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The concentration game: differential
effects of bioactive signaling in 2D and
3D culture

Traumatic injuries to the central nervous system, such as trau-
matic brain injury, spinal cord injury and stroke, have a high
prevalence, enormous financial costs and lack clinical treat-
ments that restore neurological function (Ma et al., 2014).
These injuries trigger a series of secondary biochemical and
cellular responses that ultimately lead to cellular death and the
maintenance of an unsupportive extracellular matrix (ECM) for
tissue regeneration (Silva et al., 2014). Artificial ECM or scaf-
folds represent a way to alter this unsupportive environment to
improve the efficacy of stem cell therapies and enhance neural
tissue regeneration (Figure 1). Scaffold use could lead to great-
er improvements in neurological function (such as improved
bladder control, increased dexterity and body control, etc.)
than observed with the implantation of cells alone. To date, the
inclusion of basic scaffolds with stem cell therapy treatments
have shown increased efficacy in rodent models (Yasuda et al.,
2010). More advanced scaffolds could better mimic the chemi-
cal, physical and mechanical properties of the ECM to promote
cellular survival, adhesion, proliferation and differentiation.
Altering the injured ECM to mitigate the barriers to axon inva-
sion, myelination and cellular maturation further and lead to
even greater gains in neurological function.

To expedite the development of such scaffolds, combinato-
rial methods, which have long been used in drug discover, are
being applied to tissue engineering. Although many combi-
natorial methods have been developed (Nakajima et al., 2007;
Smith Callahan et al., 2013), few are capable of both two- (2D)
and three-dimensional (3D) culture necessary for scaffold
development. There are many scaffold properties (stiffness,
architecture, bioactive signaling concentrations, etc.) that affect
cellular behavior (Callahan et al., 2013) and need to be studied
systematically in order to develop scaffolds for the treatment of
central nervous system injuries. A continuous gradient strategy
within hydrogel scaffolds is one combinatorial method that can
be used to maximize the number of material parameters tested
in both 2D and 3D culture in order to quickly identify the opti-
mal scaffold conditions.

Laminin, a major constituent of the basal lamina, has been
associated with axon extension into the lesion in long term
survivors of spinal cord injury (Buss et al., 2007), and cellular
migration, differentiation, and axon extension during normal
development. These characteristics make laminin and laminin
derived bioactive peptides prime candidates for inclusion in
scaffolds developed for central nervous system applications.
Bioactive peptides are often chosen over whole proteins, such
as laminin, for inclusion in scaffolds because they are easier to
tether with regio- and chemo-selectivity and spatially disburse
in 3D materials. Bioactive peptides often provide a similar bio-
logical effect as the whole protein.

A recent study (Yang et al., 2015) used a continuous concen-
tration gradient approach to identify the optimal concentration
of IKVAV, a commonly studied bioactive peptide from laminin.
A wide therapeutic concentration range of 10 uM to 2.6 mM
has been reported for IKVAV in the literature (Li et al., 2014;
Sur et al., 2014). However, Yang et al. (2015) found increased
apoptosis in cells exposed to concentrations at or above 740 uM
and 155 pM in 2D and 3D, respectively. A significant reduction
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in the therapeutic concentration range from what was reported
in the literature.

Previous studies that sought to identify the optimal IKVAV
concentration for neural cell types utilized only a few discrete
samples. The optimal IKVAV concentrations for neurite exten-
sion and neural differentiation identified in these studies were
in or near the apoptotic range found in the study by Yang et
al. (2015) for both 2D and 3D culture (Gunn et al., 2005; Lam
et al., 2015). These studies did not examine apoptosis, but the
findings highlight an advantage of the continuous gradient
strategy over discrete samples and arrays for material develop-
ment. In a continuous gradient, every potential concentration
in the range is present within the gradient. If a subset of con-
centrations is found to be an area of interest, the gradient range
can be changed to examine that subset of concentrations in
greater detail as Yang et al. (2015) did in their transition from
2D to 3D. If a study using discrete samples or an array strategy
has an insufficient number of sampling points near the area of
interest, the optimal concentration can be misidentified and the
concentration range of interest may not be studied at all. This is
especially likely to happen if the likely concentration range has
not been previously identified by other studies when discrete
samples and arrays are used. The variation in the reported opti-
mal IKVAV concentration is more complex than combinatorial
method selection. A number of factors likely contribute to the
variation, including: differences in the cellular differentiation
state and species of the cells utilized in the experiments; the
polymers and carbohydrates used for scaffold fabrication; and
the chemistry used to the tether bioactive signaling and for
scaffold gelation. Understanding how these fabrication changes
cause shifts in cellular response to the scaffolds, and how chang-
es in cellular maturation state, lineage and species affect cellular
response to scaffolds will be invaluable for scaffold optimiza-
tion. However, many more systematic studies of cell-biomate-
rial and cell-extracellular matrix interactions will be necessary
to achieve the biological understanding necessary to enable
optimal scaffold design for clinical use in the central nervous
system.

