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In the present work, porous gelatin scaffolds were prepared by cryogenic treatment of a chemically cross-linked
gelatin hydrogel, followed by removal of the ice crystals formed through lyophilization. This technique often
leads to porous gels with a less porous skin. A simple method has been developed to solve this problem. The
present study demonstrates that the hydrogel pore size decreased with an increasing gelatin concentration and
with an increasing cooling rate of the gelatin hydrogel. Variation of the cryogenic parameters applied also enabled
us to develop scaffolds with different pore morphologies (spherical versus transversal channel-like pores). In our
opinion, this is the first paper in which temperature gradients during controlled cryogenic treatment were applied
to induce a pore size gradient in gelatin hydrogels. With a newly designed cryo-unit, temperature gradients of 10
and 30°C were implemented during the freezing step, resulting in scaffolds with average pore diameters of,
respectively,(116 and(330 µm. In both cases, the porosity and pore size decreased gradually through the
scaffolds. Pore size and structure analysis of the matrices was accomplished through a combination of
microcomputed tomography using different software packages (µCTanalySIS and Octopus), scanning electron
microscopy analysis, and helium pycnometry.

1. Introduction

The domain of tissue engineering has been studied extensively
over the past decades, since there is a need for new, innovating
technologies making the replacement or repair of failing tissues
possible.1,2 A frequently applied approach is the development
of porous scaffolds containing bioactive compounds such as
glycosaminoglycans and/or growth factors.3-6 Autologous or
allogenic cells can be seeded and cultured on these materials
resulting in newly formed tissue in vitro7 or in vivo.7,8 In the
past, a large number of materials, synthetic as well as natural,
have been proposed as cell carriers. The most frequently used
synthetic polymers include poly(glycolic acid), poly(D,L-lactic
acid), and poly(D,L-lactic-co-glycolic acid) copolymers.9-11

Common natural cell matrices include chitosan,12,13collagen,14,15

and gelatin.16-18 In the present work gelatin was selected, since
it is a self-assembling, nontoxic, biodegradable, inexpensive,
and nonimmunogenic material.18 It has been widely applied in
medicine as a wound dressing19 and as an adhesive and
absorbent pad for surgical use. Moreover, in previous studies

on gelatin-based sponges, it was shown that acellular sponges
containing gelatin have potential applications in the field of
tissue engineering.8 The gel-sol transition temperature of gelatin
is approximately 30°C. In the present work, gelatin was
derivatized with methacrylamide side chains enabling chemical
cross-linking to avoid dissolution at body temperature (37°C).20

A material to be applied as a scaffold should fulfill certain
requirements. First, high porosity is required to support diffusion
of oxygen and nutrients toward the cells and drainage of waste
products from the matrix. In addition, pore interconnectivity is
important to promote phenomena such as cell migration and
angiogenesis. Second, the porous biomaterials should be bio-
compatible and in some cases also biodegradable.16,21

The pore size required for cell ingrowth depends on the cell
type seeded on the matrix.11 For porous silicon nitride scaffolds,
endothelial cells bind preferentially to scaffolds with pores
smaller than 80µm, while fibroblasts preferentially bind to larger
pores (>90 µm).14 A pore size gradient through the scaffold
could be favorable in some cases.

At present, different techniques exist to fabricate porous
scaffolds including porogen leaching,9,16 phase separation,22

emulsion freeze-drying,11 solvent evaporation,23 gas foaming,24

and fiber bonding.25

In the present study, a combination of phase separation and
freeze-drying was used to induce pore formation within gelatin
hydrogels. When an aqueous gelatin solution is solidified (i.e.,
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frozen), phase separation occurs between the growing ice
crystals and the concentrated gelatin solution (nonfrozen liquid
microphase).26,27 After sublimation of the ice crystals (freeze-
drying), a porous scaffold originates. With a novel cryo-setup,
developed in our laboratory, the cooling rate, the temperature
gradient, and the final freezing temperature during the cryogenic
treatment can be varied in a controlled manner. In addition, we
also varied the gelatin concentration.

