
1. Introduction

Chicken eggshell membrane (ESM) is a double-
layered insoluble sheet that lies between the eggshell
and albumen, serving as a biomineralization scaffold
for eggshell production [1]. ESM consists of a porous
structure with 90% protein components [2] and is a
natural non-woven fabric. The ESM is secreted by
oviduct cells and manufactured in the isthmus. The
ESM has antibacterial and antimicrobial properties

that resist bacterial invasion [3] and is an essential
structure for survival as it protects the developing
embryo [4]. The fibrillar component is primarily type-
X collagen, as well as types V and I and proteoglycans,
which are highly cross-linked by lysyl oxidase (LOX)
[5] to produce a biofibrillar non-woven polymer fabric
with Young’s modulus of approximately 5 MPa in
water [6, 7].
ESM was described 400 years ago as an excellent

wound-healing material in the Chinese pharmacopeia

【Technical Paper】

# corresponding author: Yoriko Atomi (E-mail: yatomi@m2.tuat.ac.jp)

Abstract: Chicken eggshell membrane (ESM) is composed of a non-woven fibrous biopolymer fabric cross-
linked by collagen (mainly types X and V), lysyl oxidase, and other molecules, including glycoproteins and
lipids, which are secreted by cells in the hen’s fallopian tube. ESM has been reported to improve osteoarthritic
knee pain when taken as a supplement and to have anti-fibrotic effects in rodents. ESM has physiological
effects in vivo after digestion, absorption, and metabolism, but the mechanism of ESM efficacy remains unclear.
We aimed to determine whether ESM is digested and absorbed by the body, although its metabolic
mechanism has not been described. Although it is possible to create compounds labeled with single molecules,
ESMs are insoluble, fibrillar, natural composite materials, and the molecular form of digested and absorbed
ESM is unknown, so it is not possible to prepare synthetically labeled compounds. We developed a method for
direct tritium labeling of ESM and investigated the absorption of the labeled ESM. Organic compounds, such
as proteins, were mixed with lithium carbonate and then irradiated to label with 3H produced by the 6Li (n, α)
3H reaction. Mice were orally administered tritium-labeled ESM, and blood and tissue radioactivity were
measured using a liquid scintillation counter. Tritium-labeled ESM was distributed in the blood and all tissues
after oral administration. Our method enabled successful tritium labeling of fibrous ESM, which allowed for
metabolic evaluation of the labeled ESM product as it was digested and absorbed by the organs of
experimental mice. This advanced tritium recoiling labeling method can be used for in vivo tracking of complex
acellular extracellular matrix bioscaffolds used in biomedical research.

(Received 12 March, 2021; Accepted 30 March, 2021)

J. Fiber Sci. Technol., 77(6), 182-187 (2021)
doi 10.2115/fiberst.2021-0018
©2021 The Society of Fiber Science and Technology, Japan

Application of Neutron-Irradiated 6Li (n, α) 3H Reaction
to a Protein-Based Fibrous Non-Woven Fabric

Biopolymer: Radiolabeling of Cross-Linked Natural
Fibrous Chicken Eggshell Membranes and Their Whole-
Body Tissue Distribution after Oral Ingestion in Mice

Eri Ohto-Fujita＊1, Norio Nogawa＊2, Miho Shimizu＊1, Ken-ichi Ijiri＊3,
Yukio Hasebe＊4, and Yoriko Atomi＊1,#

＊1Material Health Science, Tokyo University of Agriculture and Technology, Tokyo, Japan
＊2 Isotope Science Center, The University of Tokyo, Tokyo, Japan

＊3Radioisotope Center, The University of Tokyo, The University of Tokyo, Tokyo, Japan
＊4Almado Inc., Tokyo, Japan

182 Journal of Fiber Science and Technology (JFST), Vol.77, No. 6 (2021)



Bencao Gangmu, and in Japan, it is used as a
substitute for adhesive bandages to treat abrasions
obtained by sumo wrestlers during training. However,
because it is highly cross-linked and insoluble in water,
it is impossible to isolate and purify the constituents
for analysis, and detailed structure - activity
relationship studies have been delayed. Conversely,
the development of hydrolysis-solubilized materials
has made it possible to study biological activity at the
cellular level [8]. In human dermal fibroblasts cultured
on a surface with soluble ESM (SESM) covalently
attached to an MPC (a poly(2-methacryloyloxyethyl
phosphorylcholine [MPC]-co-n-butyl methacrylate
[BMA]-co-p-nitrophenyloxycarbonyl poly(oxyethylene)
methacrylate [MEONP])) polymer [9] that mimics cell
membranes [8] and in SESM-treated mouse skin [10],
the SESM induces the expression of decorin, type III
collagen, and matrix metalloproteinase 2 genes, which
promote turnover and create a rejuvenating cellular
environment. In a human double-blind study, topical
application of SESM to the arms improved elasticity
in 3 months and provided an anti-wrinkle effect in 2
weeks when applied to the face as a skin care
cosmetics [10]. Research and development efforts are
underway to employ SESM as a wound-healing
dressing for bedsores, which have become a serious
problem in bedridden, aging societies [11, 12]. Other
studies have analyzed trypsin-digested peptide
components after alkaline hydrolysis and surfactant
treatment, and proteomic analysis has revealed the
presence of more than 400 types of proteins [13, 14].
ESM, considered food waste, is also commercialized

