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Abstract

The problem of treating chronic wounds is wide-
spread throughout the world and carries a huge cost.
Biomaterials engineering tries to solve this problem
by creating innovative bioactive dressings dedicated
to specific types of wounds. Both synthetic and na-
tural polymers are the main base to produce wound
dressings. Biopolymers have the advantage over
synthetic polymers by being more biocompatible,
non-toxic, biodegradable, and eco-friendly. The aim of
this work was to produce a bioactive biomaterial ba-
sed on natural polymers with potential applications to
manage chronic highly exuding and infected wounds.
A newly developed method for chemical synthesis of
the curdlan/agarose biomaterial at high temperature
combined with freeze-drying process resulted in
a superabsorbent dressing material with antibiotic
immobilized. The obtained biomaterial was subjected
to basic microbiological in vitro tests and a cytotoxicity
assay according to ISO 10993-5. Moreover, the exper-
imental treatment of the infected wound in a veterinary
patient was performed using the developed material.
Based on the conducted research, it was proved that
the produced dressing is not toxic to normal human
skin fibroblasts. An additional advantage of the bio-
material is its ability to inhibit the growth of harmful
microorganisms, such as Staphylococcus aureus
and Pseudomonas aeruginosa. Furthermore, the
experimental treatment confirmed the validity of using
the produced biomaterial as a dressing dedicated
to the treatment of difficult-to-heal infected wounds.
To summarize, the produced biomaterial possesses
great potential to be used as a wound dressing for
infected wounds.

Keywords: biopolymers, wound dressing, cytotoxicity,
antibacterial properties, wound healing

[Engineering of Biomaterials 160 (2021) 2-7]

doi:10.34821/eng.biomat.160.2021.2-7

® Copyright © 2021 by the authors. Some rights reserved.
@ Except otherwise noted, this work is licensed under
https://creativecommons.org/licenses/by/4.0

Introduction

Wound healing is a multistep process that can be divided
into four distinct phases. In the case of skin damage, he-
mostasis occurs up to several hours after the injury. Then
an inflammatory phase is activated and it lasts 1-3 days.
The next stages are proliferation and repair which can last
up to 4-21 days. The final step is remodelling taking up to
a year [1,2]. Disruptions at any of these stages may delay
wound healing and cause excessive scarring or chronic
wound formation [2]. The main problem in the treatment of
chronic wounds is an excess of exudate whose level does
not decrease over time, comparing to wounds amenable
to treatment [3]. In the case of chronic wounds, excessive
exudate secretion is observed due to the active inflamma-
tory process [4]. To limit the amount of exudate in the wound
bed, an appropriate absorbent wound dressing is desired [5].
Dressings based on both synthetic and natural polymers
are commonly used to treat chronic wounds. Synthetic
polymers that are primarily used to produce wound dress-
ings include poly(ethylene oxide) (PEO), polyglycolic acid
(PGA), poly(vinyl pyrrolidone) (PVP), poly(ethylene glycol)
(PEG), polylactide (PLA), polyurethane (PU), and poly(vinyl
alcohol) (PVA). Biopolymers widely used for dressing materi-
als involve alginate, agarose, cellulose, chitosan, collagen,
dextran, and pectin [6]. Some natural polymers possess key
features that have a positive effect on the healing process.
For example, due to its natural antibacterial and pro-healing
properties, chitosan is often used to accelerate wound heal-
ing and prevent infections in the wound bed [7].

Itis well known, that chronic wounds provide the perfect
environment to develop persistent infections. Staphylo-
coccus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, and Pseudomonas aeruginosa are the most
common pathogens that hinder the healing process and
cause significant tissue losses [8]. An additional problem is
the ability of pathogenic bacteria (Staphylococcus aureus
and Pseudomonas aeruginosa) to form a biofilm where the
cells exhibit higher resistance to antibiotics than planktonic
cells [9,10]. Incorporating antibiotics into the wound dressing
structure is not recommended for the topical/local treat-
ment of bacterial colonization in chronic wounds (bacteria
are present but they do not elicit an immune response).
The local antibiotic treatment may result in resistant bacte-
rial strains, limited healing, or in extreme cases, a delayed
hypersensitivity reaction. However, topical antibiotic therapy
is required in the case of critical colonization or a serious
bacterial infection [11]. Therefore, dressings containing
embedded antibiotics are only used to treat infected and
difficult-to-heal wounds.

A dressing for the treatment of chronic wounds should
absorb and remove excessive exudate from the wound bed
while providing an optimal moist environment. It should also
be flexible and easily adaptable to the shape of the injury.
At the same time it ought to cover the wound bed, providing
mechanical protection against transmission of microorgan-
isms. Awound dressing should tightly adhere to the wound
bed but resist the skin cells adhesion so that changing the
applied dressing will not destroy the newly formed tissue
[11,12]. Hydrogel and hydrocolloid dressing materials ap-
pear to be the ideal candidates to manage chronic wounds
as they address all of these criteria. Recently, the incorpora-
tion of bioactive compounds into the biomaterial structure
has become a promising trend in regenerative medicine.
Modern nanocomposite polymer-based hydrogel dressings
for infected wounds are often enhanced with antibacterial
nanoparticles and are widely studied nowadays [13,14].

Z ommm® © 00000 0000000000000 00000600000000000000000
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The latest scientific reports describe successful new hy-
drogels loaded with gentamicin [15-17]. Gentamicin is an
aminoglycoside antibiotic with outstanding thermal stability
[16] which is commonly used to treat chronic and post-
operational infections [18,19]. It is widely applied against
infections caused by strains like aerobic Gram-negative
bacteria and some aerobic Gram-positive bacteria [17].
The antibiotic exhibits a therapeutic serum level of 4-8 ug/ml
and a toxic level of 12 ug/ml [19]. Rs indicate that the topical
gentamicin treatment significantly increases clinical efficacy
and reduces the wound healing time [20].

The aim of this study was to incorporate gentamicin
within the structure of the previously developed foam-like
curdlan/agarose biomaterial [21] to obtain a wound dress-
ing for highly exuding and infected wounds. The developed
curdlan/agarose wound dressing demonstrated to be non-
toxic, biodegradable, and endowed with a high exudate
absorption capacity. Moreover, the biomaterial did not allow
for fibroblast adhesion, which is a desired phenomenon
enabling the painless dressing removal after the healing
process [21]. In this study, the gentamicin-enriched biomate-
rial was subjected to the cytotoxicity test using human skin
fibroblasts and the antimicrobial activity evaluation against
common bacteria causing wound infections. Moreover, the
experimental treatment of an infected chronic wound in
a veterinary patient was performed to confirm the clinical
usefulness of the tested dressing.

