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Cell fibers promote proliferation of 
co-cultured cells on a dish
Ai Shima1, Akane Itou2 & Shoji Takeuchi1,2,3*

This paper describes a co-culture method using cell fiber technology. Cell fibers are cell-laden hydrogel 
microfibers, in which cells are cultured three-dimensionally and allowed to reach more mature state 
than the conventional two-dimensional cell culture. Cells in the cell fibers are encapsulated by alginate 
shell. Only cellular secretome is released into the surrounding environment through the shell while 
the cells were retained by the fiber. With their high handleability and retrievability, we propose to use 
the cell fibers for co-culture to ensure steady supply of cellular secretome. We cultured mouse C2C12 
myoblasts with mouse 3T3 fibroblasts encapsulated in the cell fibers for two days. The number of C2C12 
cells increased proportionally to the number of co-cultured 3T3 fibers, suggesting that the secretome of 
3T3 fibers promoted survival and proliferation of C2C12 cells. We believe that cell fiber technology is a 
useful tool for co-culturing cells, and it will contribute to both basic cell biology and tissue engineering 
with its unique features.

Co-culture, in which two or more types of cells are cultured together, is a major method to study interactions 
between different types of cells in vitro. Cells interact with each other both directly (via physical contact) and indi-
rectly (via secreted molecules; for example, cytokines, growth factors and hormones) and these interactions have 
an impact on cellular survival, proliferation, differentiation and maturation. To investigate the indirect cellular 
interactions, two major methods have been established; one using culture inserts and the other using conditioned 
medium. Culture inserts make upper and lower compartments in culture wells, which enables a concurrent 
co-culture. Two different types of cells are plated and cultured in the upper and lower compartments. Only cel-
lular secretome, but not the cells themselves, is then transferred between those two compartments through the 
pores on the bottom of culture inserts, when the pore size is smaller than the cells. On the other hand, in the 
method that employs conditioned medium, a certain type of cells are cultured and the supernatant containing 
their secretome (conditioned medium) is collected to subsequently culture the other type of cells. These methods 
are often employed and have been shown to be effective to study various cellular interactions1–3. However, neither 
of them is highly space-efficient; the number of available cells that provides secretome is limited because of the 
culture area.

Cell fiber is a unique tool for culturing cells three-dimensionally for a long period until they differentiate 
into a mature tissue4. Cell fibers, which are cell-laden hydrogel microfibers formed by using a double-coaxial 
laminar-flow microfluidic device, consist of two parts; the core containing cells and extra cellular matrix (ECM) 
proteins such as collagen, and the alginate shell. Various types of cells have been shown to form three-dimensional 
(3D) tissues in cell fibers; for example, cardiomyocytes, vascular endothelial cells, nerve cells, smooth muscle cells 
and adipocytes4–6. Cell fibers enable a large number of cells to be packed together. The cells can easily access 
oxygen and nutrients in the culture medium, since thickness of the core containing the cells is kept a few hun-
dreds of micrometers over the entire length. Also, they are mass-producible; by determining the flow rate and 
injection time of the core, cell fibers containing roughly the same number of cells can be repeatedly formed. Cell 
fibers are not only a useful tool for basic cell biology to study cellular behavior in a 3D culture, but also have the 
potential to be applied as grafts for cell therapy. It was demonstrated that the transplanted insulin-secreting cell 
fiber decreased blood glucose level in diabetic mice4,7. The advantage of cell fibers is that the alginate shell isolates 
the transplanted cells in the core from host immune system, which otherwise induces foreign-body reaction. The 
other advantage is their handleability (easily transplantable and retrievable).

In this study, we propose to use the cell fibers, which provide cell-derived components, for co-culture of 
different types of cells (the conceptual illustration of this study is shown in Fig. 1). Cell fibers contain a large 
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number of cells in less volume and are mass-producible. They can also be easily retrieved after the co-culture. 
Here, we culture mouse 3T3 fibroblasts encapsulated in the cell fibers and mouse C2C12 myoblasts together to 
investigate whether the secretome of 3T3 fibers promotes the proliferation of C2C12 cells without causing cellular 
contamination.

