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ABSTRACT
Cell culture methodology has been utilized as a powerful tool to characterize cells with a presupposition that 
the cells in culture faithfully reproduce their in vivo phenotypes. However, it is generally recognized that the 
cells cultured currently by the most commonly utilized two-dimensional (2D) monolayer technology exhibit 
different phenotypes from those in living tissues. Cultivation of cells in three-dimensional (3D) lattices of 
collagen fibrils (collagen gel culture) has been thought to overcome the shortages of 2D cell culture such that 
the cells behave as in vivo by interacting with not only nearby other cells but also by surrounding extracellular 
matrices. A remarkable outcome of studies on collagen gel culture was a demonstration of contractile nature of 
the cells. One of the not-fully appreciated issues about the 3D cell culture is the effect of fluid flow through the 
collagen gels on cells’ phenotypes. In this review, we make a short overview of historical and current studies 
of the collagen gel culture from a viewpoint of ‘how we can more correctly extract the cell-related phenomena 
in living tissues/organs by in vitro culture technology, placing an emphasis on the importance of stimuli caused 
by flow of cell culture medium.’
Keywords: Collagen gel culture, connective tissue modeling, ECM compositions, gel contraction, interstitial 
fluid flow, tensile strength.

1 INTRODUCTION
The understanding of life stands on the fundamental concept (cell theory), an idea proposed by 
Schleiden [1] and Schwann [2], that the ultimate unit of all living existence is the cell in that there is 
no life activity when we break down a cell into subcellular entities. In other words, the life is the 
outcome of cells’ individual activities and interactions among cells. Therefore, studies to reveal 
properties of cells are directly connected to understanding the life itself. Generally, when a scientist 
is to study a phenomenon of interest, he/she first looks for an experimental setting in which he/she 
is able to recapitulate the target phenomenon in a manageable way, changing state parameters that 
affect the nature of a phenomenon. Second, he/she asks what are the basic and simplest entities, 
without which the phenomenon does not take place. Recapitulation is thought to be a key methodol-
ogy in understanding a phenomenon. One of the realistic and practical ways of recapitulating a 
phenomenon generated by cells in living tissues is the in vitro cultivation of the cells separated from 
a living system under conditions that mimic as closely as possible those of a living tissue.

2 THREE-DIMENSIONAL VERSUS TWO-DIMENSIONAL CULTURE OF CELLS
More than a century ago, a cell/tissue culture technology was introduced as a tool to grow nerve fib-
ers by Harrison [3], which is thought to be the origin of cell culture technology. Since then, cells 
have been generally cultured on the two-dimensional (2D) surface of glass/plastic dishes/plates in 
which appropriate medium is placed to bathe the cells. However, it had been recognized that the 2D 
culture is not ideal, because cells’ phenotypes therein are generally different from those in living 
tissues. One obvious reason for this recognition is that cells in living tissues are present in a 3D 
architecture, but not on the flat surface of substratum.
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2.1 Collagen as a filler for 3D culture – discovery of contractile nature of fibroblasts

The cultivation of anchorage-dependent cells requires substrates to which cells attach themselves. 
Thus, the 3D culture should provide cells with the space filled with topographical substrates, in 
which cells reside as in vivo, contrasting to the 2D culture, which just provides them with planer 
substrates, a completely artificial space. Researchers at the dawn of 3D culture, ~40 years ago, uti-
lized fibroblasts as one type of the cells in their 3D culture studies, which appears to be quite 
appropriate, because these cells are proper to the connective tissue, the tissue that reach every part 
of the animal body and, thus, plays fundamental roles to form the body structure. Collagen is the 
protein specific to the connective tissue and plays roles as substrate for fibroblasts. Importance of the 
connective tissue in body structuring is inferred by the fact that the collagen comprises ~20% of 
body mass and represents >30% of the total protein [4]. Gey, a leading researcher at the beginning 
of 3D culture, made a fundamental contribution to characterize collagen gels as the topological sub-
strate, although he himself seemed not to make a 3D culture of cells [5]. He cultured a variety of cell 
types on the surface of reconstituted transparent collagen gels and studied morphology and growth 
of the cells. Elsdale and Bard published a pioneering report [6], which has been respected as a ‘bible’ 
among the followers. The cited authors presented a method to prepare hydrated collagen lattices 
(HCLs) as collagen gels ‘in which the watery millieu is held within a fibrous collagen net mainly by 
capillary forces’ and said that ‘HCLs can be employed as both 2D and 3D substrates in cell behav-
ioral studies.’ In addition, as reviewed by Eastwood et al. [7], these authors made an important 
observation about the contraction of HCLs by human fibroblasts [6], which was described as fol-
lows: ‘The activity of motile cells within a lattice makes a disturbance, causing a gradual collapse of 
the lattice to a dense, opaque body less than one-tenth of the original size.’ To our knowledge, this 
observation was original in reporting the phenomenon of cell-mediated collagen gel contraction, 
which has later become a major target of studies on the cell to extracellular matrix (ECM) interac-
tions, although the cited authors just described a phenomenon, but not its mechanistic aspects.

