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[ DESCRI PTI ON]

[Title of Invention]

METHOD FOR PRODUCI NG FI BRI N SHEET
[ Techni cal Fi el d]

The present invention relates to a fibrin sheet,
and nore specifically, to a method for producing a
fibrin sheet containing at | east one selected fromthe
group consisting of cells and drugs in a fibrin gel.

[ Background Art]

In the field of regenerative nmedicine, there are
growi ng expectations for treatnment methods in which a
t hree-di mensional tissue or organ is constructed from
cells and then transplanted, from the viewpoint of
compl enmenting a | ost functi on of an organ (for exanpl e,
Kawamura M et al., Circulation, 2012; 126: S29-37 (NPL
1), Myagawa S. et al., Current Gene Therapy, 2016, Vol.
16, No. 1, p. 5-13 (NPL 2)). 1In constructing a three-
di mensi onal tissue or organ, it 1S necessary to
fabricate a tissue containing a sufficient anount of
cells extending over several layers to obtain, for
exampl e, a better therapeutic effect. To this end, the
following methods and the |ike have been studied in
recent years: the Layer by Layer method (LbL nmethod) in
which cells are stacked by using a 3D printer (for
exampl e, Takagi D. et al., Ricoh Technical Report, 2016,

No. 41, p. 118-127 (NPL 3)); a method in which
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nanofi bers are fabricated and cells are seeded on the
nanofi bers (for exanmple, Li J. et al., StemCell Reports,
2017, Vol. 9, 1-14, p. 1546-1559 (NPL 4)); and met hods
in which a special nmold is fabricated and a bioaffinity
mat erial and cells are seeded in the nold (Nakane T. et

al., Scientific Report, 2017, 7: 45641 (NPL 5), Gao L.

et al., Circulation, 2018; 137: 1712-1730 (NPL 6),

Shadrin 1Y. et al., Nature Communications, 2017; 8:

1825 (NPL 7)).

However, the above-described LbL method requires
a special 3D printer capable of seeding cells, the
above-described method wusing nanofibers requires a
device that fabricates the nanofibers and a period of
time for sufficient engraftment of the cells after
seeding, and the above-described method using the
special nold requires fabrication of the special nold
and a period of time for which the cells are cultured
in the nold. Accordingly, these already-existing
met hods have a problem of requiring a special and
expensi ve device or a long period of time.

In the field of regenerative medicine, cel
repl acenent therapy has al so been known in which a cel
sheet containing cells is used at a site of a |l esion or
a site of loss to regenerate tissue. Moreover, studies
have been conducted on the use of the above-described

t hr ee-di mensi onal tissue or organ constructed by three-
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di mensional |y st acki ng t he cell sheet, for
transpl antation, drug discovery research, or the I|ike.
In this connection, it has been known in the field of
surgery that a sheet made of a bioaffinity material is
used for prosthesis or reinforcement at an incision
site or a site of tissue loss where a |lesion has been
renmoved, and it has been also known that the sheet is
used as a drug sheet by further adding a drug for
treatment to the sheet. Fi brin, collagen, polylactic
acid, and the |li ke have been wi dely used for a substrate
(scaffold) of such cell sheets and drug sheets and as
the bioaffinity material. Especially, a fibrin gel
made of fibrin is advantageous in that the fibrin gel
al so functions as a bioadhesive because of its tissue
congl utination properties. However, since the fibrin
gel is paste-like, the fibrin concentration may be
increased to make handling thereof relatively easy.
This makes it difficult for the contained cells to
survive in the fibrin gel. On the other hand, when the
fibrin is diluted to a concentration which allows the
cells to survive, the fibrin gel becomes difficult to
handl e, because it is difficult to maintain the shape
of the gel. Mor eover, because of its strong
adhesi veness, the fibrin gel has problens in that cells
may be damaged during collection of the cell sheet and

that it is difficult to produce and maintain a cell
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sheet uniformy in any shape. Mor eover, presumably,
the mai nstream of the production of cell sheets, drug
sheets, and the like in the future would be automated
production using devices. Hence, it is expected that
there woul d be a need for an easier and nore conveni ent
production nethod, from the viewpoints of inprovenent
in maintainability of such devices, size-reduction of
such devices, and the |iKke.
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[ Summary of | nvention]

[ Techni cal Probl em



10

15

20

25

The present invention has been nade in view of the
probl ems of the above-descri bed conventional techniques,
and an object of the present invention is to provide a
met hod for producing a fibrin sheet containing at | east
one selected from the group consisting of cells and
drugs in a fibrin gel, the method enabling the fibrin
sheet to be produced uniformy in any shape and in an
easy and convenient manner, while reducing damage on
the cells and drugs, even when the fibrin concentration
is | ow enough for the cells to survive.

[ Sol ution to Problem

To achi eve the above-descri bed object, the present
i nventors have conducted intensive study on a method
for producing a fibrin sheet containing at |east one
sel ected from the group consisting of cells and drugs
in a fibrin gel. As a result, the present inventors
have found the following fact. Specifically, a
fibrinogen solution containing the cells and/or drug
and fibrinogen is applied dropwi se onto a surface of a
substrate made of a gelatin hydrogel; subsequently, a
fibrin precursor liquid is prepared by adding thrombin
to the fibrinogen solution on the surface of the
substrate; and a support film is placed on and in
contact with a top surface of the fibrin precursor
i quid. In such a case, the fibrin precursor liquid

can be spread between uniformsurfaces of the substrate
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and the support film by surface tension without using
any operation which may mechanically damage the cells,
such as spreadi ng using an applicator, and the fibrin
sheet can be formed uniformy by a reaction between the
fibrinogen and the thrombin. Mor eover, the present
I nventors have found that when the substrate is nelted
at a tenperature not lower than a nelting tenperature
of the gelatin hydrogel after formation of the fibrin
sheet, the fibrin sheet and the substrate can be easily
separated from each other, irrespective of the fibrin
concentration in the fibrin sheet and even when the
concentration is low enough for <cells to survive.
Mor eover, the present inventors have found that the
fibrin sheet can easily be obtained in any shape by
adj usting the shape of the support film These findings
have led to the conpletion of the present invention.

