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Abstract: Gelatin is one of the most commonly used bio-
materials for creating cellular scaffolds due to its innocuous
nature. In order to create stable gelatin hydrogels at physio-
logical temperatures (378C), chemical crosslinking agents
such as glutaraldehyde are typically used. To circumvent
potential problems with residual amounts of these cross-
linkers in vivo and create scaffolds that are both physiolo-
gically robust and biocompatible, a microbial transgluta-
minase (mTG) was used in this study to enzymatically
crosslink gelatin solutions. HEK293 cells encapsulated in
mTG-crosslinked gelatin proliferated at a rate of 0.03 day-1.
When released via proteolytic degradation with trypsin,
the cells were able to recolonize tissue culture flasks, sug-
gesting that cells for therapeutic purposes could be deliv-
ered in vivo using an mTG-crosslinked gelatin construct.
Upon submersion in a saline solution at 378C, the mTG-

crosslinked gelatin exhibited no mass loss, within experi-
mental error, indicating that the material is thermally sta-
ble. The proteolytic degradation rate of mTG-crosslinked
gelatin at RT was slightly faster than that of thermally-
cooled (physically-crosslinked) gelatin. Thermally-cooled
gelatin that was subsequently crosslinked with mTG
resulted in hydrogels that were more resistant to proteoly-
sis. Degradation rates were found to be tunable with gela-
tin content, an attribute that may be useful for either long-
time cell encapsulation or time-released regenerative cell
delivery. Further investigation showed that proteolytic deg-
radation was controlled by surface erosion. � 2007 Wiley
Periodicals, Inc. J Biomed Mater Res 83A: 1039–1046, 2007
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INTRODUCTION

In the field of tissue engineering, there is great in-
terest in designing cellular scaffolds that are not
only biocompatible and physically robust, but also
biodegradable at a controlled rate. Hydrogels made
from thermally-cooled gelatin are one of the most
commonly used support matrices for mammalian
cell growth.1 The prevalence of gelatin hydrogels is
mainly due to their ability to closely simulate the
native environment of mammalian cells since gelatin
is the basic building block of collagen, a major com-
ponent of the extracellular matrix (ECM).1–3 The

employment of these natural biopolymers thus offers
a growth medium that is highly biocompatible with
both encapsulated cells and host tissues. However,
these physically-crosslinked gelatin hydrogels melt
at physiological temperature and are prone to pre-
mature degradation by proteolytic enzymes such as
gelatinase and collagenases.1 Many researchers have
sought to create more stable hydrogels by using ei-
ther UV-light or chemical crosslinkers (e.g. glutaral-
dehyde, carbodiimide, and diphenylphosphoryl az-
ide).2,4–6 Despite the improved mechanical strength
and proteolytic stability of synthetically crosslinked
hydrogels, the crosslinkers often elicit either cyto-
toxic side-effects or immunological responses from
the host.5–10 Photocrosslinked hydrogels may also
encounter a limitation in applications of deep tissue
implants, where light is unable to penetrate the host
tissue. These effects, in turn, diminish their overall
applicability as crosslinking agents. Thus, there is a
continuing need to develop cellular scaffolds that do
not make concessions for either the biocompatibility
or the physical stability of the hydrogel.
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To overcome the need to compromise either com-
patibility or stability, a naturally occurring protein
crosslinking enzyme, transglutaminase, was used in
this work to form a thermally stable hydrogel from
gelatin. Transglutaminase functions by catalyzing
the formation of covalent N e-(g-glutamyl) lysine
amide bonds between individual gelatin strands to
form a permanent network of polypeptides.11,12 This
enzyme is ubiquitous in nature, being found in
many species of the plant and animal kingdoms (e.g.
peas, oysters, shrimp, tuna, chickens, cows, and
humans).13,14 Microbial transglutaminase (mTG) is a
native protein that is innocuous15 and commonly
used in food manufacturing processes approved for
human consumption by the U.S. Food and Drug
Administration.5,6 The functional independence of
mTG with respect to proenzymes or calcium ions
and its high level of activity over a wide range of
temperatures (*50% at 378C, max. at 508C) and pH
values (*90% between 5 and 8) make the enzyme
amenable to a wide variety of gel formation and cell
encapsulation techniques and conditions.5,6,16,17 The
improved mechanical strength and the short process
time (<30 min for 4% gelatin at 378C) for mTG to
form a permanent gelatin network make this type of
hydrogel appropriate for live surgery procedures, as
well as injectable tissue engineering applications.18–20

