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The specific properties responsible for the stability and function induced by three-dimensional (3D) cel-
lular constructs were evaluated and compared to a monolayer structure. 3D-cellular multilayers com-
posed of human fibroblast cells (FCs) and human umbilical vascular endothelial cells (ECs) were
fabricated by a hierarchical cell manipulation technique. Interestingly, the ECs adhered homogeneously
onto four-layered (4L) FCs, and tight-junction formation was widely observed at the centimeter scale,
while heterogeneous EC domain structures were observed on the monolayered (1L) FCs. The production
of heat shock protein70 (Hsp70) and interleukin-6 (IL-6) from the cellular structures were investigated to
elucidate any 3D-structural effect on cellular function. The Hsp70 expression of the ECs decreased after
adhesion onto the 4L-FC structure as compared with the EC monolayer. Surprisingly, the Hsp70 produc-
tion response to heat shock increased drastically by approximately 10-fold as compared with a non-heat
shock by 3D structure formation, whereas the monolayer structures showed no change. Moreover, the
production of the inflammatory cytokine IL-6 decreased significantly depending on the layer number
of FCs. To the best of our knowledge, this is the first report on a basic, 3D-structural effect on cellular sta-
bility and function. These findings could be important for not only tissue engineering, but also for basic

cell biology.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Tissues and organs are highly organized hierarchical architec-
tures composed of cells, extracellular matrix (ECM), and signaling
molecules. Most cells are surrounded by ECM fibers, which are typ-
ically composed of collagen and fibronectin (FN), and the fibrous
meshwork of the ECM plays an important role in the control of the
cellular interface architecture and function in vivo [1-3]. One of
the goals of tissue engineering is the creation of three-dimensional
(3D) artificial tissues consisting of various cell types and ECM, which
resemble the structure and functions of natural tissues closely.
However, an effective methodology to fabricate 3D-engineered tis-
sues composed of cells and ECM, with the appropriate components
and thickness, has not been achieved yet. Recently, new technolo-
gies such as cell sheet engineering [4], magnetic liposomes [5],
chitosan-DNA films [6], and gel layers containing cells [ 7] have been
reported in the fabrication of layered cellular architectures. We also
reported a novel hierarchical cell manipulation technique for devel-
oping 3D-cellular multilayers by the fabrication of nanometer-sized
layer-by-layer (LbL) films composed of FN and gelatin (G) onto cell
membranes [8]. Interestingly, a morphological change of the
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homogeneous FN-G nanofilms to nano-meshworks similar to the
native ECM on the cell surface was observed [9]. These nano-mesh-
works would function analogously to the native ECM for cell adhe-
sion at each layer. This technique enabled the fabrication of
various hierarchical structures composed of target cells and ECMs,
as well as the precise control of the cell layer number.

Studies on the functions of layered cellular architectures as
compared with cell monolayer are valuable not only for under-
standing how a 3D environment composed of cells, ECM, and sig-
naling molecules regulates functions similar to natural tissues,
but also for creating 3D-artificial tissues resembling natural tis-
sues. Recently, some researchers have reported the functions of
layered cellular architectures in vitro [5,6,10-12]. For example,
Rajagopalan et al. demonstrated an enhancement of liver-specific
functions by preparing a bilayer structure composed of hepato-
cytes and other cells [6]. However, the basic properties induced
by 3D-cellular structures, such as the layer number or the cell
types, have not been clarified yet.

In this study, we evaluated the structural stability of layered
constructs consisting of human fibroblast cells (FCs) and human
umbilical vascular endothelial cells (ECs) in relation to their layer
number. The production of heat shock protein70 (Hsp70) was also
investigated to elucidate the heat stimulus response of the 3D con-
structs relative to the cell type combination and layer number.
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Moreover, we observed that the layered structure provides a bio-
logically suitable environment for the cells as compared with tis-
sue culture dishes by inflammatory cytokine (IL-6) production
experiments. The results of this study gives, for the first time, basic
and important information on the effects of 3D structures on cell
functions in the biological and biomedical fields.