Scanning electron microscopy (SEM), helium pycnometry
(He pycnometry), and microcomputed tomography (µ-CT)
analysis were applied for evaluating the porous gelatin hydrogels
developed.

2. Materials and Methods

2.1. Materials. Gelatin (type B), isolated from bovine skin by an
alkaline process, was kindly supplied by Rousselot, Ghent, Belgium.
Gelatin samples with an approximate isoelectric point of 5 and a Bloom
strength of 257 were used. Methacrylic anhydride (MAA) was
purchased from Aldrich (Bornem, Belgium) and was used as received.
Dialysis membranes Spectra/Por 4 (molecular weight cutoff of 12 000-
14 000 Da) were obtained from Polylab (Antwerp, Belgium). 1-[4-(2-
Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one (Irga-
cure 2959) was a kind gift from Ciba Speciality Chemicals N.V. (Groot-
Bijgaarden, Belgium). An long wavelength UV lamp model VL-400L
(Vilber Lourmat, Marne La Valle´e, France) was used for sample curing.

2.2. Preparation of Cross-Linked Gelatin Hydrogels.Gelatin was
chemically modified with methacrylamide side groups, as described
in a previous paper.20 A derivative with a degree of substitution of
60% was selected for this work. The degree of substitution is defined
as the percentage of the free amino groups being modified. As an
example, the synthesis of 10% (w/v) gelatin is given. In a typical
experiment 1 g of modified gelatin was dissolved in 10 mL of distilled
water at 40°C, containing 2 mol % photoinitiator Irgacure 2959 as
calculated relative to the methacrylamide side chains. The solution was
then injected into the mold of the cryo-unit schematically shown in
Figure 1, after which the solution was allowed to gel for 1 h atroom
temperature. In a final curing step, the hydrogel was exposed to UV
light (276 nm, 10 mW/cm2) for 2 h.

2.3. Preparation of Gelatin Scaffolds with Different Pore Sizes.
After the chemically cross-linked hydrogel was placed in the cryo-
unit, the temperature of freezing and the cooling rate were programmed
with a Julabo, type FP40-ME. Under the bottom of the mold, a Peltier
element (also known as a thermoelectric cooler (TEC)) was positioned.
This device enables a temperature gradient of a maximum of 30°C to
be established between the top and the bottom of the mold. The TEC
used was a DuraTec DT12 type from Marlow industries. The aluminum
heat exchangers and the electronic TEC controller were designed, built,
and assembled by the technical workshop (CWFW) of the Faculty of
Sciences, Ghent University. For the samples obtained by applying a
temperature gradient, the temperature at the top of the mold was the
highest.

After incubation of the sample for 1 h at the final freezing
temperature, the frozen hydrogel was transferred to a freeze-dryer to
remove the ice crystals, resulting in a porous scaffold.

2.4. Preparation of Gelatin Scaffolds with a Dissolvable Skin.
Gelatin scaffolds with a dissolvable skin were prepared as described
in section 2.3. Before application of the cryogenic treatment, a 10%
(w/v) solution of nonmodified gelatin was injected on the top and the
bottom of the chemically cross-linked hydrogel, which was positioned
in the mold of the cryo-unit. The resulting layer was 0.5 mm in thickness
on a 5-mm-thick hydrogel. After cryogenic treatment and freeze-drying
of the hydrogels, the samples were incubated in deionized water at
40 °C for 5 h. Freeze sections of the incubated scaffolds were made
with a microtome and studied using optical microscopy (section 2.5.4).