Materials and Methods

Materials

The curdlan powder was obtained from Wako Pure
Chemicals Industries. The agarose powder (gel point 36
1+ 1.5°C), sodium dodecyl sulphate (SDS), gentamicin sul-
phate, phosphate-buffered saline (PBS), Eagle’s Minimum
Essential Medium (EMEM), penicillin, streptomycin, trypsin-
EDTA, Thiazolyl Blue Tetrazolium Bromide (MTT) were
purchased from Merck. The Mueller Hinton broth (MH) was
obtained from Thermo Scientific. The fetal bovine serum was
supplied from Pan-Biotech. Normal human skin fibroblast
cell line (BJ), Staphylococcus aureus ATCC 25923, Pseu-
domonas aeruginosa ATCC 27853 were purchased from
American Type Culture Collections (ATCC).

Preparation of the biomaterial

The biomaterial was prepared based on the method
described in Polish Patent no. 236367 (2021). A foam-like
biomaterial was prepared by mixing a predetermined amount
of curdlan (2% wi/v), agarose (2% wi/v), and gentamicin
sulphate (0.2% w/v) in deionized water. Thus, the concen-
tration of gentamicin sulphate in the polymer suspension
before gelation equalled 2 mg/ml. The combined suspen-
sion of polymers and antibiotic was preheated to 50°C on
a magnetic stirrer. After a homogeneous mass was obtained,
it was transferred to a mould and incubated in a water
bath (20 min, 95°C). The produced samples were sub-
jected to cooling, freezing, and finally lyophilization process.
As a result, the foam-like biomaterial was obtained.

In vitro cell experiments

The in vitro cell viability experiment was carried out
using human normal skin fibroblasts (BJ cell line). The
cytotoxicity test and preparation of the extract were per-
formed according to 1ISO 10993-5 standard [22]. BJ cells
were seeded into a 96-multiwell plate using EMEM medium
at the density of 2 x 10* cells/well and cultured for 24 h.

Then, the culture medium was replaced with 100 ul of 100%
extract of the material (prepared by placing 25 mg sample
in 1 ml of the culture medium, followed by 24 h incubation
at 37°C) and BJ cells were exposed to the extract for 48 h
and 72 h. For control samples, the fresh EMEM medium
was used instead of the extract. Next, the incubation media
were removed and 100 pl of 1 mg/ml MTT solution was
added per well. The plate was incubated with reagent at
37°C for 180 min. Afterwards, the 0.01% (w/v) SDS solution
prepared in 0.01 M hydrochloric acid was added to degrade
cells, release and solve formazan crystals. The cell viability
was calculated by measuring the absorbance at 570 nm
and was shown as a percentage of viability compared to
the control (cells incubated in the EMEM medium instead
of the biomaterial extract).

Inhibition of bacterial growth test

The antibacterial activity of the tested biomaterial was
evaluated using the biomaterial extract prepared according
to ISO 10993-5 in Mueller-Hinton (MH) broth. After incuba-
tion at 37°C for 24 h, the biomaterial extract was transferred
into a 96-multiwell plate and then bacterium suspensions
of 1.5 x10% CFU/ml of S. aureus ATCC 25923 and P. aer-
uginosa ATCC 27853 were added and incubated at 37°C
for 48 h and 78 h. The growth control was performed from
fresh MH broth and treated as above. Afterward, the cultures
absorbance was measured at 660 nm and calculated as
a percent of growth control.

Experimental treatment of a veterinary patient —
case presentation

The owner with a fancy 2-year-old rat (Rattus norvegicus
domestica), an uncastrated male with an abscess on the
left side of the chest came to the Division of Small Mam-
mals at the Department of Epizootiology and Clinics of
Infectious Diseases of University of Life Sciences in Lublin
(Poland). The change was already large with the focus on
softening. The abscess was surgically cleaned and its cavity
was rinsed with a 1% povidone iodine solution (Betadine,
100 mg/ml, EGIS). The antibiotic therapy with amoxicillin
with clavulanic acid (Synulox 50 mg, Zoetis) at a dose of
20 mg/kg bodyweight twice a day was also advised. After
the 3-week antimicrobial therapy, a small cavity, which was
the residue of an abscess, remained in the skin. Due to
severe itching caused by the wound healing, the animal
was treated with Hydroxyzine (Hydroxyzinum VP, 2 mg/ml,
Bausch Health) at a dose of 1 mg/kg bodyweight twice a day.
The wound was also washed with 0.1% Rivanol solution.
However, as the performed standard treatment was unsuc-
cessful, the owner was offered the alternative treatment
with the gentamicin-enriched hydrocolloid dressing. The
wound was surgically cleaned and the gentamicin-loaded
curdlan/agarose dressing was sewn into the abscess cavity.
The experimental treatment was performed after obtaining
written consent from the pet owner.

Statistical analysis

The cytotoxicity and antibacterial activity tests were per-
formed in at least three distinct and independent repetitions.
The obtained results were presented as the mean values +
standard deviations. The statistical analysis was performed
with GraphPad Prism 8.0.1 Software with unpaired t-test
(p < 0.05, a significance level of a = 0.05).
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Results and Discussions

The previously developed curdlan/agarose biomaterial
(Polish Patent no. 236367) was modified by incorporating
gentamicin during the production stage. The stiff foam-like
biomaterial with a smooth surface was obtained via the
high-temperature gelation of curdlan/agarose/gentamicin
mixture followed by freezing and freeze-drying (FIG. 1a).
The sample cross-section image shows the macroporous
structure which should ensure good absorption, retention
of fluids and adequate gas exchange (FIG. 1b). In the
dry state, the dressing was characterized by a spongy
structure. However, after its immersion into a fluid, it
transformed to a soft gel able to adhere easily to the
wound bed, thus acting like a typical hydrocolloid dressing.
It should be mentioned that to our best knowledge there are
only a few studies describing curdlan as a base for wound
dressing production. The researchers created the curdlan-
based hydrogel dressing by gelating the alkaline curdlan
solution in a copper chloride. Nevertheless, the resultant
biomaterial revealed high cytotoxicity against human skin
cells [23]. In other studies, the silver-loaded nanofibrous
curdlan was produced to manage difficult-to-treat wounds.

Our research team reported superabsorbent foam-like
dressings made of the curdlan/agarose mixture and the
curdlan/chitosan blend that proved to have great potential
for the treatment of highly exuding wounds [21].

