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PREFACE

This book is intended to serve as a bridge between cell biologists and electron micros-
copists, between applications and methodology c.q. technology of immuno-gold labeling.
The book is especially meant to describe and discuss recent developments of immuno-gold
probe applications, preparation methods, and to demonstrate the validity but also the pitfalls
of immuno-gold labeling with some important applications.

Although the preparation of immuno-gold probes may seem to have evolved into a series
of standardized methods, there are still developments regarding the preparation of gold sols
and the effective coupling of protecins to colloidal gold particles. This will be dealt with in
the first part of the book.

The second part comprises many new and intriguing developments in electron-microscopic
research using immuno-gold probes. The applicability of the probes is related to a number
of preparative methods such as cryo-ultramicrotomy, freeze-substitution, and the different
replica methods. In particular, pitfalls due to loss of antigenicity, penetration of the probes,
steric hindrance, loss of gold particles in replicas etc., will be discussed.

Thirdly, application in cell biological research will be described and several methods and
results are discussed from the point of view of cell biological interest to show the value of
immuno-gold probes.

A. J. Verkleij
J. L. M. Leunissen
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4 Immuno-Gold Labeling in Cell Biology

[. INTRODUCTION

Among (immuno)cytochemical marker systems, colloidal gold particles have undergone
an enormous evolution since their introduction by Faulk and Taylor.'® This evolution has
been especially encouraged by the applicability of colloidal gold probes in electron micro-
scopic investigations. Several reviews cover the aspects of sol preparation, probe preparation,
and procedures for the use of gold probes in cytochemical studies.™!!!*2*#!%* The present
chapter aims to summarize the most important aspects of gold sol preparation, probe prep-
aration, and application. A survey of an alternative method based on semicovalent binding
of macromolecules to dextran derivative-coated gold particles can be found in Chapter 3.

Colloidal gold particles are well suited as a marker system for the following reasons:

1. Colloidal gold particles can be easily prepared in a wide range of sizes, from 2 to 3
nm to well above 100 nm.

2. The latest published methods for gold sol preparation provide narrow size distributions
in the range between 3 and 15 nm. If the size distribution (coefficient of variance) is
below 15%. the sol is considered as monodisperse. Monodisperse sols are suited for
double labeling localization studies with the least possible overlap in sizes, even with
diameters down to approximately 3 nm.

3. Gold probes, prepared by coupling of macromolecules (mostly proteins) to colloidal
gold particles, generally retain the specific activities of the macromolecules. The probes
may be stored over longer periods of time, or even frozen in the presence of glycerol
Or SUCTOSe.

4. Gold particles are very distinctly visualized as dense structures within biological entities
in the transmission electron microscope. A particulate labeling allows the immuno-
reactivity to be interpreted in ultrastructural terms.

5. Gold particles can be excited to emit secondary electrons or to ‘“‘back-scatter’’ electrons,
making them useful markers in scanning electron microscopy.®?!

6.  Colloidal gold particles are not only intensely colored, they can also reflect light or
may be used as nuclei for the deposition of silver, thus establishing their usefulness
in light microscopy as well as in immunoblotting.”--'?” The intrinsic contrast of
colloidal gold particles allows their visualization as particulate entities in special mi-
croscopic techniques (see Chapters 12 and 13).

7. Gold probes are preferred to radioactively and enzymatically labeled probes because
of the improved resolution and because gold probe activity is only dependent on
retention of the specific probe protein activity. In addition, they are nonhazardous
reagents.

The latter emphasizes the broad usefulness of colloidal gold particles as a uniform marker
system for a wide range of immunochemical detection methods. This makes it possible to
correlate results obtained through various approaches: light microscopy, transmission electron
microscopy, scanning electron microscopy, and immunoblotting.