Results
Co-culture of C2C12 cells and a 3T3 fiber without cellular contamination.  First, we monitored 
the formation of 3T3 fibers and their handleability for co-culture. After three days of culture, 3T3 cells adhered 
to each other and formed fiber-based 3D tissues in the alginate shell of the cell fibers (Fig. 2a,b). The diameter 
of alginate shell of 3T3 fibers was about 220 μm, whereas the diameter of the core (cells and ECM) was about 
70 μm on day 3. A certain length of both ends of the 3T3 fibers was composed of only alginate shell without the 
core containing cells (Fig. 2a), so that the cells would not leak out from the edges. Before starting co-culture with 
C2C12 cells plated on tissue culture dishes, the 3T3 fibers were observed carefully and confirmed to be intact. The 
entire length of cell fibers could be observed at low magnetic field by microscope. In case 3T3 fibers were found 
to have ruptures on the shell leading to leakage of the cells, they were not used for co-culture. The 3T3 fibers were 
cultured in Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS) after being 
formed. To avoid traces of FBS during transfer of the cell fibers into the serum-free C2C12 culture, the 3T3 fib-
ers were washed in fresh DMEM (containing only antibiotics) for three times before being transferred. The cell 
fibers were then transferred to the dishes on which C2C12 cells were cultured to investigate the effect of cellular 
secretome of 3T3 fibers on C2C12 cell proliferation (Fig. 2c). No visible damage was observed after the cell fibers 
were washed and transferred by using pipets. During the co-culture for two days, 3T3 cells in the cell fibers did 
not increase substantially and no cellular leakage was observed in the C2C12 culture. These results suggested that 
3T3 fibers were suitable for co-culture in terms of the handleability and sealing property.

The effect of a 3T3 fiber on C2C12 cell proliferation.  We then investigated whether the cellular 
secretome of a 3T3 fiber could promote proliferation of C2C12 cells in the co-culture. As a control to check 
the effects of absorbed FBS in the ECM core and alginate shell, which was possibly left even after the wash, an 
ECM-only fiber was employed (Fig. 2d). Just before a 3T3 fiber was transferred (day 0), the number of C2C12 cells 
per dish was 2.1 × 104 cells. C2C12 cells were then cultured with a 3T3 fiber or an ECM-only fiber in DMEM con-
taining only antibiotics (serum-free medium), in the serum-free medium and in the C2C12 medium containing 
5% FBS for two days (Fig. 3a). On day 2, the number of C2C12 cells cultured with a 3T3 fiber (8.1 × 104 cells) was 
significantly higher (P = 0.013) than that cultured with an ECM-only fiber (2.7 × 104 cells), whereas the difference 
between them was not statistically significant (P = 0.184) on day 1. The C2C12 cells cultured with an ECM-only 
fiber had hardly increased in two days. In the serum-free medium, the cell number even decreased, suggesting 
that the cells not only stopped proliferating but were also induced to undergo cell death. The co-culture with a 
3T3 fiber promoted C2C12 cell proliferation, but the effect was not as high as the culture with 5% FBS (15.7 × 104 
cells on day 2) (Fig. 3b).

The expression of cell-proliferation marker Ki678 was also analyzed under above-mentioned conditions by 
immunofluorescence (Fig. 3c). The percentage of Ki67-positive C2C12 cells was highest when cultured in the 
C2C12 medium containing 5% FBS, followed by the culture with a 3T3 fiber, the culture with an ECM-only fiber, 
and the culture in the serum-free medium, which was the similar pattern with the cell number (Fig. 3d).

We also cultured C2C12 cells in the conditioned medium (CM) obtained from confluent 3T3 cells plated on a 
100-mm diameter dish (about 5 × 106 cells) for comparison. To study the effect of cellular secretome on cell pro-
liferation in the absence of serum, it was ensured that the CM did not contain FBS, unlike the conventional CM 
culture. On day 2, the number of C2C12 cells cultured in 3T3 CM was found to be reduced (1.5 × 104 cells). The 
reason why CM was not as effective as a 3T3 fiber in promoting C2C12 cell proliferation might be the number of 
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Figure 1.  Conceptual illustration of this study. A large number of cells in the cell fiber secrete small molecules 
such as cytokines and growth factors into the culture medium through the hydrogel shell, while the cells are 
retained by the fiber. Since cell fibers are mass-producible and can be easily retrieved from the culture, they are 
a useful tool to supply cell-derived components to other cells in co-culture. This study investigated whether the 
secretome of cell fibers promoted proliferation of co-cultured cells.
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3T3 cells cultured for CM (106 order), which was much lower than that inside the cell fiber (107 order). In addi-
tion, the lack of serum may have deteriorated the culture condition of 3T3 cells when cultured in a dish without 
ECM, which also led to insufficient amounts of the secretome.