Biocompatibility, non-toxicity, and biodegradability of the
material are some of the main requirements for modern
wound dressings [24]. To verify the cytotoxicity of the pro-
duced material, the MTT assay according to ISO 10993-5
standard was performed. The test results proved that the
developed biomaterial containing gentamicin was non-toxic
to BJ fibroblasts. The cell viability was equal to 80.5% and
83.5% after the 48 h and 72 h exposure of the cells to the
biomaterial extract, respectively (FIG. 2). It should be noted
that non-toxicity of gentamicin towards fibroblasts was also
confirmed by other authors. For instance, Kiling et al. proved
non-toxicity of gentamicin at doses of 0.5-1 g/ml against
L929 mouse fibroblast cells [25], whereas Hwang et al.
demonstrated that the gentamicin-loaded PVA-dextran
hydrogel had antibacterial properties, was non-toxic, and
improved wound healing [17]. These research outcomes
may indicate that the developed gentamicin-loaded curdlan/
agarose biomaterial may have a beneficial effect on the
healing process of infected wounds.

FIG. 1. Stereoscopic microscope (Olympus SZ61TR) images of the obtained biomaterial: (a) surface; (b) cross-

section.
MTT test
1 Control 48 h = Control 72 h
1 Gentamicin48h m Gentamicin 72 h
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FIG. 2. Cytotoxicity of the gentamicin-en-
riched curdlan/agarose dressing against BJ
fibroblasts evaluated by MTT assay with the
24-h extract of the biomaterial (the control —
cells grown in the culture medium instead of
the extract); * statistically significant results
compared to the control (unpaired t-test).
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FIG. 3. Bacterial cell viability (as % of the control): (a) Staphylococcus aureus ATCC 25923 and (b) Pseudomonas
aeruginosa ATCC 27853, after the 48 h and 72 h exposure to the biomaterial extract (prepared by 24 h incubation
in the MH broth; the control — bacteria cultured in the MH broth instead of the extract); * statistically significant

results compared to the control (unpaired t-test).

Scientific reports indicate that bacterial growth is a ma-
jor contributor to chronic wounds. For this reason, wound
dressings should reduce the microorganisms burden without
cytotoxic effect against skin cells [26]. Our microbiological
study proved that the tested biomaterial extract inhibited
the bacterial growth both after two and three days of the
experiment. In the case of S. aureus, the bacteria viability
was equal to 3.8% and 25% after the 48 h and 72 h exposure
time, respectively (FIG. 3a). Similarly, the P. aeruginosa vi-
ability was only 0.4% after 48 h and it increased to 20.8%
after 72 h, compared to the control (FIG. 3b). Importantly,
both bacterial strains strongly inhibited bacterial growth
only after 48 h, as compared to the control. Thus, it may be
assumed that gentamicin lost its therapeutic effectiveness
during the 72 h incubation in the bacteria suspensions.
It also indicates the necessity to change the wound dressing
every 2 days during the treatment. The obtained results are
in agreement with the reports presented by other authors
who confirmed high effectiveness of gentamicin against
bacterial strains related to wound infections. Studies of
Tam et al. proved different profiles of antibacterial effect
of gentamicin against S. aureus and P. aeruginosa [27].
It was also proven in a porcine model that gentamicin at
a concentration of 2 mg/ml reduced S. aureus counts in the
infected wounds [28].

The obtained here results indicate the great potential of
the gentamicin-loaded biomaterial for infected wounds since
the developed wound dressing exhibited antibacterial prop-
erties and non-toxicity against human skin cells. Based on
the promising in vitro cell culture and microbiological tests,
a decision to implement this biomaterial in the treatment
of the veterinary patient was made.

Experimental treatment of a veterinary patient

Prior to the experimental treatment with the newly devel-
oped dressing material, the fancy rat was subjected to the
standard treatment. However, the wound remained open and
was oozing serous-purulent discharge, indicating second-
ary infection (FIG. 4a). Due to the unsuccessful standard
treatment, the owner was offered a topical antibiotic ther-
apy with the gentamicin-loaded curdlan/agarose dressing.
To avoid the biomaterial damage by the scratching animal,
the dressing was sewn into the abscess cavity. Immediately
after the procedure, the normal healing process was ob-
served. After 7 days of treatment, the dressing fell off along
with the scab. The healed skin did not reveal any signs of
infection (FIG. 4b). After 10 days, the reepithelialization
process was almost completed (FIG. 4c), whereas on the
14th day the remaining scab fell off and the skin healing
process was fully completed (FIG. 4d).

It should be noted that effective antibiotic release into the
wound area is important to treat the infection [25]. Within
this study, it was demonstrated that the 24-hour extract of
the biomaterial had sufficient antibacterial activity in vitro.
The antibacterial effectiveness of the dressing was also
confirmed during the treatment of the veterinary patient.
The advantage of the produced biomaterial was associated
with its topical application to the infected wound. During
contact with the exudate, the antibiotic was released from
the dressing structure, reaching a therapeutic concentra-
tion that was not achievable with the systemic treatment.
Itis worth mentioning that by incorporating gentamicin within
the curdaln/agarose biomaterial, it is possible to achieve
the optimal drug accumulation tailored to the specific type
and condition of the infected wound. To produce the opti-
mal gentamicin-loaded dressing for infected wounds, it is
planned to furtherly optimize the biomaterial gentamicin
content to determine the antibiotic release profile.
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FIG. 4. Images of the wound area and its regeneration in a veterinary patient (Rattus norvegicus domestica):
(a) before applying the dressing material, (b) the wound after 7 days, (c) the wound after 10 days, (d) the wound

after 14 days.

Conclusions

The studies presented the production and basic charac-
terization of the antibacterial hydrocolloid dressing mate-
rial composed entirely of natural polymers (curdlan and
agarose). The biomaterial contained a bioactive compound
(i.e. gentamicin) that was loaded into its structure during the
production stage. The conducted research proved that the
biomaterial was not-toxic to normal human skin fibroblasts
and exhibited the antibacterial activity against S. aureus and
P, aeruginosa strains. Moreover, the presented clinical case
proved that the gentamicin-loaded curdlan/agarose dress-
ing applied as a drain for the local treatment of the infected
wound significantly reduced the bacterial growth and ac-
celerated the wound healing process. The biomaterial also
limited the granulation tissue development and excessive
scarring. The obtained results are promising, however, it is
necessary to conduct further studies in order to confirm the
applicability of developed biomaterial as a dressing used in
the management of infected chronic wounds.
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Abstract

Additive manufacturing is a technology of great
interest for biomedical engineering and medicine
since it enables to mimic natural structures. The 3D
printouts require post-processing to ensure desired
surface properties and interaction with living matter.
The presented research focuses on novel approa-
ches involving plasma treatment of Ti6Al4V scaffolds
obtained by Direct Metal Printing. Solid samples and
scaffolds of two various geometries were treated in
atmospheres of pure argon, argon and oxygen or pure
oxygen. The effect of post-processing was evaluated
with scanning electron microscopy, measurements of
mass, and surface roughness.