Specifically, the present invention includes the
foll owi ng aspects.

[1] A method for producing a fibrin sheet containing
at | east one selected fromthe group consisting of cells
and drugs in a fibrin gel, the method conprising:

a step 1 of applying a fibrinogen solution
containing at |east one selected from the group
consisting of cells and drugs and fibrinogen dropw se
onto a surface of a substrate made of a gelatin

hydr ogel
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a step 2 of adding thrombin to the fibrinogen
solution on the surface of the substrate:

a step 3 of placing a support film on and in
contact with a top surface of the fibrinogen solution
to which the thrombin has been added;

a step 4 of formng a fibrin sheet containing the
at | east one selected fromthe group consisting of cells
and drugs in a fibrin gel between the substrate and the
support film by a reaction between the fibrinogen and
the thrombin; and

a step 5 of nelting the substrate at a tenperature
not lower than a melting tenperature of the gelatin
hydrogel to separate, from the substrate, the fibrin
sheet supported by the support film
[2] The method for producing a fibrin sheet according
to [1], wherein

the fibrin sheet is a cell sheet containing at
| east a cell in the fibrin gel, and

the substrate is a cell culture substrate.

[3] The method for producing a fibrin sheet according
to claim([1l] or [2], further conprising, prior to the
step 1, a step of heating an aqueous gelatin solution
containing gelatin and water and then cooling the
aqueous gelatin solution to obtain the gelatin hydrogel
[4] The method for producing a fibrin sheet according

to any one of [1] to [3], wherein
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the support filmis a polypropyl ene sheet.

[5] The method for producing a fibrin sheet according
to any one of [1] to [4], wherein

the substrate is nmelted at 30 to 40°C in the step
5.

[ Advant ageous Effects of I nvention]

According to the present invention, it is possible
to provide a nmethod for producing a fibrin sheet
containing at |east one selected from the group
consisting of cells and drugs in a fibrin gel, the
met hod enabling the fibrin sheet to be produced
uniformy in any shape and in an easy and conveni ent
manner, while reduci ng damage on the cells and drugs,
even when the fibrin concentration is |ow enough for
the cells to survive.

Moreover, the use of the fibrin sheets (cell
sheets and/or drug sheet) obtained according to the
present invention and stacking thereof or the |Iike make
it possi bl e to construct a t hree- di mensi ona
bi omaterial, such as a three-dinmensional tissue or
organ, in an easy and conveni ent manner and in a short
period of time. The fibrin sheet and the three-
di mensi onal bi omat eri al can be used for cell
repl acenment therapy or treatment of chronic diseases
and acute di seases and can al so be used for elucidation

of biochem cal phenomena and for cell culture intended
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for production of useful substances.

[Brief Description of Draw ngs]

[Fig. 1] Fig. 1 is a photograph showing forns of a
substrate, a fibrin sheet, and a support filmin step
4 of Exanple 1.

[Fig. 2] Fig. 2 is a photograph showing forms of a
nmelted substrate, the fibrin sheet, and the support
filmin step 5 of Exanple 1.

[Fig. 3] Fig. 3 is a photograph showing a form of a
fibrin sheet obtained in Example 1.

[Fig. 4] Fig. 4 is a photograph showing a form of a
fibrin sheet obtained with a | arger area.

[Fig. 5] Fig. 5 is a graph showing the results of
cardiac function evaluation for evaluation of the
fibrin sheet obtained in Example 1.

[Fig. 6] Fig. 6 is a graph showing the neasurenent
results of the amount of expression of the VEGF gene
for evaluation of the fibrin sheet obtained in Exanple
1.

[ Description of Enmbodi ment s]

Her ei nafter, the present i nvention will be
described in detail based on preferred enmbodi nents
t her eof ; however, the following enbodiments are

provided as exanples for describing the present
invention, and are not intended to Ilimt the present

invention to the following contents. The present

9



10

15

20

25

i nvention can be carried out while being nodified, as
appropriate, within the gist of the present invention.

A method for producing a fibrin sheet of the
present invention is a method for producing a fibrin
sheet containing at |east one selected from the group
consisting of cells and drugs in a fibrin gel, the
met hod conpri si ng:

a step 1 of applying a fibrinogen solution
containing at |east one selected from the group
consisting of cells and drugs and fibrinogen dropw se
onto a surface of a substrate made of a gelatin
hydr ogel

a step 2 of adding thrombin to the fibrinogen
solution on the surface of the substrate;

a step 3 of placing a support film on and in
contact with a top surface of the fibrinogen solution
to which the thrombin has been added;

a step 4 of formng a fibrin sheet containing the
at | east one selected fromthe group consisting of cells
and drugs in a fibrin gel between the substrate and the
support film by a reaction between the fibrinogen and
the thrombin; and

a step 5 of nelting the substrate at a tenperature
not lower than a melting tenperature of the gelatin
hydrogel to separate, from the substrate, the fibrin

sheet supported by the support film

10
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(Fi brin Sheet)

In the present invention, the "fibrin sheet™
refers to a sheet conmprising a fibrin gel and at | east
one selected from the group consisting of cells and
drugs contained in the fibrin gel. In the present
invention, the "fibrin gel" refers to a polynmer fornmed
by a reaction between fibrinogen and thrombin. The
fibrin gel mainly has a function of causing cells to
adhere to each other.

