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ABSTRACT

Various types of counting containers have been used in
liquid scintillation counters. The most commonly used
types are standard 20 ml capacity glass, polyethylene and
nylen vials. A comparison is made of the various counting
parameters, such as background, efficiency, EZ/B, permea~
bility, external standard ratio, wall adsorption, dura-
bility and inertness to solvents. A number of new minia-
ture counting vials are described and warnings are given
regarding external standard ratio gquench correction, volume
dependency, static electricity and geometry. The advan-
tages and disadvantages of various types of liquid scin-
tillation caps are discussed. Special emphasis is given
to recognizing and avoiding errors produced by poor choice
of vial, with specific examples from the literature.

INTRODUCTION

In many ways liquid scintillation counting has become so
routine that few papers in bioanalytical research discuss
or reference counting procedures or materials. Even papers
dealing specifically with liquid scintillation often
fail to mention the counting container. Unfortunately, we
have encountered many instances where the choice of count-
ing vial was based solely upon habit or economy with little
thought given to possible adverse consequences. It has
been frequently noted that the counting bottle can be a
major factor in liquid scintillation counting accuracy and
reproducibility (1-6).
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LIQUID SCINTILLATION COUNTING

It is the purpose of this paper to review the history
and development of the various counting containers now in
use and to compare the relative merits of currently used
systems.

HISTORY

Due to limitations of cocktail capacity for agueous
samples, the first commercial liquid scintillation counters
introduced in the early 1950's were designed to accommodate
rather large 60-85 ml weighing bottles (7-12) (Fig. 1).

In some systems vials were optically coupled to the photo-
multiplier tube by the use of a silicone fluid (7,10,13,1k4),
but by the mid-1950's reflective counting chambers of pol-
ished aluminum proved convenient and superior in perform-
ance to fluid coupled systems.

It soon became apparent that the use of smaller counting
containers would allow the photomultiplier tubes to be po-
sitioned closer together, thereby reducing light path dis-
tance losses and resulting in improved counting efficien-
cies. Backgrounds due to natural radioactivity in glass
were also reduced due to the smaller mass of the counting
container. The first successful liquid scintillation spec-
trometer manufacturer introduced in 1953 an ordinary 5 dram
(20 ml) medicine bottle which became the accepted standard
in the industry (15). Kimble Opticlear medicine vials were
used initially (12), followed soon after by vials from
Wheaton (10,12,16).

The standard 5 dram medicine bottle has been modified
over the years to accommodate various instrument designs.

A flat or slightly concave bottom was required and various
height and bottom dimensions were necessary for sample
sensing switches, group select indicators, and sample-
changer elevator mechanisms. A drawing of a vial recently
proposed as a standard by the Internatiocnal Electro-
technical Commission (17) is shown in Fig. 2. It should
be noted that at present this standard has not been accept-
ed or approved. Use of a counting bottle of improper di-
mension can result in a costly repair bill (18).

GLASS COUNTING VIALS

Glass counting bottles are of two general types: boro-~
silicate glass and general purpose gsoda~lime or flint
glass. The major differences between the two types are the
higher cost and lower background count rate of borosilicate
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LIQUID SCINTILLATION COUNTING

glass (19,20). With general purpose glass vials, tritium
backgrounds of 50 cpm are common, but good borosilicate
glass bottles are generally in the range of 18-22 cpm. It
should be emphasized that background count rates of glass
vials differ considerably from manufacturer to manufactur-
er (21) and, more importantly, from lot to lot (4,20,22
23). Samples of each new shipment of vials should be
checked and lot numbers recorded. We recommend purchasing
a large quantity from a single lot.

Variagtions in mass and wall thickness can cause serious
reproducibility problems, especially with the external
standard ratio method of quench correction (3,24). Laney
(29 )has reported that background count rate of various
containers is a function of mass rather than composition.
A value of 1.3 cpm/g was nearly identical for several
types of plastic and glass vials studied. Paix (23) has
shown that the major variation between different sources
of glass is due to natural radium-226 and its decay prod-
ucts. This was demonstrated by placing a crushed glass
bottle in a low-level gamma spectrometer. Potassium-h0
appears to be of lesser importance in background contribu-
tion of glass bottles.