The effective factor in the secretome of a 3T3 fiber on C2C12 cell proliferation.  Enzyme-linked 
immunosorbent assay (ELISA) detected fibroblast growth factor (FGF) 2 (13.8 ± 1.9 pg/ml) in the conditioned 
medium of a 3T3 fiber (serum-free medium cultured with a 3T3 fiber for two days without C2C12 cells), suggest-
ing that one of the factors promoting C2C12 cell proliferation in the co-culture would be FGF2.

The effect of cell fiber number on C2C12 cell proliferation.  Finally, we investigated whether the effect 
of 3T3 fibers on C2C12 cell proliferation depended on the number of cell fibers. We cultured C2C12 cells with 
one, two and three 3T3 fibers for two days (Fig. 4a). The total volume of culture medium per dish was kept 
identical regardless of the number of 3T3 fibers. It was observed that C2C12 cells increased proportionally to 
the number of 3T3 fibers until day 2 (Fig. 4b). The number of C2C12 cells when cultured with three 3T3 fibers 
(13.5 × 104 cells on day 2) was almost close to the number of C2C12 cells cultured with 5% FBS, suggesting that 
the effect of 3T3 fibers on C2C12 cell proliferation could match the effect of serum when multiple 3T3 fibers were 
co-cultured at the same time.

Discussion
The current study proposed a co-culture system using cell fibers, micro-fiber-shaped cellular constructs in which 
cells were sealed by alginate gel. To demonstrate this concept, we co-cultured mouse C2C12 myoblasts plated on 
culture dishes with mouse 3T3 fibroblasts encapsulated in the cell fibers. The alginate shell was durable enough 
to seal 3T3 cells inside during the co-culture for two days. The 3T3 fibers did not show cell leakage during the 
co-culture. The number of C2C12 cells did not increase when cultured with an ECM-only fiber but quadrupled 
with a 3T3 fiber in two days even without FBS, which suggested that the cellular secretome of 3T3 fibers pro-
moted C2C12 survival and proliferation. The cell proliferation-promoting effect was greater when the cells were 
co-cultured with multiple 3T3 fibers.

Cells secrete various types of cytokines and growth factors into the surrounding microenvironment and the 
secretome changes the phenotype of other cells via autocrine or paracrine signaling9–11. The cellular secretome 
has been used to culture other cells in co-culture system and shown to be effective. In the current study, it was 
also shown that co-culturing with 3T3 fibers promoted proliferation of C2C12 cells. It has been well-known for 
decades that fibroblasts have a paracrine effect on myoblasts12. The effective substances in the fibroblast secretome 
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Figure 2.  Co-culture of a 3T3 fiber and C2C12 cells. (a) Low-magnification and (b) high-magnification images 
of a 3T3 fiber three days after formation. The core consisting of 3T3 fibroblasts and ECM was sealed with the 
alginate shell. The part close to the edges did not contain the cells. (c) Co-culture of a 3T3 fiber and C2C12 cells. 
The day-3 3T3 fiber was transferred to C2C12 culture in a dish to initiate the co-culture. (d) Control culture of 
an ECM-only fiber and C2C12 cells.
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that stimulate myoblast proliferation were suggested to be growth factors such as FGF, insulin-like growth fac-
tor (IGF) and platelet-derived growth factor (PDGF)12. The current study also found that FGF2 was contained 
in the conditioned medium of a 3T3 fiber. The concentration of FGF2 was relatively low in the whole condi-
tioned medium, but it would be higher in the immediate vicinity of 3T3 fibers in the co-culture. Recently, cellu-
lar secretome such as one from mesenchymal stem cells13–15 and myokine16–18 have been attracting attention in 
terms of their potential therapeutic effects, though some of them yet to be identified. It is difficult to determine 
the chemical composition of the secretome. However, we believe that cellular secretome is useful to promote cell 
growth in co-culture as some of the cell-derived components have not been artificially synthesized yet.

According to our results, the effect of 3T3 fibers on C2C12 cell proliferation was much greater than that of 
conditioned medium (CM) from 3T3 cells. We assume that the main reason for this observation was the concen-
tration of effective chemical factors in CM, which was about ten times lower than that of factors secreted in the 
co-culture with a 3T3 fiber, since one tenth of 3T3 cells encapsulated in a 3T3 fiber were used to obtain the CM. In 
addition, 3T3 fibers could supply the secretome continuously and concurrently to C2C12 cells. C2C12 cells also 
could interact and change the behavior of 3T3 cells in the cell fibers, though no obvious effects on 3T3 fibers were 
observed in the current study probably because of the small number of plated C2C12 cells. Note that CM used 
in this study did not contain FBS unlike the conventional CM culture, in which the cell-derived components are 
additionally incorporated into the general culture medium containing animal serum.