To advance the usage of mTG towards these applica-
tions, this work seeks to (1) demonstrate the biocom-
patibility of mTG-crosslinked gelatin hydrogels as
3D cellular scaffolding media, and (2) characterize
the thermal stability and proteolytic degradability of
these hydrogels. Biocompatible cellular scaffolds
with tunable degradation rates can potentially be uti-
lized in a wide variety of applications, ranging from
the immuno-isolative encapsulation of cells to time-
released delivery of cells for regenerative medicine.

MATERIALS AND METHODS

Maintenance of cell cultures

The attachment-dependent, human embryonic kidney
cell line, HEK293 (Flp-InTM-293, Invitrogen) was cultured
in Dulbecco’s Modified Eagle’s Media containing high glu-
cose (4.5 g/L), GlutMAXTM I (3.97 mM) (DMEM, Invitro-
gen), with added fetal bovine serum (10%, FBS, Sigma)
and zeocin (100 mM, Invitrogen) (complete media). Cells
were cultured in 75 cm2-tissue culture flasks (Costar) and
subcultured every 2–3 days as the population approached
80–90% confluency. Cells were passaged by first aspirating
the spent media and then rinsing with Dulbecco’s Phos-
phate Buffer Solution without Ca2þ or Mg2þ (DPBS-cm,
Invitrogen). Rinsed cells were then incubated in 2 mL of a
0.25% trypsin with 0.03% EDTA solution (Sigma) for 5 min
in their normal growth environment (378C, 8% CO2 incu-
bator). Cells were passaged with a 1:10 split ratio and sup-

plemented with fresh complete media up to 12 mL for fur-
ther growth.

Thermally- and transglutaminase-crosslinked
gelatin hydrogels

Three different methods were employed to generate gel-
atin hydrogels for this study: (1) physical crosslinking via
thermal cooling (T-Gels), (2) covalent crosslinking via the
enzyme mTG (mTG-Gels), and (3) a combined approach,
thermal cooling followed by mTG crosslinking (Hybrid-
Gels). T-Gels were formed by first dissolving 300-bloom
gelatin (Type A, Sigma) in DMEM þ FBS at 708C for 10
min at a gelatin concentration of 0.04 g/mL (4%), followed
by sterile filtration through 0.22 lm SteriFlip (Millipore)
media filters before thermally setting at 48C for 24 h. These
physically-crosslinked hydrogels are not permanent and
are thermally reversible. mTG-Gels (4%) were made by
mixing 4 mL of a 10% gelatin solution in DMEM þ FBS
with 0.8 mL of a sterile filtered stock solution of mTG
(10%, Ajinomoto) and 5.2 mL of DMEM þ FBS. Stock mTG
solution was made by first dissolving mTG powder in
DMEM þ FBS at 508C for 10 min and then sterile filtering
through 0.22 lm Millex (Millipore) syringe filters. The
crosslinking reaction took place in a cell culture incubator
set at 378C for 24 h. Hybrid-Gels were formed by first cool-
ing gelatin in DMEM þ FBS (4, 10, 15, or 25%) at 48C for
12 h without mTG. Then, an equal volume of the 10% mTG
stock solution was overlaid on top of the thermally-cooled
hydrogel to enzymatically crosslink the physical hydrogel.
The reaction phase took place in an incubator at 378C for
an additional 12 h. High concentration gelatin solutions (15
and 25%) could not be obtained by simple mixing owing to
the high viscosity of gelatin solutions as dissolution pro-
ceeds. Instead, gelatin was initially dissolved at a lower
concentration and water evaporated at 708C to arrive at the
desired concentration. The final concentration was calcu-
lated from the difference in initial and evaporated weights.

Cell encapsulation and culture

Three-dimensional cell encapsulates were formed in an
mTG-Gel with a gelatin concentration of 0.04 g/mL (4%).
The gelatin and mTG solutions were sterile filtered and
equilibrated in a 378C water bath for 20 min prior to mix-
ing with the HEK293 cells in order to prevent heat shock.
Encapsulates were formed in white-wall, clear-bottom, 96-
well tissue culture plates (Costar) with 60 lL/well.
HEK293 cells were used at a density of 2000 cells per
60 lL. Mixtures of cells and the hydrogel precursor solu-
tion were immediately aliquoted into well plates in order
to avoid thermal cooling. Once the hydrogel was formed,
the cell encapsulates were incubated under normal cell
culture conditions (378C, 8% CO2) with an overlay of
100 lL of complete media.