Glass counting vials offer the advantages of inertness
to strongly acidic or basic solvents, such as NCS* and
Hyamine hydroxidet, resistance to permeability and deform-
ation, low susceptibility to photoluminescence and compati-
bility to the external standard ratio method of automatic
quench correction. Glass vials allow the analyst to be
able to visually inspect samples (25). Tt should be
noted that figures of merit for semples containing large
volumes of water are not vastly different for general pur-
pose and borosilicate glass wvials when counting energetic
beta emitters. This is due to the fact that the higher
background of the general purpose viael is quenched in the
same manner as the sample (26-28) and stresses the im-
portance of using an identical sample minus activity for
accurate background determination. We find very often
that analysts use an unguenched background standard sup-
plied with instruments, rather than an identical blank
sample for determining background count rates. This
usually results in a high estimate of background count

*Trademark Amersham/Searle
+Trademark Rohm and Haas
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rate, but in some samples the opposite effect has been
noted {29,L4).

There are three disadvantages to the use of glass
counting vials, only one of which can be regarded as
serious. The first, which is really a nuisance, is break-
age. Many of you, I am sure, have lost a sample from time
to time by dropping a bottle. At one time a rather large
vial manufacturer had difficulty with a borosilicate vial
which would snap off at the neck when the slightest
pressure was used to tighten the cap. Fortunately, the
problem only occurred in about 5% of the bottles, but the
problem did exist for several years.

The second disadvantage of glass bottles is cost. How-
ever, one must balance the value of glass versus the dis-
advantages of other types of containers, particularly with
regard to accurate quench correction, and with the accu-
racy required for the experiment. We feel that glass
vials are the vial of choice for critical counting appli-
cations where accuracy and reproducibility are required.
For most counting applications standard glass vials can be
used rather than the more expensive borosilicate glass
vials.

The third and only serious disadvantsge of glass is
vial wall adsorption.

Recognizing vial wall adsorption can be a problem in
itself. Sometimes it would be manifest in a decreasing
count rate, but chemiluminescence, phase separation or
precipitation can alsoc be the cause. Chemiluminescence
can be identified by comparing single phototube versus
coincidence counts. Companies now offer instrument op-
tions which automatically compare such data and reject a
semple which is chemiluminescent, but not one vwhich is
adsorbing or precipitating.

Usually an adsorbing sample can be distinguished from a
precipitating sample by comparing glass to nylon or poly-
ethylene counting vials which do not have polar surfaces
(30). Ancther method is to shake vigorously or vortex the
vial to see if the count rate increases by redissolving
the sample. It should be emphasized that the mass of
labelled sample is usually quite small, and one cannot
rely on a visual check to ensure that precipitation is not
occurring.

Phase separation can be a serious problem for the newer
detergent cocktails which are quite temperature/phase
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dependent, particularly in cases where samples are prepared
under ambient conditions and counted in refrigerated sys-
tems (31). We feel much more comfortable with glass
bottles where we can "see" the sample, even though visual
evidence is not the only criterion one must use for de-
termining the homogeneity of a sample.

Another simple check for adsorption is to pour the
scintillator solution from the original vial to a second
vial, fill the original vial with fresh scintillant and re-
count. If adsorption is occurring, the original vial will
retein a good percentsge of the original counts.

The use of a double ratio method of quench correction
(32,25) is the preferred screening method to check for pre-
cipitated, phased, adsorbed, or any non-homcgeneous sample.
If a sample is adsorbing, the external standard ratio will
usually indicate a higher counting efficiency than the
semple channels ratio. D. S. Glass (34) has shown that
modern spectrometers with on-line computers can simply and
routinely perform this check for the analyst.

Certain types of compounds, such as lipids, cations,
multivalent anions, proteins and basic amino acids have
been frequently reported to adsorb (30,35-4L).

Several methods have been used to overcome vial-wall
adsorption problems. Use of polyethylene or nylon contain-
ers usually prevents adsorption. Adding an excess of the
corresponding non~radiocactive carrier compound (30,35,37)
results in a competition for the binding sites on the vial
wall (45). If sufficient carrier material is present to
saturate the vial walls, adsorption is minimized. For in-
organic radiocactivity standards, The Radiochemical Centre
has found that 100 ug of carrier material per ml is needed
to prevent appreciable adsorption.