Slight alterations in the concentration of bioactive tethered
peptides, such as IKVAV, can have significant effect on cellular
response in both 2D and 3D culture (Figure 2). Neurite exten-
sion and neural gene expression increased with increased in IK-
VAV concentation in 2D culture. Maximal neurite extension and
neural gene expression occurred on hydrogels containing 570
UM of IKVAV (Yang et al., 2015). While in 3D culture, neurite
extension was delayed and then only observed at 60 pM of IK-
VAV. This represents at least a 9.5 fold reduction in the optimal
signaling concentration from 2D to 3D culture. Since 60 pM
was the lowest concentration examined in the study, the reduc-
tion in the optimal IKVAV concentration for neural differenti-
ation may actually be higher. Lower IKVAV concentrations may
lead to further increases in the cellular neural differentiation.
Looking at the IKVAV concentrations for initiating increased
apoptosis detected in the same study by Yang et al., the reduc-
tion of concentration was only four fold between 2D and 3D
culture. Within the same scaffold system, different reductions in
concentration are being observed in response to the stimulation
of different cellular pathways in the same cell type. This speaks
to the complexity of neural differentiation, and complicates
accurate predictions of the optimal 3D environment from 2D
data until the biological causes of these cellular responses are
better understood.

One can think of the transition from a 2D to 3D culture as
moving from laying on a cot, where only one’s back is directly
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Figure 1 Schematic of brain extracellular matrix (ECM) for native, injured and artificial matrix supported injured.
In the injured ECM proteoglycans seal off the injured area, while enzymes degrade the existing native ECM. This inhibits the migration of cells into

and out of the area and leaves implanted cells without a supportive ECM to attach. However, matrix support at the injury site reduces proteoglycan
deposition, improving cellular migration, survival, and axon extension.
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Figure 2 Mouse embryonic stem cell response to a continuous concentration gradient of IKVAV during neural differentiation in 2D and 3D
culture.

Beta III tubulin staining of neurite extension of cells in 2D (red) and 3D (green) culture with nuclear staining (blue) exposed to a continuous IK-

VAV gradient in polyethylene glycol hydrogels after 3 days of culture in 2D and 14 days of culture in 3D. Scale bars: 10 pm. Adapted from Yang et
al.,, 2015, reprinted with the permission of Elsevier. ECM: Extracellular matrix.
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touching one’s sleeping surface to being in a mummy style
sleeping bag where one is now completely surrounded. One’s
head, back, front, sides and feet are interacting with the sleeping
surface as would happen in a hydrogel environment. Unlike the
human body, cells dynamically change their shape in response
to their culture environment. The amorphous and changing na-
ture of cell shape in response to biomaterials makes calculating
the reduction in total bioactive signaling in the scaffold due to
changes in cellular contact area difficult. As multiple layers or
clumps of cells form, the calculations would be further compli-
cated. Direct contact with other cells, or secreted cytokines and
extracellular matrix proteins from those cells would alter the
contact area of the original cell being studied with the biomate-
rial and perhaps its response to the biomaterial.

Changes in the scaffold can affect the concentration of bio-
active signaling presented to the cell over time. Random move-
ments of the polymer chains composing the scaffold can change
the local concentration of bioactive signaling and alter the
concentration of bioactive signaling available to individual cells.
Depending on processing method used, the tethered bioactive
signaling can either be sequestered in the bulk of the polymer,
reducing the concentration available for the cell to interact with,
or concentrated at the liquid interface, increasing the concen-
tration available to the cell from what was originally calculated.
These changes in bioactive signal presentation can then be fur-
ther altered as the scaffold degrades. However, changes in bio-
active signal presentation by the scaffold are more predictable
than cellular response to biomaterials at this time.

As one transitions from 2D to 3D culture a host of additional
factors begin to affect cellular behavior as the local microenvi-
ronment changes for the cell. The scaffold reduces intercellular
diffusion and transport in 3D culture compared to 2D culture.
This affects cellular viability and the concentration of cytokines
in the local extracellular milieu. As the concentration and per-
sistence of these cytokines change, so does the stimulation of
signaling pathways within the cell and cellular behavior. The
scaffold itself can act as a barrier to neurite and dendrite ex-
tension. However, conflicting reports of this in non-degradable
scaffolds in the literature indicate that the issue is more complex
than just a physical obstruction. Tethered bioactive signaling
presented on multiple sides of the cells changes the clustering
pattern of focal adhesions, causing changes to cytoskeletal shape
and tension, which are thought to affect cellular differentiation.
The concentration of the tethered bioactive signal can lead the
cell to perceive a local bioactive signaling gradient, which facili-
tates neurite extension.

The common thread too many of the changes between 2D
and 3D culture is a real or perceived change in the concentra-
tion of elements (cytokines, tethered bioactive signaling, etc.) by
the cell in its extracellular milieu. The complex nature of how
the concentration changes interact with cells to change cellular
survival, attachment, and differentiation throughout central
nervous system development is not yet well understood. Unrav-
eling the effects of these concentration changes and breaking
the cellular code so that the cellular effects can begin to be pre-
dicted will lead to a better understanding of tissue development,
homeostasis, and repair. This knowledge will allow for truly
rational treatment design and enable the effective manipulation
of the extracellular environment with scaffolds, drugs, stem
cells, etc. in order to restore neurological function after trau-
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matic brain, spinal cord injuries and stroke.
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