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Abstract:

A nuclear emulsion prepared at Nagoya University was verified to be usable for autoradiography in comparison with a commercial emulsion

used for this purpose, as production of many silver-salt photographic materials is now discontinued. Photographic characteristics of two nu-

clear emulsions were estimated in terms of the sensitivity for light and B-rays, and the shapes of silver halide grains and developed silver

grains were observed with electron microscopes. Autoradiography with B-rays was conducted by applying the emulsions on a sample with a

radioisotope and evaluating the images formed on the emulsions. This emulsion prepared at Nagoya University has properties similar to those

of the commercial one and can be used for autoradiography.
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1. Introduction

Autoradiography is a method for analyzing samples using distri-
bution images of the radiation emitted from radioisotopes (RI) con-
tained in the sample). Silver-salt photographic materials or imaging
plates are used to detect the radiation from RI. Among these, the
former have some advantages, such as providing high-resolution im-
ages and the ability to adhere closely to a sample surface of irregular
shape.

Because of the recent reduction in the use of silver-salt photo-
graphic systems, many photographic emulsions for autoradiography
have also been discontinued, and the supply has become dwindling.
Under these conditions, Nagoya University launched its own emul-
sion-production equipment, and emulsions for nuclear plates to de-
tect radiation tracks have been supplied 2.

It may also be possible to apply this emulsion to autoradiography,
but no verification has been performed so far. A new type emulsion
prepared at Nagoya University ¥, which is composed of silver io-
do-bromide grains of about 200 nm and has the similar characteris-
tics as those used in the OPERA Experiment for neutrino detection **,

6,7),

is currently used in muon radiography ®” gamma-ray telescopes ®

and the search for neutrino %9

, among others. We compared the
properties of this emulsion with an existing commercially available
emulsion for autoradiography to verify whether it can be used for

autoradiography.
2. Experimental method

The commercially available emulsion for autoradiography used

here was an NTB emulsion made by Eastman Kodak Company

(Cat#: 899-5666, hereinafter referred to as Em1). The emulsion
made by Nagoya University (referred to as Em2) for track detection
described above was used for the comparison. Data, such as the grain
size or weight ratio of silver halide to gelatin, has not been obtained
for the commercially available Em1. The grain size of Em2 is ap-
proximately 220 nm, the standard deviation is 19 nm ', and the
weight ratio of silver halide to gelatin is 3.1:1. The photographic
emulsions for track detection, such as Em2, usually maintain similar
high ratio to increase the detection efficiency.

Both emulsions were applied to a slide glass and used as dry plates
to measure the photographic properties. Em1 was diluted with 1%
solution of photographic gelatin to a weight ratio of 1:2, and that for
Em2 to 1:3, to lower the viscosity of the emulsion sols for this appli-
cation. This dilution ratio was increased in Em2 because of the high
ratio of silver halide to gelatin (details are described later).

The size and shape of silver halide grains in these emulsions were
observed with a transmission electron microscope (TEM; Hitachi,
H-7650). The gelatin layer was decomposed with a trypsin solution

12)

using a method reported previously '?. These silver halide grains
were subjected to carbon deposition, and the carbon replica after
removing the silver halide was observed.

The emulsion layers were observed with a scanning electron mi-
croscope (SEM; JEOL, JSM-6510A) at 15.0 kV, and the elemental
composition of the layer was measured with an energy dispersive
X-ray spectroscopy (EDX) system attached to the microscope. A
thin part of the layer surface was removed with a razor to expose the
grains buried in the layer, and a layer of gold was sputter-coated on
the exposed surface.

Light sensitometry was performed at high-intensity exposure of

107 s. A sensitometer with a flash lamp as a light source for high-in-
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tensity exposure (EG&G, Mark7) was used. The step exposures
through a step wedge were applied to a plate.