In situ cell proliferation assay

The proliferation of encapsulated HEK293 cells was
monitored with two membrane-permeable nucleic acid
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dyes, SYTO-16 and Hoechst 33342 (Molecular Probes; Invi-
trogen). Although both dyes can bind DNA, SYTO-16 can
also stain RNA, cytoplasm, and mitochondria. Both dyes
have the property of fluorescing only when bound to
nucleic material, but not while they are free or simply
interacting with proteins such as gelatin. Cell encapsulates
were stained within the 96-well plates by first aspirating
the media overlays and then incubating each well with
60 lL of either dye at 23 concentrations (SYTO-16 ¼ 2
lM, max Ex/Em ¼ 489/520 nm; Hoechst 33342 ¼ 20 lg/

mL, max Ex/Em ¼ 350/460 nm). Stock reagents of both
dyes were made with Dulbecco’s Phosphate Buffer Solu-
tion (DPBS, Invitrogen) and stored in the dark at 48C until
needed. The fluorescence of stained cells was measured
with an LS55 fluorescence microplate reader (Perkin–
Elmer). Since fluorescence intensity measurements were
found to vary with incubation time (data not shown), an
arbitrary incubation period of 4 h was fixed for all in situ
assays.

Thermal stability and proteolytic degradability

The three types of gelatin hydrogel were tested for their
ability to resist thermal and proteolytic degradation using
mass loss experiments. Two milliliter volumes of each
hydrogel precursor solution were cast in separate 35-mm
Petri dishes (9.6 cm2) and allowed to set overnight before
thermally or proteolytically challenged. Thermal stability
was examined by incubating the hydrogels in a DPBS solu-
tion at 378C. Proteolytic degradability was examined by
incubating the hydrogels in a solution of 0.25% trypsin
with 0.03% EDTA at room temperature (RT). All treat-
ments were performed on an orbital shaker (75 rpm). Petri
dishes were weighed on an analytical balance (Mettler Tol-
edo AE50) immediately prior to immersion in a treatment
solution and at various time points until the gel had fully
degraded. Special care was taken to remove excess treat-
ment solution by using blotting paper on the gel surface as
well as the exposed surfaces of the dish. To determine
whether or not surface or bulk erosion controlled proteo-
lytic degradation, hydrogels were cast either in Petri
dishes of variable surface area (9.6, 28.3, and 78.5 cm2) at a
fixed height (0.21 cm) or in Petri dishes with a fixed sur-

Figure 1. HEK293 cells (2,000 cells/well) were encapsu-
lated in 4% mTG-Gels (60 lL/well) and initially seeded
into 96-well plates with white walls and clear bottoms.
Hoechst 33342 staining (4–h incubation) showed that
encapsulated cells were proliferating at a linear rate of
*0.03 day�1 (r2 ¼ 0.98, p ¼ 4.4 3 10�6).

Figure 2. HEK293 cells stained with Hoechst 33342 can be seen proliferating while they are encapsulated in the 4%
mTG-Gel. Cells formed spherical clusters that increased in size with time. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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face area (9.6 cm2) at variable heights (0.10, 0.21, 0.31, and
0.42 cm).

Statistical analysis

All data points shown in this work represent averaged
values from experiments done in triplicate, at a minimum.
Error bars represent standard deviations. Single-factor
ANOVA calculations, using Mathematica v 5.1 and MS
Excel 2003, are used to determine the coefficient of deter-
mination (r2) and probability of statistical significance (p)
for linear regressions.

RESULTS AND DISCUSSION

Biocompatibility and cell proliferation

To determine the suitability of nucleic acid staining
for measuring cell proliferation, calibration curves
between cell number and fluorescence intensity

within each well were developed for both the SYTO-
16 and Hoechst 33342 dyes. SYTO-16 staining pro-
duced a Langmuir-like relationship between cell
number and fluorescence, presumably due to satura-
tion. This was less suitable as a calibration curve as
compared to Hoechst 33342 staining, which yielded a
reasonable linear fit of 5.05 3 105 cells/RFU between
0 and 40,000 cells/well (r2 ¼ 0.99, p ¼ 6.3 3 10�10).

