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Protein self-assembly into highly ordered fibrillar aggregates has attracted increasing attention over recent years, due primarily
to its association with disease states such as Alzheimer’s. More recently, however, research has focused on understanding the
generic behavior of protein self-assembly where fibrillation is typically induced under harsh conditions of low pH and/or high
temperature. Moreover the inherent properties of these fibrils, including their nanoscale dimension, environmental responsiveness,
and biological compatibility, are attracting substantial interest for exploiting these fibrils for the creation of new materials. Here
we will show how protein fibrils can be formed under physiological conditions and their subsequent gelation driven using the
ionic strength of cell culture media while simultaneously incorporating cells homogeneously throughout the gel network. The
fibrillar and elastic nature of the gel have been confirmed using cryo-transmission electron microscopy and oscillatory rheology,
respectively; while cell culture work shows that our hydrogels promote cell spreading, attachment, and proliferation in three
dimensions.

Copyright © 2009 Hui Yan et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Hydrogels have recently attracted increasing attention as
tissue engineering scaffolds for repairing and regenerating
tissues [1—4]. There is a wide variety of natural and synthetic
materials currently being employed to create such materials
but recent research effort has focused on using natural mate-
rials as they are cheap, abundant, and require limited func-
tionalization [5-7]. With this in mind we have previously
demonstrated that hen egg white lysozyme (HEWL) protein
can form hydrogels at physiological pH simply by adding a
small quantity of the reductant dithiothreitol (DTT) which
encourages the protein to gel under mild conditions [8,
9]. HEWL was selected as it is a small globular protein
and contains both a-helix and f-sheet in its secondary
structure and has high solubility in water. We went on to
show that the mesh size of the hydrogel and its mechanical
properties could be controlled by varying concentration and
our two-dimensional cell culture work demonstrated that
these hydrogels are cytocompatable [9, 10]. However, before
these materials can find any tissue engineering application,

cells need to be incorporated throughout the hydrogel and
their viability explored.

In this letter we will outline a novel method for the
incorporation of cells in 3-dimensions directly in a HEWL
hydrogel by using the ionic strength of cell culture media to
drive gel formation while simultaneously incorporating cells
homogeneously within the hydrogel. A schematic for this
process is given in Figure 1. The resulting gel morphology
and mechanical behavior have been explored using cryo-
transmission electron microscopy and oscillatory rheology
respectively, and their potential for use as viable supports
for three-dimensional cell growth has been explored by
analyzing cell distribution and viability within the hydrogel
scaffold.

The influence of ionic strength on HEWL gelation
behavior was investigated with 20 mM DTT over a range of
protein concentrations (0—3 mM) in the presence of NaCl (0—
100 mM). NaCl was selected as the salt due to its physiolog-
ical presence in the body and in cell culture media. These
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FIGURE 1: A schematic of the protein unfolding, fibrillation, and
gelation induced by ionic strength in the presence of cells.
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FIGURE 2: Phase diagram of HEWL gelation as a function of protein
concentration and NaCl concentration (empty circles represent
sample points).

samples were subjected to one heating/cooling cycle and
the changes of their macroscopic appearance were recorded
and used to map out a detailed phase diagram (Figure 2).
Transparent hydrogels are obtained at 1.5 mM HEWL with
10mM NaCl. This is in contrast to the freely flowing
viscous liquid obtained with no NaCl [10]. When the NaCl
concentration is increased to 50 mM, turbid gels form, and
when the NaCl concentration is increased further to 100 mM,
turbid solutions form where the protein precipitates. Similar
gelation behavior was observed for HEWL at 2.0 and 3.0 mM.
It is clear that the presence of salt encourages gel formation
as the critical gelation concentration decreases to 1.0 mM at
20mM NaCl in comparison to 3.0 mM with no NaCl. It is
believed that the salt screens the charges carried by lysozyme
therefore making them more attractive to each other [11, 12].
This enhanced attraction will consequently encourage their
unfolding and subsequent incorporation into fibrils, which
in turn will lead to an increase in fibril number, and possibly
length, thus facilitating entanglement to form a macroscopic,
self-supporting hydrogel at lower protein concentrations.
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Cells are cultured in vitro in the presence of media
containing various organic salts, therefore we aim to capi-
tilize on the ionic strength of cell media to trigger the
gelation of lysozyme and at the same time incorporate
cells homogeneously within the hydrogel. Figure 2 shows
that a final salt concentration between 10 and 50 mM is
optimum as higher salt concentration causes the protein
to precipitate and no gel is formed below 10 mM of salt.
The ionic strength, I, of a typical human dermal fibroblast
(hDF) basal media (Dulbecco’s Modified Eagles Medium
(DMEM) containing 10% foetal bovine serum (FBS) and 1%
penicillin/ streptomycin) was calculated to be 189 mM using
(1) and the formulation obtained from Invitrogen’s product
data sheet,

1 n
Ic == > cpz}, (1)
250

where cp is the molar concentration of the ion and zp
is the charge that ion carries. It is evident therefore that
a 5-fold dilution of cell media will give a hydrogel with
a final ionic strength of ~37.8 mM, which is within the
preferred range of 10-50 mM. Solutions of 1 mM lysozyme
were subsequently prepared in the presence of 20 mM DTT.
The samples were heated to 85 °C, incubated for 10 minutes
and cooled gradually to 37 °C where a viscous solution was
obtained. A volume of 200 L of this solution was transferred
gently into a millicell insert and 50 uL of the cell culture
media was then added quickly and mixed gently using the
micropipette. The millicell inserts were then placed in a 24
wellplate and incubated at 4°C. The samples were checked
by inverting the millicell every 15 minutes. Transparent, self-
supporting gels formed with the addition of cell culture
media after ~1 hour.