as a dietary supplement and has been reported to
effectively reduce pain and edema in patients with
knee osteoarthritis [15] and reduce joint pain [16]. In
our double-blind human study, only supplements
containing ESM provided improved skin elasticity
and respiratory function (submitted). In animal
studies, oral administration of ESM improved liver
fibrogenesis in rats [17] and inhibited intestinal
inflammation in a mouse model of colitis [18].
Although ESM exerts physiological effects in vivo, its
cellular mechanisms have not been fully
characterized.
We wanted to determine whether ESM is

digested and taken up by the body. However, ESM is
a cross-linked fibrous protein polymer, and it is
impossible to synthesize labeling compounds for
pharmacokinetic analysis, and the addition of 125I
alters the chemical structure of the digested ESM-

derived material.
In 1955, Wolfgang and Rowland reported the

recoil tag method using tritium as a quick and direct
alternative to costly and time-consuming chemical
synthesis, biosynthesis, and isotope exchange
methods for the production of radioactive organic
compounds [19]. Recoil tritium is produced by the
reaction of 6Li with neutrons. Because natural lithium
usually contains 7.5% 6Li, when the organic material to
be labeled is mixed with lithium carbonate and
irradiated with neutrons, a nuclear reaction of 6Li (n,
α)3H occurs. The generated tritium reacts with the
hydrogen of the organic material in the sample to
form a tritium-labeled material [20, 21]. The advantage
of this method is that the molecular structure remains
unchanged because only the hydrogen atoms are
tritiated. The recoil tag method has been applied to
tritium labeling of natural organic compounds for
which synthetic methods are unknown, and its
pharmacokinetics in living organisms has been
characterized [22].

We developed an advanced recoil-tagging
method for radiolabeling ESM and explored the
pharmacokinetics of [3H ] ESM after oral
administration in mice.

2. Methods

2.1 Neutron irradiation of ESM powder
Irradiation was performed as described [21, 22]. A

finely powdered mixture of 0.32 g ESM (Almado Inc.,
Tokyo, Japan) and 0.65 g Li2CO3 was enclosed under
reduced pressure in a custom-made quartz tube in the
irradiation capsule of a nuclear reactor using a custom
vacuum device to increase the vacuum level (Fig. 1A).
Because the sample was organic, it was sealed while
being cooled to prevent chemical decomposition
caused by exposure to high temperatures and then
irradiated in the thermal column of the Japan
Research Reactor (Japan Atomic Energy Agency) for
20 min at a standard thermal neutron flux density of
~4 × 1013n/cm2/s (Fig. 1B). The irradiated sample was
mixed with water to dissolve the unreacted Li2CO3.
ESM powder, which is insoluble in water, was
collected via filtration and washed with water to
remove 3H-free water until radioactivity was
undetectable.
2.2 Animal experiments
Animal experiments were conducted with the

approval of the University of Tokyo Animal
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Experiments Committee (No. RI-2-1). All animal
experiments were performed according to the
conventions of the Declaration of Helsinki for the use
and care of animals and the University of Tokyo
Animal Experiments Committee guidelines.
2.3 Administration of irradiated ESM powder to mice

C57BL/6J mice (7 weeks old, male, weight 19.0 ±
1.0 g) were housed in a metabolic cage (Metabolica
MM, Sugiyama-gen, Tokyo, Japan) (86.5 cm2 × 14.5 cm,
space 2,000 cm3) in a temperature- and humidity-
controlled room (23 ± 2 ̊C, 55 ± 10% humidity) with a
12:12-h light-dark cycle and were provided standard
chow (MF, Oriental Yeast, Tokyo, Japan) and water ad
libitum. The 250 mg [3H] ESM / 4.5 MBq (122 mCi) /kg
was administered orally by force feeding after 16 h
fasting.
2.4 Measurement of radioactivity in blood and tissues
Tail vein blood samples were collected from

