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ABSTRACT

Disclosed is a method for detecting a biological signal of a
three-dimensional cell culture construct. The method for
detecting a biological signal of a three-dimensional cell culture construct includes: providing a three-dimensional cell
culture construct that contains at least two cell layers laminated to each other and a sensor particle capable of detecting
a biological signal; and observing the sensor particle optically. Preferably, the three-dimensional cell culture construct
contains an extracellular matrix including a combination of a
protein or polymer having an RGD sequence and a protein or
polymer that interacts with the protein or polymer having the
RGD sequence, or a combination of a protein or polymer that
is positively charged and a protein or polymer that is negatively charged.
8 Claims, 6 Drawing Sheets
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1
METHOD AND KIT FOR DETECTING
BIOLOGICAL SIGNAL OF
THREE-DIMENSIONAL CELL CULTURE
MATERIAL
TECHNICAL FIELD
The present invention relates to a method for detecting a
biological signal of a three-dimensional cell culture construct
and a detection kit used in the same.

2
responses of cells in a tissue cannot be evaluated in vitro.
Further, a determination of a diffused position of biological
signals produced by cells and a quantitative evaluation of
biological signals cannot be achieved. Therefore, the present
5 invention provides a method for detecting a biological signal
of a three-dimensional cell culture construct.
Means for Solving Problem

The present invention relates to a method for detecting a
biological signal of a three-dimensional cell culture conBACKGROUND ART
struct, including: providing a three-dimensional cell culture
construct that contains at least two cell layers laminated to
Cells exhibit various functions, including a function of
each other and a sensor particle capable of detecting a biotransmitting information for normally functioning as an is logical signal; and observing the sensor particle optically.
organism.
As techniques for observing states of cells, signals proEffect of the Invention
duced by cells, responses of cells to drugs or the like, there are
the following: a technique of extracting DNAs and proteins 20
According to the present invention, for example, it is posfrom cells after stimulating the cells in some way and analyzsible to detect a biological signal of a cell culture construct
ing them; a technique of measuring substances produced by
laminated three-dimensionally with ease. Further, for
cells or substances present on surfaces or inside of cells using
example, the present invention preferably provides an effect
fluorescent compounds or the like (Patent Document 1); and
of evaluating responses as a tissue or responses of cells in a
a technique of observing shapes of cells and measuring the
25 tissue in vitro.
electric potential change of cells optically or electrochemically while culturing the cells on a cell-culturing microarray
BRIEF DESCRIPTION OF DRAWINGS
provided with electrodes and the like (Patent Document 2).
Meanwhile, as techniques for laminating cells three-diFIGS. 1A and 1B are schematic views showing exemplary
mensionally there are the following: a technique of forming a
three-dimensional laminate by repeating the step of forming 30 three-dimensional cell culture constructs in the present invention.
an extracellular matrix and a cell layer alternately (Patent
FIG. 2A is an exemplary photograph taken through an
Document 3, Non-Patent Documents 1 and 2); a cell sheet
observation of a sensor particle dispersion.
technique of laminating two-dimensional cell sheets that are
FIG. 2B is an exemplary photograph taken through the
prepared beforehand by culturing cells in a sheet form (NonPatent Document 3); a technique of laminating cells using 35 observation of the sensor particle dispersion.
FIG. 2C is an exemplary photograph taken through the
chitosan thin films (Non-Patent Document 4); and a techobservation
of the sensor particle dispersion.
nique of laminating cells by pouring a microfluid containing
FIG. 2D is an exemplary photograph taken through the
cells and extracellular matrices in a pass (Non-Patent Docuobservation of the sensor particle dispersion.
ment 5).
40
FIG. 2E is an exemplary photograph taken through the
observation of the sensor particle dispersion.
PRIOR ART DOCUMENT
FIG. 2F is an exemplary photograph taken through the
observation of the sensor particle dispersion.
Patent Document
FIG. 3A is an exemplary microphotograph taken through
45 the observation of the three-dimensional cell culture conPatent Document 1; JP 2007-279015A
struct.
Patent Document 2: JP 2006-42671 A
FIG. 3B is an exemplary microphotograph taken through
Patent Document 3: JP 2007-228921 A
the observation of the three-dimensional cell culture construct.
Non-Patent Document
50
FIG. 3C is an exemplary microphotograph taken through
the observation of a reference example.
Non-Patent Document 1: M. Matsusaki et al., Angew. Chem.
FIG. 3D is an exemplary microphotograph taken through
Int. Ed. 2007, 46, 4689
the observation of the reference example.
Non-Patent Document 2: Y Nakahara et at, J. Biomater Sci.
FIG. 4A is an exemplary microphotograph taken through
Polymer Edn. 2007, 18, 1565
Non-Patent Document 3: T. Okano et al., Circ Res. 2002, 90. 55 the observation of the three-dimensional cell culture construct.
40
FIG. 4B is an exemplary fluorescence spectrum of a sensor
Non-Patent Document 4: C. C. Co et al., J. Am. Chem. Soc.
particle in the three-dimensional cell culture construct.
2005, 127, 1598
FIG. 4C is an exemplary microphotograph taken through
Non-Patent Document 5: WTan. Et at, Biomaterials 2004, 25,
60 the observation of a cell culture construct of the reference
1355
example.
DISCLOSURE OF INVENTION
FIG. 4D is an exemplary fluorescence spectrum of a sensor
particle in the cell culture construct of the reference example.
Problem to be Solved by the Invention
FIG. 5A is an exemplary fluorescence spectrum of a cal65 cium-ion-responsive sensor particle produced in EXAMPLE.
However, in such conventional methods, the responses of
FIG. 5B is an exemplary fluorescence spectrum of a pHindividual cells can be evaluated, but responses as a tissue or
responsive sensor particle produced in EXAMPLE.
10
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DESCRIPTION OF PREFERRED EMBODIMENT
[Biological Signal of Three-Dimensional (3D) Cell Culture Construct]
In the present invention, biological signals of a 3D cell 5
culture construct refer to, for example, biological signals
produced by cells cultured three-dimensionally. Examples of
the biological signals of a 3D cell culture construct include
biological signals produced individually or in a two-dimensional cell culture by cells constituting a 3D cell culture io
construct, and biological signals produced specifically by
cells of a 3D cell culture construct. The example thereof
further includes biological signals produced in a biological
tissue that is a model target (mimetic target) of the 3D cell
culture construct.
15
The present invention is based on findings that, by using a
3D cell culture construct that contains at least two cell layers
laminated to each other and a sensor particle capable of

detecting a biological signal, for example, it is possible to
observe biological signals or the like produced from cells in 20
the cell culture construct laminated three-dimensionally In
other words, the present invention relates to a method for
detecting a biological signal of a 3D cell culture construct,
including: providing a 3D cell culture construct that contains
at least two cell layers laminated to each other and a sensor 25
particle capable of detecting a biological signal; and observing the sensor particle optically.
According to the method for detecting a biological signal
of a 3D cell culture construct of the present invention, for
example, it is possible to determine a diffused position of 30
biological signals produced specifically in a biological tissue
and to detect the biological signals quantitatively Thus,
whether or not the 3D cell culture construct could form a
tissue equivalent to the biological tissue can be inspected.