In reality, a study by Bell et al. [8] has been now recognized as the origin that aroused broad inter-
ests in 3D collagen gel culture of interstitial cells and made a big contribution to develop this culture 
system as a useful culture technology not only in basic but also in applied areas of cell research. 
Fibroblasts were embedded in gels of HCLs containing fetal bovine serum (FBS) and ordinary cul-
ture medium. 3D cultures were placed in bacteriological dishes to which anchorage-dependent cells 
usually adhere poorly. The experimental setting of the cited study was as follows, which has become 
a standard method of 3D-collagen gel culture among researchers thereafter. The initial cell inocula-
tion density was 2 × 105 to 2 × 106 cells/ml of gel [8]. Lattices were made of native collagen fibrils 
(mainly collagen type 1 extracted from rat tails) in McCoy’s 5a medium whose initial concentrations 
were ~0.2–0.6% (w/v), which implies that the original water content of the gel was as high as >99%. 
When the fibroblast-populated gels were warmed to 37°C, the lattices started to be contracted, which 
accompanied with the exclusion of water from them, and decreased its volume, the extent of which 
depended on the inoculated cell numbers and the original collagen concentrations. The contraction 
required the presence of FBS [9] and suppressed when colcemid was included [8], an inhibitor of 
microtubule organization. Histology showed that the condensed collagen gel had connective tissue 
(dermis in this case)-like structures, suggesting that fibroblasts had reorganized the collagen fibrils 
that were initially randomly dispersed at diluted concentrations (<0.1%) in the gel composed of 
monomers of collagen [8]. Therefore, the cited authors thought that the observed fibroblast-induced 
collagen condensation represents the tissue (connective tissue in this case) morphogenesis in vivo 
and they coined the ‘dermis-equivalent’ for the resulting gel condensate. The discovery of cell-
mediated collagen condensation brought about general interests in 3D collagen gel culture and 
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opened two ways for its usage, one as a tool to study the mechanism of tissue morphogenesis/
organogenesis and the other as a biomaterial for tissue restoration/regeneration. Currently, this col-
lagen gel culture is recognized as an in vitro model that most faithfully mimics the living connective 
tissue and is commonly utilized as a tool to study the mechanisms of interactions of cells with ECMs 
in a broad sense.

2.2 Other 3D fillers as manageable biomaterials by engineering

The emergence of practically usable 3D culture method also stimulated studies that looked for other 
appropriate fillers of 3D spaces for cells, especially, in the research area of biomaterials. These fillers 
can be largely divided into two groups, biological fillers that are derivatives of natural ECMs and 
those of synthetic polymers [10]. These two types of 3D culture substrates show common features 
to meet the requirements to be such substrates. These materials can make a liquid phase to solid 
phase transition depending on atmospheric conditions (usually temperature at neutral pH); they are 
in a state of liquid when researchers prepare cell suspensions in these materials (substrate-cell mixes) 
and are capable of gelating/solidifying at 37°C (culture temperature) to gain a sufficient mechanical 
strength to be self-supporting and, thus, cells are entrapped within the hydrated gels. These gels at 
culture temperature are porous for cells’ nutrient and waste exchanges. Representative substrates 
grouped as natural ECMs include collagen type 1 gels as described above, fibrin gels [11], basement 
membrane gels such as Matrigel® [12] and stromal ECM [13]. Those grouped as synthetic fillers 
include polyethylene glycol-based hydrogels [14] and self-assembling peptides [15].