The fibrinogen is a protein in the blood, and
fibrinogen obtained from the plasma of human or an
ani mal other than human can be used usually. Fromthe
vi ewpoi nt of bioconmpatibility, it is desirable to use,
as a raw material, fibrinogen obtained fromthe plasm
of human for a case where the fibrin sheet is used for
human, or fibrinogen obtained from the plasm of an
ani mal other than human for a case where the fibrin
sheet is used for the animal. The fibrinogen may be,
for exanple, dry human fibrinogen produced according to
The M ni mum Requirenments for Biological Products (June
2019) issued by Mnistry of Health, Labour and Welfare
of Japan, and comercially available fibrinogen may
al so be used, as appropriate.

The above-described thrombin is an enzynme that
catal yzes a reaction of the fibrinogen into fibrin, and

ordinally, thrombin obtained from the plasma of human

11
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or an ani mal other than human can be used. The thrombin
may be, for exanpl e, one prepared by treating
prot hronmbi n obtained by purification fromthe plasm of
human or cattle with thronmboplastin, snake venom or
the like in the presence of Ca?*, and comercially
avail able thronmbin may al so be used, as appropriate.

Fi brin sheets according to the present invention
include a cell sheet containing cells in the fibrin
gel, a drug sheet containing a drug in the fibrin gel,
and a celllldrug sheet containing cells and a drug in
the fibrin gel (in the present description, these are
collectively referred to as "cell sheet and/or drug
sheet” in sonme cases).

In the present invention, the cells contained in
the fibrin gel are not particularly limted, as |ong as
the cells can be used for cell transplantation. The
cells can be selected, as appropriate, according to the
pur pose, and may be any of master cells, somatic stem
cells, progenitor cells, and mature cells. The cells
may be of only one of these types or a combination of
two or nore types.

Exanpl es of the master cells include ES cells, GS
cells, and iPS cells. Exanmpl es of the somatic stem
cells i ncl ude mesenchymal stem cells ( MSC)
hemat opoi etic stem cells, amiocytes, umbilical cord

bl ood cells, bone marrow-derived cells, cardiac stem

12
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cells, adipose-derived stem cells, and neural stem
cells. Exanmples of the progenitor cells and the mature
cells include chondrocytes, chondroprogenitor cells,
synoviumderi ved cells, adi pose-deri ved cells,
cardi onyocytes, and vascul ar endothelial cells. The
cells may al so be cells derived fromthe above-descri bed
master cells, somatic stem cells, or progenitor cells
(for exanple, iPS cell-derived cells (cardiomyocytes,
vascul ar endothelial cells), or the Ilike). Sour ces
from which the above-described cells my be derived
i nclude human, and mammal s other than human (prinmates
such as chinpanzees and nonkeys; domestic animals or
companion animals such as cattle, pi gs, hor ses,
chi ckens, cats, and dogs), birds, reptiles, anmphibi ans,
and fishes, and the cells may be autol ogous cells whose
origin is the subject to which the fibrin sheet is to
be transplanted or allogeneic cells whose origin is
ot her than the subject to which the fibrin sheet is to
be transpl ant ed.

When the fibrin sheet is the cell sheet or the
celllldrug sheet, the amount of cells (when the cells
are of two types or nmore, the total amount of the two
or more types of cells) contained in the fibrin gel is
preferably such that the nunmber of the cells is 1x106
to 1x107 per a volume of 100 pL of the fibrin sheet.

Note that, in addition to the cells (cells of interest),

13
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the fibrin gel may contain cells introduced as
contam nants during separation or the |ike.

In the present invention, exanples of the drug
contained in the fibrin gel include | ow mol ecul ar wei ght
drugs such as antitumor agents (alkylating drugs,
pl ati num conpounds, anti met abolites, t opoi somer ase
i nhi bitors, anticancer antibiotics, mcrotubul e-acting
anticancer agents, and the like), antibacterial agents
(penicillins, cephems, carbapenenms, am noglycosides,
gui nol ones, macrolides, tetracyclines, glycopeptides,
and the like), antiinflammtories (steroids, NSAIDs,
and the like), antiviral agents, and hornones;
bi oacti ve peptides such as bone norphogenic proteins
and bone growth factors; proteins; glycoproteins;
pol ysaccharides; nucleic acids; nutrients (citric acid
and the like); vitam ns: and opioids, and one of these
drugs al one or a combi nation of two or nore thereof may
be cont ai ned.

When the fibrin sheet is the drug sheet or the
celllldrug sheet, the amount of the drug (when two or
nore drugs are contained, the total amount of the two
or more drugs) contained in the fibrin gel cannot be
general i zed, because the anount s adjusted, as
appropriate, according to the purpose of use thereof or
the 1ike. For exanple, the amount of the drug is

preferably 1 to 40% by mass, nore preferably 1 to 30%

14
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by mass, and further preferably 1 to 20% by nmass,
relative to the total amount of the fibrin sheet.

The fibrin sheet according to the present
I nvention may further conprise additional components,
in addition to the fibrin gel, the cells, and the drug.
The additional conponents include conmponents derived
from solvents of a fibrinogen solution or a thrombin
solution described below, specifically, conponents
derived fromsolvents such as injectable physiologica
saline, buffer solutions (phosphate buffers such as
PBS, citrate buffers, and the like), cell culture media
(DMEM and the |ike); conponents added to the fibrinogen
solution or thronmbin solution described bel ow,
specifically, solubilizers such as surfactants, serum

al bum n (human serumal bum n or the |Ii ke), sugars, sugar

al cohols, amno acids (arginine, isoleucine, glutamc
acid, and the like) or salts thereof, sodium citrate,
sodium chl oride, and the Iike. I n addition, when the

fibrin sheet is the cell sheet or the celllldrug sheet,
t he addi ti onal conmponents i ncl ude pr ot ei ns and
gl ycoproteins constituting an extracellular matrix
(lam nins (for exanple, |lamnin-221) and the |ike), and
cell growth factors. One of these conponents al one or
a combi nation of two or nore thereof may be contained
as the additional conmponent. The conmposition and

content of these additional conponents can be adj usted,
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as appropriate, according to the cells or drug to be
contained in the fibrin sheet, the types of the
addi ti onal components, the purpose of use of the fibrin
sheet, or the |ike.

