
Penetration Rates of Formaldehyde
Bryan R. Hewlett

McMaster University Medical Centre (Retired)
b h e wl ett@cog eco, ca

Formaldehyde is one of the most rapidly penetrating fixatives
used. Unfortunately, it is one of the slowest to fix tissue. This paradox
was finally explained by Burnett1 in 1982. An fine description of the
properties of formaldehyde may be found in John Kiernan's book.2

The penetration rate of formaldehyde in mm/hr is a variable thing.
It depends on how the data is obtained. It may also vary slightly
depending on tissue type. The penetration rate of formaldehyde fixa-
tives has been extensively studied, often with conflicting results. The
penetration of non-coagulating fixatives is difficult to measure.

The original experiments of Medawar3 utilized plasma clots with
an indicator to mark depth of penetration. Medawar showed that
fixatives obey the diffusion laws, that is, the depth penetrated was
proportional to the square root of time. Medawar determined a coef-
ficient of diffusibility for each fixative, the Medawar constant K, Using
the equation d = KVf, where d is distance penetrated in mm, t is time
In hours and K"the Medawar constant for the ftxative in question, it is
possible to determine the penetration rate.

Medawar determined K = 5.5 for formaldehyde. Using this value
NBF would penetrate 27.5 mm in 25 hours. Plasma clots are easier
to penetrate than solid tissues, so the rate is probably less.

Baker4 chose a geiatin/albumen gel to more closely mimic solid
tissue and determined K- 3.6 for formaldehyde, or 18 mm in 25 hours.
Baker also pointed out that the actual penetration into tissue would
probably be less, possibly due to the resistance of lipid containing
cell membranes. He quotes the data of Tellyesnicsky5 who, using liver
tissue samples mainly, indicated a more conservative K = 0.78 for
formaldehyde. That would translate to 3.9 mm in 25 hours.

From d = K^t, it follows that fixatives penetrate more quickly Into
small samples of tissue compared to large ones. The initial rate of
penetration into tissue is extremely rapid.

The first layer of cells (20 urn) takes a second or so (70 mm/hr).
Using Baker's K =3.6, the following examples will illustrate further;

1 hour= 3.6 mm,
4 hours = 7.2 mm, averaged to (1.8mm/hr),
9 hours = 10.8 mm (1.2mm/hr),
16 hours = 14,4 mm (0.9mm/hr),
25 hours = 18 mm (0.72mm/hr),
100 hours = 36 mm (0.36mm/hr).

So much for the penetration rate, the real issue is the fixation
rate, i.e. penetration rate plus binding time. Fox etal.5 used MC labeled
formaldehyde to study the covalent binding time for rat kidney tissues.
At a temperature of 25°C, the amount of formaldehyde bound to tis-
sue increased with time until equilibrium was achieved at 24 hours.
At 37DC the reaction was faster and equilibrium was reached at 18
hours. A later study by Helander7 also used "C labeled formaldehyde
to study binding time for the fixation of rabbit liver. At 25°C. equilibrium
was achieved at 25 hours.

The correlation of results between these two studies is impressive.
Particularly in view of the fact that Fox used 16j.tm thick sections of
fresh rat kidney, whereas Helander used 4 mm cubes of fresh rabbit
liver. The virtually identical equilibrium times achieved by each study
indicate that penetration time is not a factor in the kinetics of the reac-
tion. Despite the fact that thin slices of tissue will be penetrated faster
than thicker cubes, it would seem that the binding time is the limiting
factor for tissue stabilization. In a further study also by Helander,8 us-
ing rat brain and kidney, equilibrium was not achieved until 50 hours.
However, the tissue in Helander's latest study was twice the thickness
(8mm) of the original study, a factor to be taken into account when
comparing the data.
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Failure to recognize the importance of formaldehyde binding
time is the leading cause of the tremendous intra and inter- labora-
tory variability in immunohistochemical (IHC) performance. A clinical
laboratory's so called "routine formaldehyde fixation," actually consists
of allowing the tissue to fix for variable periods of time, dictated by the
start time of the tissue processorl

Formaldehyde fixes not by coagulation, but by addition, reacting
with basic amino acids (primarily lysine and arginine) to form several
adducts. These reactions are readily reversible by water and alcohol.
These adducts have free hydroxymethyl groups, which are capable
of further reaction to form stable methylene bridges between proteins
(see Kiernan2 for more Information). This type of cross-linking is re-
sponsible for the stabilization of proteins that we term fixation.

For both 1 mm thick core biopsies and 4mm thick tissue slices,
the minimum stabilization time is 24-25 hours at ambient tempera-
tures. The minimum stabilization time does not, unfortunately, denote
complete fixation time. The initial cross-links are still relatively weak
and easily reversible; stronger cross-linking continues to occur over
time. Complete fixation is thought to take at least 7 days. Even after
this time cross-links continue to form slowly.

Werner3, quoting the two papers above, considers cross-link-
ing complete in 24 -48 hours, but also expresses concern about
the "over-fixation" due to excessive cross-linking, which may occur
if fixation is allowed to exceed 24-48 hours. I agree with Werner, in
that cross-linking may mask some epitopes, but in my experience
this does not occur with the vast majority of antibodies in use until 5
-7 days of fixation. Even then, providing the IHC has been optimized,
with the majority of antibodies, fixation up to 4 weeks is acceptable.
The major strength of formaldehyde, as a fixative for IHC, lies in the
fact that the cross-linking is 90% reversible. This reversibility allows
the successful use of "Antigen retrieval" techniques. Far more serious
is the problem of short <24 hour fixation.

In aqueous solution, formaldehyde rapidly becomes hydrated to
form methylene hydrate (methylene glycol).' The equilibrium of the
reaction lies so far in favor of the hydrated form, that little(less than
0.1%) true formaldehyde is present.6 The reactivity of aqueous solu-
tions of formaldehyde is known to physicals chemists as an example
of a "clock" reaction. The conversion of methylene glycol to formal-
dehyde by removal of the little formaldehyde present can be used as
a "real-time" clock, measured in hours.1

Formaldehyde f xation begins at the periphery of the tissue. The
initial layers of cells bind all of the available formaldehyde (<0.1 %)
and start the "clock." Methylene glycoi continues to rapidly penetrate
the tissue and, over hours, more formaldehyde is generated from
methylene glycol. If this process is interrupted before completion, the
formation of addition compounds will be incomplete, easily reversed
and full stabilization by cross-linking will not occur. Depending upon
the time of interruption, the periphery may show adequate cross-
linking, whereas the remainder of the tissue is fixed by coagulant
alcohol during processing. This may have disastrous effects upon
IHC staining and will occur whether the tissue is a small biopsy or a
4 mm slice. •
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