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MANUFACTURING AND 
CHARACTERIZATION OF 
GELLAN GUM – ZINC OXIDE 
COMPOSITES AS POTENTIAL 
BIOMATERIALS FOR WOUND 
TREATMENT
Alicja Macyk    *, Anna Kusibab    , 
Elżbieta Pamuła    

AGH University of Krakow, 
Faculty of Materials Science and Ceramics, 
Department of Biomaterials and Composites, 
al. A. Mickiewicza 30, 30-059 Krakow, Poland
*e-mail: amacyk@student.agh.edu.pl

Abstract

This study aimed to produce gellan gum-based hydrogels 
with the addition of zinc oxide as a potential dressing mate-
rial. Hydrogels with ZnO concentrations of 0.01%, 0.02% 
and 0.04% were prepared, micrometric and nanometric ZnO 
particles were used, and a CaCl2 crosslinker was added to 
one part of the samples. All samples (14 types) produced 
by the freeze drying method were characterized with high 
swelling properties (>2000%), what is important to ensure 
the absorption of exudates from wounds. Samples with 
ZnO particles cross-linked with CaCl2 lost less mass after 
incubation in aqueous media and were characterized by 
better dimensional stability than those without crosslinking. 
The pH of the extracts of the samples containing ZnO parti-
cles was more neutral (pH 7.0-7.6) than that of the control 
gellan gum samples (pH of 5.5-6.1). The zinc release from 
cross-linked samples was twice as high for those containing 
nanometric particles than for micrometric particles (1.94 ± 
0.04 mg/l and 0.93 ± 0.02, respectively). Relatively large 
amounts of released zinc species in the case of samples 
containing ZnO nanoparticles are promising in the context 
of the antibacterial properties and treatment of infected 
wounds. A lower amount of zinc released from samples 
with ZnO microparticles could be sufficient to prevent the 
development of the infection. Furthermore, both materials 
show satisfactory cytocompatibility with L929 fibroblasts, as 
shown by Alamar blue and live/dead viability tests, making 
them prospective candidates for wound healing.

Keywords: gellan gum, zinc oxide nanoparticles, zinc oxide 
microparticles, wound healing, L929 fibroblasts
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Introduction

Hydrogels are materials widely used as wound dress-
ings. Due to their high water content, they provide a moist 
environment that promotes wound healing and also allows 
gas exchange. Hydrogels adhere very well to the wound, 
thus preventing contamination of damaged tissue, and at the 
same time, they do not stick to it, so changing the hydrogel 
dressing is painless [1]. In addition, especially when hydro-
gels are processed by freeze-drying to form porous sponges, 
they can absorb exudate from the wound and cleanse it of 
necrotic tissues [2]. Hydrogels are usually formed by syn-
thetic polymers, e.g., poly(vinyl alcohol) (PVA), poly(vinyl 
pyrrolidone) (PVP) and poly(ethylene glycol) (PEG) or by 
natural polysaccharides such as starch, cellulose, chitosan, 
agar, alginates or gellan gum [3]. 

Gellan gum is a biodegradable and nontoxic polysaccha-
ride, obtained in the fermentation process by Sphingomonas 
elodea bacteria [4]. It is used in the food industry because 
of its gelling properties and as a stabiliser of suspensions;  
it is also applied in the medical industry, for example, in tissue 
engineering as a matrix of scaffolds or as a drug carrier [5,6].  
Gellan gum hydrogels are most often cross-linked using 
calcium ions [7]. Gellan gum-based materials supplemented 
with lipid nanoparticles loaded with antibacterial peptide, 
nisin, have already been developed as potential dressing 
materials for infected wounds [8].

Zinc oxide is known for its antibacterial properties that 
may have a beneficial effect on wound healing [9]. The anti-
bacterial effect of ZnO is related to the production of reactive 
oxygen species (ROS) that destroy the bacterial cell wall.  
It can also release zinc ions, Zn2+, which are absorbed by the 
bacterial cell, damaging DNA, and reacting with intracellular 
proteins [10]. ZnO is also a potential cross-linker, improv-
ing the mechanical properties of polysaccharide hydrogels,  
as well as increasing resistance to degradation [11]. 

The purpose of this study was to develop dressing materi-
als based on gellan gum supplemented with zinc oxide par-
ticles. To this end, several sample types were manufactured 
that differed in ZnO particle size (nanometric or micrometric) 
and particle concentration. Then, physico-chemical proper-
ties of the samples including dimensional stability, swelling 
properties, and zinc release were assessed. The study also 
aimed at checking the cross-linking properties of ZnO pow-
ders depending on the concentration and particle size and its 
effect on the properties of the resulting materials. In addition, 
cytotoxicity tests with the use of L929 fibroblasts of all stud-
ied materials were performed to find out which has the most 
promising properties for application as wound dressings.  