The proliferation of HEK293 cells encapsulated in
4% mTG-Gels, with an initial concentration of 2000
cells/well, was monitored with Hoechst 33342 stain-
ing for a 3-week period. Negative controls using
stained gelatin hydrogels without any cells were
made for each sampling time point. Cell numbers
were calculated by multiplying the normalized ratio
of fluorescence intensity (RFUsample/RFUnegative control)
by the initial cell concentration. As shown in Figure
1, the HEK293 cells proliferated within the hydrogel
at a linear growth rate of 0.03 day�1 (r2 ¼ 0.98, p ¼
4.4 3 10�6).

Images of the fluorescently stained cells (Fig. 2)
showed that singly encapsulated cells were replicat-
ing in place and forming spherical clusters within
the hydrogels. Similarly, encapsulated HEK293 cells
that were cast in 6-well tissue culture plates and
grown for over 1 month were observed to form clus-
ters 1–2 mm in diameter. As a direct and qualitative
demonstration of cell viability, these hydrogels were
physically broken into smaller pieces (length ¼ 4
mm) and incubated in a 0.25% trypsin þ 0.03%
EDTA solution at 378C for 20 min, in order to release
the proliferating cells. The majority of these clusters
(>90%), when incubated under normal cell culturing
conditions, were able to spread out and re-colonize
plate surfaces [Fig. 3(A)]. Released cells that were of
smaller cluster sizes or even singlets were also able
to re-attach and propagate [Fig. 3(B)]. Together, the

Figure 3. Encapsulated HEK293 cells were released by
masticating the mTG-Gels followed by a 20-min incubation
with a 0.25% trypsin þ 0.03% EDTA solution at 378C.
Released cells appeared as clusters (A), as well as singlets
(B). Both forms of released cells were able to re-attach to
tissue culture plates under normal incubation conditions
(378C, 8% CO2). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 4. Exposure of the three 4% hydrogels (T-Gel,
mTG-Gel, and Hybrid-Gel) to 378C (in DPBS) showed that
only the T-Gel was susceptible to thermal degradation.
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results in Figures 1–3 demonstrate that HEK293 cells
encapsulated in mTG-crosslinked gelatin hydrogels
were able to maintain high viability for at least 3
weeks.

Thermal stability of mTG-gels

Since mTG crosslinks gelatin covalently, the result-
ing hydrogel should be stable at physiological temper-
atures. To simulate thermal conditions in vivo, 4%
mTG-Gels and 4% T-Gels were placed in a 378C DPBS
bath and removed for weighing at various time
points. As shown in Figure 4, physically crosslinked
T-Gels were highly susceptible to melting, as ex-
pected, at physiological temperature (initial degrada-
tion rate, �Ri ¼ 63.8 min�1; p ¼ 1.6 3 10�8). Most of
the original mass of the hydrogel disappeared within
the first 30 min. mTG-Gels, however, were resistant to
thermal degradation, within experimental error, and
remained intact for the 4 h of observation (Fig. 4).

Proteolytic degradation

To simulate enzymatic degradation in vivo, 4%
mTG-Gels and 4% T-Gels were placed in the tryp-
sin/EDTA solution described above at RT and again
removed at various time points for weighing (Fig. 5).
The mTG-Gels degraded at a slightly faster rate (10.1
min�1; p ¼ 1.4 3 10�19) when exposed to trypsin
than the T-Gels (9.0 min�1; p ¼ 7.0 3 10�23). It was

Figure 5. Proteolytic degradation by trypsin at RT
revealed that mTG-Gels were slightly less resistant to pro-
teolytic degradation than T-Gels, but that Hybrid-Gels,
formed by thermal cooling prior to mTG exposure,
matched the T-Gels.