Further, according to the method for detecting a biological 35
signal of a 3D cell culture construct of the present invention,
by using a 3D cell culture construct as a tissue model for
example, it is possible to examine influences of various substances on a biological tissue. The method for detecting a
biological signal of a 3D cell culture construct of the present 40
invention preferably provides an effect that, for example, the
method can be used as a testing/inspection/screening alternative to inspection/screening that are performed subsequent to
conventional testing/inspection on safety or pharmacokinetics using laboratory animals and performed prior to adminis- 45
tration to a human body, or an alternative to testing/inspection/screening using laboratory animals.
In the present invention, a substance functioning as a biological signal of a 3D cell culture construct is, for example, a
substance produced individually or in a two-dimensional cell 50
culture by cells constituting a 3D cell culture construct as a
biological signal, a substance produced specifically by cells
of a 3D cell culture construct as a biological signal, and a
substance produced in a biological tissue that is a model target
(mimetic target) of the 3D cell culture construct as a biologi- 55
cal signal. Examples thereof include hormones, autacoids,
neurotransmitters, cell growth factors, cytokines, biologically active substances, enzymes, and various ions. More
specific examples thereof include nitrogen monoxide (NO),
Zn2 , Ca2 , OH radical, protein-tyrosine phosphatase, active 60
oxygen, Mg2~, C1, caspase, phosphodiesterase, OCl-, histamine, dopamine, noradrenaline, serotonin and hydrogen peroxide.
[Sensor Particles]
In the present invention, the "sensor particle capable of 65
detecting a biological signal" includes, for example, a particle
capable of detecting the above-described substances func-

tioning as a biological signal, and preferably includes a particle capable of reacting or bonding specifically with a biological signal substance and changing its luminescence
property (e.g., a fluorescence property) by reacting or bonding with the biological signal substance. Further, the sensor
particle capable of detecting a biological signal preferably is
a non-cytotoxic particle.
In terms of concentrating a substance having a sensing
function locally and/or improving a sensitivity of a quantitative evaluation and/or detecting a local change, it is preferable
that the sensor particle contains a substance having a sensing
function and a carrier for supporting the substance, and it is
more preferable that the substance having a sensing function
is supported inside the carrier. In the present invention, the
"substance having a sensing function" includes, for example,
a functional substance that changes its fluorescence properties such as an excitation wavelength, fluorescence wavelength and fluorescence intensity by reacting or bonding specifically with the substance functioning as a biological signal.
The substance having a sensing function can be selected
appropriately by those skilled in the art in accordance with the
type of the biological signal substance to be detected.
Examples of the substance having a sensing function capable
of detecting NO include 4,5-diaminofluorescein (DAF-2) (H.
Kojima et al., Anal. Chem. 1998, 70, 2446), diaminorhodamine (DAR-4M, DAR-4MAM), 2,3-diaminonaphtalene
(DAN), Diaminocyanine (DAC) and DAMBO PH. Examples
of the substance having a sensing function capable of detecting Cat include 1-[6-Amino-2-(5-carboxy-2-oxazolyl)-5benzofuranyloxy]-2-(2-amino-5-methylphenoxy) ethane-N,
N,N',N'-tetraacetic acid, pentapotassium salt (Fura-2(1) and
1-[2-Amino-5-(2,7-dichloro-6-hydroxy-3-oxo-9-xanthenyl)

phenoxy] -2-(2-amino-5-methylphenoxy)ethane-N,N,N',N'tetraacetic acid (Fluo-3(2)) (A. Takahashi et at, Physiol. Rev.
1999, 79, 1089). Examples of the substance having a sensing
function capable of detecting Zn2 include Dipicolycyanin
(DIPCY), 1 -[2-[5-(Dimethylamino)- 1 -naphthalenesulfonamido]ethyl]- 1,4,7,1 0-tetraazacyclododecane,
tetrahydrochioride, dehydrate (Dansylaminoethyl-cyclen) ZnAF-2F
and ZnAF 2 DA Examples of the substance having a sensing
function capable of detecting a chloride ion include
N-Ethoxycarbonylmethyl-6-methoxyquinolinium bromide
(MQAE). Examples of the substance having a sensing function capable of detecting OH radical and peroxynitrite
include Hydroxyphenyl Fluorescein (HPF) andAminophenyl
Fluorescein (APF).
As to the sensor particle, in terms of causing a carrier to
support the substance having a sensing function stably a
surface of the carrier for supporting the substance having a
sensing function is preferably laminated with a basic polymer
layer and an acidic polymer layer alternately, more preferably
laminated with plural basic polymer layers and plural acidic
polymer layers alternately, and further preferably contains
four or more basic polymer layers and four or more acidic
polymer layers that are formed alternately.
Therefore, as one preferable configuration of the sensor
particle in the present invention, the sensor particle contains a
substance having a sensing function, a carrier for supporting
the substance having a sensing function, and a basic polymer
layer and an acidic polymer layer that are laminated alternately on a surface of the carrier, and wherein the carrier is a
porous particle. With this configuration, it is possible to fix the
sensor particle stably in the extracellular matrix by electrical
interaction between charges on the surface of the sensor particle and the after-mentioned extracellular matrix, whereby
the biological signals on the surface and inside of the 3D cell
culture construct can be detected more accurately The sensor
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particle having a more preferable configuration can detect
number of the cell layers to be laminated is, for example, 100
low-density biological signals (e.g., nano-mol order) prolayers or less, 50 layers or less, 40 layers or less, 20 layers or
duced by cells.
less, and 10 layers or less.
The basic polymer layer and the acidic polymer layer on
Examples of the cells to be contained in the 3D cell culture
the surface of the carrier can be produced by for example, a 5 construct include cells of humans and/or animals other than
layer-by-layer (LBL) method in which a carrier supporting a
humans, and /or cells derived therefrom. Though not particusubstance having a sensing function is brought into contact
larly limited, examples of the animals other than humans
with a basic polymer solution and an acidic polymer solution
include primates (e.g., rhesus monkey), mice, rats and dogs.
alternately so as to be laminated with plural layers. The basic
The human cells or cells derived therefrom are preferable in
polymer and the acidic polymer preferably are, for example, io terms of allowing the cell culture construct to exhibit properbiocompatible polymers. Examples of the basic polymer
ties/functions more equivalent to those of a biological tissue
include chitosan, chitin, polylysine and polydiallyldimethyof a human or the like.
lammonium chloride. Examples of the acidic polymer
Though not particularly limited, examples of the type of
include dextran sulfate, polyglutamic acid, polyaspartic acid,
the cells include adhesive cells such as hepatocytes, vascular
polystyrene sulfonic acid, poly-acrylic acid and poly- 15 endothelial cells, fibroblasts, epidermic cells, epithelial cells,
methacrylic acid. Further, a polymer that is positively charged
mammary glandular cells, myocytes, neurocytes, tissue stem
can be used as the basic polymer, and a polymer that is
cells, embryonic stem cells, bone cells, and immunocytes.
negatively charged can be used as the acidic polymer.
One type or two or more types of cells can be used.