Animal serum such as FBS is essential for cell survival and proliferation in vitro. However, serum has its own 
drawbacks; for example, rising price, ethical concerns, possible pathogenicity, lot-to-lot variation and undefined 
animal-derived components19. We demonstrated that the cell-derived components from a commonly used cell 
line, 3T3, could become a substitute for serum when packed at sufficiently high cell concentration in a cell fiber 
and multiple cell fibers were applied. Cell lines are commercially available at a relatively lower price and pose no 
ethical issues. Due to their high proliferation ability, cell lines can be less expensive alternatives to animal serum 
when used in combination with the cell fiber technology. Not only general cell lines but also genetically engi-
neered cells (overexpressing cells) or antibody-producing cells (hybridomas) can be encapsulated in cell fibers to 
oversecrete the intended chemical factors or to produce monoclonal antibodies, respectively.
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Figure 3.  The effect of 3T3 fibers on C2C12 cell proliferation. (a) Images of C2C12 cells after being cultured for 
two days in serum-free medium, with an ECM-only fiber, with a 3T3 fiber and in medium containing 5% FBS. 
Scale bars; 100 μm. (b) The number of C2C12 cells per culture dish under each condition on day 0, day 1 and 
day 2. A 3T3 fiber promoted C2C12 cell proliferation significantly more (*P = 0.013; t-test) than an ECM-only 
fiber on day 2 did. Data are mean ± s.d. (n = 3). NS, not significant. (c) Images of immunofluorescence for the 
cell-proliferation marker, Ki-67 (red) under each condition on day 1. The cell nuclei were stained with Hoechst 
33342 (blue). Scale bars; 100 μm. (d) The percentage of Ki67-positive C2C12 cells on day 1. The result showed a 
similar tendency in one of the cell number counting assays. Data are mean ± s.d. (n = 4).
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In conclusion, we demonstrated that 3T3 fibers promoted proliferation of co-cultured C2C12 cells. The cell fiber 
technology was useful to provide cellular secretome to the co-cultured cells. It is important in the research field of 
basic cell biology to elucidate various cellular interactions through paracrine signaling and study how the cells func-
tion in harmony in living organisms. We believe that the cell fiber technology will contribute to studies on cellular 
interactions with its unique features; scalability and handleability. Co-culture using cell fibers offers another advan-
tage to the field of tissue engineering. Cell fibers can be co-cultured with the target cells not only in the standardized 
culture dishes but also in large tanks for industrial scale cell culture or original 3D culture devices, which have become 
more and more popular in recent years in the field of tissue engineering. Co-culture can be continued for more than 
two days by exchanging cell fibers regularly. Cell fibers can be retrieved after co-culture and the cultured tissues can 
be obtained without cellular contamination. We showed that the cell fibers can effectively provide secretome and can 
function as a less expensive alternative to animal serum. The compatibility of cell fibers with mass cell culture facilitate 
their contribution to the industrial field, for example cost-effective development of cultured meat19,20 in the future.