three individuals (A, B, and C) at 0.5, 1, 2, 4, 6, 9, 24, 48,
72, and 144 h. Tissues were collected after 2 h
(individual D), 6 h (individual E), 12 h (individual F),
and 192 h (individual B) after perfusion with PBS
under anesthesia to remove blood (Fig. 1C). The
samples were solubilized using a tissue solubilizer
(Soluene 350; Perkin Elmer) by shaking for 3 h at 50 ̊C
in a water bath, followed by 30% H2O2. A scintillator
(Hionic Fluor, Perkin Elmer, Waltham, MA) was then
added to the solution. Radioactivity was measured
using a liquid scintillation counter (Packard, 2200 CA,

Meriden, CT) after 1 h. Quench correction was
performed using an external standard method.
2.5 Measurement of radioactivity in urine and feces
Urine and feces were collected daily after the

administration of labeled ESM. A portion of each fecal
sample was measured and solubilized in 2 mL of the
tissue solubilizer at 50 ̊C for 3 h. Isopropyl alcohol
(1 mL) was added to the solubilized feces solution and
incubated at 50 ̊C for 2 h, followed by 0.5 mL of 30%
H2O2 and 10 mL scintillator fluid (Hionic fluor, Perkin
Elmer). After 1 h, radioactivity was measured using a
liquid scintillation counter (Packard, 2200 CA). For
urine measurement, 5 mL scintillator fluid (Ultima
Gold LLT, Perkin Elmer) was added to 1 mL urine,
and radioactivity was measured.

3. Results

3.1 Tritium labeling of ESM powder
ESM was mixed with Li2CO3 and then neutron-

irradiated to label the organic compound with 3H
produced in the 6Li (n, α)3H reaction (Fig. 1B). The
irradiated ESM powder was insoluble in water, as it
was before irradiation. The ESM powder was filtered
and washed with 50 mL water 9 times to remove
unreacted free tritium. Every after filtration, the
radioactivity of filtrate decreased. The radioactivity of
irradiated ESM powder was 18.6 MBq/g. The
efficiency of tritium labeling was estimated by

Fig. 1 (A) Preparation of [3H] ESM powder for tracer experiment. (B) Irradiation of ESM powder.
(C) Experimental protocol.
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dividing “the total amount of tritium taken up by the
ESM” by “the amount of tritium generated”, which
was 7 %.
3.2 Digestion and absorption of orally administered

[3H] ESM
The 250 mg [3H] ESM / 4.5 MBq (122 mCi)/kg

was administered orally by force feeding, and
absorption and tissue distribution were monitored.
Signals appeared in the blood (Fig. 2) and tissues (skin,
lung, heart, brain, liver, spleen, kidney, small intestine,
gastrocnemius muscle, duodenum, large intestine,
mesentery, and adrenal gland ) ( Table 1 ) ,
demonstrating that the ESM was digested and
absorbed.

3.3 Radioactivity in feces and urine
The radioactivity of feces and urine was 61.5% of

the total dosage for the first 3 days after
administration (Table 2). ESM was detected in the

urine, indicating that it was metabolized.

4. Discussion

ESM is a biofibrillar non-woven polymer fabric
that is highly cross-linked by LOX. It has been
commercialized as a dietary supplement, and its anti-
fibrotic effect has been reported in animal studies.
However, despite its many applications, little is known
about the mechanism of ESM activity in vivo [23].
Therefore, to verify whether ESM is digested and
taken up by the body, we used tritiated ESM
produced by neutron irradiation of the mixture of
Li2CO3 and ESM powder. Neutron irradiation of a
mixture of a lithium compound with the hydrogenous
material in a nuclear power reactor produces tritiated
molecules via the energetic tritium in the 6Li (n, α) 3H
reaction [19]. The resulting tritiated compound has
been used for metabolic analysis in various species
[24]. In this study, the efficiency of tritium labeling
was estimated by dividing “the total amount of
tritium taken up by the ESM” by “the amount of
tritium generated”, which was 7 %. ESM was tritium-
labeled to the same extent as in previous studies
[21, 22], which was sufficient to monitor blood levels

Tissue Radioactivity (DPM / mg tissue)
Mouse D (2 h) Mouse E (6 h) Mouse F (12 h) Mouse B (192 h)

Dorsal skin 14.40 26.53 16.06 2.64
Lung 2.68 11.89 8.89 1.09
Heart 6.94 11.69 5.93 1.24
Brain 5.09 20.56 21.05 1.79
Liver 14.25 28.87 24.23 4.13
Spleen 6.38 13.56 9.46 2.84
Kidney 11.43 29.50 25.59 3.27
Small intestine 4.22 8.84 7.12 N.D.
Large intestine 3.42 8.59 6.50 N.D.
Gastrocnemius muscle 5.79 18.15 13.87 2.77
Duodenum 3.62 6.47 6.57 N.D.
Mesentery 2.35 0.75 4.33 N.D.
Adrenal grand 5.81 5.34 N.D. N.D.