B-ray exposure with an average energy of 156 keV emitted from
14C was used to measure radiation sensitivity. The source is a med-
al-type standard source for calibration of radiation detectors, and the
radioactivity was of 3 to 4 kBq. The source was composed of a circle
of a polymer layer including **C approximately 5 mm diameter. We
attached photographic plates to several sources one by one consecu-
tively and exposed the B-rays for various exposure times, ranging
from 9 h to 18.8 days. After these exposures, we developed the plates
simultaneously.

We used D72 developer diluted 5-fold for the development of
light sensitometry and sensitivity measurement of -rays. The devel-
opment temperature was 20 “C, and the development time was 10
min.

The optical density (OD) of the blackening area after the devel-
opment process was measured by a densitometer. For the light sen-
sitometry, the OD was measured at four points in the blackening
area, corresponding to each stage of the step wedge, and the four
OD values were averaged. Because the OD value was not uniform
throughout the area of the B-ray exposure, as it was maximized in
the center of the area, the OD was measured at several points around
the center by shifting the points slightly, and the value showing the
maximum was used for the OD by -ray exposure.

We drew photographic characteristic curves using the light sensi-
tometry, which indicated OD changes to exposure value. The sensi-
tivity for light exposure was measured at the raising point of the
characteristic curve and defined as the reciprocal of the exposure
value H that gave OD = 0.2 over the fog value. The fog value was
determined by the OD in the unexposed area. Gamma was deter-
mined by the slope of the straight portion in the characteristic curve.
To estimate the B-ray sensitivity, we measured the OD values by the
exposure of B-ray from the C source of 3 to 4 keV for each expo-
sure time, which gave the OD increasing rate.

The shape of the developed silver particles was observed with the
same TEM. We shaved off the emulsion layer at the high-exposure
area of the samples used for light sensitometry and decomposed the
gelatin with the enzyme solution. A drop of the solution containing
dispersed developed-silver particles was placed on a grid covered
with a collodion layer and then observed.

Autoradiography was conducted by the method of in situ hybrid-
ization histochemistry with a labeled compound containing RI of
35S, which is a B-nuclide and emits only B-rays with an average en-
ergy of 167 keV . The emulsions were diluted 1:1 with water and
were applied to biological sample sections of rat dorsal root ganglion
where the labeled compound was distributed. After exposure for 4-8
weeks, these sample sections with the exposed emulsion layer were
developed with D19 developer for 3 min at 20 °C. The distribution
of developed silver particles on the sample sections was observed

with an optical microscope.
3. Experimental results

TEM micrographs of the carbon replica of silver halide grains for

Em1 and 2 are shown in Fig. 1. Em1 consists primarily of thick
hexagonal flat grains, while spherical and rod-shaped grains are also
mixed slightly. The average diameter is 360 nm, but the grain size
has a wide size distribution from 100 to 600 nm, and the standard
deviation is 130 nm. Em2 consists of monodisperse octahedral
grains with diameters of approximately 200 nm, but the edges and
corners are rounded, approaching a spherical shape. The average
grain size for Em2 was reported to be 220 nm, and the standard
deviation was 19 nm V. The results obtained here agree with this
report.

SEM micrographs of the emulsion layer after shaving off the sur-
face are shown in Fig. 2. The gray areas consisting of circles or hexa-
gons indicate the silver halide grains, and the black area filling in the
gap between the grains is the gelatin part as a binder. Highlight ar-
eas are the fragments of gelatin fluffing up over the surface after
shaving off the surface layer. The shapes of the grains for both emul-
sions are similar to the results shown in the TEM images in Fig. 1.
The grains in Em2 are closely spaced, while the gap between grains
is wider in Em1. This indicates that the ratio of gelatin is larger in
Em1 than it is in Em2.

The elemental composition measured with EDX in the area ob-
served in SEM is shown in Table 1. Although the silver halide grains

in Em2 contain a small amount of iodine, it is expected that the

Fig. 1 Transmission electron micrographs of carbon replicas prepared from
the emulsion grains for Em1 and 2.
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Fig. 2 Scanning electron micrographs of the surface of emulsion layers for
Em1 and 2 after shaving off.
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atomic ratio of silver to bromine is nearly 1:1. However, the EDX
result indicated that this ratio was approximately 1:2, indicating an
excess of bromine. One possible explanation is as follows. Because
the electron beam was irradiated during the measurement, this beam
would decompose some silver bromide to silver atoms and bromine
molecules, and the bromine molecules formed inside of the layer
would diffuse to the surface, causing the strong signal.