In all the examined cases the proposed post-pro-
cessing method reduces the amount of loosely bonded
powder particles remaining after printing. The changes
of mass before and after the treatment are much lower
than in the case of popular wet chemical methods.
The character of undergoing post-processing depen-
ds on the process atmosphere resulting in physical
etching or the combination of physical etching and
chemical oxidation. The action of argon or argon/
oxygen plasma reduces mass to the level of only 1%
while by use of pure oxygen atmosphere even the
slight increase of the overall sample mass is observed.

The plasma etching was successfully introduced
for the treatment of titanium 3D printouts to minimize
the detachment of powder particles. That method not
only is much softer than chemical etching but it can
also lead to specific surface structurization that may
be beneficial regarding medical applications of such
printouts.

Keywords: post-processing, plasma treatment,
3D printing, titanium printouts, RF plasma

[Engineering of Biomaterials 160 (2021) 8-14]
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Introduction

Additive manufacturing is of great interest to scientific
teams from around the world and from various industries [1].
That collective name applies to a group of methods resulting
in three-dimensional elements by application of successive
layers of material —i.e. 3D printing. This approach enables
manufacturing of low-quantity series of products, or even
individual personalized details, almost regardless of the
complexity of their shape. 3D printing techniques are of
great interest, especially regarding applications in biomedi-
cal engineering or medicine [2-4].

Currently, itis possible to control the size and distribution
of implant pores [5,6], which has a significant impact on the
processes of the implant/body integration by inducing angio-
genesis and the mammalian cells growth [7]. Nevertheless,
the structure of human and animal tissues is characterized
by a complex architecture, often a hierarchical structure
with complex porosity [8,9], the reconstruction of which
goes beyond the scope of conventional design and manu-
facturing approaches. However, 3D printing techniques give
more freedom to develop new structures for such specific
applications requiring mimicry of nature.

An important aspect of 3D printing for potential biomedi-
cal applications is the use of additional surface treatments
that can modify its porosity, change the surface energy, and
influence the biological response [10]. Technologies based
on powder sintering may leave residues on the both the
elements surface and in the pores which are not integrated
with any constituent. Therefore, in the case of medicine
and biomedicine living tissues, it is necessary to remove
such residues to prevent their uncontrolled release to the
surrounding environment. Currently, the post-processing
of metal prints involves mechanical methods [11], such
as shaking, blowing, shot blasting, and those related with
chemical treatment, such as baths in acid solutions [12,13]
or electrochemical treatment [14,15]. The new approach to
post-processing of 3D prints may involve their plasma etch-
ing. So far, such an approach is rather used for polymers
[16] or modification of the metal powders [17] and not the
metal prints themselves.

It should be remembered that the element subjected
to post-processing to remove unbound powder residues
undergo significant changes that highly affect its main
properties. The main effect is smoothening of the scaffold.
Wau et al. [14] reached over the 5-time improvement in the
level of Ra between the untreated and the chemically pol-
ished 3D titanium prints. These changes can improve bio-
logical response [18], but also reduce mechanical properties
[19] or even cause the loss of material integrity, especially
due to single struts thinning [20]. Wysocki et al. [13] showed
that only 3 minutes of chemical polishing with the mixture
of HF and HNO; can lead to an over 50% mass reduction
of the treated scaffold.

The following article is focused on the description of
the novel approach to post-processing of metal 3D prints.
The investigations were conducted on the Ti6Al4V scaffolds
prepared by means of DMP (Direct Metal Printing) method
so as to determine the effectiveness of plasma-ion treatment
of such elements in order to eliminate defects and impurities
remaining after the printing process.
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Materials and Methods

Samples preparation

The tested samples were cylinders — 16 mm in diameter
and 5 mm of height, prepared by means of ProX DMP 320
printer. The laser power was 500 W, the layer thickness
ranged from 30 to 60 microns and the accuracy of the
printout was + 0.2%. The printing material was the Ti6Al4V
ELI alloy available under the trade name LaserForm®
Ti Gr23 (A).

Samples of variable filling resulting in different geom-
etry of obtained scaffolds were analyzed within this study.
FIG. 1 presents images of the examined 3D printouts: 100%
infill (no intentional voids were left during printing either on
the surface or inside the sample), scaffolds with beams
oriented at right or variable angles (denoted respectively
solid, geo1, and geo2).

Post-processing

The plasma-ion post-processing was carried with radio
frequency etching. Modified samples were placed in the
vacuum chamber directly on the electrode. Three types of
the working atmosphere were analyzed: argon (99.999%
purity), oxygen (99.999% purity) and the mixture of argon
and oxygen. The working pressure was 15 Pa for the
usage of single gas and 20 Pa double gases. In all the
cases the flow rate of each used gas was set for 8 sccm.

SEl

The etching was conducted under the negative potential bias
of 2200 V. The temperature of the modified elements was
500°C. The duration of the post-processing was constant
in all the analyzed cases and equalled 4 h. The list of used
parameters and the designation of the type of modification
is presented in TABLE 1.

Scanning electron microscopy (SEM)

The SEM investigation was used to visualize and evalu-
ate the topography of all the examined samples. SM-6610LV
(JEOL, USA) equipped with X-Max 80 energy dispersive
X-ray spectroscopy (EDS) analyzer (Oxford Instruments, UK)
was used for observations with secondary imaging mode
(SEI — secondary electron image) — acquiring topographic
images. The SEM observations at randomly selected spots
were carried out under high vacuum with an electron beam
acceleration voltage of 10-20 kV.

Mass control

Five samples of each type of the examined printouts
(solid, geo1, and geo2) were used to determine the impact of
the proposed post-processing method on the mass change.
For each sample, the measurements were conducted prior
to plasma etching and after that process. The evaluation of
mass variation was conducted with an Asix AGS60 moisture
analyzer with a weight accuracy of 0.001 g. The samples
were heated to 100°C and kept at that temperature until
a constant mass of the sample was obtained for atleast 60 s.