2. Materials and methods
2.1. Materials

All reagents were used without further purification. Fibronectin
(FN) from bovine plasma was purchased from SIGMA-Aldrich
(St. Louis, USA). Gelatin (G), Dulbecco’s modified Eagle’s medium
(DMEM), and 10% formalin solution were obtained from Wako
Pure Chemical Industries (Osaka, Japan). Fetal bovine serum (FBS)
was purchased from Biowest (Miami, USA). Goat anti-mouse Alexa
Fluor 488-conjugated IgG (A11001) was purchased from Invitrogen
(CA, USA). The monoclonal mouse anti-human CD31 antibody was
purchased from Dako (JC70A, Glostrup, Denmark).

2.2. Cell culture

Human primary dermal fibroblasts (FCs) and umbilical vascular
endothelial cells (ECs) (CAMBREX, USA) at passages 4-9 were used
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in the present study. The FCs were cultured in fibroblast basal
medium-2 (FGM-2; CAMBREX, USA) containing hFGF-B, insulin,
2% FBS, and GA-1000, and the ECs were cultured in endothelial
basal medium (EGM-2; CAMBREX, USA) containing hydrocorti-
sone, hFGF-B, VEGF, R3-IGF-1, ascorbic acid, 5% FBS, hEGF, and
GA-1000. The FC and EC cultures were maintained in 5% CO, at
37 °C.

2.3. Fabrication of layered structures

For the LbL assembly of FN-G films on a cell surface, a plastic disk
(SUMILON Cell Desk, Sumitomo Bakelite Co. Ltd., Japan) for fluores-
cence microscopy and histological evaluation was used as the sub-
strate. The substrate was immersed into a 50 mM Tris-HCI buffer
solution (pH = 7.4) of FN (0.2 mg/ml) for 15 min, and then FCs at
6 x 10 cell/cm? were seeded onto the substrate and incubated in
FC culture medium for 24 h at 37 °C. The monolayered cells on
the substrate were alternately immersed into 0.2 mg/ml FN or G
solutions (50 mM Tris-HCl buffer, pH = 7.4) for nine steps, plus a
rinse with 50 mM Tris-HCl buffer for 1 min at 37 °C. The thickness
of the FN-G films was approximately 6 nm [8]. Thereafter, cells at
confluent density were seeded as the second layer, and incubated
for 24 h at 37 °C. The FN-G assembly and the cell seeding were re-
peated for a predetermined time. DMEM containing 10% FBS was
used for cell culture after the uppermost layer of cells was seeded.
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Fig. 1. Histological images: (A) stained with HE and (C) immunostained for factor VIII of the 4L-FC/1L-EC construct as compared to (B) HE images of the 1L-FC construct.
Fluorescent immunostaining images with an anti-CD31 antibody of (D and E) 1L-FC/1L-EC and (F and G) 4L-FC/1L-EC constructs. The scale bars are (A and C) 40 pum, (B)

20 pm, (D and F) 3000 pm, and (E and G) 100 pum, respectively.
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2.4. Fluorescence microscopic observation of layered structures

For the fluorescence observation of the EC layers on mono- or
four-layered (1L or 4L) FCs, the layered structures on a plastic disk
were immunostained. Briefly, the samples were fixed with 10% for-
malin and then rinsed with phosphate buffered saline (PBS) 3
times. After immersion in PBS containing 0.2% Triton X-100 for
10 min at room temperature, the samples were rinsed with PBS 5
times, and then blocked with PBS containing 1% BSA for 1h at
room temperature. The samples were next immersed into PBS con-
taining 1% BSA plus a monoclonal mouse anti-human CD31 anti-
body (1:40) for 1h at room temperature, rinsed with PBS 3
times, and then immersed into PBS containing 1% BSA plus goat
anti-mouse Alexa 488-conjugated IgG (1:200) for 1 h at room tem-
perature. After rinsing with PBS 5 times, and the nuclei were
labeled with 4’-6-diamidino-2-phenylin-dole (DAPI), the obtained
samples were observed by a DSU-IX81-SET fluorescence micro-
scope (Olympus, Japan).

2.5. Measurement of total DNA content of layered structures

The amount of DNA in the various layered structures was deter-
mined with a DNA assay kit (DNeasy Tissue Kit, QIAGEN,
Germany). The fabrication of various layered structures was
performed in the above-mentioned manner, and the DNA in the
layered structures was extracted at 48 h of incubation after the

uppermost layer of cells was seeded. The total DNA content was
subsequently measured with the DNA assay kit.