Examples of the combination of the basic polymer and the
The cell layers in the 3D cell culture construct may be
acidic polymer include combinations of polylysine and dex- 20 composed of one type or two or more types of cell layers. For
tran sulfate; and chitosan and dextran sulfate. Among these,
example, in the case of forming a 3D cell culture construct of
the combination of chitosan and dextran sulfate is preferable,
a blood vessel model, an uppermost cell layer may be formed
since they are biocompatible, less toxic and effectively preof vascular endothelial cells, and plural cell layers that are
vent an outflow of the substance having a sensing function.
placed below the uppermost cell layer may be formed of
The basic polymer and the acidic polymer can transmit the 25 smooth muscle cells. The combination of the cell layers is not
biological signal substance, and preferably, they are biodelimited hereto.
gradable. The carrier is not limited as long as it can support
[Extracellular Matrix]
the substance having a sensing function. Preferably, the carIt is preferable that the 3D cell culture construct of the
rier can support the substance having a sensing function
present invention includes an extracellular matrix in addition
inside of the carrier, and examples thereof include porous 30 to the cells and sensor particles. In the present invention, the
particles such as silica, alumina and calcium phosphate. In
extracellular matrix includes, for example, a biological subterms of enabling the sensor particle to have more stable
stance filling a space outside of cells in an organism and
support and improved detection sensitivity, a mesoporous
playing a role as a skeletal outline, a role of providing a
silica is preferable.
scaffold and/or a role of holding a biological factor as well as
In terms of arranging the substance having a sensing func- 35 a substance capable of playing a role as a skeletal outline, a
tion locally and in concentration in the 3D cell culture conrole of providing a scaffold and/or a role of holding a biologistruct, the amount of the substance having a sensing function
cal factor in an in vitro cell culture.
supported in the sensor particle is preferably in a range of 0.1
In terms of easier formation, easier thickness adjustment
pg to 100 µg, and more preferably in a range of 1 pg to 1 µg per
and higher efficiency of the 3D cell culture construct, the
sensor particle.
40 extracellular matrix of the present invention preferably conAlthough the size of the sensor particle (particle size) can
tains a substance formed of a combination of a protein or
be determined appropriately depending on the size of cells,
polymer that has an RGD sequence (hereinafter, also referred
the particle size is, for example, 5 µm or less, preferably 3 µm
to as "first substance having an RGD sequence") and a protein
or less, and more preferably 2 µm or less in terms of the sizes
or polymer that interacts with the first substance having the
of cells and spaces between cell layers. Further, the particle 45 RGD sequence (hereinafter, also referred to as "interactive
size is, for example, 200 nm or more, and preferably 500 nm
second substance"), or a substance formed of a combination
or more in terms of detecting biological signals sufficiently
of a protein or polymer that is positively charged (hereinafter,
and/or causing the carrier to support the substance having a
also referred to as "positively charged first substance") and a
sensing function; and more preferably 1 µm or more, and
protein or polymer that is negatively charged (hereinafter,
further preferably 1.6 µm or more in terms of causing the 5o also referred to as "negatively charged second substance").
sensor particle to be held between cell layers stably without
Here, in the present invention, "interact" preferably means
being taken into cells. Therefore, in terms of causing the
that, for example, the first substance and the second substance
sensor particle to be held between cells layers more stably and
approach to each other to the extent that bonding, adhesion,
to support a larger amount of the substance having a sensing
adsorption, or electron transfer can occur chemically and/or
function, the size of the sensor particle (particle size) is pref- 55 physically between the first substance and the second suberably 200 nm to 5 µm, more preferably 500 nm to 3 µm,
stance through electrostatic interaction, hydrophobic interacfurther preferably 1 to 2 µm, and further more preferably 1.6
tion, hydrogen bonding, charge transfer interaction, formato 2 µm.
tion of a covalent bond, specific interaction between proteins,
[Cell Layer]
van der Waals force, or the like.
Though not particularly limited, the number of the cell 60
(First Substance Having RGD Sequence)
layers to be laminated in the 3D cell culture construct is
The RGD sequence in the first substance having an RGD
preferably three or more layers, more preferably four or more
sequence, that is, a protein or polymer having an RGD
layers, further preferably five or more layers, and further
sequence, refers to a generally known "Arg-Gly-Asp"
more preferably six or more layers in terms of allowing the
sequence. In the present invention, a substance "having an
cell culture construct to exhibit properties/functions more 65 RGD sequence" may be a substance that has the RGD
equivalent to those of a biological tissue of a human or the
sequence by nature or a substance to which the RGD
like. Though not particularly limited, an upper limit of the
sequence is bonded chemically It is preferable that the first
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substance having the RGD sequence is biodegradable and
basic collagen, basic gelatin, lysozyme, cytochrome c, perwater-soluble. Examples of the protein having the RGD
oxidase, and myoglobin. Among the positively charged first
sequence include conventionally known adhesive proteins
substances, the positively charged polymer can be, for
such as fibronectin, vitronectin, laminin, cadherin, and colexample, a naturally-occurring polymer and a synthetic polylagen. Further, the protein having the RGD sequence also 5 mer. Examples of the naturally-occurring polymer include
may be collagen, gelatin, albumin, globulin, proteoglycan,
water-soluble polypeptides, low molecular weight peptides,
enzymes, antibodies, etc., to which the RGD sequence is
polyamino acids, polyester, sugars such as chitin and chitobonded. The polymer having the RGD sequence can be, for
san, polyurethane, polyamide, polycarbonate, and copolyexample, a naturally-occurring polymer and a synthetic polymers thereof. Specific examples of the polyamino acids
mer. Examples of the naturally-occurring polymer having the io include polylysine such as poly(a-lysine), poly(E-lysine),
RGD sequence include water-soluble polypeptides, low
polyarginine, and polyhistidine. Examples of the synthetic
molecular weight peptides, polyamino acids such as polylpolymer include a polymer or a copolymer with a linear, graft,
ysine, polyester, sugars such as chitin and chitosan, polyurecomb, dendritic, or star structure, for example. Specific
thane, polycarbonate, polyamide, and copolymers thereof.
examples of the polymer or the copolymer include polydialExamples of the synthetic polymer having the RGD sequence 15 lyldimethylammonium chloride, polyallylamine hydrochloinclude a polymer or a copolymer having an RGD sequence
ride, polyethyleneimine, polyvinylamine, and polyamideamwith a linear, graft, comb, dendritic, or star structure, for
ine dendrimer.
example. Examples of the polymer or the copolymer include
(Negatively Charged Second Substance)
poly(N-isopropylacrylamide-co-polyacrylic acid), polyaAmong the negatively charged second substances, the
mideamine dendrimer, polyethylene oxide, poly(E-caprolac- 20 negatively charged protein preferably is a water-soluble protam), polyacrylamide, and poly(methyl methacrylate-'-polytein, for example. Examples of the water-soluble protein
methacrylate oxyethylene).
include acidic collagen, acidic gelatin, albumin, globulin,
(Interactive Second Substance)
catalase, (3-lactoglobulin, thyroglobulin, a-lactalbumin, and
It is preferable that the interactive second substance is
ovalbumin. Among the negatively charged second subbiodegradable and water-soluble. Among the interactive sec- 25 stances, the negatively charged polymer can be, for example,
ond substances, the protein that interacts with the first suba naturally-occurring polymer and a synthetic polymer.