Ancther method to overcome the problem of adsorption is
to siliconize the vial walls (30,37,46,47). It should be
noted that if a sample adsorbs to the counting wvial, it has
probably adsorbed to walls of flasks, pipettes and all
other glass surfaces with which it has been in contact.

All glassware should be siliconized or carrier added at the
earliest possible stage in the assay.

Use of complexing agents (NCS*, Di(2-ethylhexyl)phosphate,
EDTA) can prevent vial wall adsorption, garticularly of the
inorganic ions, such as 22Na+ and 32PO: .

*Trademark Amersham/Searle
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Although photoluminescence has been reported as a prob-
lem with glass counting bottles (10,48), we have not ex-
perienced any difficulties, as it is standard practice for
samples to remain in the counter for four hours before
counting. In our experience vials prone to photolumines-
cence are:

nylon>>>>polyethylene>glass

We slways like to use a glass vial, but one must be aware
of the problem of vial wall adsorption.

Two additional glass vials should be mentioned. Quartz
counting vials were recognized many years ago because of
the improved properties of light transfer or resultant
higher counting efficiency and also lower backgrounds {14,
20). Although quartz vials can still be obtained from
Packard, their cost ($12.00 each) is prohibitive for most
applications.

Etched or sandblasted glass vials have been used to im-
prove pulse heights and counting efficiency (49~51). A
3-5% increase in counting efficiency using frosted vials
has been reported (52). Although frosted vials were com-
mercially availsble from Beckman, presently there is no
known commercial source. The $0.25 cost of the vials ap-
parently was not worth the extra 3-5% in performance.

POLYETHYLENE /POLYPROPYLENE VIALS

Bell (53) noted in 1957 that chlorotrifluoropolyethylene
bottles counted with the same efficiency as glass, but low-
ered the background 3- to U-fold. Horrocks and Studier
(54) and Rapkin and Gibbs (50,55,56) evalusted the applica-
tion of polyethylene counting containers, pointing out sev-
eral advantages and a number of disadvantages.

Polyethylene has the advantage of highest counting effi-
ciency and lowest background cf any commercial 20 ml bottle
(55,57,58). Other advantages include low cost, combusti-
bility for disposal purposes, non-breskability, non-polar
surfaces which resist adsorption, and low susceptibility to
photoactivation by strip lighting or sunlight.

The most serious disadvantage of polyethylene counting
vials 1s permeasbility of the vial walls to many chemicals,
but in particular, toluene and xylene. Rapkin and Gibbs
(55) indicated that the leakage rate for toluene was ap-
proximately .T7%/day. Lieberman and Moghissi (58) found a
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somewhat similar weight loss rate for xylene and toluene
(but little loss of water and dioxane), and further pointed
out that there was considerable variation from meanufacturer
to manufacturer. One polypropylene counting bottle tested
in our laboratories showed a L7% weight loss in six days at
220¢.

Leakage of toluene and xylene poses a serious environ-
mental problem for workers continually exposed to vapors.
It is recommended that polyethylene bottles be discarded
immediately after use. A further hazard is fire, particu~
larly when quantities of filled bottles are stored in poor-
ly ventilated areas, such as storerooms or closets (22).

A radiological hazard also exists, particularly when
penetrating substances such as toluene and n-hexadecane are
being used as in internal standards.

The permeation of other radicactive substences through
polyethylene containers has been reported to us many times.
As an example, certain enzymatic assays sre carried out di-
rectly in liquid scintillation bottles. A carboxyl-l*C
labelled substrate and a decarboxylase enzyme are used to
measure a reaction rate by the liberation of 1"GOZ. When
polyethylene bottles are used, 1|+002 tends to diffuse into
the vial wall while the blank reaction is being carried
out. When scintillator solution is added, '*CO, aiffuses
back into solution, resulting in high blanks and non-
reproducible results (59).

Hansen (38) reported that when polyethylene vials, some
with cocktail but no activity and some with cocktail plus
Toluene-3H, were placed in a liquid scintillation counter,
the "background" count rate in the vials containing no
activity rapidly increased with time.