2.5. Characterization of Porous Scaffolds.2.5.1. Microcomputed
Tomography.In this study, a “Skyscan 1072” X-ray microtomograph
was used. This compact desktop system, consisting of an X-ray shadow
microscopic system and a computer with tomographic reconstruction
software, generates high-resolution images for small samples (7 mm
in diameter). During a measurement, both the X-ray source and the
detector are fixed while the sample rotates around a stable vertical axis.
Samples were scanned at a voltage of 130 kV and a current of 76µA.
Random movement and multiple-frame averaging were used to
minimize the Poisson noise in the images. The spot size of the
Hamamatsu microfocus tube limits the spatial resolution of the
reconstructed slices to 10µm in the X, Y, and Z directions. During
acquisition, X-ray radiographs are recorded at different angles during
stepwise rotation between 0° and 180° around the vertical axis. The

Figure 1. Schematic overview of the programmable cryo-unit applied for the preparation of the porous gelatin scaffolds.
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attenuation of the X-rays passing through a sample when scanning is
performed depends on the atomic number of the material and its density.
These two features are crucial in the resulting contrast of the images.

After reconstruction of the two-dimensional (2D) cross-sections,
three-dimensional (3D) softwareµCTanalySIS28,29was used to segment
the images and determine their 3D porosity and pore size distribution.
For the determination of the pore size distribution, each pore was filled
with the largest sphere possible (the so-called “maximum opening”).
The total volume filled by this maximum sphere was determined during
the analysis. Subsequently, the software filled the total volume of each
pore with a smaller sphere, while its total filling volume was determined.
This process continued until the total volume of each pore was
comprised with the smallest inscribed sphere, with a size of one voxel
(Figure 2). From this analysis, data for all pores were acquired.

Another software program, Octopus,30,31 was also used to analyze
certain images and to show the similarity with micrographs generated
using SEM. Octopus is a server/client tomography reconstruction
package for parallel and cone beam geometry.

2.5.2. Scanning Electron Microscopy.The morphology of gold-
sputtered scaffolds was examined using the scanning electron micro-
graphs obtained on a Fei Quanta 200F (field emission gun) scanning
electron microscope. Ten pore diameters were measured randomly, and
the average pore diameter and deviation were calculated.

2.5.3. Helium Pycnometry.The porosity of the hydrogels was studied
using a He pycnometer (Accupyc 1330, Norcross, GA). Each measure-
ment was performed in duplicate.

2.5.4. Optical Microscopy.Visualization of the freeze sections
obtained (section 2.4) was performed using an Axiotech 100 reflected
light microscope (Carl Zeiss), with a reflected light brightfield for
Köhler illumination.

3. Results and Discussion

In the present study, porous gelatin scaffolds were generated
by a cryogenic treatment of a chemically cross-linked gelatin
hydrogel. This leads to phase separation between the nonfrozen
liquid microphase (concentrated gelatin solution) and the
growing ice crystals. Finally, porous structures were obtained
by lyophilization. For the development of different porous
hydrogels, a specially designed cryo-unit was applied. The setup,
as depicted in Figure 1, enabled us to vary different parameters
during the cryogenic treatment: cooling rate, temperature
gradient, and final freezing temperature. In addition, also the
effect of the gelatin concentration on the material properties
was studied. The materials were analyzed for their pore size,
pore geometry, and their overall porosity byµ-CT, He pyc-
nometry, SEM, and optical microscopy. Bothµ-CT and SEM
have been widely applied previously for evaluating porous, 3D
scaffolds.9,10,32,33

3.1. Skin Formation during Cryogenic Treatment of the
Hydrogels.We noticed by optical microscopy of freeze sections
(cross-sections) of cryogenically treated hydrogels that the

treatment did result in the formation of hydrogels with a less
porous skin with a thickness of 100-200 µm (Figure 3, left
part). The latter is a problem for cell ingrowth studies. Therefore,
a simple and novel technique enabling the elimination of skin
formation was elaborated. The hydrogels, prepared as described
above (section 2.3), were coated on the top and bottom by a
0.5-mm-thick layer of un-cross-linked gelatin. After cryogenic
treatment, the un-cross-linked top and bottom layers were
dissolved by incubation in water (40°C, 5 h). Microscopic
analysis clearly demonstrated that this approach allowed us to
avoid the problem of skin formation (Figure 3). This procedure
was then adapted as a standard treatment in the preparation of
all cryogenic hydrogels described in this work.