Figure 6. Proposed scheme of hydrogel formation: Hybrid-Gels were found to be more resistant to proteolysis compared
mTG-Gels. An explanation may be that thermal cooling allows gelatin to first self-organize into a tight network of poly-
peptides through hydrogen bonding. Once this network is formed, there are more potential junction points where mTG
crosslinking can occur, creating a denser hydrogel. mTG-Gels, however, are unable to form this tight network since mTG
is added directly to the gelatin solution. The result is a less tightly packed hydrogel with a larger mesh size, which
may be more susceptible to proteolytic attack. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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hypothesized that mTG-Gels may be more suscepti-
ble to degradation because mTG creates a looser net-
work than that formed by thermal cooling (Fig. 6).
As a result, mTG-Gels have a larger mesh size than
T-Gels, allowing them to be more susceptible to pro-
teolytic attack despite being thermally stable. From
these results, it was hypothesized that a 4% Hybrid-
Gel would have the same mesh size as a T-Gel with
the added thermal stability of an mTG-Gel with its
covalent crosslinks. When 4% Hybrid-Gels were sub-
jected to the same trypsin bath as before, they were
found to be more resistant to proteolytic degradation
than 4% mTG-Gels. The rate of degradation (8.9
min�1) was, in fact, similar to the 4% T-Gels (Fig. 5).
The Hybrid-Gels also proved to be resistant to ther-
mal degradation, as no mass was lost over a 4-h pe-
riod, when exposed to a 378C DPBS solution (Fig. 4).

Tunable degradability of Hybrid-Gels

Since degradation rates of hydrogels can typically
be influenced by polymer and crosslinking densities

(mesh size), increasing gelatin concentration may be
a simple method of retarding the proteolytic degra-
dation rate. Hybrid-Gels of four concentrations (4,
10, 15, and 25%) were tested for their resistance to
proteolytic degradation by the trypsin solution.
Measurements of fractional mass remaining in the
hydrogels showed that initial degradation rates
decreased as a function of increasing gelatin concen-
tration, as expected (Fig. 7 and Table I). The reduc-
tion in initial degradation rate, however, was not lin-
ear with respect to gelatin concentration. A sharp
decrease in the rate of proteolytic degradation was
observed between concentrations of 4 and 10% (Fig.
7). This disproportionate decrease in the degradation
rate may reflect a critical mesh size necessary for
trypsin to penetrate the hydrogel beyond the surface,
over the time scale of the degradation process. In
other words, below this critical mesh size, the rate at
which trypsin permeates the hydrogel is significantly
less than the rate of degradation.

Visually, the hydrogels appear to degrade by a
surface erosion mechanism. The surfaces remain
smooth with no significant defects and only the
height changed as mass was lost. To investigate
whether or not proteolytic degradation was con-
trolled by surface erosion, 10% Hybrid-Gels were set
in Petri dishes of either variable surface area at a
fixed height or fixed surface area at different heights.
Since degradation rate is calculated based on nor-
malized mass loss ([gf/gi]/min), if degradation is
controlled by surface erosion, the total mass lost per
unit time (g/min) would scale linearly with surface
area resulting in a normalized degradation rate
(min�1) that is independent of surface area at a fixed
height. Similarly, normalized degradation rates that
scale with (height)�1 at a fixed surface area would
also be indicative of surface controlled erosion. As
shown in Figure 8, both conditions are met and sur-
face erosion controls the rate of proteolytic degrada-
tion. This phenomenon would likely apply to
Hybrid-Gels of a higher gelatin concentration, since
increasing the gelatin content decreases the mesh
size, further limiting proteolytic degradation to the
surface of the hydrogel.

Figure 7. Proteolytic degradation by trypsin at RT for
four Hybrid-Gels (4, 10, 15, and 25%). Disproportionate
drop in initial rate between 4 and 10% may indicate a criti-
cal mesh size for trypsin permeation over the time scale of
measurement.

TABLE I
Thermal and Enzymatic Degradation Rates for Various Forms of Hydrogels (310�3 min�1)

Hydrogel Form

Initial Degradation Rate (310�3 min�1)

378C DPBS 0.25% Trypsin þ 0.03% EDTA at RT

% Gelatin 4 4 10 15 25

T-Gel 63.8 6 0.0 9.0 6 0.8 – – –
mTG-Gel �0.1 6 0.2 10.1 6 1.2 – – –
Hybrid-Gel 0.1 6 0.2 8.9 6 0.7 1.3 6 0.3 0.9 6 0.2 0.3 6 0.2
Fully hydrated Hybrid-Gel – – 2.7 6 0.3 1.5 6 0.2 –
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To further test the applicability of using mTG
crosslinked hydrogels as cellular scaffolds in vivo,
the degradation rate was determined for hydrogels
in a fully hydrated state. Ten and 15 % Hybrid-Gels
were formed as before and soaked in DPBS for 24 h
before performing degradation experiments with
trypsin. As Figure 9 shows, swelling the hydrogels
to their equilibrium water content made them more
susceptible to proteolytic degradation at both gelatin
concentrations. This result suggests that Hybrid-Gels
may have slightly faster degradation rates once
implanted as a result of scaffold hydration by the
host.

