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Abstract
Gelatin scaffolds are in the interest of tissue engineering and drug release. The scaffold porosity and
microarchitecture are of great importance in proper
tissue regeneration. In this work, the freeze-drying
method was used to produce the scaffolds. The effect
of concentration of the initial gelatin solution and pre-freezing temperature on the scaffold’s microstructure
and microarchitecture (porosity, pores size, shape,
and distribution) was evaluated. The mechanical tests
of samples were performed. Moreover, the influence
of the gentamicin sulphate addition on the gelatin
scaffolds microstructure and mechanical properties
was also studied.
The linear relationship of porosity to the concentration of the initial solution was observed. Therefore,
it is possible to obtain a scaffold with a planned porosity. Pores were interconnected with an aspect ratio
between 1.5-1.8. For porosity 74 ± 9% the average
pore size was 0.7 ± 0.6 mm, with most pores in the
range 0.2-0.4 mm. For the samples with porosity
57 ± 14%, the average pore size was 0.2 ± 0.2 mm,
with most pores in the range 0.05-0.2 mm. The process of pre-freezing the solution in liquid nitrogen
caused the highest porosity of the sample, the smaller pores size and the lower pores size distribution
in comparison to the sample pre-frozen in -20°C.
The mechanical parameters for all the samples are
sufficient for filling bone defects. The addition of
a drug to gelatin caused only slight changes in the pore
architecture. This material could be applied as a scaffold in the bone loss correlated to bacterial infection.
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Introduction
Porous scaffolds used in tissue engineering are fraught
with many challenges. Designing biomaterials that meet the
scaffolds requirements is very difficult. Choosing a proper
method of scaffold production and designing its parameters
is one of the key aspects affecting the final product [1-3].
The most popular techniques to fabricate gelatin scaffolds
are electrospinning, phase separation, porogen leaching
and self-assembly. Depending on the production method,
properties, such as microstructure and mechanical strength
may be modified. The lowest mechanical parameters
are characteristic for woven biomaterials obtained in the
electrospinning process. An extremely promising method
of manufacturing porous substrates is the freeze-drying
[4-6]. It avoids problems related to a solvent residue in the
biomaterial and the use of high temperatures. Moreover,
this method allows for introducing drugs or biological active
agents to the scaffold [7].
The scaffold porosity and microarchitecture (pore size
and shape, pore size distribution, pore connectivity) is of
great importance in the cells adhesion and proliferation and
in the proper tissue regeneration [8-10]. The trabecular bone
porosity is about 60%. The largest frequency of pore size
is in the range from 200 μm to 300 μm. The most optimal
scaffold microarchitecture for trabecular bone regeneration
is the porosity of about 60% and the pore size from 300 μm
to 500 μm [11,12]. The choice of the method of scaffold
manufacturing and also the selection of process parameters,
such as the type and concentration of the solvent, the type
and share of additives, temperature, allows to shape the
microstructure for specific tissues. The porosity and the
pores size have a big impact on the mechanical properties
of scaffolds [12,13]. The high porosity and the presence of
large pores negatively affect mechanical strength. Therefore,
finding a compromise between the required porosity and the
strength of scaffold plays a huge role in the design of porous
substrates used in tissue engineering [8].
Gelatin is widely used in tissue engineering of bone, skin,
cartilage and kidney [1,10,14,15]. It is a natural biopolymer
derived from collagen hydrolysis. Gelatin scaffolds are
biocompatible and polyampholyte, therefore they can induce the regeneration of tissue and organs. Moreover, this
biopolymer may be modified by calcium phosphate ceramics
or blended with synthetic polymers to improve mechanical
properties and osteointegration [16]. Gelatin is also useful
for controlled drug delivery. Most often, gelatin crosslinking is applied to slower drug release from samples [17].
Bacterial infections of bone tissue are a common problem
after surgical operations and the inflammations result in
bone defects. The most common drug used for bone healing
is gentamicin sulphate [18]. Therefore, this study focuses
on the possibility of gentamicin sulphate incorporation to
the gelatin scaffold.
The aim of this work was to evaluate how the concentration of the initial gelatin solution influenced the microstructure of scaffolds obtained via a freeze-drying method.
In this study, the freeze-drying method was selected due
to the low temperature which allows for incorporation
of biological substances to the scaffold (protein, drug).

Moreover, such a method does not require any additional
substances such as porogen or solvent. The effect of prefreezing temperature was also assessed. The scaffolds
porosity, pores size, shape and distribution were analysed.
The influence of the samples microstructure on their mechanical properties was also investigated. It was tested
how gentamicin sulphate added to the gelatin solution affected the microstructure and pore microarchitecture. The
gentamicin sulphate addition to the non-cross-linked gelatin
structure was aimed to fasten the drug activity in the cases
of bone losses often correlated to bacterial infection.