3.2. Effect of Gelatin Concentration.As a first variable for
the preparation of hydrogels, the gelatin concentration (expressed
as % w/v) was varied. The conditions used for the hydrogel
preparation as well as the pore analysis data obtained using
µ-CT, He pycnometry, and SEM are listed in Table 1. The pore
sizes of both types of hydrogels, as visualized byµ-CT and
SEM analysis, are shown in Figure 4.

From the results, it can be concluded that both the porosity
and the pore size decreased with an increasing amount of gelatin.
There are two possible explanations for the observed findings.

First, a higher gelatin concentration could result in an
increasing nucleation rate and thus in a larger number of pores.
Nucleation depends on the instability of the liquid phase and
on the diffusion of atoms into clusters. The former increases
with decreasing temperature; the latter increases with increasing
temperatures. A higher gelatin concentration resulted in a
decrease of the freezing temperature of the solvent (in this case
water). As a consequence, the mobility of the atoms to diffuse
into clusters was higher, and the nucleation rate increased.

Second, by comparison of the 5-15% (w/v) scaffolds, the
more concentrated hydrogels could possess a decreased heat
and protein transfer and thus result in smaller pores. A
combination of both is most likely the most plausible explana-
tion.

The pore sizes, measured using SEM, were somewhat lower
than the pore sizes obtained usingµ-CT (Table 1, Figure 4).
This is due to the fact that, in the case ofµ-CT, pore diameters
are calculated based on the amount of pixels present in the pore
diameter. Thus, when taking into account the pixels of the pore
wall itself, the pore size obtained will be at least 20µm higher
(since one pixel corresponded with 10µm), depending on the
pore wall thickness. A combination of different techniques, both
with its advantages and disadvantages (destructive (SEM) vs
nondestructive (µ-CT), objective (SEM) vs subjective (choice
of thresholding parameters usingµ-CT), 100 nm resolution
(SEM) vs 10 µm resolution (µ-CT), 2D (SEM) versus 3D
imaging (µ-CT)), is thus essential to obtain a complete material
analysis.

The difference in porosity between the scaffolds was studied
by He pycnometry andµ-CT analysis. Theµ-CT data showed
a smaller variation between the porosities of the samples
compared to that shown by pycnometry measurements (Table
1). In our opinion, the porosities obtained from pycnometry
experiments are more realistic. The latter technique is not limited
to a resolution of 10µm since it is based on the intrusion of
helium in the porous scaffolds. In the present work, we have
selected theµ-CT tresholding parameters in such a way that no
scaffold material was excluded. The disadvantage of the latter
approach was that some noise voxels were then considered as
material, leading to a lower decrease in porosity. The higher

Figure 2. Principle of the pore analysis performed by µCTanalySIS.
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porosity of the 5% (w/v) gelatin compared to that of the 15%
(w/v) gelatin is clearly illustrated in Figure 4 (first and second
rows).

An important prerequisite for a scaffold to be applied as a
biomaterial is the fact that the material should possess intercon-
necting pores. Pore interconnectivity can be studied byµ-CT.
To analyze the reconstructed images, double thresholding based
on the gray value histogram of the images had to be performed
using µCTanalySIS.34 After thresholding, each pore detected
inside the binary images was labeled and analyzed in 3D. On
the basis of the maximum opening of each pore, the binary
images were then rewritten, labeling each pore with a certain
gray value corresponding to a certain maximum opening size.
The gray value of a pore in the 2D segmentations (Figure 4,
top row) indicated the diameter of the largest inscribed sphere
in the pore network concerned. Figure 4 illustrates two cross-
sections after analysis withµCTanalySIS. A low contrast
between the material borders and the pores, in combination with
small amounts of noise, containing similar gray values to those
of the material borders, led to small errors in the resulting
thresholded images. Figure 4 (top left) suggested that the pores
of the 5% (w/v) scaffold were interconnecting. The complete
pore network was labeled in white, thus either belonging to the
same pore network or belonging to different pore networks with
the same maximum opening. In the 15% (w/v) gelatin (Figure
4, top right) more individual pores were detected, each belonging
to a different pore network.