Il. PREPARATION OF COLLOIDAL GOLD PARTICLES

Colloidal gold particles are formed by chemical reduction of an aqueous solution of
tetrachloroauric acid (condensation method). The following events characterize the reduction
process and determine the ensuing characteristics of the colloid particles: the nucleation, the
crystal growth, and the reaction speed. Upon onset of the reduction process, gold atoms are
liberated from tetrachloroauric acid. These gold atoms tend to aggregate in order to minimize
the free surface energy (crystallization process), thus forming microcrystals. During pro-
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FIGURE 1. Relationship between the average number of gold particles per milliliter gold
sol prepared from a 0.01% solution of tetrachloroauric acid and the average diameter of the
gold sol particles (in the range of 5 to 15 nm). X-axis, particle diameter (nm); Y-axis, number
of particles, 10"/ml.

gressing reduction, the microcrystals grow further until all tetrachloroauric acid has been
reduced'® and colloid formation is completed. The type of reducing agent used and the
concentration of the reacting components largely determine the ratio between nucleation and
growth, and thus the final particle size and size distribution. Reductors that are about the
most widely used are white phosphorous'*** and sodium citrate.'*** Next to these, sodium
borohydride* and thiocyanate® can be used as reductors for the preparation of colloidal gold
particles smaller than 5 nm with a lower limit of approximately 2 nm. Although the de-
tectability of such particles in the electron microscope may be limited due to reduced electron
density, they may nevertheless provide a basis for optimal penetration. Colloidal gold par-
ticles can be increased in size by condensation of gold on the particle surface.®** Recently,
a method has been published for the controlled growth of existing gold particles using
reduction by the white phosphorous procedure.® The particle diameter, initially 5.5 nm, can
be gradually increased to approximately 12 nm by repetitive reduction cycles. In this way,
sols can be prepared with extremely high particle density and a low diameter spreading.
The particles prepared through the controlled growth procedure showed improved reactivity
in immunocytochemical studies when compared to ascorbate-reduced particles.* This idea
of controlled growth has also been elaborated by Slot and Geuze™ as a modification of the
method published by Muhlpfordt®® using tannic acid and sodium citrate. By using a mixture
of a fast reductor (tannic acid) and a slow reductor (citrate), more or less a separation in
nucleation and growth is achieved. By varying the amount of tannic acid, there is a cor-
responding variation in amount of nuclei and thus in diameter of the resulting colloidal
particles, provided the amount of tetrachloroauric acid is constant. A reason for the narrow
size distribution may be found in the fact that tannic acid partly stabilizes the cotloid.
Reduction under stabilizing conditions is a well-known method to limit diameter spreadings.

According to Frens,' all the tetrachloroauric acid is converted to metallic gold, offering
the possibility to calculate the amount of gold particles per unit volume, thus providing a
basis for quantification. Figure 1 shows the relation between the number of gold particles
per unit volume and the mean particle diameter, provided the same amount of tetrachloroauric
acid is reduced.
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Since the maximum light adsorption (at 520 nm) is almost independent of the particle
size (see also Reference 6), this implies that for sols and probes of the same OD520 nm
(the optical density of the sols prepared according to the standard recipes is approximately
1), the number of particles decreases by a factor of 8 and the total particle surface decreases
by a factor of 2 for each doubling in size. This has important implications for the stabilization
of the sol (i.e., the minimum amount of macromolecules necessary to prevent electrolyte-
induced flocculation), and for the efficiency of the probe in dependency of the particle size.

A. Preparation of Colloidal Gold Particles: Recipes

General remark — The success of reproducible gold sol preparation is strongly dependent
on the use of meticulously cleaned glassware and ultrapure water, both for the preparation
of the solutions and for the last rinsing of the glassware. The use of freshly prepared, twice
deionized, glass distilled water is recommended.

1. Reduction by White Phosphorus

Reduction by white phosphorus, after Faulk and Taylor's as modified by Slot and Geuze;™
mean particle size: 5 nm.

1.5 ml of a 1% HAuCI, solution and 1.4 ml of a 0.1 M K,CO,4 solution are added to 120
ml of distilled water. To this solution, 1 ml of a phosphorus/ether solution is added. The
pipette tip is submerged to provide for minimal air contact of the white phosphorus. The
phosphorus solution is prepared by adding one part of ether saturated with white phosphorus
to four parts of ether. The mixture is left for 15 min at room temperature and boiled under
reflux until the color changes from brownish to red.

2. Reduction by Sodium Citrate — Method |

Reduction by sodium citrate, after Frens;'® particle sizes: 16 to 150 nm.