Materials and Methods
Sample preparation
Porous gelatin scaffolds were obtained by the freezedrying method. Gelatin powder (bovine skin, type B,
Sigma-Aldrich, bulk density 0.58 g/cm3) was dissolved in
distilled water in 3 different concentrations: Sample 1 Cp =
11 wt%; Sample 2 Cp = 14 wt%; Sample 3 Cp = 20 wt%.
The solutions were well mixed and then poured into a cell
culture plate. 4 samples were obtained from each solution with the appropriate concentration. In the next step,
they were placed in a freezer at about -20°C for 20 min.

FIG. 1. Shape of the samples.

FIG. 2. SEM micrograph of the Samples 1 - 4 and 1”.

For comparison, one group of samples were frozen in liquid
nitrogen (Sample 1”, Cp = 11 wt%). Next, they were freezedried (Labconco freeze dryer). The process temperature was
-60°C, the pressure was -0.09 mBar. The obtained samples
were shaped as cylinders with a diameter of 12 mm and
a length of 10 mm (FIG. 1). In the analogous way Sample 4
with gentamicin sulphate (GS) was obtained. GS distributed in
a small amount of water was added to the gelatin solution to
obtain the final proportion of gelatin to water Cp = 11 wt%,
and GS to gelatin 1 wt%.
Microstructure
The microstructure of scaffolds was assessed using a
ZEISS stereoscopic microscope (StereoMicroscope, Zeiss).
Porosity was determined using the point method as a probability of hit to the analyzed phase of point thrown randomly
to the surface. The tests were performed using a 100-point
grid (10 x 10) put to the surface 22 times. The average pore
size D was calculated in a formula (1) where D1 is a longer
diameter and D2 is a shorter diameter of pores. The aspect
ratio K was calculated in the formula (2).
		
D = (D1+D2)/2
(1)
		
K = D1/D2
(2)
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Mechanical tests
Mechanical properties were measured in a compressive
test by using a universal testing machine (Zwick 1435).
The compression speed was 2 mm/min. The test was finished when the displacement reached 5 mm.

The histograms show the larger dispersion of average pore
size for Sample 1 (FIG. 3). The most pores are in the range
of 0.2-0.4 mm, but there are also pores above 1 mm in size.
Sample 2 contains less varied pores. The most pores are
in the range of 0.2-0.3 mm, however, the large frequency
of pore size is also in the range from 0.075-0.5 mm.
For Sample 3 the small dispersion of pore size is visible,
and the most pores are in the size range of 0.05-0.2 mm.
The largest pores are present only individually. The characteristic of obtained scaffolds is similar to the microstructure
of natural tissue, especially to bone tissue [8].
The analysis of the microstructure of obtained scaffolds
shows that porosity is highly dependent on polymer concentration. The real and theoretical porosity of scaffolds
are presented in TABLE 2. The theoretical porosity was
calculated from the volume ratio of water used for preparing
the gelatin solution. The measured porosity or Samples 1, 2
and 3 is appropriately: 74, 68, 57%. As assumed, the lowest
concentration of polymer (Sample 1) has the highest porosity, and the highest concentration of polymer (Sample 3)
has the lowest porosity. What is important, there are no
statistically significant differences between the theoretical
and the measured porosity. A large standard deviation of
porosity is visible. It results from the high variation in pore
size and the uneven distribution of pores in the structure
of the scaffolds. The linear relationship of porosity to the
concentration of the initial solution allows to determine what
concentration should be used to obtain a scaffold with the
planned porosity (FIG. 4).

Statistical analysis
The statistical analysis was performed with Student’s
t-test (with confidence level 0.95). The data were expressed
as the mean ± standard deviation.

Results and Discussion
FIG. 2 shows the microstructure of the obtained scaffolds.
All the samples have irregular, connected pores. It is an important feature regarding tissue engineering as it allows for
cells migration, and for the transport of the biological active
agents. The pores sizes and aspect ratio of pores for all the
samples are presented in TABLE 1. The measured values
of the longer and the shorter diameter of pores confirm
their irregular, elongated shape. This is also indicated by
the aspect ratio, which is appr. between 1.6-1.8. It is also
clearly visible that the average pores size is strongly influenced by the concentration of initial solutions. The largest
average pore size is observed for Sample 1 (0.747 mm), for
Sample 2 the pore size is equal to about 0.318 mm, and for
Sample 3 the smallest pore size is measured (0.229 mm).