Materials and Methods

Preparation of gellan gum samples with zinc oxide 
particles

Gellan gum (GG, low-acyl, Sigma Aldrich, USA), nano-
metric ZnO (<100 nm particle size, Sigma-Aldrich, USA) 
and micrometric ZnO (<50 µm particle size, ZM Silesia SA, 
Oława, Poland) were used in this study.

The GG control sample was prepared by dissolving 200 
mg of GG in 10 ml of UHQ ultrapure water for 30 min in  
a 90°C water bath. The suspension was vortexed for 10 s 
and poured into a glass Petri dish (diameter 9 cm). Spacers 
placed in a Petri dish made it possible to obtain a uniform 
hydrogel height of 4 mm. 

https://creativecommons.org/licenses/by/4.0
https://doi.org/10.34821/eng.biomat.168.2023.2-8
https://orcid.org/0000-0002-0464-6189
https://orcid.org/0000-0002-5580-7392
https://orcid.org/0009-0003-9988-7464
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The cross-linked GG control sample (GG+CaCl2) was 

prepared by dissolving 222 mg of GG in 10 ml of ultrapure 
UHQ water for 30 min in a 90°C water bath. The tempera-
ture was then reduced to 70°C and the crosslinking solution 
(1% CaCl2 solution) was heated in a water bath: 493 mg 
CaCl2·6H2O in 24.76 ml UHQ water. Then 9 ml of the GG 
suspension and 1 ml of the crosslinking solution were taken, 
vortexed for 10 s and poured into a Petri dish (diameter 9 cm) 
with spacers. The final concentration of CaCl2 in the samples 
was 0.1%.

The GG samples with the addition of ZnO at concentra-
tions of 0.01 wt%, 0.02 wt%, and 0.04 wt% were also pre-
pared by weighing the appropriate amount of ZnO (1.1 mg,  
2.2 mg, 4.4 mg, respectively), which was suspended in 
11 ml of UHQ water using ultrasound for 30 min. 220 mg 
of GG were weighed and mixed with ZnO suspension, 
then heated for 30 min in a water bath at 90°C. 10 ml 
of suspension was taken, vortexed for 10 s, and poured 
into a Petri dish (diameter 9 cm) with spacers. Two ZnO 
powder grades were used: nanometric (n) and micromet-
ric (m), resulting in six sample types: GG+ZnO(n)0.01%, 
GG+ZnO(n)0.02%, GG+ZnO(n)0.04%, GG+ZnO(m)0.01%, 
GG+ZnO(m)0.02%+CaCl2, GG+ZnO(m)0.04%.

The GG+CaCl2 samples with the addition of ZnO at con-
centrations of 0.01 wt%, 0.02 wt%, and 0.04 wt% were also 
prepared by weighing the appropriate amount of ZnO (1.1 mg,  
2.2 mg, 4.4 mg, respectively), which was suspended in 
11 ml of UHQ water using ultrasound for 30 min. 220 mg 
of GG were weighed and mixed with ZnO suspension, 
then heated for 30 min in a water bath at 90°C. Then,  
9 ml of the suspension and 1 ml of 1% CaCl2 were taken, 
vortexed for 10 s, and poured into a Petri dish (diameter of 
9 cm) with spacers. Two ZnO powder grades were used: 
nanometric (n) and micrometric (m), resulting in six sample 
types: GG+ZnO(n)0.01%+CaCl2, GG+ZnO(n)0.02%+CaCl2, 
GG+ZnO(n)0.04%+CaCl2, GG+ZnO(m)0.01%+CaCl2, 
GG+ZnO(m)0.02%+CaCl2, GG+ZnO(m)0.04%+CaCl2.

The hydrogels were cooled at 4oC for 30 min, and then 
circular samples with a diameter of 12 mm were cut out 
with a punch device. The hydrogel samples were placed in 
24-well plate dishes, frozen at -80°C for 24 h followed by 
48 h freeze-drying (Alpha 1‐2, Martin Christ, Osterode am 
Harz, Germany).

Microscopic observations
The freeze dried samples were observed under a micro-

scope (Keyence VHX 7000, Belgium) at a magnification of 
20x. Each of the samples was then immersed in 3 ml of phos-
phate buffered saline (PBS, Sigma-Aldrich, USA) for 1 h,  
after which microscopic observations were made again to 
assess microstructural changes after incubation in PBS.

Swelling, remaining mass, pH measurements
The freeze dried samples (n = 3 of each type) were 

weighed on an analytical balance and then immersed in 
2 ml of PBS each. After 24 h, the samples were collected, 
and carefully wiped with a tissue (Kimwipes, KIMTECH)  
to remove excess water, but avoiding removing water out 
of the pores of the sample. 