FIG. 1. Macroscopic images of analyzed samples: a) solid sample — 100% infill, b) geo1 — right angles beams,
c) geo2 - individual beams crossing at variable angles; and SEM images of scaffolds d) geo1, e) geo2.

TABLE 1. Parameters of used plasma etching.

Working gas Potential Pressure Gas flow Temperature Code of
99 V] =) [sccm] [°C] modification
Oxygen 15 8 0,
2 Argon -2200 15 8 500 Ar
Oxygen & 8 (Ar)
Argon 20 8 (0,) Ar/O,
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Surface characterization

The evaluation of surface roughness was conducted via
contact profilometry by means of Hommel Tester T1000.
For each sample, 6 profiles were collected before and after
post-processing. The values of the following parameters:
Ra, Rz, Rmax were analyzed.

Results and Discussions

The roughness measurement carried out after plasma
etching of solid samples (FIG. 2) revealed differences, in re-
lation to the unmodified sample, only for the argon plasma. In
this case, the Rz and Rmax parameters increased by about
20%. However, no significant differences were found for the
0O, and Ar/O, modification. Usually, post-processing reduces
surface roughness. The results of chemical or electrochemi-
cal polishing presented by Pyka et al. [19] or Wu et al. [14]
show a decrease of printouts roughness, respectively by up
t0 25% and even about 5 times (for Ra parameter). Also, other
methods like jet-blasting show a similar tendency but with mi-
nor effects, e.g. the results of Kim et al. [16]. In that study, the
areal surface roughness of scaffolds single struts changed
from 11.0 £ 4.1 ym to 10.6 + 3.8 um after post-processing.

The argon plasma resulting from the high negative poten-
tial of electrode autopolarization is related with a basically
physical effect of surface etching - the predominant result
is a spontaneous change in topography.

The incorporation of oxygen into the plasma atmosphere
mitigates this effect. Oxidation takes place in addition to the
physical etching of the surface. In the case of etching in pure
oxygen, this effect is dominating, which results in a slight
increase in the mass of samples after the modification. Such
an effect is in opposition to the mass loss observed in other
types of etching. The results of the EDS surface examination
(FIG. 3) show that the highest oxygen content in the surface of
the sample etched in oxygen plasma which reaches the level
of about 40%, while for the sample modified in the mixture of
argon and oxygen, this value is only about 25%. The least
amount of oxygen is present in the case of samples etched
in pure argon, only about 10%. When discussing the change
in the sample mass values after the plasma etching process,
it should be noted that the measured differences are small.
They are in the range of 0.3-0.5% for the solid samples and
0.5-0.7% for the scaffolds (FIG. 4). This is a much better effect
than in the case of chemical cleaning of 3D prints, where the
weight loss can be up to several dozen percent [13].
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FIG. 2. Comparison of the roughness changes of
pristine solid 3D printouts and those modified by
plasma etching in various working atmospheres.
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FIG. 3. Chemical composition of solid samples
modified by plasma etching in various working
atmospheres.

FIG. 4. Changes of mass of printouts modified by
plasma etching in various working atmospheres.
a) solid, b) geo1, c) geo2.
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The SEM analysis of the plasma-treated solid samples
showed high efficiency of that post-processing method
in removing residual powders from the surface (FIG. 5).
Regardless of the chemical composition of the reaction at-
mosphere, the etching effect is similar. Only a few residues
of powders with a larger diameter, that are more tightly
bound to the substrate, remained on the examined surfaces.
Similar effects were achieved by other research groups
working with standard methods of post-processing [12-14].
More loosen powder particles — contacting the substrate with
only a small part of the surface, are completely removed.
Higher magnifications (FIG. 6) reveal the differences in the
effect of Ar and O,/Ar modification. The argon plasma etch-
ing creates a specific microstructure on the sample surface.
As a result, the increase of surface roughness appears,
which was confirmed not only by the SEM images but also
by profilometry (FIG. 2). Additionally, the structure defects
remaining after the printing process, such as microcracks,
are more visible, which may additionally contribute to in-
creasing the roughness, especially the Rmax parameter.
The oxygen plasma etching, especially in pure oxygen,
results in significantly smoother surfaces of the printouts.
This difference results from the previously discussed coexist-
ing chemical oxidation and physical etching. This may also
be favoured by the surface temperature during the plasma
process, stabilizing at about 500°C. The oxidation effect
also masks possible structure defects.

SEl 10V

The etching effect is slightly different for treated scaffolds
but looks similar in the case of both examined geometries
of the printouts (FIGs 7 and 8). The cleaning, in this case,
is not as effective as in the case of solid samples. Powder
residues are visible on all surfaces. The weakest clean-
ing effect was obtained for the Ar/O, modification — minor,
insignificant changes in the amount or geometry of residual
powders. Usage of argon or pure oxygen plasma leads to the
similar final state of the examined samples. In both cases,
there are visible the remaining particles of used powders on
the surface of scaffolds. What is more, the change in their
geometry is clear — swap from round to more angular shape
of individual particles. There are no observed powders whose
contact surface with the substrate would be small enough to
cause a risk of their easy detachment. Therefore, it can be
concluded that the obtained effect of etching is satisfactory in
these cases. A different etching effect for scaffolds and solid
samples may be due to two reasons. The first is possibly
scattering of the plasm in the subsurface area leading to
decrease of the efficiency of the process, resulting from larger
and more complicated geometries. Secondly, the structure
of the scaffold printouts is uneven. It seems that there exist
areas of beams that can be treated as solid and those where
the powder has not been melted well enough, resulting in
the formation of something like a porous sinter produced by
the chaotic thermal fusion of a large group of powder parti-
cles. Due to the small size of the individual beams forming
the overall structures, the attempt to completely remove
such mentioned above porous structures would involve
a significant reduction in their size, which in turn may lead
to a weakening of the strength properties of the printout.

a

SEl  10kV WD T mm

FIG. 5. SEM images of the surface of solid samples modified in various manners — 100x magnification.
a) Pristine state, b) O, modification, c) Ar modification, d) Ar/O, modification.
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FIG. 6. SEM images of the surface of solid samples modified in various manners — 400x.
a) Pristine state, b) O, modification, c) Ar modification, d) Ar/O, modification.
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FIG. 8. SEM images of the surface of geo2 samples modified in various manners.
a) Pristine state, b) O, modification, c) Ar modification, d) Ar/O, modification.