TABLE 1. Pore size and shape of the samples.
Pore size
and shape

Longer diameter
D1 [mm]

Shorter diameter
D2 [mm]

Average pore size D
[mm]

Aspect ratio
K

Sample 1

0.940 ± 0.778

0.554 ± 0.428

0.747 ± 0.595

1.744 ± 0.404

Sample 2

0.381 ± 0.251

0.254 ± 0.152

0.318 ± 0.198

1.493 ± 0.308

Sample 3

0.293 ± 0.277

0.179 ± 0.144

0.229 ± 0.204

1.661 ± 0.542

Sample 1”

0.342 ± 0.259

0.228 ± 0.148

0.293 ± 0.158

1.552 ± 0.249

Sample 4

0.872 ± 0.522

0.487 ± 0.334

0.652 ± 0.455

1.79 ± 0.401

FIG. 3. Frequency of the pore size in a particular range for samples 1, 2 and 3.

TABLE 2. Porosity of the obtained samples in comparison with theoretical values.
Sample 1

Sample 2

Sample 3

Sample 1”

Sample 4

Measured porosity [%]

74 ± 9

68 ± 11

57 ± 14

78 ± 5

73 ± 10

Theoretical porosity [%]

82

78

70

82

82

FIG. 4. The relation of porosity from the concentration of initial gelatin solution.
For comparison, the results for Sample 1” frozen in
liquid nitrogen before freeze-drying are presented. In this
case the pores are significantly smaller than for Sample 1
(average pore size for Sample 1” is 0.293 ± 0.158 mm and
for sample 1 is 0.747 ± 0.595 mm). Moreover, the standard
deviation is also lower, and it indicates that the pores size is
less diverse. The porosity of Sample 1” is more adequate to
theoretical value than for Sample 1. The largest frequency
of pore size is in the range from 0.1 mm to 0.3 mm (FIG. 5).
This manner of sample preparation i.e. freezing in liquid
nitrogen can be used when the scaffold should be applied
for smaller cells than bone cells.

The addition of the drug to gelatin scaffold caused a slight
reduction in the size of pores, however, the changes are in
the error range (TABLE 1). The histogram of Sample 4 is also
different when compared to Sample 1 (FIG. 5). Dispersion of
results is lower, the most pores are in the range 0.2-0.3 mm,
however the high frequency of pore size is also in the range
0.1-0.7 mm. The total porosity of Sample 4 is not changed
(TABLE 2).
The mechanical parameters of the obtained samples
were investigated in the compression test (TABLE 3). This
study shows a close dependence of mechanical parameters
on the porosity of the samples. The lowest Young’s modulus
is observed for Sample 1 with the highest porosity. Moreover,
in this case, the lowest force is required (103 N) to cause
a 10% deformation. For comparison, such a deformation
of Sample 3 requires a force of 156 N. The compression
stress at 50% strain was also evaluated, and the values for
all the samples equalled 3.01-3.4 MPa. The highest value
of this parameter (3.4 MPa) was observed for Sample 3
characterized by the lowest porosity. The measured forces
are sufficient for the resulting substrates to act as a scaffold
for bone tissue regeneration [19-21]. Scaffolds obtained
from natural polymers are usually characterized by poor
mechanical properties, and the compression strength very
often does not exceed 1 MPa [22]. Apart from total porosity,
the shape and orientation of pores also affect the mechanical properties of scaffolds. Arora et al. reported maximum
mechanical properties for aligned pores [23]. Vetrik et al. observed the greater compressive strength for more complex
morphological architecture [24]. Roosa et al. described that
the matching the pore size to the cell dimension provided
better mechanical strength after implantation due to the
initial pores filling with cells [25].

FIG. 5. Frequency of pore size in particular range for Samples 1” and 4.

TABLE 3. Mechanical properties of scaffolds.
Sample 1

Sample 2

Sample 3

Sample 1”

Sample 4

Young’s modulus E [GPa]

0.05 ± 0.01

0.06 ± 0.01

0.07 ± 0.01

0.06 ± 0.01

0.08 ± 0.01

Compression strength σ (Ꜫ = 50%) [MPa]

3.01 ± 0.15

3.16 ± 0.42

3.40 ± 0.39

3.13 ± 0.17

3.09 ± 0.20

103 ± 4

123 ± 10

156 ± 6

121 ± 5

115 ± 7

Force at 10% strain [N]
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Sample 1” which was obtained by pre-freezing in liquid
nitride is characterized by higher mechanical properties
when compared with Sample 1. It can be related with the
presence of smaller pores in the microstructure and their
more homogenous distribution. Moreover, the addition of
gentamicin sulphate also improves the mechanical properties. In this case, the force causing 10% deformation is
higher as compared to Sample 1, moreover elasticity of
Sample 4 is lower. This is important during the initial stage
after implantation. However, as gelatin is no crosslinked, the
rapid drug release and fast gelatin degradation can be expected, and in consequence the fast mechanical parameters
decrease. In this stage of the study, a rapid antibacterial
action of the scaffold was planned.