3.3. Effect of Cooling Rate. In addition to the gelatin
concentration, the cooling rate of the gelatin solution was also
varied. Literature data describe the influence of the cooling rate
on the nucleation and growth of ice crystals and thus on the

resulting pore size.14-18 In most studies, the samples were
incubated in a freezer for several hours at different temperatures.
These studies indicated that the pore size decreased with a
decreasing freezing temperature.14,16,17Whether the underlying
cause of this phenomenon was the actual final freezing tem-
perature, the cooling rate, or a combination of both has never
been studied before. The present work demonstrated that the
underlying cause is actually the phenomenon of undercooling.
In another publication,15 a complex setup was used to control
the cooling rate of a collagen solution. In that study, it was
shown that the pore size in collagen matrices decreased with
an increasing cooling rate.

Our study aimed to implement a procedure to examine the
effect of the cooling rate on the pore size and morphology in
gelatin scaffolds. The experimental conditions applied in the

Figure 3. Optical microscopy visualization of hydrogel freeze sections obtained using a microtome. The left and right panels represent a hydrogel,
respectively, with and without a nonporous skin. The skin present on the left hydrogel is indicated by the white arrow. The scale bars represent
100 µm.

Table 1. Experimental Parameters and Pore Analysis Data for
Type I, II, and III Scaffolds

sample type I type II type III

gelatin concentration 5% (w/v) 10% (w/v) 15% (w/v)
cooling rate 0.15 °C/min 0.15 °C/min 0.15 °C/min
final freezing temperature -30 °C -30 °C -30 °C
temperature gradient 0 °C 0 °C 0 °C

porosity (µ-CT) 86 ( 0.68% 83 ( 2.63% 82 ( 1.33%
average pore diameter

(µ-CT)
160 µm 135 µm 105 µm

average pore diameter
(SEM)

147 ( 41 µm 117 ( 37 µm 70 ( 24 µm

porosity (pycnometry) 96 ( 0.4% 91 ( 0.7% 78 ( 0.6%

Figure 4. µ-CT (2D and 3D) and SEM analyses of the 5% (w/v) (type
I) and the 15% (w/v) gelatin (type III). For the µ-CT (3D) pictures, the
pores are dark gray, and the material is light gray. The scale bars
represent 1000 µm (µ-CT) and 500 µm (SEM).
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present work and the results obtained are summarized in Table
2. For these experiments, a gelatin concentration of 10% (w/v)
was selected.

Summarizing the results (Table 2), it can be concluded that
a decrease of the cooling rate from 0.83 to 0.15°C/min resulted
in an increase in the average pore diameter from 65 to 135µm.
The difference in median pore size between the rapidly and the
slowly cooled gelatin, as analyzed byµ-CT and SEM, is shown
in Figure 5. Thus, the slower the cooling rate, the lower the
undercooling (difference between the freezing temperature and
the actual temperature of the material) and the nucleation rate
and the higher the rate of heat and protein transfer. This leads
to a lower amount of large pores.14

The porosities of both types of hydrogels were identical as
shown byµ-CT and He pycnometry. Again, the porosity values,
obtained byµ-CT, were lower compared to those obtained by
He pycnometry ((80% versus(90%, respectively).

From Figure 5 (top row), it can also be concluded that the
pore interconnectivity was not influenced by the cooling rate.
The pores of both types of hydrogels were interconnected, since
all pores were labeled in white after performing a 3D analysis.
A 3D image of the rapidly cooled gelatin (Figure 6) visualized
very clearly a central sample region where the porosity
decreased. This corresponded with the zone where the two
cooling surfaces (started from the top and bottom of the sample)
coincide. A plausible explanation for the observation that the
pore diameters in the central region are smaller is decreased
heat and protein transfer. Ice crystals are normally formed in
the direction of heat transfer.35 Since the resolution of theµ-CT

technique is 10µm, small pores in the central region were not
detected, giving rise to a local decrease in porosity (data not
shown).