Al t hough the thickness of the fibrin sheet
according to the present invention is not particularly
limted, the fibrin sheet preferably has a thickness
whi ch correspond to, for exanmple, about 100 to 300 pL/1
cm?, and the thickness is nmore preferably in a range of
1 to 3 mm However, a three-di mensional biomaterial
with a desired thickness can be formed fromthe fibrin
sheet according to the present invention by stacking
t her eof . In the present invention, the area of the
fibrin sheet is not particularly limted, either, and
can be adjusted, as appropriate, according to the
pur pose of use or the I|ike.

(Step 1)

In the method for producing a fibrin sheet of the
present i nvention, first, a fibrinogen solution
containing at |east one selected from the group
consi sting of cells and drugs and fibrinogen is applied
dropwi se onto a surface of a substrate made of a gelatin
hydrogel (step 1).

The substrate according to the present invention
is mde of a gelatin hydrogel. In the present

I nvention, the "gelatin hydrogel"” is a gel containing
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at least gelatin and water, and one in which cross-
linking is formed between nol ecul es of the gelatin.

The "gel atin" according to the present invention
I's not particularly limted, as long as the gelatin is
cross-linkable. The gelatin may be a natural gelatin
produced from skin, bone, |iganent, tendon, or the |ike
of an animal such as cattle, a pig, a whale, a fish, or
the like, or my be a polypeptide or protein-Ilike
substance (reconbi nant gel atin) made by a gene
recombi nati on technique and having an amno acid
sequence simlar to gelatin. |In addition, the natura
gelatin may be type-A gelatin (isoelectric point: 8 to
9) derived from what is called acid-cured tissue, or
may be type-B gelatin (isoelectric point: 4.8 to 5.0)
derived from what is called [lime-cured tissue.
Commercially avail abl e one can be used, as appropri ate,
as the gelatin.

In the gelatin hydrogel, the cross-1inking between
nol ecul es of the gelatin can also be conducted by a
chem cal approach using a cross-linking agent or the
| i ke or a physical approach using ultraviolet rays or
the |ike. However, the gelatin hydrogel according to
the present invention is preferably one obtained by
formng the cross-linking between nmolecules of the
gel atin using a method (heat treatment method) in which

an aqueous gelatin solution containing gelatin and

17
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water i s heated and then cooled, fromthe vi ewpoint of
resolubility wupon heating or from the viewpoint of
uni formty of the surface of the substrate.

The aqueous gelatin solution may be, for exanple,
one obtained by adding gelatin to an aqueous sol vent.
A sol vent containing at | east water can be used as the
agueous sol vent, and exanpl es t her eof i ncl ude
injectable distilled water, 1injectable physiological
saline, buffer solutions (phosphate buffers such as
PBS, citrate buffers, and the like), and cell culture
media (DMEM and the |like), and one of these solvents
al one or a combination of two or nore thereof may be
used. Of these solvents, a cell culture mediumsuitable
for cells to be contained is preferably contained as
t he aqueous sol vent when the fibrin sheet according to
the present invention is the cell sheet or the celllldrug
sheet, and the substrate is more preferably a substrate
containing at | east gelatin and the cell culture medium
i.e., acell culture substrate.

The <concentration of gelatin in the aqueous
gelatin solution is preferably 1 to 12% by mass, nore
preferably 2 to 10% by mass, and further preferably 3
to 8% by mass.

Condi tions under which the gelatin hydrogel 1is
prepared by the heat treatment nmethod are preferably,

for exanple, such that the aqueous gelatin solution is
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heated at 30 to 40°C, preferably at 35 to 40°C for 5 to
40 m nutes, preferably for 10 to 30 m nutes, and then
cooled at 0 to 20°C, preferably at 4 to 10°C for 5 to
120 m nutes, preferably for 10 to 60 m nutes. The
heati ng nmethod may be, for example, a method using a
wat er bath or an incubator, and the cooling method may
be a nmethod of being allowed to stand in a room
tenperature (about 25°C) environment or in a cold place.

The gelatin hydrogel can be obtained on an
apparatus such as a Petri dish, a nmulti-well plate, a
flask, or a mcrocarrier by placing the heated aqueous
gelatin solution into the apparatus followed by
cool i ng. As the substrate according to the present
invention, it is preferable to directly use the gelatin
hydrogel on such an apparatus from the viewpoint of
ease of handling. However, the gelatin hydrogel may be
used after detachnent fromthe apparatus, or after being
cut into pieces having a desired size, as appropriate.

The fibrinogen solution according to the present
invention contains at | east one selected fromthe group
consisting of cells and drugs and fibrinogen. The
cells, the drug, and the fibrinogen, I ncl udi ng
preferred modes thereof, are as descri bed above.

The amounts of the cells and the drug contained
in the fibrinogen solution are each preferably

adj usted, as appropriate, to make the amount thereof in
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the obtained fibrin sheet fall within the preferred
range of the anount contai ned.

The anmount of fibrinogen contained in the
fibrinogen solution is preferably 0.4 to 2% by mass,
and more preferably 0.4 to 1% by mass, in terms of
protein content. |If the amount of fibrinogen contained
is less than the lower |limt, it tends to be difficult
to form the fibrin gel. Meanwhile, if amunt of
fibrinogen contained exceeds the upper limt, the
fibrin concentration in the fibrin gel is so high that
it tends to be difficult for cells contained therein to
survive.