CONCLUSIONS

The objective of this study was to demonstrate
that gelatin hydrogels crosslinked by mTG were bio-
compatible with encapsulated cells, such that they
may be used as a 3D cellular scaffold. The ability of

HEK293 cells to proliferate within the hydrogel and
then re-colonize cell culture surfaces once released
from encapsulation demonstrated that mTG-Gels
were indeed biocompatible. mTG-crosslinked hydro-
gels were also shown to be resistant to thermal deg-
radation, in contrast to physically-crosslinked (ther-
mally-cooled) hydrogels, but were proteolytically
degraded at a slightly faster rate. Thermally setting a
gelatin solution followed by enzymatic crosslinking
with mTG (Hybrid-Gels), resulted in a hydrogel that
was more resistant to proteolytic attack than mTG-
Gels, yet maintained thermal stability. Measurement
of the degradation rate, under conditions of either
variable surface area or variable height, supported
the hypothesis that degradation occurred through a
mechanism of surface erosion. Degradation rates of
Hybrid-Gels were found to be tunable with gelatin
concentration. Fully hydrated Hybrid-Gels, which
were designed to more closely simulate physiologi-
cal conditions, resulted in slightly higher degrada-
tion rates for both 10 and 15% Hybrid-Gels. This ob-
servation, together with the sudden increase in deg-
radation rate seen in Figure 7 between 10 and 4%,
suggests that the degradation mechanism in vivo
could shift from surface to bulk erosion, or at a mini-
mum, a mixed-control mechanism including both.

Gelatin concentrations above 10% were found to
be much more resistant to proteolytic degradation
compared to the 4% hydrogel used for cell encapsu-
lation. Higher gelatin concentrations could be used
for cellular scaffolding, but are not preferable since
denser structures may be too confining for most cell
types, which do not proliferate well in a rounded
morphology.21–24 Although the ability of cells to sur-
vive direct encapsulation at higher gelatin concentra-
tions was not examined, these hydrogels could serve

Figure 8. Proteolytic degradation rate at RT for 10%
Hybrid-Gels as a function of (A) surface area at fixed
height (0.21 cm) and (B) (height)�1 at fixed surface area
(9.69 cm2). Both results suggest proteolysis is controlled by
surface erosion.

Figure 9. Effect of water content on proteolytic degrada-
tion at RT for 10 and 15% Hybrid-Gels. Those allowed to
swell to equilibrium in DPBS (*, open symbols) were
found to be more susceptible than the as-prepared hydro-
gels.
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as an outer protective coating for cells that are
encapsulated in a 4% mTG-Gel. Encapsulated cell
cores surrounded by high-density gelatin shells, both
utilizing mTG-Gels with customizable degradation
rates, may be one means of delivering regenerative
cells in a controlled manner.

Facilities and equipment were provided by the Univer-
sity of Maryland Biotechnology Institute (UMBI), Center
for Biosystems Research (CBR).

References

1. Lee KY, Mooney DJ. Hydrogels for tissue engineering. Chem
Rev 2001;101:1869–1879.

2. Drury JL, Mooney DJ. Hydrogels for tissue engineering: Scaf-
fold design variables and applications. Biomaterials 2003;
24:4337–4351.

3. Bruce Alberts DB, Lewis J, Raff M, Watson JD. Molecular
Biology of the Cell. New York:Garland Science; 1994.

4. Elisseeff J, Anseth K, Sims D, McIntosh W, Randolph M
Langer R. Transdermal photopolymerization for minimally
invasive implantation. Proc Natl Acad Sci USA 1999;96:3104–
3107.

5. Choi YS, Hong SR, Lee YM, Song KW, Park MH, Nam YS.
Study on gelatin-containing artificial skin. I. Preparation and
characteristics of novel gelatin-alginate sponge. Biomaterials
1999;20:409–417.