The 3D reconstruction for the slowly cooled hydrogel type
was similar compared to that of the rapidly cooled gelatin, except
that no zone was observed where the porosity decreased (data
not shown). Probably, the effect of the coinciding cooling
surfaces on the pore structure is more pronounced for the rapidly
cooled scaffold, since the undercooling is higher in the latter
case.

3.4. Effects of Temperature Gradients.With the cryogenic
unit, developed in our laboratory (Figure 1), it was also possible
to establish a temperature gradient between the top and the
bottom of the mold during the freezing step. During the applied
temperature gradients, the temperature at the top of the mold
was the highest. In the present work, two gradients were applied
and compared (10 and 30°C). The results are summarized in
Table 3.

From the data in Table 3 and Figure 7, it can be concluded
that the high-temperature gradient (∆T ) 30 °C) resulted in a
pore size gradient throughout the scaffold. The pore morphology
of the hydrogel is shown in the 3Dµ-CT reconstruction and
the SEM picture in Figure 7 (top right and bottom right pictures).
The pictures clearly indicate the presence of transversal pore
channels in the direction of heat transfer.34 From the data (Table
3), it can be concluded that the pore size decreased from 330
to 20-30 µm when moving through the scaffold from top to
bottom. The smallest pores were formed at the side exposed to
the lowest temperature (i.e., the bottom of the mold). As
discussed in section 3.3, this is related to increased nucleation
and reduced heat and protein transfer phenomena.

Table 2. Experimental Parameters and Pore Data for Type II and
IV Matrixes

sample type II type IV

gelatin concentration 10% (w/v) 10% (w/v)
cooling rate 0.15 °C/min 0.83 °C/min
final temperature of freezing -30 °C -30 °C
temperature gradient 0 0

porosity (µ-CT) 83 ( 2.63% 84 ( 1.73%
average pore diameter (µ-CT) 135 µm 65 µm

average pore diameter (SEM) 117 ( 37 µm 48 ( 6 µm
porosity (pycnometry) 91 ( 0.7% 89 ( 3%

Figure 5. Images of the rapidly cooled gelatin (type IV) and the slowly
cooled gelatin (type II), obtained using µ-CT and SEM. The scale
bars represent 1000 µm (µ-CT) and 100 and 500 µm (SEM).

Figure 6. Reconstruction of a section of the rapidly cooled gelatin
(type IV), obtained using µ-CT. The pores are dark gray, and the
scaffold material is light gray. The scale bar represents 1000 µm.

Table 3. Experimental Parameters and Pore Analysis Data For
the Low (Type V) and High (Type VI) Gradient Scaffolds

sample type V type VI

gelatin concentration 10% (w/v) 10% (w/v)
cooling rate 0.15 °C/min 0.15 °C/min
final freezing temperature -30 °C -30 °C
temperature gradient 10 °C 30 °C

porosity (µ-CT) 76 ( 4.67% 75 ( 3.54%
average pore diameter (µ-CT)

top 116 µm 330 µm
bottom 20-30 µm 20-30 µm

average pore diameter (SEM) 96 ( 10 µm 283 ( 48 µm
porosity (pycnometry) 92 ( 1.4% 94 ( 0.2%
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The applied temperature gradient also resulted in a decrease
in porosity, when moving from top to bottom of the scaffold,
from 82% to 61%.

When a temperature gradient of 10°C was applied, the effect
on the pore size and the porosity was less pronounced compared
to the high-temperature (30°C) gradient. The pore size
decreased from top (116µm) to bottom (20-30 µm) without
altering the porosity. A few cracks were visualized in both the
3D reconstruction and the SEM image (Figure 8, right), which
resulted in a local increase of the porosity.

