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Thermoreversible Protein Hydrogel as Cell Scaffold
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A thermoreversible fibrillar hydrogel has been formed from an aqueous lysozyme solution in the presence of
dithiothreitol (DTT). Its physical properties and potential as a tissue engineering scaffold have been explored.
Hydrogels were prepared by dissolving 3 mM protein in a 20 mM DTT/water mixture, heating 1€ &nd

cooling at room temperature. No gel was observed for the equivalent sample without DTT. The elastic nature of
the gel formed was confirmed by rheology, and the storage modulus of our gel was found to be of the same order
of magnitude as for other cross-linked biopolymers. Micro differential scanning calorimetry (microDSC) experiments
confirmed that the hydrogel was thermally reversible and that gelation and melting occurs through—a solid
liquid-like first-order transition. Infrared spectroscopy of the hydrogel and transmission electron microscopy studies
of very dilute samples revealed the presencg-sheet-rich fibrils that were-4—6 nm in diameter and gm in

length. These fibrils are thought to self-assemble along their long axes to form larger fibers that become physically
entangled to form the three-dimensional network observed in both cryo-scanning electron microscopy (cryo-
SEM) and small-angle neutron scattering (SANS) studies. The hydrogel was subsequently cultured with 3T3
fibroblasts and cells spread extensively after 7 days and stretched actin filaments formed that were roughly parallel
to each other, indicating the development of organized actin filaments in the form of stress fibers in cells.

Introduction capable of forming fibrils promoted cell attachment and neurite
outgrowth, while the peptides that were unable to form fibrils
Hydrogels have recently attracted much interest in the did not show any biological activity. The disadvantage of using
biomaterials sector because of their ability to entrap large peptides is they have to be synthesized, which can be time-
quantities of water or biOIOgicaI fluids. This h|gh water content Consuming and Cosﬂy_ Proteins are essentia”y p0|ymers of
mimics the natural living environment, which gives them gmino acids and are known to forfrsheet-rich fibrils (na-
excellent biocompatibility. Moreover, their porous microstruc- nometers in width and micrometers in length) that also further
ture gives them good permeability while the three-dimensional self-organize and entangle to form three-dimensional hydrogels
network provides mechanical support. Consequently they haveynder appropriate conditiod:2° It is thought that the fibrillar
found a wide range of applications in the medical, pharmaceuti- network is stabilized by intermolecular and/or intramolecular
cal and biomaterial sectors; for example, as contact lefses, hydrogen bonding, electrostatic interactions, and hydrophobic
materials for artificial Orgaﬂéf1 and vehicles for controlled drug effects. They are read”y available and material properties can
deliVery.S_7 Research in this area continues to grow, motivated be manipu|ated eas”y by Varying the amino acid sequence,
by the need for greater understanding to allow controlled changing the environmental conditions and/or incorporating
manipulation and optimization of properties. small bioactive peptide sequences into the material. To date the
There are three classes of molecules that can be used tqotential of proteins as structural elements in material design
produce hydrogels: polymers, peptides, and proteins. Polymershas yet to be fully realized.
have been used extensively to create hydrogels; however, many In this work, we have focused on the gelation behavior of
are not adhesive to cells. Consequently recent efforts have,[he model pro,tein hen egg white lysozyme (HEWL) in the
focu_sed on quifyir)g the m_ate.“a' to induce biocompatibility presence of a reductant, dithiothreitol (DTT), in aqueous
for tissue engineering applications by covalently or nonco- q) sion. This protein is a small globular protein and contains

vz;l'ently mcorporatlngl]l gell-arihesmn %edpt'lde isequehﬁég@. botha-helix andg-sheet in its secondary structure and has high
This process generally involves an additional synthesis step, o ,pijity in water. Transparent viscoelastic gels were formed

w_hic_h is polymer-specifit® and can be difficult to control_and under physiological conditions at water contents as high as 97%
distribute evenly throughout the hydrodélAs an alternative, (w/w), and their formation was found to be thermoreversible.