The obtained samples microstructure (especially for
Sample 1) is adequate for bone tissue regeneration. The
mechanical parameters for all the samples are sufficient
for this application.
The addition of drug to gelatin caused only slight changes
in the pore architecture, and the observed changes were
within the error margin. However, the addition of gentamicin
sulphate improved the mechanical properties of the scaffolds.
The next step of the studies will be investigating a drug
release profile and assessing the influence of gelatin crosslinking on the drug release speed.

Conclusions

This work was supported from the subsidy of the Ministry
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Freeze-drying is a very useful method for manufacturing
scaffolds with additives (e.g. drug) for tissue regeneration.
Changing the initial polymer solution and pre-freezing of the
samples makes it possible to create the desired microstructure and to precisely control the microstructure parameters.
The linear relationship of porosity to the concentration of
the initial solution is observed. Such a dependence allows
to determine what concentration should be used to obtain
a scaffold with planned porosity. For all the samples, the
pores are interconnected, with longitudinal shape, aspect
ratio between 1.5-1.8.
The lower initial gelatin solution concentration caused
higher porosity (74 ± 9%) and the bigger pores size (average
pore size 0.7 ± 0.6 mm, most pores in the range 0.2-0.4 mm).
For the samples with a higher solution concentration porosity
was 57 ± 14%, with an average pore size 0.2 ± 0.2 mm and
most pores in the range 0.05-0.2 mm.
The pre-freezing of the solution in liquid nitrogen caused
the highest porosity of sample, the smaller pores size and
the smaller pores size distribution in comparison to the
sample pre-frozen in -20°C.

Acknowledgement

ORCID iDs

A. Morawska-Chochół:		 https://orcid.org/0000-0003-0209-4402

27
References
[1] Bello A.B., Kim D., Kim D., Park H., Lee S.H.: Engineering
and functionalization of gelatin biomaterials: from cell culture to
medical applications. Tissue Engineering - Part B Reviews 26 (2)
(2020) 164-180.
[2] Meng C., Su W., Liu M., Yao S., Ding Q., Yu K., Xiong Z., Chen K.,
Guo X., Bo L. et al.: Controlled delivery of bone morphogenic
protein-2-related peptide from mineralised extracellular matrix-based scaffold induces bone regeneration. Materials Science and
Engineering C 126 (2021) 112182.
[3] Li J., You F., Li Y., Zuo Y., Li L., Jiang J., Qu Y., Lu M., Man Y., Zou Q.:
Bone regeneration and infiltration of an anisotropic composite scaffold: An experimental study of rabbit cranial defect repair. Journal
of Biomaterials Science: Polymer Edition 27 (4) (2016) 327-338.
[4] Domalik-Pyzik P., Morawska-Chochół A., Chłopek J., Rajzer I.,
Wrona A., Menaszek E., Ambroziak M.: Polylactide/polycaprolactone asymmetric membranes for guided bone regeneration.
E-Polymers, 16 (5) (2016) 351-358.
[5] Fereshteh Z.: Freeze-drying technologies for 3D scaffold engineering. In Functional 3D Tissue Engineering Scaffolds: Materials,
Technologies, and Applications; Woodhead Publishing, 2018,
151-174.
[6] Kulikouskaya V.I., Lazouskaya M.: Fabrication and physicochemical properties of pectin/chitosan scaffolds (Engineering of
Biomaterials 146 (2018) 2-7.
[7] Kazimierczak P., Vivcharenko V., Truszkiewicz W., Wójcik M.,
Przekora A.: Osteoblasts response to novel chitosan/agarose/
hydroxyapatite bone scaffold – studies on MC3T3-E1 and HFOB
1.19 cellular models. Engineering of Biomaterials 151 (2019) 24-29.
[8] Abbasi N., Hamlet S., Love R.M., Nguyen N.T.: Porous scaffolds
for bone regeneration. Journal of Science: Advanced Materials and
Devices 5 (1) (2020) 1-9.
[9] Mullick P., Das G., Aiyagari R.: Probiotic bacteria cell surface-associated protein mineralized hydroxyapatite incorporated in
porous scaffold: In vitro evaluation for bone cell growth and differentiation. Materials Science and Engineering C 126 (2021) 112101.
[10] Maji K., Dasgupta S., Pramanik K., Bissoyi A.: Preparation and
evaluation of gelatin-chitosan-nanobioglass 3D porous scaffold for
bone tissue engineering. International Journal of Biomaterials 2016
(2016) Article ID 9825659.
[11] Doktor T., Valach J., Kytyr D., Jirousek O.: Pore size distribution
of human trabecular bone - comparison of intrusion measurements
with image analysis. In 17th International Conference Engineering
Mechanics 2011, Svratka, Czech Republic, 9-12 May 2011 (2011)
115-118.
[12] Torres-Sanchez C., Al Mushref F.R.A., Norrito M., Yendall K.,
Liu Y., Conway P.P.: The effect of pore size and porosity on mechanical properties and biological response of porous titanium scaffolds.
Materials Science and Engineering C 77 (2017) 219-228.
[13] Aoki K., Haniu H., Kim Y.A., Saito N.: The use of electrospun
organic and carbon nanofibers in bone regeneration. Nanomaterials
10 (3) (2020) 562.