3 FACTORS REQUIRED FOR 3D CULTURING – BASIC CONSTRAINTS  
FOR RECAPITULATING THE LIVING CONNECTIVE TISSUE  

BY 3D COLLAGEN GEL CULTURE OF FIBROBLASTS
The cells in living tissues are thought to take their own morphology and conduct their own functions 
under physical and biochemical environments specialized for respective cells. These environmental 
conditions act on the cells as constraints and cause them to survive on the ‘way’ that has been con-
structed according to the respective genetic program. Therefore, to mimic living cells in vitro, we have 
to correctly incorporate these constraints derived from the genetic program as precisely as possible. 
As mentioned above, 3D collagen gel technology can be used as a reliable in vitro system when we 
intend to recapitulate the physical, biochemical and biological state of connective tissues in vitro. 
Thus, issues arise that what constraints should be incorporated into this model of connective tissue. 
Tissues are complex aggregates of cells and ECMs that are able to only generate and survive under a 
variety of constraints. Among them, biochemical signals such as growth factors and cytokines have 
been major targets for studies in cell and molecular biology areas. In this review, focusing on the 
dermal connective tissue, we make a brief overview for other seemingly important constraints such as 
ECM compositions and their concentrations, cell density, interstitial fluid flow velocity and tension/
compression that internally generates in tissues. Considerations on these constraints might contribute 
to design a correct 3D-collagen gel fibroblast culture as a faithful model of living connective tissue.

3.1 ECMs

Connective tissues generally provide other tissues (parenchymal tissues) with mechanical supports 
and frameworks. ECMs are essential substrates as biochemical entities that form a mechanically 
bearable tissue framework. Information of ECM contents in the human skin is available in previous 
studies, and these values are thought to be close to those of the dermis, because the dermis much 
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dominates the epidermis in the ECM deposition. Collagen is the most abundant ECM protein in the 
skin, occupying ~20% of it by wet weight basis [16] or ~70% by dry weight basis [17] as schemati-
cally shown in Fig. 1. Elastin is also a member of the dermis ECM, but its contribution to the 
formation and function of the connective tissue appears to be much less than that of collagen, because 
its content being <1% by the dry weight basis [18]. The dermis is rich in mucopolysaccharides, ~7% 
by dry weight basis [17], consisting of almost equal amounts of chondroitin sulfate and hyaluronan 
[19]. Hitherto studies have generally been only utilizing collagen type 1 as the ECM substrate in 
their 3D collagen gel cultures.

3.2 Fibroblasts density in the dermis

There was a study that determined fibroblast density in the human dermis [20]. Skin samples were 
obtained from healthy donors ranging in age from 10 to 25 years, fixed, sectioned, stained with 
hematoxylin and subjected to image analysis for fibroblasts counting through a microscope. The 
fibroblasts were distinguished from other types of cells present in the dermis, endothelial cells, lym-
phocytes and monocytes/macrophages by their nuclear form (elliptical for fibroblasts and rounder 
for others), their location and by labeling with specific antibodies. As a result, it was found that mid-
dermis fibroblast counts ranged from 2.1 × 103 to 4.1 × 103/mm3. This in situ fibroblasts density is 
informative in designing a 3D collagen gel culture as a model of the human dermis.

3.3 Interstitial fluid flow

Cells in tissues are generally bathed with interstitial fluid that come out mostly from arterial capil-
laries and also from the cells themselves therein and get into lymph vessels or in part into venous 
capillaries. Interstitial flow appears to affect the activities of cells that reside within an in vivo 3D 
environment. It plays roles not only in cell nourishment but also, for example, in driving fibro-
blast-associated tissue organization [21]. Utilizing 3D collagen gels for culturing tumor cells, 
Polacheck et al. demonstrated that interstitial flow influences the direction bias of cell migration, 
in which CCR7 pathways are involved and that the flow induces phosphorylation of focal adhe-
sion kinase [22].