6. Choi YS, Hong SR, Lee YM, Song KW, Park MH, Nam YS.
Studies on gelatin-containing artificial skin. II. Preparation
and characterization of cross-linked gelatin-hyaluronate sponge.
J Biomed Mater Res 1999;48:631–639.

7. Williams CG, Malik AN, Kim TK, Manson PN, Elisseeff JH.
Variable cytocompatibility of six cell lines with photoinitia-
tors used for polymerizing hydrogels and cell encapsulation.
Biomaterials 2005;26:1211–1218.

8. Gendler E, Gendler S, Nimni ME. Toxic reactions evoked by
glutaraldehyde-fixed pericardium and cardiac valve tissue
bioprosthesis. J Biomed Mater Res 1984;18:727–736.

9. Liang HC, Chang WH, Lin KJ, Sung HW. Genipin-cross-
linked gelatin microspheres as a drug carrier for intramuscu-
lar administration: In vitro and in vivo studies. J Biomed
Mater Res A 2003;65:271–282.

10. Barker H, Oliver R, Grant R, Stephen L. Formaldehyde as a
pre-treatment for dermal collagen heterografts. Biochim Bio-
phys Acta 1980;632:589–597.

11. Chen TH, Small DA, McDermott MK, Bentley WE, Payne GF.
Enzymatic methods for in situ cell entrapment and cell
release. Biomacromolecules 2003;4:1558–1563.

12. Chen T, Embree HD, Brown EM, Taylor MM, Payne GF.
Enzyme-catalyzed gel formation of gelatin and chitosan: Poten-
tial for in situ applications. Biomaterials 2003;24:2831–2841.

13. Yokoyama K, Kikuchi Y, Yasueda H. Overproduction of DnaJ
in Escherichia coli improves in vivo solubility of the recombi-
nant fish-derived transglutaminase. Biosci Biotechnol Bio-
chem 1998;62:1205–1210.

14. Yokoyama K, Nio N, Kikuchi Y. Properties and applications
of microbial transglutaminase. Appl Microbiol Biotechnol
2004;64:447–454.

15. Kobayashi K, Hashiguchi K, Yokozeki K, Yamanaka S. Molec-
ular cloning of the transglutaminase gene from Bacillus subti-
lis and its expression in Escherichia coli. Biosci Biotechnol Bio-
chem 1998;62:1109–1114.

16. Ohtsuka T, Ota M, Nio N, Motoki M. Comparison of substrate
specificities of transglutaminases using synthetic peptides as
acyl donors. Biosci Biotechnol Biochem 2000;64:2608–2613.

17. Paguirigan A, Beebe DJ. Gelatin based microfluidic devices
for cell culture. Lab Chip 2006;6:407–413.

18. McDermott MK, Chen T, Williams CM, Markley KM, Payne
GF. Mechanical properties of biomimetic tissue adhesive
based on the microbial transglutaminase-catalyzed crosslink-
ing of gelatin. Biomacromolecules 2004;5:1270–1279.

19. Elisseeff J. Injectable cartilage tissue engineering. Expert Opin
Biol Ther 2004;4:1849–1859.

20. Broderick EP, O’Halloran DM, Rochev YA, Griffin M, Col-
lighan RJ Pandit AS. Enzymatic stabilization of gelatin-based
scaffolds. J Biomed Mater Res B Appl Biomater 2005;72:37–42.

21. Ingber DE. Cellular mechanotransduction: Putting all the
pieces together again. FASEB J 2006;20:811–827.

22. Chen CS, Mrksich M, Huang S, Whitesides GM, Ingber DE.
Geometric control of cell life and death. Science 1997;276:
1425–1428.

23. Dike LE, Chen CS, Mrksich M, Tien J, Whitesides GM Ingber
DE. Geometric control of switching between growth, apopto-
sis, and differentiation during angiogenesis using micropat-
terned substrates. In Vitro Cell Dev Biol Anim 1999;35:441–
448.

24. Singhvi R, Kumar A, Lopez GP, Stephanopoulos GN, Wang
DI, Whitesides GM Ingber DE. Engineering cell shape and
function. Science 1994;264:696–698.

1046 YUNG ET AL.

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a