magly gro;ljps ar_er:‘ocusir;%qln uiingbdesigner peptides thit formgy,ch gels alone exhibited good biocompatibility when they were
stablef-sheet-rich nanofibrils that become woven into three- .,y,req with fibroblast cells, showing for the first time that

i i it 2-15 ;
dimensional hydrog(.als. consisting 809.5% Wgteﬂ Kag,a_l protein hydrogels could be used as scaffolds for tissue engineer-
et al6 found that fibril structure was crucial for obtaining

o . o ) ing.
hydrogels with biological activity. They showed that the peptides g
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protein (3 mM; 42.9 mg mt?) was dissolved in doubly distilled water ~ chamber, which was maintained-at1l50°C. The top rivet was flicked
with 20 mM reductant dithiothreitol (DTT) (Fluka) and agitated for 60  off to produce a fractured surface, the ice was sublimed &0 °C,

s by use of a vortex mixer. This solution was either used immediately and the fractured surface was coated with gold/palladium. The sample
for characterization experiments or incubated for 10 min at@and was then transferred to the microscope chamber, which was also
subsequently cooled at room temperature. Resulting gels were thenmaintained at- 150°C. Sample microstructure was probed by use of
refrigerated at 8C until required for cell culture experiments for periods a FEI XL30 ESEM FEG at 20 kV accelerating voltage operating at
up to 1 week. high vacuum.

Micro Differential Scanning Calorimetry. MicroDSC measure- Small-Angle Neutron Scattering. Small-angle neutron scattering
ments were performed on a Setaram micro differential scanning (SANS) experiments were carried out at ForshungszentriimhJju
calorimeter Ill. The instrument was calibrated by use of the Setaram Germany, on beamline KWS2. A wavelengthioE 0.48 nm was used
“Joule effect” calibration module supplied with the instrument. Setaram with a wavelength distribution characterized by a full width at half-
standard stainless steel matching cells with known weight were used. maximum AA/A = 10%. The beamline is equipped with a two-
The sample cell was filled initially by introducing 6:8.6 mL of dimensional detector with a 58 50 cn? active area with a spatial
solution by use of a micropipet. The cell was then sealed hermetically. resolution of 0.8x 0.8 cn? (further details are available on request at
The reference cell was subsequently filled and its weight was adjusted Forshungszentrumlich). By varying the sampledetector distance,
by use of a micro balance to ensure an identical mass of solution wastne gvailable momentum transfer vectg) was in the range of 0.%
present in both the sample and reference cells. The solutions in whichq (nmY) < 2.0, withq = (4/A) sin (0/2), whered is the scattering
lysozyme were dissolved, that is, pure water or DTT/water mixture, angle. Counter normalization was achieved by using the incoherent
were used as the references. Both cells were We_lghed before and aftegcattering of an amorphous hydrogenous poly(methyl methacrylate)
each experiment to ensure no loss of material occurred through siandard provided. The normalized intensity was then subtracted for
evaporation. The microDSC thermographs were recorded with @ 1.0 the empty cell and the solvent scattering. Gel samples for neutron
°C min"* scanning rate in the temperature range-20°C. A minimum scattering were prepared as described above directly in a Hellma quartz
of three heating and cooling cycles were performed for each sample, .|| of 2 mm thickness. Deuterated water,(@) was used instead of

and each measurement was repeated at least 3 times {0 ensurg, qrogenated water in order to increase the contrast between the protein
reproducibility. Analysis of the thermographs was carried out by use and the solvent

of the Setaram Soft 2000 software supplied with the instrument. For )
comparative purposes all microDSC data have been normalized by the Cell C!““”e' Mouse NIH 3T3 fibroblasts (E.CACC 95082219) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing

sample weight and plotted on the same scale. . L .
Mechanical P ies. Rheoloaical studi dertaken b 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Cells
echanical Froperties. Rheological studies were undertaken by 0 e maintained in a humidified incubator at 37 with 5% CQ. All

uzsg r?]%ads_trisst-cront'rtcﬁllledor:(:;)meter (Borhllnn?-ICVOd).f Prarﬁlllelni)laltes cell culture reagents were obtained from Invitrogen, U.K. Gels were
( lameter) with a 0. gap were employed lor all SAMPIES. |0 4ad into a 24-well tissue culture plate (0.5 mL gel wglland
Sample (1 mL) was loaded onto the stage and the upper plate was . - s . . ;

) . subsequently sterilized by irradiation with UV light for 30 min before
slowly lowered until the desired gap between plates was reached. The . . 1

. S . “seeding with 40 000 cells mE on the gel surface. Cell morphology
excess solution was then soaked away. To minimize solvent evaporation . L .
) o was followed with a Leica light microscope.