Many polyethylene bottles swell appreciably as toluene
permeates the vial wall. Serious instrument repair bills
can result if such a vial jams the sample-changer mechan-
ism. Heating polyethylene bottles usually softens the vial
to the point where it is not useable, and polyethylene
bottles are not recommended for use with strongly basic
solubilizers, like Hyamine hydroxide* and NCS¥. Opacity of
most polyethylene bottles prevents direct inspection of the
semple -- a serious disadvantage.

A more important effect of permeability noted by Bush(25)

*Trademark Rohm and Haas
fTrademark Amersham/Searle
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and further studied by Leney (4) and others (60,61) is that
once toluene or xylene has begun to permeate the vial walls,
changes occur in the external standard ratic. The vial
well becomes more "efficient" when it is saturated with
primary solvent. Although one study indicates that this
variation stabilizes after 5 hrs. (61), another recommends
two days (4). It should be noted that the time required
for the external standard ratio to stabilize with poly-
ethylene vials varies considerably from manufacturer to
manufacturer and from batch to batch. If polyethylene
vials must be used, the sample channels ratio method (33)
of quench correcticn should be used.

Polyethylene and polypropylene vials differ considerably
in wall thickness and the density used in manufacture. The
physical characteristics vary from nearly transparent to
opaque, and from soft and pliable to rigid.

In general, we have not found that the rate of permea-
tion through vials from varicus suppliers is very different.
It tekes longer for the solvents to permeate the thick-
walled, high-density bottle initially, but once the mole-
cules have permeated the outer surface, the rate of sclvent
losg is not very different from manufacturer to manufac-
turer.

Curtis (61} has studied relative transpiration rates for
a nunmber of sclutions stored in polyethylene, polypropylene,
high-density polyethylene, teflon and glass containers.

We have not seen any real advantage of polypropylene as
opposed to polyethylene, although one report (61) prefers
polypropylene. In our experience the significant differ-
ence in plastic vial performance is the source of supply
and not the plastic employed.

Spurious counts due to photoluminescence do nct appear
to be a serious problem with polyethylene bottles, provid-
ing they are placed in a counter several hours prior to
counting (18,57). Static electricity has been reported
with polyethylene bottles (4,57,63)but we have never found
this to be a serious problem except in very dry climates.
Treating vials with an anti-static agent, avoiding rubbing
vials with cloth and preventing vials from continuously
circulating through the counter can prevent photolumines-
cence due tc static electricity.

In Cerenkov counting polyethylene vials are preferred
to glass because of significant background reduction (64—
67); nylon vials are unsuitable for the agueous samples
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normally used.

NYLCON VIALS

Nylon counting vials offer all the advantages of poly-
ethylene vials -- unbreakable, disposable, extremely low
background (68), adsorption resistance -- without the dis-
advantage of toluene or xylene permeability.

One major disadvantage of a nylon vial is that it sof-
tens and deforms when used with strongly polsr solvents,
such as cocktails containing large amounts of methanol,
Triton X-100, water and some of the pre-mixes (58). Any
commercial cocktail that is designed to hold large amounts
of water probably will not work well with nylon vials.

A second disadvantage of nylon is its high susceptibili-
ty to photoluminescence. Nylon vials when exposed to the
game light source result in 2-3 orders of megnitude higher
luminescence than polyethylene or glass and the decay time
is considerably longer.

Nylon vials are useful in applications where the cock-
tail containe minimum amounts of polar solvents, providing
precautions are taken to protect the bottles from exposure
to sunlight and fluorescent lighting.

TEFLON VIALS

Calf 69,70) has used teflon counting vials tc achieve
higher E2/B than polyethylene for low-level counting, and
%gf%on is much more resistant to leakage than pclyethylene

2

There is no known commercial source of teflen vials, but
one would expect them to be very expensive, perhaps more so
than borosilicate glass.

MINIATURE VIALS

Recent improvement in sample preparation, which allows
the analyst to count up to 40 per cent aqueous sample, has
generated considerable interest in the use of gmaller
counting vials. The first of the commercial versions, the
Mini-vialTM*  consists of a holder the gize of & standard
20 ml counting vial which has been bored down the center to
accommodate a 7 ml polyethylene vial.