As the solvent for the fibrinogen solution, a
solvent commonly wused as a solvent for nelting
fibrinogen can be used, and exanples thereof include
aqueous solvents such as injectable distilled water
i nj ectabl e physi ol ogical saline, buffer solutions with
a pH of 5 to 8 (phosphate buffers such as PBS, citrate
buffers, and the Iike), and cell culture nedia (such as
DVMEM). One of these solvents alone or a conbination of
two or nore thereof nmay be used as the solvent. Of
t hese solvents, a cell culture mediumsuitable for cells
to be contained in the fibrin sheet is preferably
contained as the solvent, when the fibrin sheet is the
cell sheet or the celllldrug sheet.

In addition to the cells, the drug, and the

20
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fibrinogen, the fibrinogen solution may further contain
additive components such as solubilizers (surfactants
and the like), serum album n (human serum al bum n and
the 1|ike), sugars, sugar al cohol s, am no acids
(arginine, isoleucine, glutamc acid, and the |ike) or
salts thereof, sodium citrate, sodium chloride
proteins and glycoproteins constituting extracellular
matrices (lamnins and the like), and cell growth
factors, unless an effect of the invention is inpaired.

A method for applying the fibrinogen solution
dropwise onto a surface of the substrate is not
particularly limted, and exanples thereof include a
dropwi se application method using a pipettor and a
dropwi se application method using a syringe. The
amount of the fibrinogen solution applied dropwi se is
preferably 60 to 180 pL, nmore preferably 80 to 160 pL,
and further preferably 100 to 140 pL, fromthe vi ewpoi nt
of uniformty of the obtained fibrin sheet.

(Step 2)

In the method for producing a fibrin sheet of the
present invention, thrombin is added to the fibrinogen
solution on the surface of the substrate (step 2) after
the step 1. The thrombin, including preferred nodes
thereof, is as described above.

The amount of thrombin added relative to the

fibrinogen solution is preferably 0.75 to 375 units (U)

21



10

15

20

25

relative to 100 ng of fibrinogen (in terns of protein
content). If the amount of thrombin added is |ess than
the lower limt, it tends to be difficult to form a
fibrin gel. Meanwhile, if the amount of thrombin added
exceeds the upper limt, the fibrin concentration in
the fibrin gel is so high that it tends to be difficult
for cells contained therein to survive. Note that the
"thronmbin quantification method” in The Japanese
Phar macopoei a can be used with necessary modifications
as a thronbin quantification method in the present
i nvention.

In the present invention, the thronbin may be
added in the form of a thrombin solution containing
t hr ombi n. A solvent comonly used can be used as a
solvent for the thrombin solution, and exanpl es ther eof
I ncl ude aqueous solvents such as injectable distilled
wat er injectable physi ol ogi cal sal i ne, buf fer
solutions with a pH of 5 to 8 (phosphate buffers such
as PBS, citrate buffers, and the like), and cell culture
medi a (such as DMEM). One of these solvents alone or a
combi nation of two or more thereof nmay be used. Of
t hese solvents, a cell culture mediumsuitable for cells
to be contained is preferably contained as the sol vent,
when the fibrin sheet is the cell sheet or the celllldrug
sheet .

In addition to thronbin, the thrombin solution my

22
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further contain additive component s such as
solubilizers (surfactants and the |ike), serum al bum n
(human serum albumn and the |I|ike), sugars, sugar
al cohols, amno acids (arginine, isoleucine, glutamc
acid, and the like) or salts thereof, sodium citrate,
sodi um chl ori de, pr ot ei ns and gl ycopr ot ei ns
constituting extracellular matrices (lam nins and the
l'i ke), and cell growth factors, unless an effect of the
invention is inpaired.

A method for adding thrombin to the fibrinogen
solution is not particularly limted, and exanples
t hereof include a method in which the thronmbin solution
is added to the fibrinogen solution (preferably a drop
of the fibrinogen solution) using a pipettor, a method
in which the thrombin solution is attached to a bottom
surface of a support film to be described bel ow and
t hen placed on a top surface of the fibrinogen solution,
and a method in which these methods are combi ned. Here,
t he amount of the thrombin solution added is preferably
1 to 25 pL, nmore preferably 2 to 20 puL, and further
preferably 2 to 15 puL, fromthe vi ewpoint of uniformty
of the obtained fibrin sheet.

In the step 2, the fibrinogen solution and the
thrombin may be stirred by pipetting or the |ike.
However, the fibrinogen solution to which the thronbin

has been added (sonetinmes referred to as "fibrin
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precursor liquid" herein) is preferably kept in a state
where a drop is formed on the substrate. |In the present
i nvention, the "drop" preferably do not cover all over
the surface of the substrate, and the ratio of the
volume (pL) of the drop to the contact area (mm?) with
the substrate is 0.5 pL/mm? or higher, and nore
preferably 1 upL/ mm or higher.
(Step 3)

In the method for producing a fibrin sheet of the
present invention, a support filmis placed on and in
contact with a top surface of the fibrinogen solution
to which the thronmbin has been added (step 3). 1In the

step 3, only placing the support filmon and in contact

with a top surface of the fibrin precursor |liquid
(preferably a drop of the fibrin precursor |iquid)
enables the fibrin precursor liquid to be uniformy

spread owing to the own wei ght of the support film and
the surface tension between the drop of the fibrin
precursor liquid and the support film and al so nakes
It possible to bring the obtained fibrin sheet and the
support filminto close contact with each other. When
the step 3 is conducted after the step 2, the formation
of the fibrin sheet in the step 4 to be descri bed bel ow
simul taneously proceeds after the step 2. For this
reason, it is preferable in the step 3 to place the

support filmon the top surface of the fibrin precursor
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liquid immediately after the addition of thrombin to
the fibrinogen solution, preferably within 5 mnutes
after the addition, and nore preferably within 2 m nutes
after the addition. In addition, the step 2 (the
addition of thrombin to the fibrinogen solution) and
the step 3 may be conducted sinultaneously, and the
step 2 and the step 3 can be conducted sinmultaneously,
for exanple, by attaching the thrombin solution to the
bottom surface of the support film (preferably applying
dropwi se and spreading the thronmbin solution) and then
pl acing the support film on the top surface of the
fibrinogen solution (preferably a drop of the fibrin
solution) or other nmethods.