There was a study that directly measured normal interstitial flow velocity in vivo, using rabbits as 
a model of animals [23]. Transparent chambers were implanted in their ears. The ear with the cham-
ber was extended and attached to the stage of a microscope and fluorescence-labeled albumin was 
injected intravenously into the contralateral ear. An appropriate region of the tissue interstitium in 
the chamber was photobleached by exposure of laser irradiation and monitored for the recovery of 

Figure 1:  A conceptual illustration of adult human dermal ECM components and their abundance 
ratios by dry weight basis. Collagen overwhelmingly dominates the other components. 
Glycosaminoglycans (chondroitin sulfate, mostly chondroitin B, and hyaluronan) are 
present at the abundance of ~7%.
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fluorescence due to interstitial medium flow. The average fluid velocity obtained by this study was 
~0.6 mm/s. The value could be informative in designing medium-flow 3D cultures fibroblasts.

3.4 Internal tension/compression in and on fibroblasts and ECM

It has been thought that tensile forces are principal ‘internal factors’ that are generated within cells 
and also within tissues and drive a variety of biological phenomena to proceed such as division and 
migration at the cell level and morphogenetic events at the tissue level. Especially, it has been well 
recognized that tensile forces are vital in regulating morphogenesis in embryonic development [24]. 
In spite of its potential attractiveness and importance, progresses in the study on the mechanical 
property of cells and tissues have been behind those on the protein/gene-level property due to the 
lack of appropriate tools to characterize such mechanical properties in the living system. Generally, 
the studies have been quite limited, which directly measured in vivo tensile strength of living tissues 
in resting conditions or of the tissues that actively undergoing morphogenesis. However, there were 
a series of study, which described the mechanical properties of human skin in vivo [25, 26]. This 
kind of study could provide practically valuable information to us when we design a 3D collagen 
culture that more appropriately reflects in vivo situation of tensile strength. 

It is relevant to emphasize here that the collagen gel culture of fibroblasts is an ideal in vitro model 
to study internal tensile forces generated by fibroblasts. Figure 2 illustrates fibroblast’s contractile 
force-dependent collagen gel contractions observed in three different types of collagen gel culture. 
When fibroblast-populated collagen gels were cultured in a siliconized glass dish, gels became free-
floating as the contraction proceeded and finally became a floating spheroidal mass (Fig. 2Bg). In a 
hydrophilic plastic dish, the gel was attached to the dish in its central region, but gradually detached 
in the peripheral region as the culture proceeded in which the gel was curled up (Fig. 2Bh). A gel in 
a collagen fibril-coated plastic dish was mostly attached to the dish through the culture period 
(Fig. 2Bi), which resulted in a robust decrease in its thickness. Thus, the gel in the collagen fibril-
coated dish appears to be loaded with tension force. 

As a matter of fact, researchers soon realized that the gel contraction was the overall outcome of 
tensile forces generated in the cells that are migrating in the collagen gel, driving the cells to draw the 
attached collagen fibrils toward their tail sides of the migrating [27]. This recognition of 3D collagen 
gel culture as a model to study a mechanics of cell to ECM interactions has made the model a power-
ful research tool in the field of mechanobiology [27]. The qualitative and quantitative information of 
the contractile nature of fibroblasts obtained from 3D collagen gel culture have been a rich and valu-
able source to evaluate the roles of internal and external tensile strength in living cells and tissues [6].