The Mini-vialT™ has a history of difficulties. The
first holder design was simply a Lucite tube with an open

*¥Trademark Nuclear Associates
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bottom. The shape of the holder caused serious Jamming
problems in some ccunters, and the holder was so short it
passed beneath many sample sensing devices.

A second version was produced which featured an enclosed
bottom, but the radius of curvature at the bottom edge of
the holder would not trip some sample sensing switches.
Further difficulties with spurious luminescence due to
static electricity have been reported to us many times.

A third version said to overcome the static electricity
and geometry difficulties is now being produced. Although
we have not tested the newer version, we are not aware of
any difficulties with the latter.

A further difficulty with the Mini-vialTM is destruction
of the rather expensive hclder by toluene permeating the
polyethylene vial. If a vial is left in holder more than a
few hours, it fuses to the holder, and the holder frequent-
1y deforms. The polyethylene insert is subject to all the
disadvantages described for standard 20 ml polyethylene
bottles.

Two novel miniature vial combinations are shown in
Fig. 1. The first used a standard 3 dram (10 ml) glass
vial and & 24 mm polyethylene vial as a holder. This com-
bination is very inexpensive and offers all the advantages
of a glass system. The glass vial fits snugly in the poly-
ethylene holder when the cap is screwed on.

Another miniature vial combination employs a standard
22 mm glass vial as a holder, for which Sterilin designed a
5 ml polyethylene insert wvial. Although this combination
is economical, it possesses all the inherent disadvantages
of a polyethylene counting vial and its use is not recom-
mended.

COUNTING BOTTLE CAPS

Several types of bottle caps are available and the choice
can seriously affect results. It was discovered quite
early that sluminum foil-lined caps would increase counting
efficiency 1-2% by reflecting photons escaping from the
solution surface back down towards the photomultiplier
tubes. It should be noted, however, that foil and corke
lined caps are incompatible with strongly basic cocktails

*Trademark Nuclear Associates
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containing NCS* or Hyaminet. Teflon or polyethylene lined
caps are preferred in these applications.

It was noted in 1965 that liquid scintillation counting
vials with white screw caps resulted in higher, more er-
ratic background count rates than liquid scintillation
counting vials containing black caps (71). Further studies
have shown that the higher background count rates are due
to photoactivation of the caps by sunlight and laboratory
fluorescent lighting (L48).

As a typical exemple, when an empty 20 ml glass counting
vial with white cap was allowed to drop into the counting
chamber while the 1id of the counter remained open, 1500
counts were recorded in the tritium channel during the
first 0.01 minute, even with the coincidence mode of the
spectrometer in operation. Under the same conditions,
black-capped vials gave only 140 counts.

The phosphorescence of white caps appears to decay to
normal levels very quickly, usually within two minutes (72).
However, with the increasing popularity of multi-user
counters, it is possible that while one individual's
semples are counting, a second user may be opening the 1id
to unload or load samples. It is recommended that the
counting cycle be stopped before opening the counter, and
that the counter be reset 2-3 minutes after the 1id has
been closed.

The use of black caps on liquid scintillation vials,
however, will minimize the problem of spurious counts due
to photoluminescence (73).

Snap~on or push-in polyethylene caps are available for
certain vials, but these almost inevitably cause fluid to
be squeezed out of the vial when inserted. These caps can
only be conveniently used one time and should not be used
with the internal standard method of quench correction.
For reasons of protection from radiation contamination, we
do not allow snap~on or push-in plastic caps in ocur lsbora-
tories.

Complete sealing of commercial screw-cap counting vials
is nearly en impossible task (71,TL4) mainly due to an ir-
regular top edge. All vials leak primary solvent vapors,
polyethylene, as previocusly discussed, being the worst
offender. We find taping the space between the lower edge

¥Trademark Rohm and Haas
TTrademark Amersham/Searle
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of the cap and the shoulder of the bottle with teflon con-
venient for samples we may wish to re-count at a later date
or for samples of long counting times. Care should be
taken not to use thick tape which may cause jamming of the
sample changer mechanism if the diesmeter becomes too large.
Alternatively, flame-sealable low-background liquid scin-
tillation glass bottles are commercially available (Fig. 1)
but the laborious task of sealing the bottles precludes
routine use. )

EFFECT OF VIAL GEOMETRY IN COUNTING CHAMBER

Garfinkel (71), Stanley (5) and Laney (4) have described
gignificant error introduced in the assay by the differen-
tial positioning of a counting vial in the counting chamber.
When using mini-vials, it is imperative that holders are of
reproducible dimensions both in terms of concentricity and
height of sample vial.