The swelling of the samples was calculated from the 
formula (1):

                                                                                   (1)

where: Mw - the mass of the wet sample, Md - the mass of 
the dry sample.

After 48 h of incubation in PBS, the samples were washed 
extensively with UHQ water (4 times, 5 ml of water, 3 min for 
each wash) and dried at 37oC for 24 h. The dried samples 
were weighted. The remaining mass of the samples was 
calculated using the formula (2):

                                                                                   (2) 

where: Mdeg is the mass of the dried sample after 48 h of 
incubation, Mnon-deg is the mass of the dry sample before 
incubation.

For pH measurements of the incubation medium, 
previously weighed samples were placed in separate 
Falcon tubes, and about 3 ml of UHQ water was poured 
into each tube so that the ratio of sample weight to water 
volume was constant in each tube and equal to 0.425%.  
The pH of the samples was measured after 24 h (Elmet-
ron 410 pH Meter, Poland). The pH meter was thoroughly 
cleaned between measurements. To test the stability of the 
samples, they were incubated in 3 ml of UHQ water for 7 days.  
After 7 days, it was checked whether the hydrogels structure 
changed or degraded.

Atomic absorption spectrometry
To determine the ZnO release from the hydrogel sam-

ples, atomic absorption spectrometry (Perkin-Elmer 3110, 
USA) was used. Extracts from hydrogel samples after 
10 days of incubation in water (the same as those used 
for the pH measurements) were used for the analysis. 
The suspensions were centrifuged and 0.5 ml of sam-
ple solution of the respective samples was added: GG, 
GG+CaCl2, GG+ZnO(n)0.04%, GG+ZnO(n)0.04%+CaCl2, 
GG+ZnO(m)0.04%, GG+ZnO(m)0.04%+CaCl2.

In vitro cytotoxicity
To test potential cytotoxicity, 1% extracts of the samples 

were prepared. For this purpose, two samples of each type 
were weighed. Each sample was irradiated under a UV 
lamp for 10 min on each side. The samples were placed 
in Falcons tubes and incubated in cell culture medium  
(the same as for further in vitro tests, 2 ml of medium for 20 mg 
of samples) for 24 h.

L929 fibroblasts (European Collection of Cell Cultures, 
UK) were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% foetal bovine serum (FBS) 
and 1% penicillin/streptomycin (all chemicals from PAN‐
Biotech) at 37°C in a 5% CO2 atmosphere. A suspension 
of 50,000 cells/ml of medium was prepared. In a 96-well 
plate, 200 µL of cell suspension was transferred to each 
well resulting in 10,000 cells per well and allowed to adhere 
to the bottom of the plate. After 24 h, the medium was aspi-
rated and replaced with extracts of the samples. Cells were 
cultured in 1% and 0.5% w/v extracts of the samples as well 
as in control medium without extracts (n = 3). 

Cell viability was tested with the AlamarBlue assay [12]. 
After 24 h of cell culture with extracts, the medium was 
aspirated from each well and replaced with 150 µl of a 5% 
AlamarBlue solution in DMEM. The prepared plate was incu-
bated for 3 h and then 100 µl of medium was transferred to 
a 96-well black plate. Using the FluoroSTAR Omega reader, 
the fluorescence intensity of the samples was obtained.  
The percentage of resazurin reduction was calculated using 
the formula (3):

                                                                                   (3)

where: Fx - fluorescence of the sample, F0% - fluorescence 
of the medium with AlamarBlue reagent without cells,  
F100% - fluorescence of the completely reduced reagent.

%Swelling =
Mw - Md · 100%

Md

%Remaining mass  =
Mdeg · 100%

Mnon-deg

%Resazurin reduction =
Fx - F0% · 100%F100% - F0%
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For live/dead staining, the extracts were replaced with  

a solution of 100 µl of 0.1% calcein AM (Sigma-Aldrich) 
and 0.1% propidium iodide (Sigma-Aldrich) solutions in 
PBS. The plate was incubated for 20 min at 37°C and then  
a fluorescence microscope (Axiovert 40 CFL, Germany) 
was used for cell visualization.

Statistics
Statistical analysis was performed by one-way analy-

sis of variance (one-way ANOVA) using OriginLab2023  
software. Differences were considered significant when 
p < 0.05. The results are presented as mean ± standard 
deviation (SD).

Results and Discussion

During hydrogel production, it was observed that with an 
increase of the ZnO concentration, the samples became 
stiffer and harder, and the highest stiffness was found 
for the samples with 0.04% ZnO and CaCl2 cross-linker.  
The control sample of neat gellan gum was the softest,  
so great care had to be taken when cutting the GG hydrogels 
without damaging the samples.