3H radioactivity ratio of detected radioactivity
to all amount of feeding (%)

1 day 2 day 3 day
Feces 14.78 33.02 11.93
Urine 0.47 0.50 0.35

Table 1 Absorption of radioisotope labeled ESM in orally administered mice in the tissue

(N.D. = Not Determined)
Since the number of metabolic cages was limited, each individual was measured one at a time.

Table 2 The concentration of radioactivity in feces
and urine.

Fig. 2 Time course of tritium activity in the blood of
mice after oral administration of [3H] ESM.
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after digestion and distribution to 13 tissues in this
study. Therefore, our ESM tritiation method is
effective and can be used for metabolic analysis.

Natural ESM is a hard nonwoven fabric when
dried. The fact that the ESM used for tritium labeling
in this study was a finely powdered ESM was a key to
the success of the study. This ESM powder has been
shown to have biological effects in animal studies [17,
18] and our double-blind human research on the
effects of eggshell membrane supplements has also
confirmed the effectiveness (submitted).
The spatiotemporal distribution of digested

ESMs was previously unknown. Here we
demonstrated a method for generating 3H-labeled
ESM by the 6Li (n, α)3H reaction and are the first to
prove that orally administered ESM reaches the
bloodstream after digestion and is incorporated by
every examined organ. Oesser et al. demonstrated
that the near-maximum peak blood concentration of
radioactivity occurred 6 h after oral administration of
C14 labeled gelatin (digested collagen) and quickly
decreased; after 24 h, the blood concentration was
approximately 12% of the maximum peak [25].
Although we still do not know the exact chemical

structure of biologically active ESM digestion
products, we know that ESM is mainly composed of
collagen (types X, V, and I) cross-linked by LOX and
that heterogeneously assembled collagen may be
degraded and incorporated into tissue. Because the
labeled ESM also produced a peak in blood
radioactivity, we conclude that fibrous proteins such
as collagen are being absorbed. After oral
administration of labeled ESM, the time and
distribution concentration differed depending on the
tissue, which may depend on the difference in blood
vessel distribution between tissues.
Cross-linked decellularized fibrous biomaterials of

biological origin, also known as acellular extracellular
matrix bioscaffolds [26, 27], have been used for
surgical treatment. The advanced tritium recoil-
tagging method developed in this study can be
applied to any cross-linked fibrous biopolymers of
unknown chemical composition and may be useful for
investigating the in vivo metabolic dynamics of such
advanced medical materials.
The future challenge is to elucidate the molecular

species of eggshell membrane components
distributed in tissues using methods such as proteome
analysis and metabolome analysis. We plan to study
the chemical form and quantitative properties of

ESMs absorbed into tissues and analyze their residue
in the intestines.

5. Conclusions

In this study, [3H] ESM was obtained via neutron
irradiation of a mixture of ESM, a natural fibrous non-
woven fabric material, and lithium carbonate. We
found that orally administered [3H] ESM was digested
and taken up into the blood and tissues of mice. The
labeling method is suitable for investigating
biodistribution after the digestion and absorption of
insoluble fibrous foods, which are not a single
compound but a mixture of substances such as
proteins, carbohydrates, and lipids. Our findings on
the digestion and absorption of tritium-labeled ESMs
can be applied to the molecular dynamics and
functional analysis of fibrous proteins whose
molecular morphology has not yet been characterized.

Acknowledgments

Preparation of [3H] ESM powder was performed
at the Isotope Science Center at the University of
Tokyo thanks to the Inter-University Program for the
Joint Use of JAEA Facilities. This work was
supported by KAKENHI Grant-in-Aid for Scientific
Research (C) (19 K 11789 to E. O.-F., 20 K 11620 to M.
S.).The authors would like to thank Enago (www.
enago.jp) for the English language review.

References

1. M. L. Rose and M. T. Hincke, Cell Mol. Life. Sci., 66,
2707 (2009).

2. H. Sugino, T. Nitoda, and L. Juneja, General
chemical composition of hen eggs, in Hen eggs: basic
and applied science., T. Yamamoto, et al., Editors.
1997, CRC press Boca Raton, FL. p. 13.