VIAL FILLING DEVICES

Filling large numbers of counting vials can be a tedious,
and sometimes hazardous, task. Several devices are avail-
able which reduce exposure to solvent vapors and speed
bottle filling.

The least expensive filling device is the tilting dis-
penser offered by many suppliers in adjustable and fixed
volumes. Cost is generally about $15.00. A more accurate
and rapid filling mechanism is the Repipet*, which sells
for about $75.00. This device screws on a standard b 1
bottle and can fill a counting bottle accurately in a few
seconds.

A much more elaborate (and expensive) device is the
Multi-~Jet 1001, which fills ten viels simultaneously by one
stroke of a lever, or an entire case of vials in less than
one minute. The cost, however, is $595.00 per unit.

EFFECT OF VIAL ON PULSE HEIGHT SPECTRUM

While it is commonly recognized that the shape of a beta
energy spectrum changes with semple composition, it should
be noted that energy spectrum shifts when using vials of
different composition can cause an increase or decrease in
counting efficiency, changes in ratio and changes in spill-

¥Trademark Labindustries
+Trademark Isclab
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over factors (50,60,66,75). Optimal gain and discrimina-
tor settings should be established with the type of wial to
be used in the assay.

EFFECT OF VOLUME ON COUNTING EFFICIENCY

Several investigators have shown that optimum counting
efficiency in a 20 ml counting vial plateaus between
10-15 ml where the efficiency is very little affected by
volume (4,60,66,67,76-78). Rummerfeld and Goldman (3) have
shown efficiency of mini-vials to be much more sensitive to
small volume changes. In the above studies if height of
sample in vial had been plotted against counting efficiency,
nearly identical curves would have been obtained.

SPECIAL TYPES OF VIALS

Schram (79) has reviewed counting vials which can be
used as flow cells in conventionel liquid scintillation
spectrometers. Ashcroft (80) constructed a glass vial to
count gamma emitting nuclides by an external ssmple method,
and thege vials are now commercially available. Schram (81)
has suggested a modified counting bottle for bioluminescence
assays.

WASHING AND REUSING COUNTING VIALS

Washing and reusing counting bottles is risky business,
unless each vial is filled with fresh scintillent and
counted prior to the addition of the radicactive sample.

We have investigated reusing scintillation bottles several
times and have found that if one considers the cost of
technician time, counter time and the chance of a contami-
nated bottle affecting the precision of data, reusing stan-
dard counting bottles ig false economy. In no case should
polyethylene, polypropylene or nylon vials be reused, and
all caps should be discarded after a single use.

Rummerfeld and Goldman (76) have discussed the economics
of viel washing versus the accuracy required for the ex-
periment. Harris and Friedman (82) have described a simple
rinsing and cleaning apparatus for use with glass counting
bottles. Drosdowsky and Egoroff (83) designed a simple de-
contamination unit which can clean up to 55 vials per hour.
Several vial washing units are available commercially,
among them the Refluxowasher {Buchler Inst.) which has been
evaluated by Kushinsky and Paul (8k4).

It is interesting to note that in the studies mentioned
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above radioactive steroids were employed. Since steroids
are known to be fairly soluble in non-polar arcmatic sol-
vents and tend not to adsorb to glass (30,85), those con-
templating reuse of counting vials should not presume that
similar results will be obtained with other types of
samples.

SUMMARY

The choice of counting container can drastically affect
not only the optimum conditions of the assay, but also the
accuracy and reproducibility of counting data.

For the majority of applications we recommend the uge of
a glass counting vial, and the sample channels ratio method
of guench correction. The exception is extreme low level
counting where polyethylene or teflon must be used to
achieve high figures of merit.

In the future T believe the ability to count large vol-
umes of agueous samples and the high specific activity
labelled compounds now available will spur manufacturers
to develop, with only minor modifications to counting
chamber geometry and sample changer, counters which will
be designed to accommodate 5-10 ml bottles.
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