Conclusions

The presented results show that the plasma treatment of
titanium elements obtained via the DMP method is a possible
novel approach to the post-processing of 3D printouts which
reduces loosely bonded remaining particles of the powders
used during manufacturing. Depending on the applied
kind of the working atmosphere, it is possible to conduct
predominantly physical etching (action of Ar plasma) or
a combination of physical etching and chemical oxidation
(use of O,, or Ar/O, plasma).

The proposed method is much less invasive than com-
mon chemical etching and results in the mass reduction
of the examined printouts of less than 1% (for the usage
of pure argon or its mixture with oxygen) or even a slight
increase of that parameter due to the formation of the oxide
layer. The proposed approach was more effective in clean-
ing loosely attached powder particles from elements with
simpler geometry, but in all the examined cases the possible
detachment of powders particles was effectively minimized.

The disadvantage of the plasma method may be its time-
consuming nature. In the presented research, etching was
carried out for up to 4 h, while in the currently most popular
method of wet chemical etching, this process does not
exceed several minutes. However, the increase in process-
ing time can be compensated by the advantages. The first
benefit is a small, even negligible loss of weight, important
especially in scaffolds printouts as it does not change their
strength properties. The second advantage is the obtained
microstructure which can be related with more favourable
conditions of the surface for cell adhesion.
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Abstract

In this work, new materials based on the mixture of
hyaluronic acid and albumin from chicken eggs have
been studied. Tests were carried out to determine
the molecular weight of the tested hyaluronic acids.
The properties of hyaluronic acid were investigated
and significant differences were found in the mecha-
nical properties of the tested compound, depending
on its molecular weight. It was found that egg albumin
can be combined with hyaluronic acid and thin films
can be obtained. Spectrometric tests were performed
both for pure compounds and for mixtures of hyalu-
ronic acid with chicken egg albumin. IR spectroscopy
showed that interactions between hyaluronic acid and
egqg albumin are mainly by hydrogen bonds, as the
shifts in the main bands in IR spectra were observed.
The addition of egg albumin to hyaluronic acid leads
to the decrease of its mechanical properties. The dete-
rioration of the mechanical properties of polymer films
from HA-albumin mixtures may be due to interactions
between compounds which were shown in the IR
spectra. The thin films based on hyaluronic acid and
egg albumin blend can be used as adhesive materials
in biomedicine and cosmetics. Both biopolymers are
biocompatible and biodegradable so we can expect
a biocompatible and biodegradable material for po-
tential application as adhesives.

Keywords: hyaluronic acid, albumin from chicken
egg, mechanical properties, polymer films
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Introduction

The definition of a biomaterial states that it is a chemically
or pharmacologically inert substance intended for implanta-
tion or contact with a living organism. The biomaterial must
meet several basic conditions. It must be non-toxic, biocom-
patible, and non-carcinogenic. It cannot react with a living
organism causing unwanted reactions. Biomaterials can be
divided into several basic groups: bioinert (any material that
does not cause a negative response by the body’s immune
system), bioactive, and bioabsorbable [1]. Biomaterials
are used in tissue engineering to create healing materi-
als and also as drug delivery systems. Natural polymers,
such as proteins, nucleic acids, polysaccharides, are most
often used as scaffolds or substrates in biomaterials [2].

The new trend in materials sciences is the fabrication of
new biomaterials based on the mixtures of biopolymers.
Within the last three decades, an increasing interest in new
materials based on blends of two or more polymers has been
observed [3-9]. The potential applications of biopolymer
blends in the biomedical field can be wide and may include
drug delivery systems, tissue engineering, wound healing,
or gene therapy. Biopolymer blends can be also applied as
edible packaging materials.

Polysaccharides and their modifications have found wide
application in the medical and pharmaceutical industries as
drug carriers [10]. They may show anti-inflammatory, anti-
viral, and antibacterial properties, which makes them good
raw materials for the production of biomedical materials.
They can be of plant or animal origin. The most common
natural polysaccharides are cellulose, starch, chitosan and
hyaluronic acid [11]. The above-mentioned polysaccha-
rides can be blended with another biopolymer. One of the
most commonly used polysaccharides is hyaluronic acid
(HA). HA is a water-soluble compound whose structure
includes D-glucuronic acid and N-acetyl-d-glycosamine [12].
Hyaluronic acid has been used in ophthalmology, embryo
protection, and drug delivery because it is a non-toxic, non-
inflammatory, non-allergenic compound, as well as a highly
elastic hydrophilic substance [1]. Hyaluronan is also used in
eye drops because its sodium salt is present in the vitreous
body of the human eye [13]. Hyaluronic acid can be blended
with another polymer and/or a biopolymer and in this way,
new materials can be obtained [14-20].

In the biomaterials industry, apart from polysaccharides,
proteins occupy a special place due to their low cost, high
availability, and biodegradability [21]. Proteins can also be
considered as a component of the blend with polysaccha-
rides. The most common types of albumin in the biomateri-
als industry are human albumin, bovine albumin, and egg
albumin. Egg albumin is composed of glycoprotein and
amino acid residues. Polymer films obtained from chicken
egg white have the appropriate properties, thanks to which
they can be used as food packaging material. Moreover,
egg albumin is biocompatible and biodegradable [22].
It can be blended with water-soluble polysaccharides and
in such a way new materials can be fabricated. Biopolymer
blends preparation by dissolution in the same solvent al-
lows avoiding protein denaturation. The specific interaction
between the blend components is often called miscibility.
The most common interactions in the blends are: hydro-
gen bonding (when polymers contain chemical groups
capable of forming hydrogen bonds), ionic and dipole, pi-
electrons and charge-transfer complexes. The interactions
between HA and egg albumin can determine the properties
of the blend. Moreover, the interactions between hyaluronic
acid and albumin can be important from biomedical point
of view because the mixture of hyaluronic acid and albu-
min can mimic the synovial fluid and it may influence the
tribological properties of cartilage. The blends of hyaluronic
acid and albumin can be used in drug delivery systems
so it is crucial to know the physico-chemical properties of
such blends.

In this work polymer thin films made of pure hyaluronic
acid of three different molecular weights and their mixtures
with egg albumin have been researched. The mechanical
and physicochemical properties of the obtained mem-
branes were investigated and compared. To the best of
the authors’ knowledge, there is very limited information
about the structural features of hyaluronic acid-albumin
molecular assemblies, including intermolecular interaction
characteristics.
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Materials and Methods

Materials

High-molecular-weight hyaluronic acid (HA), low-molecu-
lar-weight HA, and ultra-low-molecular HA were purchased
from the cosmetic company (Prochowice, Poland). Albumin
from chicken egg was purchased from Sigma-Aldrich (Merck
Life Science, Poznan, Poland).