3. G. Ahlborn and B. W. Sheldon, Poult. Sci., 84, 1935
(2005).

4. R. Burley and D. Vadehra, The Avian Egg:
Chemistry and Biology. 1989, London, UK: John
Wiley.

5. E. D. Harris, J. E. Blount, and R. M. Leach, Jr.,
Science, 208, 55 (1980).

6. F. G. Torres, O. P. Troncoso, F. Piaggio, and A.
Hijar, Acta Biomater., 6, 3687 (2010).

7. F. G. Torres, O. P. Troncoso, and M. R. Montes,
Journal of Thermal Anal. Calorim., 111, 1921 (2013).

186 Journal of Fiber Science and Technology (JFST), Vol.77, No. 6 (2021)



8. E. Ohto-Fujita, T. Konno, M. Shimizu, K. Ishihara,
T. Sugitate, J. Miyake, K. Yoshimura, K. Taniwaki,
T. Sakurai, Y. Hasebe, and Y. Atomi, Cell Tissue
Res., 345, 177 (2011).

9. T. Konno, J. Watanabe, and K. Ishihara,
Biomacromol., 5, 342 (2004).

10. E. Ohto-Fujita, M. Shimizu, S. Sano, M. Kurimoto,
K. Yamazawa, T. Atomi, T. Sakurai, Y. Murakami,
T. Takami, T. Murakami, K. Yoshimura, Y.
Hasebe, and Y. Atomi, Cell Tissue Res., 376, 123
(2019).

11. T. T. Vuong, S. B. Ronning, T. A. E. Ahmed, K.
Brathagen, V. Host, M. T. Hincke, H. P. Suso, and
M. E. Pedersen, PLoS One, 13, e0201975 (2018).

12. S. B. Ronning, R. S. Berg, V. Host, E. Veiseth-Kent,
C. R. Wilhelmsen, E. Haugen, H. P. Suso, P.
Barham, R. Schmidt, and M. E. Pedersen, Int. J.
Mol. Sci., 21, 8130 (2020).

13. T. A. Ahmed, H. P. Suso, and M. T. Hincke, J.
Proteomics, 155, 49 (2017).

14. J. Du, M. T. Hincke, M. Rose-Martel, C.
Hennequet-Antier, A. Brionne, L. A. Cogburn, Y.
Nys, and J. Gautron, BMC Genomics, 16, 792 (2015).

15. K. J. Ruff, A. Winkler, R. W. Jackson, D. P. DeVore,
and B. W. Ritz, Clin. Rheumatol., 28, 907 (2009).

16. K. J. Ruff, D. P. DeVore, M. D. Leu, and M. A.
Robinson, Clin Interv Aging, 4, 235 (2009).

17. H. Jia, W. Aw, K. Saito, M. Hanate, Y. Hasebe, and
H. Kato, Sci. Rep., 4, 7473 (2014).

18. H. Jia, M. Hanate, W. Aw, H. Itoh, K. Saito, S.
Kobayashi, S. Hachimura, S. Fukuda, M. Tomita,
Y. Hasebe, and H. Kato, Sci. Rep., 7, 43993 (2017).

19. R. Wolfgang, F. S. Rowland, and C. N. Turton,
Science, 121, 715 (1955).

20. F. S. Rowland, C. N. Turton, and R. Wolfgang, J.
Am. Chem. Soc., 78, 2354 (1956).

21. N. Nogawa, K. Oohashi, H. Matuoka, K. Koizumi,
T. Moki, T. Moriya, and N. Morikawa,
Radioisotopes, 36, 157 (1987).

22. S. Watabe, Y. Sato, M. Nakaya, N. Nogawa, K.
Oohashi, T. Noguchi, N. Morikawa, and K.
Hashimoto, Toxicon, 25, 1283 (1987).

23. M. Balaz, E. V. Boldyreva, D. Rybin, S. Pavlovic, D.
Rodriguez-Padron, T. Mudrinic, and R. Luque,
Front. Bioeng. Biotechnol., 8, 612567 (2020).

24. R. J. Suhadolnik, C. O. Stevens, R. H. Decker, L. M.
Henderson, and L. V. Hankes, J. Biol. Chem., 228,
973 (1957).

25. S. Oesser, M. Adam, W. Babel, and J. Seifert, J.
Nutr., 129, 1891 (1999).

26. T. W. Gilbert, T. L. Sellaro, and S. F. Badylak,
Biomaterials, 27, 3675 (2006).

27. S. S. Pattar, A. Fatehi Hassanabad, and P. W. M.
Fedak, Front. Cell. Dev. Biol., 7, 63 (2019).

Journal of Fiber Science and Technology (JFST), Vol.77, No. 6 (2021) 187