In the present invention, the "support film is
not particularly limted, as long as the support film
can support the obtained fibrin sheet and retain the
shape of the fibrin sheet. However, the support film
is preferably easily detachable from the fibrin sheet
before use of the fibrin sheet, and al so preferably has
a uniformsurface with | ess concavities and convexities
as the surface to be in contact with the fibrin
precursor |iquid. Exanples of the support filminclude
a polypropylene sheet, polyethylene, paper, a netal
such as titanium or alum num glass, and a conbination
of two or more thereof. Of these exanples, a

pol ypropyl ene sheet is preferable as the support film
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from the viewpoints of the uniformty of the surface,
ease of handling, and ease of detachnment fromthe fibrin
sheet.

In addition, the support film has a weight per
unit area of preferably 0.01 to 0.2 g/cn?, nore
preferably 0.01 to 0.1 g/cnm?, and further preferably
0.01 to 0.05 g/cn?, fromthe viewpoint that the fibrin
sheet with a preferred thickness is obtained owing to
the own wei ght of the support film

Regardi ng the area of the support film the area
of the surface of the support film to be in contact
with the fibrin precursor liquid is preferably 50 to
200 m?, nmore preferably 50 to 150 mm?, and further
preferably 75 to 100 mm? relative to 100 pL of the
amount of the solution. The shape of the support film
Is not particularly limted, and any shape can be
sel ected such as a circular shape, an oval shape, a
pol ygonal shape such as a square or rectangul ar shape,
a shape with a hole, a shape in which cuts are provided
on a surface opposite to the surface to be in contact
with the fibrin sheet to allow bending, and the Iike.
The use of a support film having a shape in which cuts
are provided on the surface opposite to the surface to
be in contact with the fibrin sheet enables the fibrin
sheet to be folded up, and makes it possible to, for

exampl e, transplant a fibrin sheet having a | arger area
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with a mcroincision. Mor eover, the thickness of the
support film is not particularly limted, and is
preferably 0.05 to 0.4 um from the viewpoint of ease
of handl i ng.

(Step 4)

In the method for producing a fibrin sheet of the
present invention, a fibrin sheet containing the at
| east one selected from the group consisting of cells
and drugs in a fibrin gel 1is formed between the
substrate and the support film by a reaction between
the fibrinogen and the thronmbin (step 4). The fibrin
sheet, and the cells, the drug, the fibrin gel, and the
optional additional components contained in the fibrin
sheet are each as descri bed above, including preferred
node thereof. In the present invention, since the
fibrin sheet starts to be formed in the step 2, part of
the step 4 may be conducted simultaneously with the
step 2 and/or the step 3.

The conditions for the reaction between the
fibrinogen and the thrombin in the step 4 are preferably
such that the fibrinogen and the thronmbin are all owed
to stand, for example, 4 to 25°C, preferably 4 to 20°C,
for 5 to 20 mnutes, preferably for 5 to 15 m nutes.
The fibrin gel is formed by reacting the fibrinogen and
the thrombin with each other, and such a step 4 makes

It possible to obtain the fibrin sheet between the
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substrate and the support film
(Step 5)

In the method for producing a fibrin sheet of the
present invention, the substrate is nelted at a
t enperature not |lower than a nelting tenperature of the
gelatin hydrogel, to separate, fromthe substrate, the
fibrin sheet supported by the support film (step 5)
after the step 4.

The tenperature at which the substrate is nelted
in the step 5 may be any tenperature not |ower than a
melting tenperature of the gelatin hydrogel, i.e., any
temperature not |ower than the nelting tenperature
after setting of the gelatin constituting the gelatin
hydr ogel . Specifically, the tenperature at which the
substrate is melted is preferably 30 to 40°C, and nore
preferably 35 to 40°C, from the viewpoints of reducing
cell killing and drug inactivation and the vi ewpoi nt of
further facilitating the separation of the fibrin sheet
and the substrate from each other. I n addition, the
time for which the substrate is nmelted at the above-
descri bed tenperature is not particularly limted, and,
for example, is preferably 10 to 60 m nutes, and nore
preferably 10 to 30 m nutes.

A method for nmelting the substrate in the step 5
is not particularly limted, and may be, for exanple,

a method in which the substrate, the fibrin sheet, and
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t he support filmafter the step 4 are allowed to stand
on a water bath or in an incubator under the above-
descri bed conditions. |Inthe step 5 as descri bed above,
the gelatin hydrogel constituting the substrate is
mel ted, and the adhesion between the fibrin sheet and
the surface of the substrate is elimnated. Hence,
collecting the support film enables collection of the
fibrin sheet stacked and supported on the support film

According to the present invention, a fibrin sheet
can be produced in an easy and conveni ent manner, even
when the fibrin concentration is |Iow enough for cells
to survive. Hence, when the fibrin sheet is the cell
sheet or the celllldrug sheet, cells can be contained in
the fibrin sheet, while being kept alive. In addition,
since the cells can be moved in the fibrin sheet having
a low fibrin concentration, it is possible to obtain a
fibrin sheet in which the cells are three-di mensionally
di spersed or a fibrin sheet in which the cells are
accumul ated in a surface | ayer of the sheet, according
to the present invention.