at elevated temperatures, a thin layer of paraffin oil was placed around i ) i
the periphery of the exposed sample and a solvent trap was used with Environmental Scanning Electron Microscopy. Samples were
wet tissue placed inside. To ensure the rheological measurements weréxamined after cell culture by removing the cell culture media,
done in the linear regime, a strain sweepatad s was performed. extracting the gels from the culture place, and placing a drop on a copper
It showed no variation ii&' andG" up to a strain of 10%. Two types  Stub inside the microscope chamber of an FEI Quanta 200 ESEM. The
of rheological experiments were performed: frequency sweeps were Samples were left to equilibrate at’& (temperature controlled by a
carried out on gels between Poand 16 rad st at 25 °C, and Peltier device under the copper stub). A few drops of distilled and
temperature scans were performed by setting frequency and strain adeionized water were placed around the sample, before the chamber
27 rad s and 1%, respectively. The changes in the elastic and viscous Was sealed and evacuated to an initial pressure of 8 Torr. The chamber

moduli were measured between 25 and °€5 at 1 °C min L. All was flooded several times with water vapor before the chamber pressure
measurements were repeated at least three times to ensure reprodugvas reduced to~6 Torr. Images were subsequently taken at an
ibility. accelerating voltage of 10 kV.

Fourier Transform Infrared Spectroscopy. Fourier transform WST-1 Assay for Cell Proliferation. Cells were cultured for 1, 4,

infrared spectra were collected in transmission mode on a Nicolet Avitar and 7 days. Prior to each measurement, the cell culture medium was
360 FTIR spectrometer. Aliquots of incubated gel samples prepared in removed and samples were rinsed twice with phosphate-buffered saline
D,O were placed between Cawindows with a 50um thick Teflon (PBS) before addition of fresh cell culture medium. WST-1 reagent
spacer. Cell temperature was maintained at@%y connecting to a (59.4uL; Roche Applied Science) was subsequently added into each
Fisher BC 10 water bath. For each sample 32 scans were collected andvell. After incubation for 4 h, the absorbance of the samples was
averaged in order to obtain a good signal-to-noise ratio. Spectra of recorded by use of a LabSystems Ascent colorimetric plate reader at
pure DO and the BO/DTT mixture were also collected as background 450 nm, with a reference wavelength of 620 nm. The background of
and subtracted from the sample spectra. the WST-1/cell culture medium mixture was subtracted and the actual
Transmission Electron Microscopy. Transmission electron mi- cell number calculated by comparing values obtained with the standard
croscopy (TEM) experiments were performed on a CM200 TEM from WST-1-cell number curve.
Philips at 200 kV accelerating voltage. To investigate the fibrillar Fluorescence Microscopy.Culture medium was removed and
structure of our material, gels were diluted 20-fold and agitated samples were rinsed with PBS. Paraformaldehyde (4%) was used to
vigorously to separate the fibrils. A/ drop of the resulting solution  fix cells before 0.1% Triton 100 was used to permeabilize the cells.
was applied to a carbon-coated Formvar grid, blotted after 60 s, and After the cells were washed with PBS/1% BSA, actin filaments were
left to air-dry. A 5uL drop of 2% (w/v) uranyl acetate (Agar Scientific)  stained with 2Qug mL~* FITC-phalloidin (Sigma, U.K.) in PBS for
solution was subsequently placed on the grid, blotted after 30 s, air- 20 min at room temperature and then rinsed with PBS. Samples were
dried, and examined under the TEM. mounted under glass coverslips with a drop of Prolong Gold antifade
Cryo-Scanning Electron Microscopy.A drop of gel was placed reagent containing DAPI (Invitrogen, U.K.). Samples were subsequently
between two miniature rivets on a vacuum transfer rod and the sample mounted on the sample holder and examined with a Nikon fluorescence
was slam-frozen in a nitrogen slush and transferred to the cryostat microscope. CDV
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Figure 1. Lysozyme solution (3 mM) in the presence of 20 mM
reductant (left panel) before and (right panel) after a heating/cooling
cycle.
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Figure 2. Mechanical spectrum of a 3 mM cured lysozyme gel at 25
°C with small oscillatory shear in the linear viscoelastic regime: (®)
G; (0) G".