50 ml of a 0.01% HAuCI, solution is heated to boiling and 0.15 to 1 m! of a 1% sodium
citrate solution is added and boiling is continued. In about 25 s, the nucleation starts and
the solution turns faintly blue. After 70 s to 15 min, which is inversely related to the amount
of the added citrate solution, the solution turns red and sol formation is complete. The
diameters can be derived from the following table:

Amount of citrate Diameter

(ml) (nm) Sol color
1.00 16 Orange
0.75 24.5 Red
0.50 41 Red
0.30 71.5 Dark red
0.21 97.5 Violet
0.16 147 Violet

Reproducibility is the highest with the lower particle diameters.

3. Repetitive Reduction by White Phosphorus

Repetitive reduction by white phosphorus, after van Bergen en Henegouwen and Leu-
nissen;® particle size: 5 to 12 nm.

Starter sol (5.6 nm), 1.5 ml of a 1% HAuCI, solution, 1.2 ml of a0.1 M K,CO, solution,
in 120 ml distilled water.

The mixture is stirred for at least 3 min until the yellowish color has disappeared. While
stirring vigorously, 1.0 ml of a freshly prepared 20% saturated solution of white phosphorus
in diethylether is added. Within 5 min, the mixture’s color changes to brown/red. The
suspension is boiled under reflux until the color has changed to orange/red (within 10 min).
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The white phosphorus/ether solution is prepared from a 100% stock solution. To prepare
the stock solution, a few pieces of white phosphorus are added to 20 ml of diethylether and
stirred for 1 h at room temperature. The solution is cleared by adding distilled water and
mixing. The stock is stored at —20°C.

Growth of starter sol particles — An aliquot of 0.5 mi of a freshly prepared 20%
saturated white phosphorus/ether solution is added to 60 ml of the starter sol at 4°C with
vigorous stirring. After 5 min, 0.75 ml of a 1% HAuCI, solution and 0.6 ml of a 0.1 M
K,CO;, solution are added. The color of the suspension turns brownish/red. Subsequently,
the sol is boiled under reflux for 10 min, by which time the sol color has turned red. The
diameter can be further increased by repeating the procedure as described or by adding larger
amounts of the above mentioned solutions in stoichiometric quantities. An indication of the
obtainable average diameters and standard deviations can be obtained from the table below.

Average diameter  Standard Number of
(nm) deviation  additional reductions
5.6 0.9 0
6.7 1.0 1
7.9 0.9 2
9.8 1.3 4
12.1 1.0 6

4. Reduction by Tannic Acid and Sodium Citrate

Reduction by tannic acid and sodium citrate, after Slot and Geuze;* particle sizes: 3 to
17 nm. 100 ml gold sol is made up of two solutions: (1) 1 ml of a 1% HAuCl,-solution in
79 ml distilled water; and (2) 4 ml of a 1% tri-sodium citrate:2H,O solution, 0 to 5 ml of
a 1% tannic acid solution, 0 to 5 ml of a 25 mM K,CO, solution (same amount as the 1%
tannic acid solution) distilled water to bring the volume to 20 ml.

Both solutions are brought to 60°C. Then solution 2 is quickly added to solution ! while
stirring. The mixture is kept at 60°C until the colloid formation is completed. Sol formation
occurs within 1 s when high amounts of tannic acid are added, but the reaction time increases
with decreasing amounts of tannic acid. After completion of sol formation the sols are heated
until boiling.

Remark: the source of tannic acid is important as the chemical composition varies among
brands. The tannic acid used in this recipe is obtained from Mallinckrodt, St. Louis, MO,
code 8835.

5. Reduction by Sodium Citrate — Method 2

Reduction by sodium citrate, after Moeremans et al.,** average particle diameter: 8 to 10
nm.

Pour 232.50 ml of distilled deionized water in a 500 ml erlenmeyer flask. Heat to boiling
and start refluxing. Add 15 ml of a 1% sodium citrate solution. Reflux for 5 min. Subsequently
add 2.5 ml of a 1% HAuCI, solution rapidly and under vigorous stirring. Reflux for another
15 min.

II. RATIONALE OF GOLD PROBE PREPARATION

Colloidal gold particles carry a net negative surface charge. This property is exploited in
the low pH staining of positively charged electrophoretically separated protein bands on
cellulose-based membranes after electroblotting.?®

Positively charged proteins in solution will also tend to form complexes after mixing with
colloidal gold particles by electrostatic interactions. However, since these complexes are
largely aggregates, they are not, or are at the least, less suitable as (immuno)gold probes