2.6. Measurement of Hsp70 and IL-6 production from layered
structures

The expressions of Hsp70 and IL-6 from various layered struc-
tures were detected with a Hsp70 enzyme-linked immunosorbent
assay (ELISA) kit (Assay Designs, Inc.,, USA) and a Quantikine
Human IL-6 ELISA kit (R&D Systems, USA), respectively, according
to the manufacturer’s recommended procedures. Briefly, various
layered structures composed of FCs and ECs were fabricated as
above. At 48 h of incubation after the uppermost layer of cells
was seeded, the samples were rinsed with PBS, and then cell lysis
was performed. For the heat shock experiments [13], the layered
structures were heated by immersing the culture dishes, which
were sealed with Parafilm, into a water bath. After heating at
45 °C for 20 min, the layered structures were incubated at 37 °C
for 2 h, and then cell lysis was performed. The cell lysates were
kept at —80 °C until assayed, and the amount of Hsp70 in the cell
lysates was quantified by the ELISA kit. For the IL-6 assay, the
supernatant from the culture medium of the layered structures
was collected after 48 h of incubation, and was kept at —80 °C until
assayed. The amount of IL-6 was determined by the ELISA kit. The
total amount of protein from the layered structures in the cell
lysates was analyzed using a Protein Quantification Kit-Rapid (Doj-
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Fig. 2. (A) Production of Hsp70 versus the amount of DNA and (B) Hsp70 production versus the total amount of protein of non-heat shocked layered structures composed of
FCs and ECs at 48 h of incubation after the top layer of cells was seeded (n = 4). The asterisks (x+) denote a statistically significant difference between the samples calculated

by a two sample t-test.
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indo, Japan). The amount of Hsp70 or IL-6 versus the total protein
from the layered structures was estimated from these results.

3. Results and discussion
3.1. Histological and morphological evaluations of layered structures

To elucidate the structural stability of the layered constructs,
five-layered (5L) constructs consisting of 4L-FCs plus an uppermost
layer of ECs (4L-FC/1L-EC) was fabricated, and the histological and
morphological evaluations were performed. Approximately 6 nm
of the FN-G films was prepared on cell a surface based on our pre-
vious studies to provide a cell adhesive scaffold for the second
layer of cells [8]. Hematoxylin and eosin (HE) staining images
clearly showed precise 5L-structures (Fig. 1A), and immunostain-
ing for factor VIII of the ECs revealed the presence of ECs in the
uppermost layer (Fig. 1C). To clarify the detailed morphology of
the EC layer in relation to the layer number of the constructs, fluo-
rescence microscopic observations of ECs fluorescently labeled
with the anti-CD31 antibody were performed on the 1L-FC/1L-EC
and 4L-FC/1L-EC constructs after 48 h of culture (Fig. 1D-G). Inter-
estingly, the ECs on the 1L-FC showed domain structures, even
though homogeneous primary adhesion was observed after 24 h
of incubation, whereas the homogeneous adhesion of ECs on the
4L-FC structures was observed at the centimeter scale. The magni-

fied image in Fig 1G clearly shows tight-junction formation of the
ECs in the 5L-structures. These effects of the layer number on the
morphology of the adhered ECs are probably due to the basal lay-
ers. The monolayer structure of the FCs seems to be insufficient to
attenuate the effect of a plastic substrate on the upper layer of ECs.
Furthermore, the difference in cytokine production from the basal
FC layers may affect the EC layers. The 3D-abundant cells and the
ECM protein structures of the 4L-FC construct would provide satis-
factory environment for the uppermost ECs. In order to clarify in
detail the cellular functions related to the 3D-cellular structure,
the production of Hsp70 and IL-6 from variously-layered structures
was investigated.