stance having the RGD sequence can be, for example, colExamples of the naturally-occurring polymer include waterlagen, gelatin, proteoglycan, integrin, enzymes, and
soluble polypeptides, low molecular weight peptides,
antibodies. Further, the polymer that interacts with the first
polyamino acids such as poly((3-lysine), dextran sulfate,
substance having the RGD sequence is, for example, a natu- 30 polyester, polyurethane, polyamide, polycarbonate, and
rally-occurring polymer and a synthetic polymer. Examples
copolymers thereof. Examples of the synthetic polymer
of the naturally-occurring polymer that interacts with the first
include a polymer or a copolymer with a linear, graft, comb,
substance having the RGD sequence include water-soluble
dendritic, or star structure, for example. Specific examples of
polypeptides, low molecular weight peptides, elastin,
the polymer or the copolymer include polyester, polyacrylic
polyamino acids, polyester, sugars such as heparin, heparan 35 acid, polymethacrylic acid, polystyrene sulfonate, polyacrysulfate, dextran sulfate, polyurethane, poly-amide, polycarlamidomethylpropane sulfonic acid, and terminal-carboxybonate, and copolymers thereof. Examples of the synthetic
lated polyethylene glycol.
polymer that interacts with the first substance having the
Examples of the combination of the positively charged first
RGD sequence include a polymer or a copolymer having an
substance and the negatively charged second substance
RGD sequence with a linear, graft, comb, dendritic, or star 40 include combinations of chitosan and dextran sulfate; polystructure, for example. Examples of the polymer or the
allylamine hydrochloride and polystyrene sulfonate; polydicopolymer include polyacrylic acid, polymethacrylic acid,
allyldimethylammonium chloride and polystyrene sulfonate.
polyethylene glycol-grafted-polyacrylic acid, poly(N-isoNote here that it is possible to use one type or two or more
propylacrylamide-co-polyacrylic acid), polyamideamine
types of each of the positively charged first substance and the
dendrimer, polyethylene oxide, poly(E-caprolactam), poly- 45 negatively charged second substance as long as they interact
acrylamide, and poly(methyl methacrylate-'-polymethacrywith each other.
late oxyethylene).
Further, as components of the extracellular matrix in the
The combination of the first substance having the RGD
present invention, in terms of mimicking biological tissues
sequence and the interactive second substance is not limited
more precisely, it is preferable to use components contained
particularly, and it preferably is a combination of different 50 in natural in vivo) extracellular matrices. From the same
substances that interact with each other. Examples of the
reason, it is unnecessary to include chitosan, which somecombination of the first substance and the second substance
times is used as one alternative component of human extrainclude combinations of fibronectin and gelatin; laminin and
cellular matrices but is not present in a human body.
gelatin; fibronectin and dextran sulfate; polylysine and elasIn the present invention, the 3D cell culture construct
tin; fibronectin and collagen; laminin and collagen; vitronec- 55 allows, for example, flexible lamination of plural kinds of
tin and collagen; and RGD-bonded collagen or RGD-bonded
cells, and/or easy control of the thickness of the cell layer
gelatin and collagen or gelatin. Among these, the combinaand/or the extracellular matrix. Therefore, it is preferable that
tion of fibronectin and gelatin and the combination of laminin
the 3D cell culture construct contains an extracellular matrix
and gelatin are preferable, and the combination of fibronectin
at least between cell layers, and can be produced by a process
and gelatin is more preferable. Note here that it is possible to 60 comprising: forming a cell layer by introducing a cell-conuse one type or two or more types of each of the first substance
taining solution; forming an extracellular matrix by introduchaving the RGD sequence and the interactive second subing a first solution and a second solution alternately; forming
stance as long as they interact with each other.
the extracellular matrix and the cell layer alternately to lami(Positively Charged First Substance)
nate the cell layers; and placing the sensor particle capable of
Among the positively charged first substances, the posi- 65 detecting a biological signal in at least one of layers positively charged protein preferably is a water-soluble protein,
tioned under a lowermost cell layer, between cell layers, and
for example. Examples of the water-soluble protein include
on an uppermost cell layer in the laminated cell layers,
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wherein a combination of an ingredient of the first solution
and an ingredient of the second solution is a combination of a
protein or polymer having an RGD sequence and a protein or
polymer that interacts with the protein or polymer having the
RGD sequence, or a combination of a protein or polymer that
is positively charged and a protein or polymer that is negatively charged. The 3D cell culture construct used in the
method for detecting a biological signal of a 3D cell culture
construct of the present invention may he formed on a substrate. The substrate is not limited particularly, and conventionally known materials such as glass, various polymers,
filter papers, metals, hydrogels can be used appropriately.
The layer to be in contact with the substrate in the 3D cell
culture construct may he either the extracellular matrix layer
or the cell layer. In the case where the substrate cannot serve
as a scaffold of the cell layer, it is preferable to place the
above-described extracellular matrix or apply a conventionally-known cell-culture coating on an arrangement area of the
3D cell culture construct.
In the method for detecting a biological signal of a 3D cell
culture construct of the present invention, it is preferable that
the sensor particles are placed in at least one of layers positioned under a lowermost cell layer, between cell layers, and
on an uppermost cell layer in the 3D cell culture construct. In
terms of determining the production portion and the diffused
portion of biological signals easily, the sensor particles may
be placed in any one of layers positioned under the lowermost
cell layer, on the uppermost cell layer, and between the cell
layers. Further, in terms of observing the spatial diffusion and
dynamic images of the biological signals in one 3D cell
culture construct, the sensor particles may be placed in plural
layers positioned under the lowermost cell layer on the uppermost cell layer, and between the cell layers.
In the method for detecting a biological signal of a 3D cell
culture construct of the present invention, in terms of determining the diffused portion of the biological signals easily, it
is preferable to prepare a plurality of 3D cell culture constructs in which the sensor particles are placed in any one of
layers positioned under the lowermost cell layer, between the
cell layers and on the uppermost cell layer, and the layers
placed with the sensor particles are different from one
another, and to observe the sensor particles in each of the
plurality of the 3D cell culture constructs optically. Further,
the behavior of the biological signals may be analyzed based
on the observation results.
A method for detecting a biological signal of a 3D cell
culture construct using a plurality of 3D cell culture constructs will be described by taking as an example 3D cell
culture constructs in which five cell layers are laminated. In
the following example, a lowermost layer is a first layer, and
an uppermost layer is a fifth layer. First, six kinds of 3D cell
culture constructs, each containing sensor particles in any one
of layers positioned under the first cell layer, between the first
and second cell layers, between the second and third cell
layers, between the third and fourth cell layers, between the
fourth and fifth cell layers, and on the fifth cell layer, are
prepared. Next, all the six kinds of the 3D cell culture constructs are subjected to a certain stimulus (e.g., stimulus of the
test substance, etc), and then the sensor particles are observed
optically In the case where the sensor particles are capable of
detecting biological signals produced specifically from cells
in the fifth cell layer, and the biological signals are detected in
the 3D cell culture construct containing the sensor particles
under the first cell layer, it is confirmed that the biological
signals produced by the cells in the fifth cell layer are diffused
to the first cell layer. Meanwhile, if the biological signals are
detected in the 3D cell culture construct containing the sensor
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particles between the second and third cell layers, but the
biological signals are not detected in the 3D cell culture
construct containing the sensor particles under the first cell
layer, it is confirmed that the biological signals are diffused to
the vicinity of the second cell layer but are not diffused to the
cell layer below the second layer.
In the method for detecting a biological signal of a 3D cell
culture construct of the present invention, it is preferable that
the optical observation of the sensor particle includes visualization and/or numeric conversion of the biological signal. In
the method for observing the sensor particle optically, those
skilled in the art can appropriately select a detection means
for detecting the contained sensor particles, for example.