Preparation of solutions

To determine viscometric average molecular weights
of HA, a stock solution of NaCl was prepared in which the
three tested hyaluronic acids were dissolved. The following
solutions were obtained: a solution 0.1% of high-molecular
HA in NaCl, a 0.1% solution of low-molecular HA in NaCl,
and a 1% solution of ultra-low-molecular HA in NaCl.

For the study of mechanical properties and FTIR analy-
ses, thin films were manufactured using the 1.5% high-
molecular HA, the 1.5% low-molecular HA, and the 2%
ultra-low-molecular HA solutions which were prepared in
water.

Determination of viscometric average molecular
weights

The prepared stock solution of hyaluronic acid in NaCl
was poured into the Ubbelohde viscometer (Ubbelohde
viscometer is a standard glass device commercially avail-
able). Then, the time of the solution flow between the two
marked places was measured several times. The stock
solution was then diluted with successive portions of the
NaCl solution and the flow times were measured each time.
The measurements were performed for three different hya-
luronic acids. The molecular weights of the tested hyaluronic
acids were determined with the help of a computational
program.

The molecular weight of HA used in this study was as
follows:

MHAhigh-moIecuIar = 8’434105 (g/m0|)

MHAIow-moIecuIar = 61327105 (g/mOI)

MHAuItra-Iow—moIecuIar = 3’445104 (g/m0|)

Preparation of polymer blends and films

Each of the three hyaluronic acid solutions was mixed
with powdered egg albumin. The amount of 0.3 g powdered
albumin was added to 30 g of HA solution and then stirred for
about 15 min on a magnetic stirrer. Then 25 g of the resulting
mixtures and the pure solutions of the three test HAs were
poured onto plastic plates. It took a week for the solvent to
evaporate and the polymer film to form. The images of the
films obtained in such a way are shown in FIG. 1 and FIG. 2.

IR spectroscopy

The infrared spectra were registered by Nicolet iS10
spectrophotometer equipped with an ATR device with
a germanium crystal (Thermo Fisher Scientific, Waltham,
MA, USA). All the spectra were recorded with the resolution
of 4 cm™ with 64 scans. The spectra were evaluated in the
range of 400-4000 cm™. The data was obtained using the
Omnic Spectra 2009 program.

Mechanical properties

Fittings of the same size were cut from all the obtained
polymer films. Mechanical properties, including tensile
strength force and Young’s modulus, were tested on
a Zwick & Roell Z.0.5 testing machine (ZwickRoell Group,
Ulm, Germany). 10 trials were made for each film. Initial
parameters of the research program were as follows: initial
force 0.1 MPa, initial force speed 5 mm/min, testing speed
50 mm/min, the load cell is 0.5 N. The data was collected
in the testXpert Il 2017 program. The statistical analysis of
the obtained results was performed using the Q-Dixon test
in MS Excel.

Results and Discussions

Physicochemical properties

The IR spectra were recorded to determine the interac-
tions between hyaluronic acid and albumin. The individual
spectra of pure compounds and mixtures are presented in
the figures below (FIGs. 3-8). The positions of the individual
bands are presented in the tables below (TABLES 1-3).
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Band position for Band position for the mixture of

FUEHET) € WIS hyaluronic acid [cm] hyaluronic acid and albumin [cm]

1 O-H; N-H Stretching 3332 3287
2 C-H Stretching 2928 2929
3 N-H Deformative 1607 1635
4 C-N; N-H Stretching; Bending - 1543
5 C=0 Stretching 1409 1404
6 C=0 Stretching 1376 -

7 COH Stretching 1038 1035
8 cocC Stretching 946 -

9 COC Stretching 609 607

Band position for Band position for the mixture of

FUREam e WIATE IS hyaluronic acid [cm™] hyaluronic acid and albumin [cm]

1 O-H; N-H Stretching 3291 3281
2 C-H Stretching 2927 2963
3 N-H Deformative 1607 1636
4 C-N; N-H Stretching; Bending - 1542
5) C=0 Stretching 1408 1398
6 Cc=0 Stretching 1376 -

7 COH Stretching 1036 1031
8 COC Stretching 608 557

Band position for

Band position for the mixture of

FumEion e WIS hyaluronic acid [cm] hyaluronic acid and albumin [cm™]

1 O-H; N-H Stretching 3293 3276
2 C-H Stretching 2919 2930
8 N-H Deformative 1607 1634
4 C-N; N-H Stretching; Bending - 1544
5 C=0 Stretching 1408 1401
6 Cc=0 Stretching 1375 -

7 COH Stretching 945 1032
8 CcOC Stretching 606 504

The IR spectra for hyaluronic acid are almost identi-
cal, regardless of its molecular weight. Minor differences
in the wavenumber may be caused by a slight change in
conditions when performing spectrometric measurements.
The obtained IR spectra confirm the presence of amide,
hydroxyl, and carboxyl groups in the tested compounds.

The addition of egg albumin to hyaluronic acid changed
the infrared spectra of this polysaccharide. The characteristic
band for albumin, confirming the presence of protein in the
tested film, is the band corresponding to the wavenumber
1543, 1542, and 1544 cm™'. This band corresponds to the
stretching of the C-N group and bending of the N-H group [23].
Reducing the intensity of the bands in mixtures and shift
of the bands, e.g. 3332 cm™ in HA and 3287 cm™ in the
mixture of HA with albumin, may suggest the interactions
between the components of the mixtures. The interaction
occurs mainly via hydrogen bonds.

The band of about 3300 cm™ is attributed to vibrations
stretching the OH bond and to vibrations stretching the
NH bond, while the band of about 1600 cm' corresponds
to deformation vibrations of the NH bond (presence of an
amide functional group in the structure of hyaluronic acid).
The band at 2930 cm™' corresponds to the stretching vibration
in the C-H group. The bands appearing around 1030 cm™'
and from 607 to 505 cm™" may indicate stretching vibrations
in the COC group. The C = O stretching vibration corre-
sponds to the band around 1408-1375 cm™ and confirms
the presence of the carboxyl group in hyaluronic acid.
The band appearing around 1038 cm™ corresponds to the
COH stretching vibrations [24,25]. Having added albumin
to hyaluronic acid, the shift of the above-mentioned bands
in the IR spectra clearly shows the interactions between the
mixture components.
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Mechanical properties

The mechanical properties of films made of pure hyalu-
ronic acid solutions of three different molecular weights and
of films produced by mixing hyaluronic acid with egg albumin
were investigated. The obtained results are presented in the
tables below (TABLES 4-6).