3.2. Hsp70 production from layered structures

The Hsp70 families are expressed in response to different types of
cellular stress, such as heat elevation, mechanical trauma, chemical
reagents, and heavy metals [14,15]. Thus, when cells suffer physical
and physicochemical stress from the environment, the production of
Hsp70 should increase to serve as molecular chaperones in protein
folding and transport [16]. In our previous paper, we found that
Hsp70B mRNA expression is useful for studying cell-polymer inter-
actions and the biocompatibility of materials [13]. In addition, it is
widely accepted that the functions of the Hsp70 families are related
to cellular activation. Therefore, the production of Hsp70 from the
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Fig. 3. (A) Hsp70 production versus the total protein from non-heat shocked and heat shocked layered structures composed of FCs and ECs (n = 4). The heat shock condition is
defined as 20 min of incubation at 45 °C, followed by a 2 h recovery period. (B) IL-6 production versus the total protein from layered structures composed of FCs and ECs
(n =3). The asterisks (x, =x) denote a statistically significant difference between the samples calculated by a two sample t-test.
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layered structures was investigated to elucidate the effect of the 3D
structures on cellular function. FN-G films prepared on the cell sur-
face did not show any effect on the production of Hsp70 (Fig. 2A)
probably due to the high cytocompatibility of the FN-G films [9].
The production of Hsp70 from 4L-FC and 4L-FC/1L-EC constructs
was slightly higher than that of 1L-FC and 1L-FC/1L-EC, but there
were no significant differences between 1L-EC, 1L-FC, and 1L-FC/
1L-EC. However, the production of total protein from 4L-FC and
4L-FC/1L-EC was significantly different from the monolayers (ca.
1.5 ~2.0-fold higher), and thus the amount of Hsp70 should be ana-
lyzed inrelation to the total protein expression. Fig. 2B shows the re-
sults of Hsp70 expression per total protein per cell in each sample.
The EC monolayer induced the highest Hsp70 production, and both
1L- and 4L-FC basal layers effectively suppressed the Hsp70 produc-
tion (about 90% reduction) from the upper EC layers, suggesting a
comfortable and stress-free 3D-environment for the ECs.

To elucidate the Hsp70 production of the layered structures in
response to heat shock, the samples were incubated at 45 °C for
20 min, which is the general condition defined as heat shock
[13]. In the case of monolayers of ECs and FCs, the Hsp70 produc-
tion was almost the same as under the non-heat shock conditions.
Surprisingly, the layered constructs showed significantly higher
Hsp70 production, 5- to 11-fold higher than those under non-heat
shock conditions. These results suggested that the 3D-layered
structures dramatically enhanced cellular thermosensitivity to
produce the proteins, although the monolayered cells directly ad-
hered onto the plastic disk revealed quite low sensitivity, probably
due to the effect of the substrate. The 3D-environment consisting
of cells and nano-meshworks like the ECM should provide comfort-
able conditions similar to the native tissues. On the other hand,
plastic disks or dishes such as tissue culture polystyrene (TCPS)
are widely used for cell culture due to their high cell adhesive
property, but induction of inflammation has been reported [17].
Thus, we evaluated the production of inflammation cytokine from
the layered structures.

3.3. Production of IL-6 from layered structures

The production of the inflammatory cytokine IL-6 from the lay-
ered structures and monolayers was detected by an ELISA method,
because it is known that IL-6 plays an essential role in intercellular
communication [18]. The production of IL-6 from the 1L-EC was 8-
fold higher than that from the 1L-FC (Fig. 3B), suggesting that the
ECs suffered from an inflammatory response due to the substrate
as compared to the FCs. Accordingly, the Hsp70 production of the
1L-EC was also higher than that of the 1L-FC, because Hsp70 is
known to be related to the inflammatory response to protect the
structure and functions of unfolded proteins as a molecular chaper-
one protein[16]. The IL-6 production of 1L-FC/1L-EC bilayered struc-
tures was slightly higher than that of 1L-EC, indicating that the
bilayered structure was not sufficient to suppress the inflammatory
response from the substrate. On the other hand, about 60% lower IL-
6 production as compared to the 1L-EC and 1L-FC/1L-EC constructs
was observed in the 4L-FC/1L-EC construct, probably due to the bio-
compatible 3D-constructs consisting of abundant cells and proteins.
These results demonstrated that 3D-layered constructs of fibroblast
cells would be a good basal layer for primary cell culture to maintain
their native properties and functions.

In conclusion, we investigated for the first time the effects of
3D-cellular structures on cell stability and function in relation to

their layer number. These results suggested that 4L-FC provided
a more favorable environment for ECs than a cell culture plastic
disk to induce high thermosensitivity, and to suppress the inflam-
matory response from the substrate. The layered construct would
be an analogous environment to natural tissues. Although it is
difficult to identify which kinds of cells expressed these Hsp70
and IL-6, the results from this study provide basic and valuable
information in the biological and biomedical fields. We are now
performing further experiments using 3D-cellular constructs, and
layered architectures consisting of various types of cells may be
useful as a tissue model for cell biology and pharmaceutical assays.
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