themselves and the ongoing progress in computing

power and visualization tools (e.g., ImageJ, IMOD, and AMIRA®), play

a decisive role in this context. Current electron microscopy methods

that aim to obtain 3D-reconstructions of biological samples comprise

serial sectioning including array tomography (Micheva & Smith, 2007),

serial block face-SEM (SBF-SEM), focused ion beam-SEM (FIB-SEM),

and tilt-series based (serial-) electron tomography (ET).

Basically, all these methods for 3D-EM could be combined with

preembedding and/or postembedding immunocytochemistry,

although with some constraints that are inherent to each method. 3D

immunolabeling offers two major advantages. First, determination of

antigen distribution through a larger volume becomes possible and

second, discrimination of specific from unspecific labeling might be

achieved easier using quantitative analysis (Müller-Reichert et al.,

2003). In this work, 3D-EM was combined with immuno-EM using

serial sections of I. hospitalis and postembedding labeling of enzymes

putatively involved in the carbon fixation pathway of the organism. As

expected from the 2D data, gold particles in the 3D model could be

preferably observed in the IMC associated with the OCM (Mayer

et al., 2012). The labeling pattern of the 3D model once again demon-

strated the specificity of immunogold labeling with the ACS-antibody

on cells of Ignicoccus. Besides the strong signal in the IMC, only few

gold particles were found in the cytoplasm. As gold particles in the

cytoplasm occurred on almost every section, these labels might also

be specific, because they could indicate newly synthesized proteins.

These findings were in line with the fact that DNA and ribosomes are

located in the cytoplasm, where the ACS needs to be generated

(Flechsler, 2015; Küper et al., 2010; Mayer et al., 2012).

However, 3D reconstructions of immunolabeled serial sections from

whole cells have some disadvantages. Besides a comparably low resolu-

tion in z (maximum achievable resolution is twice the section thickness;

McEwen & Marko, 1998), physically separated sections can show

thickness-dependent swelling artifacts, for example, when floating on the

surface of the knife's water (Schwarz & Humbel, 1989) or during the

labeling procedure. In addition, small angle differences and small defor-

mations because of shrinking by beam damage in the electron micro-

scope can occur (Morphew, 2007). Another limitation of serial

section labeling is that antibodies can just bind to the surface of ultrathin

resin sections, making gold particles appear as distinct rings around cells

in the case of OCM labeling. Furthermore, especially manual segmenta-

tion, that is, color-coding of structures and gold particles can be enor-

mously time-consuming. At least for gold particles with a size of 1–6 nm,

automatic segmentation might become possible through the introduction

of an additional silver- or gold enhancement step.

An alternative for serial section labeling of ultrathin sections is

labeling of (serial) semithin sections combined with electron tomogra-

phy analysis, which benefits from higher resolution in z (resin sections:

Donohoe, Mogelsvang, & Staehelin, 2006; thawed cryosections:

Zeuschner et al., 2006). However, the labeling density in z is even

worse than in 50 nm sections, as the antibodies cannot penetrate the

resin. Accordingly, this 3D-method is described to be particular useful

for antigen localization through large volumes (Morphew, 2007).

Using immunogold localization of semithin cryosections and electron

tomography in 2006, Zeuschner et al. reported on the successful dis-

crimination between COPI and COPII vesicles (which are morphologi-

cally indistinguishable in ultrathin cryosections).

For many samples, serial section labeling of ultrathin or semithin

sections using TEM analysis with or without tilting the sample,
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currently remains the only option to analyze distribution of proteins in

a 3D context. Although there are genetic tags available that can be

fused to proteins, there is still no genetic system for many nonmodel

organisms at present. And although the negative and destructive

effects of permeabilization within pre-embedding can be reduced by

additional fixation and preparation steps (Humbel, de Jong, Müller, &

Verkleij, 1998), it does not appear to be an adequate solution, for

example, if well-preserved samples are the goal like in this study.

In addition, serial section labeling is intended for samples such as

microorganisms and cell organelles with a size in the μm range. The

results of postsection immunolabeled 3D-reconstructions supported

the specificity of immunogold labeling in 2D and provided additional

information concerning the spatial distribution of gold particles at

least to a certain extent. Specific labeling can be distinguished easier

from unspecifically bound gold, if particles occur regularly and on con-

secutive sections. Finally, localization of proteins might be seen in a

different light in an overall cellular context, for example, during

immuolabeling experiments with cells of Ignicoccus, gold particles

were located in vesicles (interpretation of 2D information; also see

Junglas et al., 2008), which turned out to be cytoplasmic protrusions

after 3D reconstruction (Flechsler, 2015; Heimerl et al., 2017).

5 | CONCLUSION

The experiments carried out in this study led to some very interesting

suggestions and conclusions. Our results suggest that immunolabeling

of Epon-embedded cells can lead to excellent labeling results with a

well-preserved ultrastructure. Immunolabeling of methacrylate- and

cryosections turned out to be indeed more sensitive, but the preser-

vation of the ultrastructure was compromised.

In our study, we demonstrated that immunocytochemistry experi-

ments of high-pressure-frozen and freeze-substituted samples con-

taining around 0.2% OsO4 could be successful. The application of

OsO4 during freeze substitution helped to fix and to retain compo-

nents containing C–C double bonds. This resulted in a significant bet-

ter structural preservation.

Furthermore, the application of an accelerated protocol for

immunolabeling on sections showed that an incubation time of 30 min

for each antibody suffices. In addition, shorter incubation times hel-

ped to better preserve structural details.

As described in previous studies, the smaller the gold particle

coupled to a secondary antibody, the stronger the signal intensity. And

finally, 3D reconstructions from immunolabeled serial sections were

suitable for samples with small volumes and provided additional infor-

mation regarding the spatial distribution of gold particles in the sample.
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