Examples of the detection means include a fluorescence
microscope, confocal laser scanning microscope, fluorescence spectrophotometer, confocal spectrophotometer and
ultraviolet-visible spectrophotometer. By using a confocal
laser scanning microscope, for example, biological signals
produced by cells can be visualized and imaged, and preferably, the diffusion and/or the localization of specific signal
molecules produced by the cells can be visualized. Therefore,
the method for detecting a biological signal of a 3D cell
culture construct of the present invention can be, for example,
a powerful tool in research on differentiation induction or
histogenesis in regenerative medicine. The "visualization of
the biological signal" refers to, for example, an observation of
the sensor particles in the 3D cell culture construct using a
fluorescence microscope, confocal laser scanning microscope, etc., and/or capturing of a fluorescence microscope
image. Further, the "numeric conversion of the biological
signal" refers to, for example, measurement of a fluorescence
spectrum, absorption spectrum, etc., of the sensor particle in
the 3D cell culture construct using a fluorescence spectrophotometer, confocal spectrophotometer, ultraviolet-visible
spectrophotometer, etc., and preferably refers to quantification using these spectra. Further, for example, by determining
the diffused position of the biological signals using a confocal
laser scanning microscope and measuring the spectra in that
position, the biological signals can be quantified.
A method for detecting a biological signal of a 3D cell
culture construct of the present invention and an embodiment
of a 3D cell culture construct used in the method will be
described with reference to FIGS. 1A and 1B. Note here that
the present invention is not limited to the following embodiment.
FIG. 1A is a view schematically showing an exemplary
configuration of a 3D cell culture construct used in a method
for detecting a biological signal of a 3D cell culture construct
of the present invention. A 3D cell culture construct 1 shown
in FIG. 1A is formed on a substrate 2, and includes sensor
particles 3, cell layers 4 to 7 and extracellular matrix layers 8
to 11. The cell layers 4 to 7 are laminated via the extracellular
matrix layers 8 to 11. The sensor particles 3 are placed in the
extracellular matrix layers 8 to 11. As describe above, one
type or two or more types of cells may be used in the cell
layers 4 to 7. Further, the sensor particles 3 may be composed
of sensor particles having the same sensing function or sensor
particles having different sensing functions. By using the
sensor particles having different sensing functions, it is possible to detect plural types of biological signals. The sensor
particles having different sensing functions refer to, for
example, sensor particles detecting different types ofbiological signals, different types of sensor particles detecting the
same biological signal, or the like.
Next, the method for detecting a biological signal of a 3D
cell culture construct of the present invention will be
described by taking as an example the case of detecting a
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signal transduction of vascular endothelial cells in a blood
the quantification can be performed by, for example, a fluovessel model. FIG. 1B is an exemplary configuration of a 3D
rescence microscope, confocal laser scanning microscope,
cell culture construct of the blood vessel model in which four
fluorescence spectrophotometer, confocal spectrophotometer
cell layers 24 to 27 are laminated on the substrate 2. The
or ultraviolet-visible spectrophotometer.
uppermost cell layer 27 is a cell layer of vascular endothelial 5
Further, in still another embodiment, the present invention
cells, and plural cell layers 24 to 26 placed under the cell layer
relates to a method for evaluating a test substance with respect
27 are cell layers of smooth muscle cells. Extracellular matrix
to an organism, including: bringing a 3D cell culture conlayers 28 to 31 and sensor particles 40 capable of detecting
struct into contact with a test substance selected from the
NO are placed between each cell layer. When a biological
group consisting of compounds, medical compositions, cossignal (NO) 41 is produced from the vascular endothelial cell, io metics and foods; and detecting a biological signal of the 3D
NO is transduced in the blood vessel model (indicated by an
cell culture construct using the method for detecting a bioarrow), and only the sensor particle having received NO emits
logical signal of a 3D cell culture construct of the present
light. By observing the optical change of this sensor particle,
invention. According to the evaluation method of the present
it is possible to locally detect the production of the biological
invention, for example, it is possible to perform testing/insignals (NO) from the vascular endothelial cells and the sig- 15 spection/screening on safety and pharmacokinetics in the
nal transduction in the blood vessel model, for example.
fields of medicine, pharmaceutical production, cosmetics,
Further, since the sensor capable of detecting a biological
foods, environments, etc. Further, according to the method for
signal is in the form of particle, local detection of the biologievaluating a test substance with respect to an organism of the
cal signals becomes easier. Further, by performing the optical
present invention, for example, it preferably provides an
observation of the sensor particles over time, it is possible to 20 effect that these testing/inspection/screening bring highlyobserve the spatial diffusion and dynamic images of the bioreliable results reflecting the biology of a human body more
logical signals, for example. Furthermore, by locally detectprecisely. In the method for evaluating a test substance with
ing the production of the biological signals (NO) from the
respect to an organism of the present invention, the detection
vascular endothelial cells and the signal transduction in the
of the biological signals includes, for example, the determiblood vessel model, it is possible to inspect the quality of the 25 nation of the diffused position of biological signals and the
3D cell culture construct as a blood vessel model and evaluate
quantification of biological signals. The "evaluation of a test
influences of drugs on blood vessels, for example.
substance with respect to an organism" in the present invenFurther, by causing the sensor particle to support Fura-4F,
tion refers to, for example, an evaluation of influences of a test
which is responsive to calcium ions, in place of DAF-2, the
substance on an organism.
contraction of smooth muscle cells in a blood vessel model 30
The detection of the biological signals may be performed at
and the contraction of cardiac muscle cells in a cardiac muscle
any time before, during or after contacting the 3D cell culture
model can be evaluated, and hence this can be applied to the
construct and the test substance for example, or performed
evaluation of therapeutic drug responses to arteriosclerosis
before, during and after the contact. Further, the detection
and myocardial infarction. Further, by causing the sensor
may be performed over time from before the contact to after
particle to support seminaphtho-rhodafluor- 1-dye (SNARF- 35 the contact.
1), which is responsive to pH change, therapeutic drug
[Detection Kit]
responses to cancers and inflammatory reactions can be
A "detection kit" in the present invention includes, for
evaluated.
example, a product including a reagent, material, tool and
[Evaluation Method]
equipment used for a predetermined inspection and at least
Since the method for detecting a biological signal of a 3D 40 one manual (instruction manual) about the inspection. In
cell culture construct of the present invention allows, for
another embodiment, the present invention relates to a detecexample, the detection of biological signals produced in the
tion kit used in the detection method of the present invention
biological tissue that is a model target (mimetic target) of the
(hereinafter, also referred to as "detection kit of the present
3D cell culture construct, the method can be used for the
invention"), including a 3D cell culture construct containing
evaluation of the 3D cell culture construct as the tissue model. 45 at least two cell layers laminated to each other and a sensor
Therefore, in another embodiment, the present invention
particle capable of detecting a biological signal. According to
relates to a method for evaluating a 3D cell culture construct,
the detection kit of the present invention, the method for
including; detecting a biological signal using the method for
detecting a biological signal of a 3D cell culture construct of
detecting a biological signal of a 3D cell culture construct of
the present invention can be performed more simply. The
the present invention; and analyzing a cellular activity based 5o detection kit of the present invention can be used for, for
on a detection result of the biological signal. The method for
example, the visualization of cellular functions, imaging of
evaluating a 3D cell culture construct of the present invention
biological signals such as determination of the diffused posican be, for example, a powerful tool in research on differention, quantitative analysis, etc. The 3D cell culture construct
tiation induction or histogenesis in regenerative medicine.