In contrast to the pore size, the porosity of the materials was
not affected by the applied temperature gradient. The porosities
of both scaffolds, as measured byµ-CT and He pycnometry,
were in the range of 75% and 90%, respectively (Table 3). The
porosities for both types of hydrogels were similar since the
same amount of water was removed through lyophilization.

In our opinion, this is the first paper in which porous gelatin
hydrogels were prepared by applying a controlled temperature
gradient during the freezing step. This enabled us to develop
porous materials containing a pore morphology and pore size
that can be fine-tuned by the cryogenic parameters.

3.5. Effect of Final Freezing Temperature.As a last part
of the work, we varied the final freezing temperature (-10 vs
-30 °C) while keeping the cooling rate constant (0.2°C/min).
The results, as shown in Table 4, indicated that the final freezing
temperature did not significantly influence the hydrogel pore
size and porosity.

The pores were homogeneously distributed in the scaffold
that was treated cryogenically to a final freezing temperature
of -10 °C, as shown in Figure 9. Similar results were obtained
for the hydrogel that was cooled to-30 °C (data not shown).

The data of the present paper indicate that, of all the
parameters varied, the gelatin concentration, the cooling rate,
and the applied temperature gradient have the largest effect on
the pore size and geometry. The final freezing temperature has
a negligible effect.

The gelatin concentration, the cooling rate, and the temper-
ature gradient affect the pore diameter, whereas the pore

Figure 7. µ-CT and SEM analyses of the top, the bottom, and the side of the scaffold exposed to a temperature gradient of 30 °C (type VI).
The scale bars represent 1000 µm (µ-CT) and 500 µm and 2 mm (SEM).

Figure 8. Top views and side views of the low gradient scaffold (type
V) obtained using µ-CT and SEM. The scale bars represent 1000
µm (µ-CT) and 500 and 2000 µm (SEM). A crack present in the
scaffold is indicated with an arrow.

Figure 9. Effect of final freezing temperature on the scaffold structure
as visualized by µ-CT and SEM. The structures represent the gelatin
scaffold using a final freezing temperature of -10 °C (type VII). The
scale bars represent 1000 µm.

Table 4. Experimental Parameters and Pore Data for Type VII
and VIII Hydrogels

sample type VII type VIII

gelatin concentration 10% (w/v) 10% (w/v)
cooling rate 0.2 °C/min 0.2 °C/min
final temperature of freezing -10 °C -30 °C
temperature gradient 0 °C 0 °C

porosity (µ-CT) 85 ( 3.67% 83 ( 2.65%
average pore diameter (µ-CT) 138 µm 147 µm

average pore diameter (SEM) 181 ( 60 µm 182 ( 47 µm
porosity (pycnometer) 92 ( 2% 89 ( 0.9%
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geometry and the overall porosity depend mostly on the applied
temperature gradient and the gelatin concentration, respectively.

In a forthcoming paper, the in vitro cell interaction properties
of the porous gelatin hydrogels developed in the present study
will be discussed.

4. Conclusions

The objective of the present work was the development of
biodegradable, porous gelatin scaffolds for tissue engineering
applications. The porosity was induced by a combination of
phase separation and freeze-drying. Three experimental condi-
tions influenced the characteristics of porous gelatin scaffolds:
(1) the cooling rate, (2) the polymer concentration, and (3) the
implemented temperature gradient. The novel cryo-unit enabled
us to produce, in a controlled manner, 3D porous scaffolds in
which the pore size, the pore geometry, and the porosity can
be easily fine-tuned by variation of the cryogenic parameters.
To our knowledge, the development of scaffolds that contain a
pore size gradient throughout the material has not been reported
previously. The problem of skin formation during cryogenic
treatment was solved by applying a soluble layer of un-cross-
linked gelatin onto the preformed hydrogel prior to cryogenic
treatment. The formed skin can be easily removed by aqueous
treatment above the gel-sol transition temperature of gelatin.

The results obtained in the present study will be a valuable
tool for research on porous scaffolds, including pore creation
techniques as well as nondestructive structure analysis tech-
niques.
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