Results and Discussion

To investigate the effect of DTT on the behavior of lysozyme,
we prepared two 3 mM lysozyme solutions: one in pure water
and the second in a 20 mM DTT/water mixture. Both solutions
had a pH of 6.9 and were heated to 85, incubated for 10
min, and then cooled slowly to room temperature. A clear gel,
which did not flow upon inversion of the vial (see Figure 1),
was obtained in the presence of DTT, while the solution with
only protein did not change. This solution was subsequently
incubated at 88C for a further 14 days, cooled again to room
temperature, and left overnight. Still no gel was obtained. This
simple experiment highlights the key role played by the
reductant in the formation of lysozyme hydrogels under mild
conditions.

Yan et al.
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Figure 3. Micro DSC curves of a 3 mM lysozyme sample in (a) pure
water and (b) a DTT/water mixture during two heating/cooling cycles.
Heating and cooling rate was 1.0 °C min~2.

For the protein sample in pure water a single endothermic
peak is observed at 75480.5°C (Figure 3a and Table 1) during
the first heating run, which has previously been associated with
the denaturation of native lysozyr&eOn cooling, an exothermic
transition is observed at the same temperature (Figure 3a). The
enthalpy of this exotherm, 29@ 10 mJ g?, is smaller than
the denaturation enthalpy observed during the first heating, 1280
+ 30 mJ gt. As said previously, no gel formation is observed
in this system, hence this exotherm is thought to be due to the
partial renaturation of lysozyme. During the second heating the
denaturation transition of lysozyme is again observed at the same
temperature (Figure 3a). As expected, the denaturation enthalpy
in this case, 446t 20 mJ g, is lower that the one measured
during the first heating and is similar to the renaturation enthalpy
observed during the first cooling. The differences in denaturation
and renaturation enthalpies during the first heating and the first
cooling and second heating suggest, if it is assumed that 100%
of the protein has denatured during the first heating, only
23~34% of lysozyme renatures during the first cooling, while
the rest has denatured irreversibly. On the second cooling, partial
renaturation of the protein is again observed and the renaturation
enthalpy is reduced further, 98 10 mJ g?*. This behavior

Figure 2 shows a mechanical spectrum performed at room suggests that, during each heating, a portion of the lysozyme is
temperature for the gel prepared in the presence of DTT. The denatured irreversibly, and as the number of heating/cooling

storage modulus) is found to be approximately an order of
magnitude larger than the loss modul@'), indicative of an
elastic rather than viscous material. Bo@i and G" are
essentially independent of frequency over the rangé-100?

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

cycles increases, more lysozyme denatures irreversibly. During
the third cooling almost no renaturation is observed as shown
by the enthalpy reported in Table 1 (where all the microDSC
data are summarized), suggesting that almost all the protein has
denatured irreversibly.

For the solution prepared in DTT/water mixture, three
endothermic transitions are observed during the first heating at

matches the characteristic signature of a solidlike gel. The value41.7+ 0.5, 67.84+ 0.5, and 74.5t 0.5°C (Figure 3b and Table

obtained forG' (~1000 Pa) is of the same order of magnitude
as the modulus reported in the literature for other cross-linked
biopolymer hydrogels including actin and agarésé. should

2). Lysozyme contains four disulfide bonds that are known to
be disrupted by the presence of DTT reducfrthis results
in the protein backbone becoming more flexible, allowing partial

be emphasized, however, that our gels are not chemically cross-unfolding of the native protein. The first endothermic transition

linked. They are thermoreversible and can be melted and re-

formed simply by heating and cooling the sample, which is a
characteristic exhibited by networks thatare physically cross-
linked through weak cooperative interactions that can be

disrupted at high temperature, for example, hydrogen-bonding,

electrostatic, or hydrophobic interactiofs.

Thermal Behavior. The thermal behavior of the lysozyme
solutions prepared in both pure water and DTT/water mixture
was investigated by microDSC. Typical thermographs for the
first two heating/cooling cycles are shown in Figure 3.

detected at 41.% 0.5 °C is thought to be due to this partial
unfolding of lysozyme. The increase in backbone flexibility also
results in lowering its stability, and both the temperature and
energy required to denature the protein decrease in comparison
to a pure lysozyme solution. Indeed the denaturation peak at
67.8+ 0.5 °C is reproducibly~8 °C lower and has a lower
associated enthalpy, 838 40 mJ g?, in comparison to the
lysozyme solution prepared without reductant, 12830 mJ

gL Such phenomena have been observed previously for HEWL

in concentrated ethanol solutiéAg®and for variants of WiId-CDV



Thermoreversible Protein Hydrogel as Cell Scaffold Biomacromolecules, Vol. 7, No. 10, 2006 2779