in the detection kit is the same as that used in the aboveIn the method for evaluating a 3D cell culture construct of 55 described detection method of the present invention. The
the present invention, the analysis of the cellular activity
detection kit further may include an instruction manual in
includes, for example, the determination of the diffused posiwhich a method for detecting a biological signal of a 3D cell
tion of biological signals and the quantification of biological
culture construct is described, etc.
signals. The method for evaluating a 3D cell culture construct
[Method for Producing 3D Cell Culture Construct]
of the present invention includes the determination of the 60
In still another embodiment, the present invention relates to
diffused position of biological signals produced specifically
a method for producing a 3D cell culture construct (hereinin a biological tissue and/or the quantitative detection of the
after, also referred to as "production method of the present
biological signals produced specifically. Further, on an asinvention"), including: forming a cell layer by introducing a
needed basis, the method may include the evaluation judging
cell-containing solution; forming an extracellular matrix by
whether or not the 3D cell culture construct could form a 65 introducing a first solution and a second solution alternately;
tissue equivalent to the targeted biological tissue based on
forming the extracellular matrix and the cell layer alternately
these results. The determination of the diffused position and
to laminate the cell layers; and placing the sensor particle
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capable of detecting a biological signal in at least one of
layers positioned under a lowermost cell layer, between cell
layers, and on an uppermost cell layer, wherein a combination
of an ingredient of the first solution and an ingredient of the
second solution is a combination of a protein or polymer
having an RGD sequence and a protein or polymer that interacts with the protein or polymer having the RGD sequence, or
a combination of a protein or polymer that is positively
charged and a protein or polymer that is negatively charged.
According to the production method of the present invention, it is possible to produce a 3D cell culture construct that
can be used in the method for detecting a biological signal of
a 3D cell culture construct of the present invention, the 3D cell
culture construct containing at least two cell layers laminated
to each other and a sensor particle capable of detecting a
biological signal. Therefore, in still another embodiment, the
present invention relates to a 3D cell culture construct produced by the production method of the present invention,
which contains at least two cell layers laminated to each other
and a sensor particle capable of detecting a biological signal.
In the 3D cell culture construct of the present invention, the
sensor particle preferably is placed in at least one of layers
positioned under the lowermost cell layer, between the cell
layers, and on the uppermost cell layer in the 3D cell culture
construct.
[Formation of Extracellular Matrix]
The formation of the extracellular matrix in the production
method of the present invention is performed by, for example,
introducing the first solution and the second solution alternately on the cell layer on the substrate. The first solution and
the second solution can be introduced by for example, bringing the cell layer into contact with the first solution and the
second solution by, for example, an application, immersion,
dropping, spraying, etc.
The thickness of the extracellular matrix thin film formed
by introducing the first solution and the second solution once
is about 1 to 20 nm. By introducing these solutions repeatedly
an extracellular matrix layer having a desired thickness can be
formed. Further, the thickness of the extracellular matrix
layer to be formed can be adjusted by adjusting the content of
the first substance and the content of the second substance in
the first solution and the second solution, respectively. These
methods allow the extracellular matrix layer to have a thickness of for example, Ito 1000 nm, preferably 1 to 300 nm, and
more preferably 5 to 100 nm.
The ingredient contained in the first solution can be
selected from the first substance having the RGD sequence
and the positively charged first substance described above.
The ingredient contained in the second solution can be
selected from the interactive second substance and the negatively charged second substance described above. The preferable combinations of the ingredient of the first solution and
the ingredient of the second solution are as described above.
Here, the ingredient of the first solution or the ingredient of
the second solution refers to a substance dissolved and/or
dispersed in a liquid medium of each solution.
The first solution and the second solution can be prepared
by, for example, dissolving or dispersing the above-described
first substance and the second substance in a solvent or a
dispersion medium, respectively The content of the first substance in the first solution and the content of the second
substance in the second solution are preferably from 0.0001
to 1 mass %, more preferably from 0.01 to 0.5 mass %, and
more preferably from 0.02 to 0.1 mass %, for example.
Though not particularly limited, the solvent or dispersion
medium in each of the first solution and the second solution
(hereinafter, also referred to as "solvent" simply) is, for

example, an aqueous solvent such as water and a buffer solution. Specific examples of the buffer solution include Tris
buffer solutions such as Tris-HC1 buffer solution, phosphate
buffer solution, HEPES buffer solution, citric acid-phosphate
buffer solution, glycylglycine- sodium hydroxide buffer solution, Britton-Robinson buffer solution and GTA buffer solution. Though not particularly limited, the pH of the solvent is,
for example, 3 to 11, preferably 6 to 8, and more preferably
7.2 to 7.4.
The first solution and the second solution may contain a salt
such as sodium chloride, calcium chloride, sodium hydrogen
carbonate, sodium acetate, sodium citrate, potassium chloride, sodium hydrogen phosphate, magnesium sulfate and
sodium succinate. One type or two or more types of salts may
be contained in the solutions. Both or either one of the first
solution and the second solution may contain salts. Though
not particularly limited, the concentration of the salt is, for
example, 1 x10-6 to 2 M, preferably 1 x10-4 to 1 M, and more
preferably 1 x 10-4 to 0.05 M.
On an as-needed basis, the first solution and the second
solution may further contain, for example, a cell growth factor, cytokine, chemokine, hormone, or biologically active
peptide; medical composition such as a therapeutic agent for
treating a disease, a prophylactic agent for preventing a disease, an inhibitor for inhibiting a disease, an antibacterial
agent, or an antiinflammatory agent.
[Formation of Cell Layer]
The formation of the cell layer in the production method of
the present invention is performed by introducing a cellcontaining solution on a predetermined region on the substrate and/or on the extracellular matrix formed on a predetermined region. The cell-containing solution is introduced in
the same manner as the first solution and the second solution.
In the formation of the cell layer, after introducing the
cell-containing solution, the solution thus introduced preferably is incubated for a predetermined time. This incubation
allows the arranged cells to grow two-dimensionally (planar
direction), whereby the cells can be formed in a monolayer
with ease. The conditions of the incubation are not particularly limited, and can be determined as appropriate depending
on the type of cells. The general conditions thereof are as
follows: the temperature is, for example, 4 to 60° C., preferably 20 to 40° C., and more preferably 30 to 37° C.; the period
is, for example, 1 to 168 hours, preferably 3 to 24 hours, and
more preferably 3 to 12 hours. Further, a culture medium to be
used in the cell culture is not particularly limited, and can be
determined as appropriate depending on the type of cells.
Examples of the culture medium include Eagle's MEM
medium, Dulbecco's Modified Eagle's medium (DMEM),
Modified Eagle medium (MEM), Minimum Essential
medium, RDMI, GlutaMax medium and serum-free medium.
The density of cells in the cell-containing solution is preferably (1.0)x104 to (1.0)x109 cells/mL, more preferably
(1.0)x105 to (1.0)x10$ cells/mL, and further preferably (1.0)x
106 to (1.0)x10' cells/mL in terms of forming the cell layers
effectively As a medium of the cell-containing solution, the
above-described culture medium and/or Tris buffer solution,
phosphate buffer solution, HEPES, PBS or the like can be
used.