The fibrin sheet obtained according to the present
I nvention can directly be used as a cell sheet and/or
a drug sheet, and can be used preferably for treatnment
of a disease by cell transplantation (cell replacenment
t herapy) or for prosthesis and reinforcenment in a site

where an incision has been made during surgery or a
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site of tissue |loss where a |esion has been renoved.
In addition, the fibrin sheet obtained according to the
present invention <can be fornmed into a three-
di mensi onal biomaterial by stacking thereof, which can
also be wused for transplantation, drug discovery
research, or the I|ike.

As an exanple of a treatnment nmethod using the
fibrin sheet obtained according to the present
i nvention, a method for treating a cardi ac di sease based
on cell transplantation using a cell sheet obtained by
the production method of the present invention is
descri bed below. 1In addition to cardiac di seases, the
treat ment met hod using a fibrin sheet obt ai ned
according to the present invention may be applied to,
for exanple, treatment of |iver hypofunction such as
hepatic cirrhosis and viral hepatitis, gastrointestinal
ul cer, gastrointestinal perforation, epithelial ulcer,
epithelial defect, corneal injury, and henostasis at
bl eedi ng sites associated with vascular injury or organ
injury, from the viewpoints of cell replacement in or
rei nforcement of a |lost tissue or ahypoactive organ.

The "cardiac disease” to which the treatnent
met hod is applied may be, for exanmple, a disease
selected from the group consisting of heart failure,
i schem c heart di sease, myocar di al infarction

car di onyopat hy, myocarditis, hypertrophic
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cardi onyopathy, the dilated phase of hypertrophic
cardi onyopat hy, and dil ated cardi onyopat hy.

The method for treating a cardiac di sease can be
applied to a human subject and a subject other than
human. Organisms to which the method can be applied
are not particularly limted, as |long as the organisns
have the target of the treatnent, i.e., heart. Exanples
of the organisms include human, manmals other than
human, birds, reptiles, anphibians, and fishes. The
mammal s ot her than human include, but are not limted
to, primates such as chi npanzee and nmonkeys, as well as
domestic ani mals and conpani on ani mal such as cattl e,
pi gs, horses, chickens, cats, and dogs. As the cells
contained in the cell sheet, cells obtained from a
source conpatible with an organism to which the
treatment is to be applied may be used, and the cells
are preferably allogeneic <cells, and particularly
preferably autologous cells, from the viewpoints of
suppressi on of rejection and the |ike.

In the method for treating a cardiac disease, it
is preferable to cover the surface of the heart of a
subj ect suffering froma cardiac disease (preferably a
| esion (for exanple, a myocardial infarction |esion))
with the cell sheet. For transplantation of the cell
sheet to the surface of the heart, the cell sheet can

easily be fixed by being stuck to the surface of the
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heart, because the cell sheet is a fibrin sheet.

The method for treating a cardiac di sease may be
used in conbination with an additional treatment, as
appropriate. For exanple, the additional treatment nmay
be coronary artery bypass graft surgery, percutaneous
coronary angioplasty, left ventricular plastic surgery,
or the like for chronic myocardial infarction or may be
coronary artery bypass graft surgery, percutaneous
coronary angi oplasty, or the |like for acute myocardi al
i nfarction. Mor eover, it is also possible to use the
method 1in combination with valve replacenent or
pedi atric cardiac surgery.

[ Exanmpl es]

Exampl es  of the present invention will be
descri bed bel ow; however, the present invention is not
limted to these Exanples at all

(Exampl e 1)
<Material s>

I PS-CMs: human i PS cell-derived cardi omyocytes

DVEM DMEM High Gl ucose (nacalai tesque, Code
08458-16),

PBS: D-PBS(-) (nacal ai tesque, Code 14249-24),

Gelatin: Gelatin from porcine skin (Sigm, G1890-
100G,

Fi bri nogen: Beriplast P Combi-set Solution A (CSL

Behring, 87799),
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Thronmbin: Beriplast P Conbi-set Solution B (CSL
Behring, 87799),

Pol ypropyl ene sheet (PP sheet): area: 10 nmm x 10
mm thickness: 0.3 um

<Production of Fibrin Sheet>

First, 1.6 g of gelatin was added to 40 m_L of DVMEM
and melted for 10 to 20 m nutes using a water bath at
37°C to prepare a 4w v% (g/ m.% hereinafter the same)
gel atin solution. Subsequently, a gelatin hydrogel was
formed by adding 3 mL of the gelatin solution to each
well of a 6-well plate followed by cooling at 4°C for
20 mnutes to prepare a substrate made of a gelatin
hydrogel. 1In addition, 120 pL of a fibrinogen solution
prepared by m xing 100 pL of i PS-CMs (5x106 cells) from
whi ch foreign substances had been removed with a 70-pum
filter and whose concentration had been adjusted by
centrifugation, 10 pupL of fibrinogen obtained by
diluting Beriplast P Solution A 2-fold with DMEM and
10 pL of PBS with each other was applied dropwi se onto
a surface of the substrate (approximately 4°C)
i mmedi ately after the mxing (step 1). Subsequent |y,
2 pL of a thronmbin solution prepared by diluting
Beriplast P Solution B (0.03 U/ uL) 10-fold with DVEM
was added to the fibrinogen solution on the surface of
the substrate (step 2), and immediately thereafter a