Table 1. Micro Differential Scanning Calorimetry Results for 3 mM Lysozyme Protein Solution in Pure Water

heating cooling
run 1 run 2 run 3 run 1 run 2 run 3
onset temperature, °C 67.7+0.5 68.7 £ 0.5 65.8 £ 0.5 795+ 0.5 68.2 £ 0.5 68.6 £ 0.5
peak temperature, °C 75.8 £ 0.5 753+ 0.5 74.3 £ 0.5 743+ 05 61.1+1.0 62.6 + 1.6
enthalpy, mJ g~* 1280 + 30 440 £+ 20 110 £ 10 290 + 10 90 + 10 40 + 10

Table 2. Micro Differential Scanning Calorimetry Results for 3 mM Lysozyme Protein Solution in a 20 mM DTT/Water Mixture

heating cooling
run 1, run 1, run 1,
1st transition  2nd transition  3rd transition run 2 run 3 run 1 run 2 run 3
onset temperature, °C ~ 37.6 +£ 0.5 59.2 + 0.5 69.2 + 0.5 60.2+05 628+05 66.1+05 682+05 68.6+05
peak temperature, °C ~ 41.7 +£ 0.5 67.8 4+ 0.5 745+ 0.5 734+05 745+05 603+05 61.1+1.0 61.7+16
enthalpy, mJ g1 32+1 830 + 40 250 + 10 4404+ 10 440+10 300+20 300+20 300+ 20
1 2 heating — temperature range in which the gelation exotherm is observed
1000 by microDSC (see Figure 3b). No renaturation peak is observed
] in microDSC during the first cooling and no further denaturation
g 1 transition occurs during the second heating of the sample,
-~ 1003 o, suggesting that in the presence of DTT the denaturation of
9 ] * lysozyme is complete after the first heating. This is probably
© 10_' X OO\ ~ due to the partial unfolding of the protein resulting from the
§ Q%% Q%db . disulfide bonds disruption caused by DTT, making the native
] - ]:m pro_teln less stable and_ more prone to o_Ienaturatlpn. These results
| validate that denaturation of lysozyme is irreversible under these
20 30 40 50 60 70 80 90 conditions.
Temperature / °C On the second heating in microDSC, a single broad endo-
Figure 4. Viscoelastic behavior of a 3 mM lysozyme DTT/water thermic transition that stretches over 35 is observed at 73.4
sample during initial cooling (from 85 to 20 °C) and second heating + 0.5°C. This corresponds to the macroscopic melting of the
(from 20 °C to 85 °C) at 1 °C min~*: (O) G'and (<) G" upon cooling; gel, and the transition temperature is in good agreement with
(®) G and (#) G" upon heating. the macroscopic melting temperature observed by visual inspec-

tion of the sample during heating. This type of broad melting
endotherm is often observed for hydrog€l©nce again this

is confirmed by the rheological data. As shown in Figure 4,
there is a significant decrease@ andG" from 55°C onward
during the second heating of the sample. At°€G' is still
decreasing and has not reached the value recorded before the
first cooling. This is due to the gel not being fully melted at 85
°C, while during the first cooling the system does not begin to
gel until 70°C; consequently it is still a liquid at 85C. This

is confirmed by the microDSC thermograph, where it is clear
that the melting transition of the gel is not complete until 90
°C (see Figure 3b). It should be noted that there is again good
agreement between the rheological and thermal measurements
as the melting temperature range observed is the same for both
methods. Both methods also show the presence of-&200C

type human lysozyme, where substituting specific key amino
acids disrupted the hydrogen-bonding network in the native
form 26 The temperature of the additional endothermic transition
observed at 74.5t 0.5 °C coincides with the denaturation
transition for lysozyme without DTT. The exact origin of this
transition is not clear to us at this point. It is known that DTT
does not fully disrupt all disulfide bonds of the protein in ethanol
solutions, hence this peak could originate from the denaturation
of residual native protein or from unfolding of the inner,
nondenatured structure if the hydrophilic DTT did not disrupt
the disulfide bonds present in the hydrophobic interior of the
protein?? It should be noted that the enthalpy of this transition
is small, indicating that the majority of protein has been affected
by DTT. Alternatively, it could be due to the melting of

aggregates or I|n'ks formed durlng the first heat!ng ofthe sample. hysteresis between the gelation and the melting of the sample.
As we will see, its temperature is in the melting range of the

lysozyme gels. This type of hysteresis is often observed for hydrogéls.