[Placement of Sensor Particles]
The sensor particles may be placed in the 3D cell culture
construct by mixing the sensor particles into the first solution,
the second solution and the cell-containing solution for
example, or placed under the lowermost cell layer, between
the cell layers, on the uppermost cell layer, etc., by dispersing
the particles into another solvent, for example. Examples of
the solvent in which the sensor particles are dispersed include
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the solvents described above as the solvents used for the first
solution, the second solution and the cell-containing solution.
The placement position of the sensor particles can be determined as appropriate depending on the purpose, and for
example, they may be placed evenly in the entire 3D cell
culture construct or locally in the 3D cell culture construct.
Further, the sensor particles may be ones having the same
sensing function or ones having different sensing functions.
In the case of using the sensor particles having different
sensing functions, it is possible to detect plural types of biological signals.
Hereinafter, the present invention will be described further
by way of example. Note here that the present invention is,
when interpreted, not limited to the following example.
EXAMPLE
[Production of Sensor Particles]
Mesoporous silica particles (average particle diameter: 1.6
µm) were used as a carrier; and 4,5-diaminofluorescein
(DAF-2), which is a substance emitting light by detecting
NO, was used as a substance having a sensing function. First,
the mesoporous silica particles were immersed in a 25 µM
DAF-2 solution, which allowed the particles to support
DAF-2 inside of the particles. After the mesoporous silica
particles each supporting DAF-2 were washed, they were
immersed in a chitosan solution (1 mg/mL chitosan, 1M
NaCl, pHI) and a dextran sulfate solution (1 mg/mL dextran
sulfate, 1M NaCl, pH7) alternately for six times. Thus, the
sensor particle in which six each of chitosan layers and dextran sulfate layers were laminated alternately on the surface of
the mesoporous silica particle was produced. The thickness of
the chitosan/dextran sulfate layers laminated on the surface of
the silica particle was about 130 nm, and the average particle
diameter of the obtained sensor particle was about 1.8 M.
The detectability of NO by the sensor particles was examined. First. NOC-7 (1-Hydroxy-2-oxo-3-(N-methyl-3-3aminopropyl)-3-methyl-l-triazene) serving as a NO donor was
dissolved in a 50 mM Tris buffer solution (pH 7.4) to prepare
a NOC-7 solution (50 nM NOC-7). Subsequently the NOC-7
solution was added to a sensor particle dispersion (0.5 M
NaCl, pH7), and states of the sensor particle dispersion before
and after the addition of the NOC-7 solution were observed
using a phase-contrast microscope and fluorescence microscope. The results are shown in FIGS. 2A to 2F. FIGS. 2A, 2B
and 2C are photographs of the sensor particle dispersion
before the addition of the NOC-7 solution taken by a digital
camera, phase-contrast microscope (x40) and fluorescence
microscope (x40), respectively. FIGS. 2D, 2E and 2F are
photographs of the sensor particle dispersion after the addition of the NOC-7 solution taken by the digital camera, phasecontrast microscope (x40) and fluorescence microscope
(x40), respectively As shown in FIGS. 2A to 2F, the sensor
particles showed their strong fluorescence in the presence of
NO. Therefore, it was confirmed that the sensor particles
could detect NO.
[Production of 3D Cell Culture Construct]
In the following manner, the 3D cell culture construct was
produced in which human umbilical vein endothelial cells
(HUVEC) were laminated on human smooth muscle cells
(SMC) on the substrate and the extracellular matrix and sensor particles were placed between the SMC layer and the
HUVEC layer. First, a substrate was immersed in an undercoat film solution (0.2 mg/mL fibronectin, 50 mM Tris buffer
solution (pH 7.4)), so that an undercoat film was formed on
the substrate. Next, a solution containing SMC cells (4.0x104
cells/mL human smooth muscle cells, 50 mM Tris buffer

16
solution (pH 7.4)) was placed on the undercoat film and
incubated overnight by a cell culture incubator (37° C., 5%
CO2) for adhering the cells (SMC layer). Subsequently, the
SMC layer on the substrate was immersed in a first solution
5 for forming extracellular matrix (0.2 mg/mL fibronectin, 50
mM Tris buffer solution (pH 7.4)) and a second solution for
forming extracellular matrix (0.2 mg/mL gelatin, 50 mM Tris
buffer solution (pH 7.4)). By repeating the immersion in the
first solution (fibronectin) and the second solution (gelatin)
10
alternately for ten times, a fibronectin-gelatin thin film (extracellular matrix) was formed on the surface of the SMC layer.
Immediately after that, the sensor particles were placed on the
extracellular matrix. Then, a solution containing HUVEC
15 cells (6.0x104 cells/mL human umbilical vein endothelial
cells, 50 mM Tris buffer solution (pH 7.4)) was placed
thereon and incubated overnight by the cell culture incubator
(37° C., 5% CO2) for adhering the cells (HUVEC layer).
Further, as a reference example, a cell culture construct was
20 produced in which a HUVEC layer was formed on a substrate
and sensor particles were placed on the surface. First, the
substrate is immersed in the undercoat film solution, thus an
undercoat film was formed on the substrate. Next, the solution
containing HUVEC cells was placed on the undercoat film
25 and incubated overnight by the cell culture incubator (37° C.,
5% CO) for adhering the cells (HUVEC layer). Then, the
sensor particles were placed on the surface of the HUVEC
layer. Note here that the same undercoat film solution and the
same solution containing HUVEC cells as those described
30
above were used in this reference example.
The thus obtained 3D cell culture construct and the cell
culture construct of the reference example were observed
using the phase-contrast microscope and confocal laser scan35 ning microscope. The microphotographs are shown in FIGS.
3A to 3D. Note here that F-actins were stained with phalloidin-rhodamine and cell nuclei were stained with DAPI (4'6diamino-2-2phenylidole). FIG. 3A is a photograph of the 3D
cell culture construct taken by the phase-contrast microscope
40 (x60), FIG. 3B is a photograph of the 3D cell culture construct
taken by a confocal fluorescence microscope (x60). FIG. 3C
is a photograph of the cell culture construct of the reference
example taken by the phase-contrast microscope (x60), and
FIG. 3D is a photograph of the cell culture construct of the
45 reference example taken by the confocal fluorescence microscope (x60). Note here that the photograph of FIG. 3B was
taken for focusing the SMC layer and the sensor particles
placed between the layers for the observation. In FIGS. 3A
and 3C, circular substances indicated by white arrows are
50
sensor particles. In FIGS. 3B and 3D, substances emitting
yellow-green light are sensor particles.
In the photograph of FIG. 3D, cobblestone-shaped cells
derived from HUVEC and sensor particles were observed. On
the other hand, in the photograph of FIG. 3B, elongated cells,
55
which are characteristic of SMC, and sensor particles were
observed, but the cobblestone-shaped cells derived from
HUVEC laminated on the SMC layer were not observed. As
just described, since the HUVEC layer was not observed in
60 the photograph of FIG. 3B, it was confirmed that the sensor
particles were supported between the SMC layer and the
HUVEC layer. Further, as shown in FIGS. 3B and 3D, both
the cells SMC and HUVEC showed no change in their cellular configuration. Therefore, it was confirmed that the sensor
65 particles placed in the 3D cell culture construct did not affect
the cells (SMC and HUVEC), and hence they were noncytotoxic.