[14] Hoque M.E., Nuge T., Tshai K.Y., Nordin N., Prasad V.: Gelatin
based scaffolds for tissue engineering – A review. Polymer Reaearch Journal 9 (1) (2015) 15-32.
[15] Echave M.C., Hernáez-Moya R., Iturriaga L., Pedraz J.L.,
Lakshminarayanan R., Dolatshahi-Pirouz A., Taebnia N., Orive G.:
Recent advances in gelatin-based therapeutics. Expert Opinion on
Biological Therapy 19 (8) (2019) 773-779.
[16] Samadian H., Farzamfar S., Vaez A., Ehterami A., Bit A.,
Alam M., Goodarzi A., Darya G., Salehi M.: A tailored polylactic acid/
polycaprolactone biodegradable and bioactive 3D porous scaffold
containing gelatin nanofibers and taurine for bone regeneration.
Scientific Reports 10 (1) (2020) 1-12.
[17] Laha A., Bhutani U., Mitra K., Majumdar S.: Fast and slow release: synthesis of gelatin casted-film based drug delivery system.
Materials and Manufacturing Processes 31 (2) (2016) 223-230.
[18] Morawska-Chochół A., Chłopek J., Szaraniec B., Domalik-Pyzik P., Balacha E., Boguń M., Kucharski R.: Influence of the
intramedullary nail preparation method on nail’s mechanical properties and degradation rate. Materials Science and Engineering C
51 (2015) 99-106.
[19] Khairol Anuar Mohd Ariffin M., Hajar Fazel S., Idris Shah Ismail M., Mohamed S.B., Wahid Z.: Mechanical properties of bone
scaffold prototypes fabricated by 3D printer. Journal of Engineering
Science and Technology 13 (2018) 29-38.
[20] Qu H., Fu H., Han Z., Sun Y.: Biomaterials for bone tissue engineering scaffolds: a review. RSC Advances 9 (2019) 26252-26262.
[21] Hunger M., Domalik-Pyzik P., Reczyńska K., Chłopek J.: Double
crosslinking of chitosan/vanillin hydrogels as a basis for mechanically strong gradient scaffolds for tissue engineering. Engineering
of Biomaterials 155 (2020) 2-11.
[22] Grover C.N., Cameron R.E., Best S.M.: Investigating the
morphological, mechanical and degradation properties of scaffolds comprising collagen, gelatin and elastin for use in soft tissue
engineering. Journal of the Mechanical Behaviour of Biomedical
Materials10 (2012) 62-74.
[23] Arora A., Kothari A., Katti D.S.: Pore Orientation Mediated
Control of Mechanical Behavior of Scaffolds and Its Application
in Cartilage-Mimetic Scaffold Design. Journal of the Mechanical
Behavior of Biomedical Materials 51 (2015) 169-183.
[24] Vetrik M., Parizek M., Hadraba D., Kukackova O., Brus J.,
Hlidkova H., Komankova L., Hodan J., Sedlacek O., Slouf M., et al.:
Porous heat-treated polyacrylonitrile scaffolds for bone tissue
engineering. ACS Applied Materials & Interfaces 10 (10) (2018)
8496-8506.
[25] Roosa S.M.M., Kemppainen J.M., Moffitt E.N., Krebsbach P.H.,
Hollister S.J.: The pore size of polycaprolactone scaffolds has
limited influence on bone regeneration in an in vivo model. Journal
of Biomedical Materials Research Part A 92A (1) (2010) 359-368.