4 CONCLUSION
The 3D collagen gel culture is thought to have several advantages over conventional 2D cultures. For 
example, first, cells are allowed to behave three-dimensionally as in vivo and, secondly, cells can 
interact with not only cells, but also with ECMs that greatly affect the expression of phenotypes of 
cells. A representative outcome of the studies using the collagen gel culture was the successful dem-
onstration of the contractility of cells, which is associated with tissue morphogenesis and 
organogenesis. 3D collagen gel culture modeling of cell to ECM interactions has become a common 
method to investigate these interactions at the molecular levels. However, researchers have not incor-
porated vascular-like structures with blood flow into the 3D gel culture, in spite of the general 
understanding that stresses given to cells by interstitial fluid flow regulate the cells’ physiological 
and pathological activities. Based upon our current experiences of medium-flow collagen gel cul-
ture, we are developing a 3D collagen gel culture-based system that can more correctly recapture the 
phenomena played by cells in living tissues and organs as cartooned in Fig. 3B.
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Figure 2:  Three types of collagen gel culturing of human fibroblasts. (A) A schematic representation 
of collagen gel culturing by three different types of dish. Human dermal fibroblasts were 
suspended at 2×105 cells/ml of 0.2% (w/v) collagen sols made in Dulbecco’s modified 
Eagle’s medium containing 10% (v/v) FBS and 3 mL of the suspensions. Each was placed 
in a hydrophobic glass dish that had been siliconized (a, d, g), in a hydrophilic plastic 
culture dish (b, c, h) and in a hydrophilic plastic culture dish that had been coated with 
collagen fibrils (c, f, i). The dish diameter was all 35 mm. These dishes were incubated at 
37°C in a 5% CO2/95% O2 atmosphere during the culture periods. The gel contraction is 
schematically drawn on day 0 (a, b, c), day 1 (d, e, f) and day 6 (g, h, i). Due to interactions 
of migrating fibroblasts with collagen lattices, the gels were contracted and decreased in 
volume. The gel in the silicon-treated glass dish was detached from the dish surface and 
became a free-floating gel in a day after incubation. The gel in the plain dish stuck to the 
dish in early days of culture, but later detached itself from the dish as a free-floating gel as 
stress-relaxation condition. Most part of the gel in the collagen fibril-coated dish did not 
detach itself from the dish during culture periods, but its peripheral regions were often 
detached and curled toward the center of the gel. (B) Macroscopic upper views of collagen 
gels photographed on day 6. Alphabets g, h and i correspond to those in (A). (C) 
Histochemical analysis of gels cultured for 6 days by three types of culturing. The gels 
were fixed for preparation of histological sections. The sections were stained with 
hematoxylin & eosin (HE, upper line) or Masson’s trichrome (MT, lower line). Alphabets 
g, h and i correspond to those in B. The left-half side of the gel made in the plain dish was 
divided into two parts, 1 and 2 as shown in B. ‘h-1’ and ‘h-2’ in C correspond to ‘1’ and 
‘2’ in the middle (plain) dish in B. The stained specimens were photographed using a 
microscope. It is evident from the HE photos that cells in the contracted gel, which was 
not stretched and, thus, under tension-free conditions, were highly concentrated as 
compared with those in the non-contracted gel, which was stretched and, thus, loaded with 
tension. MT photos show that collagen fibrils (blue color) in the contracted gel were 
pulled toward the cell bodies and highly concentrated around the cells as compared with 
those in the non-contracted gel. Bars represent 200 μm.
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Figure 3:  Design of ideal 3D collagen gel culture of fibroblasts. The quantitative and qualitative 
information regarding in vivo microenvironments in which fibroblasts reside is informative in 
designing an in vitro model of the dermis utilizing 3D collagen gel culture technology. The 
in vivo microenvironment of fibroblasts in the dermis is cartooned in A, incorporating 
information from the published literatures. Fibroblasts in the normal living tissues are 
continuously exposed to tissue fluid (interstitial fluid), which flows from arterial capillaries to 
lymph and venous capillaries at the velocity of ~0.1 to 2 μm/s [23, 28, 29]. The density of 
fibroblasts in the dermis was reported to be 2.1 × 103 to 4.1 × 103 cells/mm3 [20]. The 
interstitium (dermis in our case) is considered to be under tension generated by the tractional 
force of fibroblasts [8], which was quantified to be 1–7 × 105 N/m2 [25, 26]. The collagen 
concentration was determined as ~20% on the wet weigh basis [16]. We are now designing 
3D collagen gel culture as an in vitro model of living dermis incorporating currently known 
major physical and biological characteristics of the dermis in vivo as cartooned in B. Medium 
flow is given by sending a medium through a motor-driven syringe at a similar velocity as 
shown in A. We are also developing a method by which appropriate stresses are given 
fibroblasts through hydrated lattices of collagen gel. We can obtain an appropriate density of 
fibroblasts in the gel by adjusting inoculation numbers of fibroblasts, initial collagen 
concentrations and the extent of collagen gel contraction in the saturation phase of gel culture. 
Fibroblasts in gels are exposed to both tensile strength and continuously flow of culture 
medium bearing fresh nutrients and oxygen. The fluid coming out from the gels are collected 
for biochemical analysis to measure fibroblasts’ metabolic activities and differentiation-
associated alterations.
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