To confirm the fibrillar nature of our hydrogels we
used Cryo-transmission electron microscopy (Cryo-TEM) to
compare the morphology of a 1 mM lysozyme/DTT solution
in pure water and a 1 mM lysozyme/DTT gel in cell culture
media (Figure 3). Fibril structures with a diameter of ~6—
8nm and ~200-300 nm in length are present in the sample
in pure water. Such short fibrils exist as isolated entities,
hence the macroscopic sample remains a liquid and flows
when inverted. In contrast, the morphology of the gel
formed in cell media is characterized by a densely entangled
homogeneous fibrillar network structure. The fibrils have
a similar radius of ~6-8 nm but the number and length
of the fibrils have increased significantly. Such observation
confirms previous speculation that more protein molecules
have been incorporated into fibrils in the presence of salt.

Figure 4 compares the mechanical spectra performed at
room temperature for the viscous solution prepared in the
presence of DTT in pure water and the gel prepared in
DTT and culture media. The samples were all prepared in
situ to preclude any artifacts that may be introduced when
samples are transferred to the rheometer due to the extra
shear applied.

In each case, the storage modulus, G', is found to be
approximately an order of magnitude larger than the loss
modulus, G”, indicative of an elastic rather than viscous
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FiGure 3: Cryo TEM images of 1.0 mM lysozyme/DTT mixture in
pure water (a) and in hDF cell culture media (b). The scale bar in
each case represents 50 nm.
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Ficure 4: Elastic, G'and viscous, G'moduli of 1mM cured
lysozyme solutions/hydrogels in pure water and in hDF culture
media as a function of shear frequency obtained at 25°C.

material. Also both G’ and G”' are essentially independent of
frequency over the range 1072-10* rad s~!, which indicates
the dominant viscoelastic relaxations of the network are
at lower frequencies, that is, the relaxation time, 7, of the
network is long. Such rheological behavior matches the
characteristic signature of a solid-like gel. It is clear that
G’ increases when cell culture media is present; G' is [~
100] Pa for the lysozyme/DTT mixture and [~1000] Pa for
the lysozyme/DTT/hDF mixture. These results confirm that
the addition of salt can be used to enhance the mechanical
strength of the sample.

However hDFs were used to test the potential of our
method and material for use as a three-dimensional tissue
engineering scaffold. In particular, we monitored how well
our method led to the incorporation of cells homogeneously
throughout the fibrillar network and also the biocompati-
bility of the hydrogel. hDFs were chosen for two reasons:
firstly they provide information on hydrogel interaction
with human cells and secondly fibroblasts have a relatively
fast growth rate in comparison to other cells, for example,
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FiGure 5: Confocal micrographs of live/dead staining of 1 mM
lysozyme hydrogels in hDF culture media 24 hours (a) and 48 hours
(b) after seeding. The scale bar represents 100 ym.

mature chondrocytes. Cells were suspended in hDF media
and lysozyme hydrogels prepared as described earlier using
a4 : 1 ratio of lysozyme solution to cell media. The final
density of cells in the hydrogel was 5 x 10° cells mL ™. It
should be noted that due to the requirement of cell growth,
1 mL of loaded hydrogel was added into each well. Replicates
of 3 gels were evaluated during 3 sets of experiments. Typical
fluorescent micrographs of live/dead staining 24 and 48
hours after seeding are shown in Figure 5. These images were
both taken of the same region at a depth of ~50 ym.

These show that the cells are rounded and display bright
green fluorescence, indicating the cells are alive and that the
HEWL hydrogel provides a viable support for hDF cells.
Furthermore cells with variable degrees of brightness are
observed due to their presence in different focal-planes,
which indicates the cells are distributed throughout the
hydrogel. This is confirmed by imaging through different
optical sections and our results show that cells are distributed
homogeneously throughout the scaffold. It is also clear
that the number of cells increases over time as there are a
greater number of cells present after 48 hours of culture. This
was semiquantified using Proplus software by counting the
number of red (dead) and green (live) spots and taking the
average from five images of different parts of the hydrogel.
Each image was circa 1 X 1 ym and the scaffold as a whole
was circa 1 cm in diameter. The number of dead cells present
was of a very low number and did not increase significantly
over time: 3 + 1 after 2 hours, 8 = 3 after 24 hours and
19 + 4 after 48 hours. Interestingly slightly more cell death
was observed in the middle of the scaffold (35 + 8 after
48 hours) in comparison to the surface, presumably due to
the nutrients not being able to migrate through the scaffold
in a time-efficient manner. In contrast the live cell number
increased from 180 =+ 50 after 2 hours to 605 + 140 after 24
hours and to 1510 + 260 after 48 hours. This number and
trend did not change significantly throughout the scaffold
confirming our hydrogels also support cell proliferation in
3-dimensions. Further cell culture work with matrices with
a larger mesh size is now underway which will also include
immnohistochemical staining of Collagen type II.

In summary, this research letter sets out a novel method
for the preparation of self-supporting, fibrillar hydrogels
from lysozyme with hDF cells distributed throughout the



hydrogel. This was achieved simply by using a reductant to
induce protein self-assembly and the ionic strength inherent
in cell culture media to trigger slow gelation after cells have
been incorporated in the gel matrix. Moreover the hydrogels
prepared have been shown to be cytocompatible, promoting
cell attachment and spreading without the need for the
additional incorporation of cell-adhesive peptide sequences.
Such results indicate an alternative strategy of using proteins
as building blocks to construct novel materials, thus mak-
ing such protein hydrogels promising candidates as three-
dimensional tissue engineering scaffolds.
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