The mechanical properties of obtained polymeric films
vary, depending on the molecular weight of the hyaluronic
acid. The highest value of Fmax was obtained for the high-
molecular weight HA, and the lowest for the ultra-low-mo-
lecular HA. The highest value of Young’s modulus (Emod)
was obtained for the ultra-low molecular weight HA.

The addition of ovalbumin to the hyaluronic acid solution
significantly affects the mechanical properties of polymer
films. The tested films made of mixtures of HA and albu-
min had lower Emod and Fmax values. The Fmax values
for the mixtures decrease with the decreasing molecular
weight of HA.

Changes in the mechanical properties following the addi-
tion of albumin may suggest interactions between hyaluronic
acid and albumin. This has been confirmed in spectrometric
tests. The weaker mechanical properties after the addi-
tion of egg albumin may suggest that the hydrogen bonds
between HA and egg albumin are weaker than hydrogen
bonds between HA molecules.

Conclusions

Egg albumin can be combined with hyaluronic acid and
thin films can be obtained. The addition of albumin reduces
the mechanical properties of the hyaluronic acid films.
The tensile strength of the HA films decreases when al-
bumin is added to hyaluronic acid. This may be due to the
interaction of albumin and hyaluronic acid and the forma-
tion of bonds weaker than those between HA molecules.
The spectrometric studies confirmed the interactions
between the hyaluronic acid molecule and albumin. The
obtained polymer films based on hyaluronic acid and their
mixtures with albumin can be used in the biomaterials and
cosmetics industry, e.g. as biomimetic coatings and adhe-
sives. The blends of hyaluronic acid and albumin can also
be used in drug delivery systems. However, more research
is needed to investigate the biological activity as well as the
cosmetic and biomaterial potential of albumin-containing
hyaluronic membranes. Nevertheless, it should be empha-
sized that the obtained biomaterial should be biocompatible
and biodegradable as no cross-linking agent has been used
for the materials preparation and the thin films were formed
spontaneously via self-assembly.

Acknowledgements

Statutory activity of KCBIK WCh UMK in Torun.

ORCID iDs
M. Gadomska: https://orcid.org/0000-0001-9214-8931
K. Musiat: https://orcid.org/0000-0002-3596-602X

A. Sionkowska: https://orcid.org/0000-0002-1551-2725

TABLE 4. Mechanical properties of the film made
of the 1.5% high molecular weight hyaluronic acid
solution and its mixture with egg albumin.

\[o} Material E...c [GPa] Fax [MPa]
1 HA 0.708 61.5
2 HA with 0.298 48.07
albumin

TABLE 5. Mechanical properties of the film made
of the 1.5% solution of low molecular weight
hyaluronic acid and its mixture with egg albumin.

No. Material E...q [GPa] Frax [MPa]
1 HA 0.196 58.37
2 HA with 0.220 38.02
albumin

TABLE 6. Mechanical properties of the film made
of a 2% solution of ultra-low molecular weight
hyaluronic acid and its mixture with egg albumin.

(\[o} Material E, ..« [GPa] Fax [MPa]
1 HA 1.44 53.13
2 HA with 0.303 17.85
albumin
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Abstract

Gelatin scaffolds are in the interest of tissue engi-
neering 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 concen-
tration of the initial solution was observed. Therefore,
it is possible to obtain a scaffold with a planned poro-
sity. 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 pro-
cess of pre-freezing the solution in liquid nitrogen
caused the highest porosity of the sample, the smal-
ler 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 scaf-
fold in the bone loss correlated to bacterial infection.

Keywords: scaffold, microstructure, tissue engi-
neering, gelatin, freeze-drying
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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 ym to 300 ym. The most optimal
scaffold microarchitecture for trabecular bone regeneration
is the porosity of about 60% and the pore size from 300 um
to 500 um [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 in-
duce 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 crosslink-
ing 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 concen-
tration of the initial gelatin solution influenced the micro-
structure 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).
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Moreover, such a method does not require any additional
substances such as porogen or solvent. The effect of pre-
freezing temperature was also assessed. The scaffolds
porosity, pores size, shape and distribution were analysed.
The influence of the samples microstructure on their me-
chanical properties was also investigated. It was tested
how gentamicin sulphate added to the gelatin solution af-
fected 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 freeze-
drying method. Gelatin powder (bovine skin, type B,
Sigma-Aldrich, bulk density 0.58 g/cm?®) 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 solu-
tion 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.

For comparison, one group of samples were frozen in liquid
nitrogen (Sample 17, Cp = 11 wt%). Next, they were freeze-
dried (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
alength 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 prob-
ability 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)

FIG. 2. SEM micrograph of the Samples 1 - 4 and 1”.
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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 fin-
ished when the displacement reached 5 mm.

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. Itis an im-
portant 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 influ-
enced 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.

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 mmin 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 charac-
teristic 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 con-
centration. 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 poros-
ity, 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).

Pore size Longer diameter Shorter diameter Average pore size D Aspect ratio
and shape D1 [mm] D2 [mm)] [mm] 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
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FIG. 3. Frequency of the pore size in a particular range for samples 1, 2 and 3.
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TABLE 2. Porosity of the obtained samples in comparison with theoretical values.

Sample 1

Sample 2 Sample 3 Sample 1” Sample 4

w t Measured porosity [%] 74+9 68 + 11 57 + 14 785 73+10
< E I Theoretical porosity [%] 82 78 70 82 82 I
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FIG. 4. The relation of porosity from the concen-
tration 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 1is 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 mechani-
cal properties of scaffolds. Arora et al. reported maximum
mechanical properties for aligned pores [23]. Vetrik et al. ob-
served 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].
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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 6 ; _ 500, [MPa] 3.01+£0.15 3.16 £ 0.42 3.40£0.39 3.13+0.17 3.09+0.20
Force at 10% strain [N] 103+ 4 123 +10 156 + 6 1215 11517
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Sample 1” which was obtained by pre-freezing in liquid

® o o o o o o 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 prop-
erties. 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 ex-
pected, and in consequence the fast mechanical parameters
decrease. In this stage of the study, a rapid antibacterial
action of the scaffold was planned.

Conclusions

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 microstruc-
ture 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.

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 scaf-
folds.

The next step of the studies will be investigating a drug
release profile and assessing the influence of gelatin cross-
linking on the drug release speed.
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