Conversely, as silver atoms do not diffuse and carbon is contained
only in the gelatin, the ratio of silver to carbon would be an indicator
of the ratio of silver halide to gelatin. The weight ratio of silver to
carbon is 0.47 in Em1 and 1.8 in Em2, a difference of 3.8 times. This
suggests that the ratio of silver halide in Em2 is extremely high, as
described above.

Characteristic curves obtained by light sensitometry are shown in
Fig. 3. The sensitivity of Em1 is 0.40, which is approximately 2.7
times higher than that of Em2, which is 0.15. The fog values are 0.04
in Em1 and 0.02 in Em2. Although both are very small, that of Em2
is slightly smaller. The gamma values are 3.4 for Em1 and 5.1 for

Table 1 Composition analysis of the emulsion layer by EDX
Em1

2nd meas. Ave.

1st meas.

mass% | atom% | mass% | atom% | mass% | atom%
Ag 214 4.6 18.2 3.7 19.8 4.2
Br 27.7 8.0 29.7 8.1 28.7 8.1

C 36.0 69.3 39.1 70.7 37.1 70.0
(@] 12.3 17.7 13.0 17.6 12.7 17.7
Em2

1st meas. 2nd meas. Ave.

mass% | atom% | mass% | atom% | mass% | atom%

Ag 34.2 11.7 29.0 10.6 31.6 11.2

Br 026 197 | 432 214 | 429 204
C 192 592 | 173 567 | 183 580
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Fig. 3 Photographic characteristic curves for Em1 and 2 ex-
posed to high-intensity light for 10~ s.
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Em2. Em2 shows a sharp increase in the characteristic curve and has
higher contrast. Therefore, the characteristic curves of Em1 and 2 in
the high-exposure region almost overlap, suggesting that both emul-
sions show similar OD values for such exposure region.

The increase in OD with B-ray irradiation time is shown in Fig. 4.
Because the variation of these values in Em2 is larger than that of
Em1, the spread of the plotting points is also wider. However, the
OD increasing curves for both emulsions are similar ones and indi-
cate that the emulsions show nearly the same result of OD, or have
the same sensitivity to B-ray irradiation.

TEM micrographs of developed silver particles are shown in Fig.

5. The top row shows the pictures with low magnification and the
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Fig.4 OD increasing rate for Em1 and 2 during exposure with
f-rays emitted from RI of “C.
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Fig. 5 Transmission electron micrographs of developed silver particles ex-
tracted from the high-exposure area of the samples in Fig. 3. Left
column: Em1, right column: Em2. Top row: low magnification, bot-
tom row: high magnification of the same area.



o]

T L% A‘

Bull. Soc. Photogr. Imag. Japan. Vol. 30 No. 1 (2020)

Fig. 6 Autoradiographs by B-rays emitted from RI of ¥*S observed with an optical microscope for Em1 and 2. Both emulsions were coated on the sample con-
taining RI, and the samples covered with the emulsion layer were developed after storage for 4-8 weeks. Green circles with dashed line indicate the ap-

proximate locations of cell membrane which are labeled neurons.

bottom row shows those of the same area with high magnification.
Corresponding to the difference in size of the original silver halide
grains, that of the developed silver particles for Em1 is also larger
than that of Em2 and has a wide size distribution. Both particles
have the appearance of a woolen ball with silver filaments, but the
ball of Em1 is composed of many relatively thick filaments, while
that of Em2 consists of thin filaments.