During the subsequent cooling of the lysozyme solution On further cooling and heating, the same gelation and melting

prepared in the presence of DTT, a single exothermic transition transitions were observed. The temperatures and enthalpies
at 60.3+ 0.5 °C is observed (Figure 3a). This transition obtained are reproducible as shown in Tables 1 and 2. These

temperature is 14C lower than the one observed in the results suggest that our system is indeed thermoreversible and
lysozyme/water system (Figure 3b) and correlates well with the the gel can be melted and re-formed by simple heating and
macroscopic gelation temperature observed by visual inspectionc00ling of the sample. Our results also show that gelation and
of the sample on cooling. This suggests that the transition me.ltlng. occurs through first-order transitions indicative of a
corresponds to the gelation of the lysozyme/DTT/water system. Solid—liquid-like transition.

This is also confirmed by our rheological measurements. In  Structure and Morphology. It has been shown that lysozyme
Figure 4 the storage and loss moduli of the sample are showncan form fibrils that are rich ing-sheet structure upon

as a function of temperature during the first cooling of the denaturation under conditions where the protein unfolds through
lysozyme/DTT/water system. As can be seen, a large increasea partially structured intermediait.26 Recent simulation studies

in the storage and loss moduli is observed from 68 t¢@5 support this view® To investigate the presence®theet fibrils
This temperature range is in very good agreement with the in our systems, the samples obtained after incubation fo&E)Q/
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Figure 5. Fourier transform infrared spectra for 3 mM incubated
protein prepared in pure D,O (— — —) and a DTT/D,0 mixture (—).
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Figure 7. Microstructure of a 3 mM lysozyme DTT/water hydrogel:
(a) cryo SEM micrograph of the gel network and (b) SANS scattering
curve at 25 °C.

stiff and would not be expected to entangle and form a 3D
network. However, it is likely as suggested by Figure 6b that
these fibrils align along their long axes and cluster to form larger
fibrillar structures.

The morphology of the hydrogel was examined by cryo-
scanning electron microscopy (cryo-SEM), and a typical
micrograph is shown in Figure 7a. It is evident that long fibers
have formed and become entangled to form a three-dimensional
network. The length and width of the fibers observed here seems
to be bigger than the single fibrils observed by TEM (Figure
6), reinforcing the earlier postulation that individual fibrils self-
assembled to form larger fibers that can form the physical cross-
links that create the three-dimensional network. Fiber width was
estimated to be ca. #20 nm. It is difficult to extract accurate
dimensions from such cryomicrographs due to the introduction
Figure 6. Transmission electron micrograph of negatively stained of artifacts and sample movement during preparation; conse-
fibrils from a 20-fold diluted 3 mM lysozyme hydrogel in the presence quently we turned to small-angle neutron scattering (SANS),
of DTT where the scale bar represents (a) 100 nm and (b) 200 nm. . . - L

where contrast was obtained by dissolving protein in a DTT/
min at 85°C were examined by Fourier transform infrared D,O mixture. To ensure thatd® does not adversely affect our
spectroscopy (FTIR) and transmission electron microscopy system, microDSC experiments were performed on gels pre-
(TEM). The FTIR spectrum of the protein/DTT/water mixture pared in a BO/DTT mixture. The same transitions, shifted by
(Figure 5) shows two additional peaks, in comparison to the 4 °C to higher temperatures, were observed, indicating that the
protein/water system, at 1616 and 1684 émwhich are system is not affected or only weakly affected by the substitution
indicative of intermolecular antiparallg#-sheet structuré® of protonated by deuterated water. The scattering curve obtained
These results show thatsheet fibrils are formed in the presence at 25°C is given in Figure 7b. A scattering maximum was
of DTT only. To observe the fibrils under TEM, a gel prepared observed at aj* value of 0.245 nm?. Neutron scattering is
in DTT/water mixture was diluted 20-fold in water and agitated sensitive to the difference in scattering density between phases,
vigorously to separate the fibrils. A typical TEM micrograph in our case the scattering density difference between the protein-
is given in Figure 6a. As can be seen, very thin fibrils-@f—6 rich phase, the network, and the protein-poor phase, the solvent.
nm diameter and-1 um in length are observed. No such fibril  Scattering patterns for multiphase systems are a complex
could be observed for the sample prepared in pure water. Thisfunction of the structure and the arrangement of the different
suggests that the disruption of the disulfide bonds, which is scattering phases. A rigorous interpretation of the origin of a
known to stabilize the partially folded state, is a prerequisite to single scattering peak in a SANS curve can be made only for
the fibrillation of lysozyme. When pure water is used, the specific arrangements and structures. In our case only an
disulfide bonds are not disrupted and consequently this doesestimated value of the average size of the scattering density
not allow fibril formation; hence a portion of the protein simply fluctuation of the observed morphology,can be obtained from
renatures upon cooling. The fibrils in TEM appear short and the position of the peak maximung*, through the Brag%DV
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Figure 8. Cell attachment and spreading after seeding (40 000 cells well"1) on 3 mM lysozyme DTT/water gels: (a) inversion light microscope