pol ypropyl ene sheet (support film was placed on and in
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contact with a top surface of the fibrinogen solution
to which the thrombin solution had been added (step 3).
This was allowed to stand at 4°C for 10 m nutes, and
solidification of the fibrinogen solution to form a
fibrin gel (fibrin sheet) was confirmed (step 4). Then,
the substrate made of the gelatin hydrogel was nelted
in an incubator at 37°C for 20 mnutes (step 5), and
the fibrin gel (a fibrin sheet containing 5x106 i PS-CMs
in the fibrin gel) was collected together with the
pol ypropyl ene sheet (step 6). The obtained fibrin
sheet had an area of 1 cn?, and a thickness of
approximtely 1.2 mm Fig. 1 shows the shapes of the
substrate, fibrin sheet, and support filmin the step
4, and Fig. 2 shows the shapes of the nelted substrate,
the fibrin sheet, and the support filmin the step 5.
Mor eover, Fig. 3 shows the shape of the fibrin sheet
obtained in the step 6. As shown in Fig. 3, the
obtained fibrin sheet was uniform wi thout concavities
and convexities. In addition, the «cells were
accumul ated in the surface layer to form a structure
with a thickness of 100 to 150 pumin the obtained fibrin
sheet .

Moreover, it has been shown that, by increasing
the fibrinogen solution and the thronmbin solution and
al so increasing the area of the polypropyl ene sheet, a

fibrin sheet with a |arger area was obtained uniformy
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in the same manner. Fig. 4 shows the shape of the
fibrin sheet obtained with a |arger area.
<Eval uation of Fibrin Sheet>

Two  weeks after myocar di al infarction was
devel oped in a nude rat myocardial infarction nodel
the fibrin sheet was transplanted by being stuck onto
a surface of the peri-infarct region of the cardiac
muscle. Every week after the transplantation and until
Week 4, cardiac functions (contractile performance,
end-systolic dimension, and end-diastolic dinmension)
were eval uated by echocardi ography. I n addition, the
amount of the VEGF (cytokine) gene expressed in the
peri-infarct regi on was measured by qPCR on Week 4 after
transpl antati on.

Fig. 5 shows the results of the evaluation of the
cardi ac functions in the nude rat myocardial infarction
nodel to which the fibrin sheet was transplanted
(transplantation group, n: 8) and the nude rat
myocardial infarction model to which the fibrin sheet
was not transplanted (Control, n: 5). In Fig. 5, the
vertical axis (EF (%) is the left ventricular ejection
fraction. As shown in Fig. 5, significant inmprovenment
in the cardiac function was observed in the rats to
whi ch t he fibrin sheet was transpl ant ed
(transplantation group) during 4 weeks after the

transpl antati on.
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In addition, Fig. 6 shows the measurement results
of the ampunts of the VEGF gene expressed in the nude
rat myocardial infarction mdel to which the fibrin
sheet was transplanted (transplantation group, n: 8)
and in the nude rat myocardial infarction nodel to which
the fibrin sheet was not transplanted (Control, n: 5).
In Fig. 6, the vertical axis represents the amount of
t he VEGF gene expressed relative to the control group
As shown in Fig. 6, an enhanced expression of the VEGF

gene, which is a cytokine associated with angi ogenesi s,

was observed in the peri-infarct regions of the rats to
whi ch t he fibrin sheet was transpl ant ed
(transplantation group). In addition, in the

transpl antation group, the size of the cardiac nuscle
in the peri-infarct region was significantly small,
I ndi cating that hypertrophy of the cardiac nuscle was
suppressed. Moreover, it was also shown that the
angi ogenesi s was i nproved.
[I ndustrial Applicability]

As described above, according to the present
invention, it is possible to provide a method for
producing a fibrin sheet <containing at |east one
selected from the group consisting of cells and drugs
in a fibrin gel, the method enabling the fibrin sheet
to be produced uniformy in any shape and in an easy

and conveni ent manner, while reducing danmage on the
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cells and the drug, even when the fibrin concentration

is | ow enough for the cells to survive.
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[CLAIMS]
[Claim 1]

A method for producing a fibrin sheet containing
at least one selected from the group consisting of cells
and drugs in a fibrin gel, the method comprising:

a step 1 of applying a fibrinogen solution
containing fibrinogen and at least one selected from
the group consisting of cells and drugs dropwise onto
a surface of a substrate made of a gelatin hydrogel;

a step 2 of adding thrombin to the fibrinogen
solution on the surface of the substrate;

a step 3 of placing a support film on and in
contact with a top surface of the fibrinogen solution
to which the thrombin has been added;

a step 4 of forming a fibrin sheet containing the
at least one selected from the group consisting of cells
and drugs in a fibrin gel between the substrate and the
support film by a reaction between the fibrinogen and
the thrombin; and

a step 5 of melting the substrate at a temperature
not lower than a melting temperature of the gelatin
hydrogel to separate, from the substrate, the fibrin

sheet supported by the support film.

[Claim 2]

The method for producing a fibrin sheet according
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to claim 1, wherein the amount of fibrinogen contained

in the fibrinogen solution is 0.4 to 2% by mass.

[Claim 3]
The method for producing a fibrin sheet according
to claim 2, wherein the cells include 1PS cell-derived

cells.

[Claim 4]

The method for producing a fibrin sheet according
to any one of claims 1 to 3, wherein

the fibrin sheet is a cell sheet containing at
least a cell in the fibrin gel, and

the substrate 1s a cell culture substrate.

[Claim 5]

The method for producing a fibrin sheet according
to any one of claims 1 to 4, further comprising, prior
to the step 1, a step of heating an aqueous gelatin
solution containing gelatin and water and then cooling
the aqueous gelatin solution to obtain the gelatin

hydrogel.

[Claim 6]
The method for producing a fibrin sheet according

to any one of claims 1 to 5, wherein
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the support film is a polypropylene sheet.

[Claim 7]
The method for producing a fibrin sheet according
to any one of claims 1 to 6, wherein the substrate is

melted at 30 to 40°C in the step 5.
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