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Staining with colloid metal silver is widely used for
developing of protein zones produced in polyacryla-
mide gel electrophoresis (PAGE). Because PAGE is the
main method of protein assay in proteomics, a new
branch of biological research, the high sensitivity of the
method of protein development (visualization) with sil-
ver makes it particularly important. However, the poor
reproducibility is a substantial disadvantage inherent in
all modifications of this method described in the litera-
ture thus far. This is due to the fact that the process of
protein-induced precipitation of metal silver is insuffi-
ciently understood to provide effective control of its
essential parameters [1]. On the other hand, the repro-
ducibility of protein development is a necessary condi-
tion of exact quantitative assessment of the protein con-
centration in studies of physiological and biochemical
processes. To meet this condition, we studied uncon-
trollable parameters affecting the process of protein
development through silver staining.

Conventional procedures of protein development in
polyacrylamide gel by silver staining include the stages
of gel impregnation with a solution of a silver–amine
complex in the presence of sodium hydroxide and
development with a solution containing low concentra-
tions of formaldehyde and citric acid. In most proce-
dures, protein is developed using the silver complex
with ammonia 
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 [2–4].

To provide comparative assessment of the reproduc-
ibility of the results of development of identical electro-
phoretic gel bands, the process of development was
simultaneously run in four glass cuvettes: two cuvettes
were control, whereas the development conditions in
the other two cuvettes were modified. Gel strips (

 

150 

 

×

 

9 

 

× 

 

1.5

 

 mm) were cut out of polyacrylamide gel plates
after the plates had been used for protein electrophore-
sis. In accordance with the method of Laemmli [5], a
20-

 

μ

 

l sample of human blood plasma was spread over
the whole width of the electrophoresis plate (in the
presence of 0.1% sodium dodecylsulfate and at a poly-

acrylamide gel concentration of 10% in the plate).
Before cutting into strips, the plate was fixed for one
day in 50% ethanol.

The volatility of ammonia was originally suggested
to be a main cause of the poor reproducibility of the
results of silver-mediated development of electro-
phoretic gel bands and insufficiently precise measure-
ment of the concentration of silver complex with
ammonia, 
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, in the solution. To overcome
this disadvantage, ammonia was replaced by its nonvol-
atile analogue (ethanolamine). Although this replace-
ment did not cause significant improvement of the effi-
ciency of the method, it allowed one of the possible
causes of poor reproducibility of this process to be
avoided 

 

a priori.

 

 When the gel strips had been washed
for 30 min in double distilled water, they were devel-
oped as follows: (1) the stage of gel impregnation for
1 h with a solution containing 3 mM 

 

AgNO

 

3

 

, 24

 

 mM
ethanolamine, and 2.4 mM NaOH; (2) the stage of
washing in double distilled water for 20 min; and (3)
the stage of development for about 10 min with a solu-
tion containing 72 mM formaldehyde and 0.17 mM cit-
ric acid. The solution volume at all stages was 25 ml.

An unexpected result was obtained in studies of the
effect of light on the reproducibility of the development
of electrophoretic gel bands. Shielding of the cuvettes
not only prevented experimental samples from being
exposed to light, but also decreased their contact with
air. The staining intensity of developed gels in the
shielded cuvettes was significantly higher than in the
cuvettes freely contacting with ambient air. This exper-
iment was repeated many times using glass plates for
insulating the cuvettes from ambient air, and the results
obtained earlier using nontransparent shields were con-
firmed with a 100% reproducibility (Fig. 1).

To identify the stage of the procedure sensitive to the
contact with air (i.e., to determine at which of three
stages the contact with air causes a decrease in the
intensity of gel staining with silver), we used experi-
mental settings at which the cuvettes containing sam-
ples were selectively exposed to air only during the
development stage of interest, whereas during the other
stages, the cuvettes were covered with glass plates.
These experiments demonstrated that the first stage of
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the procedure (gel saturation with the ethanolamine–
silver complex) was the most sensitive to contact with
air. The sensitivity of the second stage (washing with
water) was expressed only as an insignificant delay of
the onset of the third stage. Neither the process of

development nor its final result was affected by the
sample contact with air during the third stage of the
procedure (development with a solution containing
formaldehyde and citric acid). Similar experiments
were performed using ammonia instead of ethanola-
mine. Because silver is more strongly bound in com-
plexes with ammonia than in complexes with ethanola-
mine, the concentration of ammonia in the impregna-
tion solution (9 

 

μ

 

M) was lower than the corresponding
concentration of ethanolamine. Development with
ammonia was accompanied by the same effects as
development with ethanolamine.

It was concluded on the basis of these results that
exposure to air during the first stage of the procedure
prevents the formation of invisible nucleation centers of
silver precipitation. Contact with air during the second
stage of the procedure decreases the size of the nucle-
ation centers, thereby delaying the development at the
last stage.