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[Detection of Biological Signals of the 3D Cell Culture
Construct]
The NOC-7 solution was dropped on the above-described
3D cell culture construct and cell culture construct of the
reference example for observing the sensor particles using the
confocal laser scanning microscope and measuring fluorescence spectra of the sensor particles. The results are shown in
FIGS. 4A to 4D. Note here that the same NOC-7 solution as
that used in the detection of the sensor particles was used.
FIG. 4A is a photograph of the 3D cell culture construct taken
by the confocal fluorescence microscope (x40), FIG. 4B
shows a fluorescence spectrum of the 3D cell culture construct, FIG. 4C is a photograph of the cell culture construct of
the reference example taken by the confocal fluorescence
microscope (x40), and FIG. 4D shows a fluorescence spectrum of the cell culture construct of the reference example.
Note here that the photograph of FIG. 4A was taken for
focusing the SMC layer and the sensor particles placed
between the SMC layer and the layer for the observation.
In the photograph of FIG. 4A, the elongated cells, which
are characteristic of SMC, and sensor particles were
observed, but the cobblestone-shaped cells derived from
HUVEC laminated on the SMC layer were not observed.
Thus, it was confirmed that the sensor particles were supported between the SMC layer and the HUVEC layer. Further, since yellow-green fluorescence was observed, it was
confirmed that the sensor particles supported between the
layers could detect NO.
In both of FIGS. 4B and 4D, peaks appeared in the vicinity
of 515 nm. These peaks indicate that DAF-2 supported inside
the sensor particle was changed to DAF-2T (triazolflorescein)
by receiving NO. Therefore, it was confirmed that NO could
be detected by the sensor particles placed in the 3D cell
culture construct and spectra of the sensor particles could be
measured. Further, since the spectrum of DAF-2T (substance
having a sensing function) inside the sensor particle placed in
the 3D cell culture construct could be measured, it is considered that the biological signals of the 3D cell culture construct
can be evaluated quantitatively.
[Productions of Calcium-Responsive Sensor Particles and
pH-Responsive Sensor Particles]
Mesoporous silica particles (average particle diameter: 1.6
µm) were used as a carrier; and Fura-4F, which is a calciumion-responsive substance, and SNARF-1, which is a pH-responsive substance, were used as substances having a sensing
function. First, the mesoporous silica particles were
immersed in a 24 µM Fura-4F solution and a 24 µM SNARF- 1
solution for 24 hours in each solution. Thereby both of the
responsive substances were supported inside the particles.
After the mesoporous silica particles each supporting both of
the responsive substances were washed, they were immersed
in a chitosan solution (1 mg/mL chitosan, 1 M NaCl, pH1) and
a dextran sulfate solution (1 mg/mL dextran sulfate, 1M
NaCl, pH7) alternately for six times. Thus, the sensor particle
in which six each of chitosan layers and dextran sulfate layers
were laminated alternately on the surface of the mesoporous
silica particle was produced. The thickness of the chitosan/
dextran sulfate layers laminated on the surface of silica particle was about 130 nm, and the average particle diameter of
the obtained sensor particle was about 1.8 µm.
The detectabilities of calcium ions and pH change by the
sensor particles were examined. The sensor particles supporting Fura-4F were dissolved in a 1 M calcium chloride solution
(50 mM Tris buffer solution, pH 7.4) so that the concentration
of the particles became about 1 mg/mL. Then, fluorescence
spectra were observed. The result was shown in FIG. 5A. It
was confirmed that the sensor particles emitted light only in

the presence of calcium ions. Further, the pH change was
detected in the following process. A sensor particle dispersion
in which SNARE-1 was supported in the concentration of 1
mg/mL was dissolved in 50 mM each of potassium dihydrogenphosphate buffer solutions that were adjusted at pH 5.3
and pH 8.5. Then, fluorescence spectra were measured. The
result was shown in FIG. 5B. Under an acidic condition (pH
5.3), strong fluorescence was observed in 580 mn; whereas,
under a basic condition (pH 8.5), fluorescence was observed
in 640 nm. From these results, it was confirmed that the sensor
particles emitting fluorescence by responding to calcium ions
and pH change were produced.
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INDUSTRIAL APPLICABILITY
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As described above, the present invention is useful in the
fields of, for example, medicine, pharmaceutical production,
cosmetics, foods, regenerative medicine and environmental
protection.
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DESCRIPTION OF REFERENCE NUMERALS
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1, 21 3D cell culture construct
2 substrate
3, 40 sensor particle
4-7, 24-27 cell layer
8-11, 28-31 extracellular matrix
41 biological signal (NO molecule)
The invention claimed is:
1. A method for detecting a biological signal of a construct
that is produced by a layer-by-layer (LBL) method, comprising:
providing a construct that is produced by an LBL method
and contains at least two cell layers, an extracellular
matrix, and a sensor particle capable of detecting a biological signal; and
observing the sensor particle optically,
wherein the construct is provided so that the extracellular
matrix is formed between the cell layers, thereby laminating the cell layers to one another, and
wherein the construct is provided so that the sensor particle
is placed in the extracellular matrix between the cell
layers.
2. The method according to claim 1,
wherein the sensor particle contains a substance having a
sensing function, a carrier for supporting the substance
having a sensing function, and a biocompatible basic
polymer layer and a biocompatible acidic polymer layer
that are laminated alternately on a surface of the carrier,
and
the carrier is a porous particle.
3. The method according to claim 1, wherein the optical
observation of the sensor particle includes visualization and/
or numeric conversion of the biological signal.
4. The method according to claim 1,
wherein the extracellular matrix includes a combination of
a protein or polymer having an RGD sequence and a
protein or polymer that interacts with the protein or
polymer having the RGD sequence, or a combination of
a protein or polymer that is positively charged and a
protein or polymer that is negatively charged.
5. The method according to claim 1,
wherein the construct is capable of being produced by a
process, comprising:
forming a cell layer by introducing a cell-containing
solution;
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forming an extracellular matrix by introducing a first
tion, and a basic polymer layer and an acidic polymer layer
that are laminated alternately on a surface of the carrier.
solution and a second solution alternately;
7. A method for evaluating a construct that is produced by
forming the extracellular matrix and the cell layer altera layer-by-layer (LBL) method, comprising:
nately to laminate the cell layers; and
detecting a biological signal using the method according
placing the sensor particle capable of detecting a bio- 5
claim 1; and
logical signal between cell layers,
analyzing a cellular activity based on a detection result of
wherein a combination of an ingredient of the first soluthe biological signal.
tion and an ingredient of the second solution is a
8. A method for evaluating a test substance with respect to
combination of a protein or polymer having an RGD
sequence and a protein or polymer that interacts with io an organism, comprising:
bringing a construct that is produced by a layer-by-layer
the protein or polymer having the RGD sequence, or a
(LBL) method into contact with a test substance selected
combination of a protein or polymer that is positively
from the group consisting of compounds, medical comcharged and a protein or polymer that is negatively
positions, cosmetics and foods; and
charged.
detecting a biological signal of the construct using the
6. The method according to claim 1, wherein the sensor 15
method according to claim 1.
particle contains a substance having a sensing function, a
carrier for supporting the substance having a sensing func-