images where the scale bar represents 100 um, and (b) quantified cell number at 1, 4, and 7 days (for days 1—4, p < 0.0025; for days 4—7,
p < 0.05).

Cell number

relation®° 8b). Extensive spreading of cells on the gel surface was also
confirmed by environmental scanning electron microscopy
(ESEM) (Figure 9a), where cell morphologies were examined
in the fully hydrated stat&! Results suggest that lysozyme gels
prepared are biocompatible as they favor cell spreading and
d can be seen as an estimate of the network mesh size and ipromote cell proliferation. Actin filaments are the dominant
25.6 nm for our system. The narrow shape of the scattering mechanical support within the cell and determine the cell
maximum observed also suggests the presence of a regulamorphology. F-actin staining (Figure 9b) shows stretched actin
network with a relatively uniform mesh size. filaments (green), which align roughly in parallel with each
Our structural work suggests that lysozyme in a DTT/water other, indicating the development of organized actin filaments
mixture denatures irreversibly through a partially folded state in the form of stress fibers in celf8.These preliminary results
to form very thin -sheet-rich fibrils. These fibrils seem to  clearly show that our lysozyme gels are biocompatible and that
aggregate in larger fibers that physically cross-link through they provide a viable support for the cells.
lateral interactions and form the three-dimensional network of
the hydrogel. The melting and gelling transitions observed by Conclusions
microDSC are believed to be due to the disruption and formation
of the three-dimensional network formed by these larger fibers. A protein hydrogel has formed from lysozyme under reductive
Cell Attachment, Spreading, and Proliferation. To inves- conditions and its physical properties have been examined. The
tigate cel-hydrogel interactions, cured lysozyme gels were protein denatures and self-assembles to férsheet-rich fibrils
cultured with 3T3 fibroblasts and cell behavior within the that become entangled to form a three-dimensional hydrogel
hydrogel was followed by inversion light microscopy. Figure with an average pore size of 25.6 nm and mechanical properties
8a shows typical micrographs of the fibroblasts on the hydrogel comparable to natural biopolymers. The formation of the
surface 1, 4, and 7 days after seeding. It is evident that somef-sheet-rich fibrils is an irreversible process; however, their
cells assumed a stretched morphology after 1 day of cell culture aggregation and formation of physical cross-links that produce
while others still showed their original round morphology. the gel is thermally reversible. It has to be noted that the gels
Extensive spreading was observed after 4 days, and a markedbtained meet the criteria proposed by Daniel eB4ibr the
increase in cell number was noted after 7 days of cell culture. definition of thermoreversible gefd. Cell culture work has
Such results are comparable with those for several peptide-shown the resulting matrix was biocompatible, promoting cell
modified polymers, which alone are nonadhesive to éélls. attachment, spreading, and proliferation. In comparison with
Quantification of cell number by WST-1 assay revealed the polymer cell scaffolds, the preparation procedure of this protein
number of viable cells doubled from 47 2@0 9900 after 1 hydrogel is simple as there is no need for the additional
day to 94 900G+ 16 900 after 7 days of cell culture (see Figure incorporation of cell-adhesive peptide sequences, while the&%k—l

—2n
d= q* (1)
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Figure 9. (a) ESEM micrograph of fibroblast cells on the surface of
a 3 mM lysozyme gel at 5 °C and 6 Torr. (b) F-actin staining by FITC
phalloidin under the fluorescence microscope where stretched actin
filaments (green) are visible. Scale bars in both micrographs represent
50 um.
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