It was necessary to determine which of the two
active components of air (oxygen or carbon dioxide)
inhibited the formation of nucleation centers at the first
stage of the development procedure. The effect of air-
induced inhibition of silver-mirror formation on the
walls of glass test tubes containing 1 ml of a 0.1 mM
solution of the ethanolamine complex with silver ion
that we found earlier was used to answer this question.
This effect was observed in open test tubes, but not in
the test tubes sealed with Parafilm. Within one day of
incubation at room temperature, the walls of the test
tubes sealed with Parafilm were coated with a dense
layer of metal silver. Obviously, this phenomenon was
similar to the effect of inhibition of silver precipitation
in gels, but nucleation centers appeared on glass walls,
and ethanolamine itself rather than formaldehyde
played the role of reducer.

The fact that the Parafilm membrane was not drawn
into test tube during incubation of the silver complex
with ethanolamine can be regarded as evidence that this
reaction is mediated by carbon dioxide (concentration
in the atmosphere, 0.03%) rather than oxygen (concen-
tration in the atmosphere, 21%).

The following experiment was performed to test this
suggestion and to assess the amount of carbon dioxide
required to inhibit the silver-mirror formation. Using
glass capillaries filled with carbon dioxide gas, 120-

 

μ

 

l
samples of 

 

ëé

 

2

 

 were added to two test tubes (Fig. 2a)
and 60-

 

μ

 

l samples of 

 

ëé

 

2

 

 were added to other two test
tubes (Fig. 2b). At the outer end, the capillaries were
sealed with the Parafilm film, whereas the other end of
each capillary was inserted in a rubber plug. Two more
test tubes containing the solution were filled with oxy-
gen preliminarily purified from carbon dioxide by treat-
ment with potassium hydroxide (Fig. 2c). Finally, two
test tubes filled with air served as a control (Fig. 2d). In
the first case, there was a complete inhibition of the sil-
ver-mirror formation on the test-tube walls, whereas in
the second case, there was a faintly visible thin silver
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Fig. 1.

 

 The results of development of blood serum proteins
in polyacrylamide gel strips using the ethanolamine com-
plex with silver in (a) cuvettes covered with glass plates and
(b) open cuvettes.

 

Fig. 2.

 

 The formation of a mirror layer on the inner surface
of glass test tubes containing a 0.1 mM solution of the eth-
anolamine complex with silver after one day of incubation
at room temperature: inhibition of silver precipitation as a
result of 

 

ëé

 

2

 

 diffusion to the test tube from (a) a 120-

 

μ

 

l
capillary and (b) a 60-

 

μ

 

l capillary; (c) silver precipitation in
test tubes filled with CO

 

2

 

-free oxygen; (d) silver precipita-
tion in control test tubes filled with atmospheric air. 
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coating on the test-tube walls (not seen in Fig. 2). The
results of the calculation of the rate of carbon dioxide
diffusion from capillary showed that the amount of car-
bon dioxide diffusing from the capillary to the test tube
in the second case (60 

 

μ

 

l) was 40 times lower than the
content of the silver complex with ethanolamine and 27
times higher than the content of carbon dioxide in the
test tube. Such a large molar ratio of the silver–ethano-
lamine complex to the carbon dioxide concentration
capable of preventing metal silver from being precipi-
tated on the test-tube walls supports the conclusion that
carbon dioxide inhibits formation of the nucleation
centers for silver precipitation, rather than inhibits the
process of silver precipitation itself. On the other hand,
no symptoms of inhibition of the silver-mirror forma-
tion were observed in test tubes containing oxygen.

To determine whether carbon dioxide, in the form of
carbonate ions, is involved in the inhibition of the for-
mation of the nucleation centers for silver precipitation,
samples of 60, 120, and 240 

 

μ

 

l of 0.5 M sodium hydro-
carbonate were added to test tubes containing 1 ml of
0.1 mM solution of the ethanolamine complex with sil-
ver. It was found that silver precipitation on test-tube
walls was inhibited only in the case of addition of
240 

 

μ

 

l of 0.5 M sodium hydrocarbonate. The amount of
sodium hydrocarbonate added in this case was
1.2 times larger than the equimolar amount of the sil-
ver–ethanolamine complex. The addition of identical
concentrations of sodium carbonate did not inhibit the
reaction of the silver-mirror formation on test-tube
walls. The results of these experiments suggest that the
formation of nucleation centers for silver precipitation
is inhibited by carbon dioxide in the form of CO

 

2

 

 rather
than carbonate ions. This suggestion is consistent with

the literature data indicating that sodium carbonate was
successfully used to substitute alkali in some PAGE
methods for protein development by silver [6, 7],
whereas potassium carbonate impurities had almost no
effect on the quality of the mirror manufacturing tech-
nology [8].

It is well known that the concentration of carbon
dioxide in a closed room as a result of vital activities of
the human body may change by two orders of magni-
tude (from 0.03 to 3%). Taking into account this fact, as
well as the dependence of the effect of inhibition of sil-
ver precipitation nucleation centers on carbon dioxide
concentration, it may be concluded that variation of
carbon dioxide concentration in air is the main uncon-
trollable parameter that affects the reproducibility of
protein development by silver in polyacrylamide gel.
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