We conducted in sifu hybridization histochemistry to compare
the optical images between Em1 and 2 in same hybridization probe.
Experimental procedure of in sizu hybridization histochemistry is

described previously'

. Representative images of the autoradiogra-
phy with labeled compounds of **S are shown in Fig. 6. Clear distri-
bution images of RI are obtained for both emulsions. The distribu-
tion density of the number of developed silver particles in Em2 is
greater than that in Em1, which may be due to the higher weight
ratio of silver halide in Em2 and the greater number of silver-halide
grains contained in Em2 because of its small grain size. Positive cells
containing RI are surrounded with green circles in Fig. 6, and the
grains of Em2 seems to be scattered around the cells compared with
Em1. Although these results indicated some slight differences of
optical images between Em1 and 2, Em2 has good performance for
autoradiography like Em1.

4. Discussion

The grain shape was primarily hexagonal flat in Em1, and a small
amount of rod-shaped and spherical particles were also found, while
almost all grains in Em2 were octahedra whose edges and corners
were rounded to make them sphere-like. Em1 had a wide size distri-
bution and a wide variety of shapes, while Em2 was composed of
nearly monodispersed grains with the same size and same shape.
Although the average thickness of the hexagonal grains in Em1 is

unknown, it seems that most of the grains in Em1 have larger vol-

ume compared with the grains in Em2.

It has been reported that the sensitivity at light exposure is pro-
portional to the volume of silver halide grains . Em1, which has
grains of larger volume, has higher sensitivity in light, as determined
by the rising point of the characteristic curves. Conversely, emul-
sions with wide grain-size distribution generally have low contrast,
as seen in Em1. Because Em2, with monodispersed grains, has high-
er contrast, the high-exposure parts of the characteristic curves for
Em1 and 2 overlap.

In the case of B-ray irradiation, the amount of energy that a silver
halide grain receives will be proportional to the path of one B parti-
cle. This causes the sensitivity to be proportional not to the grain
volume, but to the diameter. Compared with the light sensitivity, the
sensitivity difference for f-ray will be reduced. In addition, because
the B particles with an average energy of 167 keV used here have a
relatively high energy loss, large numbers of electron and hole pairs
are generated, and this is equivalent to the high-exposure region in
the characteristic curve. Therefore, the result in Fig. 4 for the B-ray
exposure showed almost the same sensitivity for Em1 and 2.

Clear images of autoradiography comparable to Em1 are ob-
tained with Em2. This and the photographic properties mentioned
above suggest that Em2 may be useful as an emulsion for autoradi-
ography like Em1.

We have evaluated the properties for autoradiography with both
emulsions and obtained fruitful results. However, it is necessary to
consider other issues, including the ease of handling, for use in auto-
radiography.

When we applied emulsion Em2 to a glass base, it showed insuf-
ficient wettability to the base and some difficulty to spread. The
emulsion layer was sometimes repelled along the peripheral area of
the base, leading to some non-uniformity of the layer. This would be
one reason for the wide spread of the plotting points in Fig. 4. Em2
was designed to make the ratio of silver halide to gelatin high in
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order to yield high efficiency for track detection, as mentioned
above. An emulsion with less gelatin ratio will cause some random-
ness in the layer because the silver halide grains themselves are hy-
drophobic and easy to coagulate. For autoradiography, it will be bet-
ter to lower the ratio of silver halide by diluting the emulsion with
an aqueous solution of gelatin.

In addition, application of the emulsion directly on the sample is
expected in the case of autoradiography, and there is a possibility
that some samples will repel the emulsion. We did not use additives
such as surfactants with the emulsion in this experiment. It is also
necessary to study the improvement of the coating property by add-
ing surfactants that do not have any photographic effects.

Conclusion

We investigated the nuclear emulsion produced at Nagoya Uni-
versity by comparing its photographic and autoradiographic proper-
ties with an emulsion for autoradiography that is currently commer-
cially available. The obtained autoradiography images indicated the
distribution of RI clearly. This emulsion can be used for autoradiog-
raphy even if the supply of commercial emulsions is discontinued.
However, certain details are yet to be considered regarding the coat-
ing properties, such as additional gelatin to reduce the ratio of silver

halide to gelatin or the addition of surfactants.
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