Methods
Cell culture.  Mouse C2C12 myoblasts21 were plated on tissue culture dishes coated with 1% gelatin (Sigma) 
at 1 × 104 cells per 35-mm diameter dish and cultured in DMEM (4500 mg/mL glucose) (Merck) containing 5% 
FBS (MP Biomedicals) and Penicillin-Streptomycin (Merck) (C2C12 medium) for 24 h before initiating co-cul-
ture with cell fibers or the control culture. For the cell fiber formation, mouse 3T3 fibroblasts22 were expanded 
in DMEM (4500 mg/mL glucose) containing 10% FBS and Penicillin-Streptomycin (3T3 medium). After the 
formation of 3T3 fibers and ECM-only fibers (mentioned below), both types of fibers were incubated in the 3T3 
medium for three days. For the co-culture of C2C12 cells and 3T3 fibers, the 3T3 fibers were confirmed to be 
intact (no leakage of cells from the core) by microscopic observation and washed with DMEM (without serum) 
for three times to get rid of FBS on the surface. One, two or three 3T3 fibers were then added into the culture of 
C2C12 cells in 35-mm diameter dishes with 2 mL of DMEM containing only antibiotics (serum-free medium). 
As a negative control, the ECM-only fibers were washed and cultured with C2C12 cells. For other controls, the 
C2C12 medium (containing 5% FBS) and the serum-free medium were tested. For isolating conditioned medium 
(CM) from 3T3 cells, 3T3 cells were cultured in the 3T3 medium until they became confluent in 100-mm diame-
ter dishes. The cells were then washed and incubated in the serum-free medium for 24 h and the supernatant was 
collected. The supernatant was centrifuged and filtered through a polyvinylidene difluoride (PVDF) membrane 
filter (0.22 μm pore) to get rid of the cells and used as a CM to culture C2C12 cells. All cultures were maintained in 
5% CO2 at 37 °C. The cell images were acquired with IX71 inverted research microscope (Olympus Life Science).
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Figure 4.  The effect of multiple 3T3 fibers on C2C12 cell proliferation. (a) Images of C2C12 cells after being 
cultured for two days with one or three 3T3 fibers. Scale bars; 100 μm. (b) The number of C2C12 cells per dish 
under each condition on day 2. The increase in the number of C2C12 cells was proportional to the number of 
3T3 fibers. Data are mean ± s.d. (n = 4).
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Cell fiber formation.  The cell fibers were formed by using the double-coaxial laminar-flow microflu-
idic device assembled from pulled glass capillary tubes, rectangular glass tubes and connectors as previously 
reported4. To form the core-shell 3T3 fibers, three types of solutions were prepared: (1) 3T3 cells-containing 
pre-gel solution of a mixture of two types of collagen, AteloCell IAC-50 (Koken, Japan) and Cellmatrix Type 
I-A (Nitta Gelatin, Japan) as ECM for the core; (2) pre-gel solution of 1.5% Na-alginate (Fujifilm Wako Pure 
Chemical, Japan) for the shell; (3) 100 mM CaCl2, 3% glucose solution for the sheath stream. Each 3T3 fiber was 
formed to contain 4 × 107 cells per fiber on the calculation with the certain length of both ends lacking cells (only 
alginate shell) to completely seal the cells. For the control fibers, only ECM without the cells was used to make the 
core (ECM-only fiber). The width of the shell and core parts of 3T3 fibers in randomly selected 18 fields from four 
different cell fiber formation trials were measured by using the imaging software cellSens (Olympus Life Science).

Cell counting.  C2C12 cells were trypsinized after washing twice with PBS (the 3T3 fiber was taken out in 
such cases) and re-suspended in 1 mL of the C2C12 medium, just before initiating co-culture with a 3T3 fiber 
(day 0) and after being co-cultured for one or two days (day 1 and day 2, respectively). The cell number per dish 
was counted three times by using cell-counting plate (WakenBtech, Japan) and averaged. Under each experimen-
tal condition, three or four culture dishes from different cell culture trials were assayed. The number of cells per 
dish was shown as the mean ± standard deviation (s.d.). The significance between the cell number with a 3T3 
fiber and that with an ECM-only fiber was evaluated by t-test.

Immunofluorescence for Ki-67.  C2C12 cells were fixed with 4% paraformaldehyde/PBS after one-day 
co-culture with a 3T3 fiber, when the cells under all experimental conditions were supposed to be in prolifer-
ating phase. The cells were permeabilized with 0.2% triton X-100/PBS, incubated with 1% BSA/PBS for block-
ing and treated with the primary antibody, rabbit polyclonal anti-Ki67 antibody (Abcam). Alexa Fluor 594 goat 
anti-rabbit IgG (Thermo Fisher Scientific) was used as the secondary antibody. Cell nuclei were stained with 
Hoechst 33342 (Thermo Fisher Scientific). The immunofluorescence images were taken with IX71 inverted 
research microscope. The percentages of Ki67-positive cells to the total cells were calculated by counting more 
than 300 cells in randomly selected six fields per dish in each condition. Four culture dishes from different cell 
culture trials were assayed and the results were shown as the mean ± s.d.

ELISA for the detection of the secretome of a 3T3 fiber.  Two mL each of DMEM containing only 
antibiotics (serum-free medium) cultured with a 3T3 fiber for two days without C2C12 cells (conditioned 
medium of a 3T3 fiber) from three culture dishes was analyzed. The conditioned medium was centrifuged at 400 g 
for 10 min at 4 °C and the supernatant was collected and stored at −80 °C. ELISA was performed using Mouse/Rat 
FGF basic/FGF2 Quantikine ELISA Kit (R&D Systems) according to the manufacturer’s instructions. The signal 
was detected by using Cytation 5 Cell Imaging Multi-Mode Reader (BioTek Instruments). The concentration of 
FGF2 in the conditioned medium of a 3T3 fiber was evaluated by a calibration curve and shown as the mean ± s.d.

Data availability
The data that support the findings in this study are available from the corresponding author upon reasonable 
request.
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