Microscopic observations
The results of microscopic observations of dry samples 

and those after soaking in PBS for 1 h (wet) are shown in 
FIG. 1. With the increase in the concentration of ZnO, whiter 
colouration of the samples was observed. Samples with the 
addition of CaCl2 cross-linker had larger pores compared to 
samples without CaCl2. The sample of ZnO(n) 0.04%+CaCl2 
had the largest pores. The highest porosity was found for 
samples containing nanometric ZnO with the addition of 
a CaCl2 crosslinker. After soaking in PBS, the size of the 
samples increased (FIG. 1).

Swelling, remaining mass, pH measurements
The swelling of the samples after 24 h of incubation in 

PBS was very high for all samples always exceeding 2000% 
(TABLE 1, column 2). 

The results of the samples’ mass measurements after 
48 h incubation in PBS (TABLE 1, column 3) show that the 
addition of ZnO to the non-cross-linked samples caused 
a higher mass reduction than in the control GG sample. 
The lowest remaining mass equal to 75% was measured 
for GG+ZnO(n)0.04% sample. Samples cross-linked with 
CaCl2 showed a much higher remaining mass, except 
GG+ZnO(m)0.01%+CaCl2 for which the remaining mass 
was 87%. 

The pH measurements (TABLE 1, column 4) show that 
each sample containing ZnO caused an increase in pH as 
compared to the GG and GG+CaCl2 control samples which 
presumably is due to the release of zinc species from the 
hydrogels into the solution. The samples with the addition of 
ZnO showed a pH of 7.0-7.6, while the samples of GG and 
GG+CaCl2 had a pH of 5.5 and 6.1, respectively. 

The last column of TABLE 1 shows the dimensional 
stability of the hydrogels. The “yes” mark means that the 
sample did not degrade within 7 days of incubation in UHQ 
water, while the mark “no” means that the sample degraded 
under these conditions.

The results show that all samples crosslinked with CaCl2, 
except GG+ZnO(m)0.01%+CaCl2, were dimensionally 
stable up to 7 days immersion in UHQ water. The latter 
sample was also characterized by a higher loss of mass of 
13% and a very high swelling that reached 3700 ± 300%. 
On the other hand, the only one sample without CaCl2, i.e. 
GG+ZnO(m)0.04%, was dimensionally stable after 7 days 
of incubation. It had a relatively low swelling of 2250 ± 
300% and lost only 8% of its mass after incubation. The 
other samples without CaCl2 crosslinking dissolved within 
7 days of incubation. 

FIG. 1. Pictures of samples after freeze-drying (dry) and after soaking in PBS for 1 h (wet) (Keyence VHX 7000, 
Belgium, 20x magnification); scale bar = 1 mm.
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The results obtained show that cross-linked samples with 
0.04% ZnO particles (both micrometric and nanometric) and 
non-cross-linked with 0.04% micrometric ZnO seem to be 
the most promising for dressings due to their dimensional 
stability. Hence, they were submitted to further studies to 
assess zinc release and verify their potential cytotoxicity. 
For comparison, GG+ZnO(n)0.04%, which was not dimen-
sionally stable and lost the highest amount of mass after 
incubation, was also tested.

Atomic absorption spectrometry
The results of atomic absorption spectrometry results 

of zinc release after 10 days of incubation in UHQ water 
for the samples GG+ZnO(n)0.04%, GG+ZnO(m)0.04%, 
GG+ZnO(n)0.04%+CaCl2, and GG+ZnO(m)0.04%+CaCl2 
are shown in FIG. 2. For the above samples, the correspond-
ing zinc concentrations were equal to 2.51 ± 0.04 mg/l, 0.92 
± 0.03 mg/l, 1.94 ± 0.04 mg/l, and 0.93 ± 0.02 mg/l. There 
was a significantly higher amount of zinc released in the case 
of the samples with nanometric ZnO compared to that with 
micrometric ZnO. It may be related to a higher dissolution 
of ZnO from nanoparticles compared to microparticles due 
to their higher relative surface area. Crosslinking of the hy-
drogel with Ca2+ ions decreased the amount of zinc released 
from the composites but only in the case of nanometric ZnO 
particles. No such relationship was found for micrometric 
ZnO particles, for which zinc release was the lowest.  
For comparison, GG and GG+CaCl2 samples were also 
tested, but zinc, as expected, was not detected in these 
samples. Our results show that the amount of zinc released 
should be sufficient to assure antibacterial properties.  
According to Jayaseelan et al. [13] minimum inhibitory 
concentrations (MIC) of ZnO nanoparticles against A. hy-
drophila, E. coli, E. faecalis, C. albicans were 1.2, 1.2, 1.5, 
and 0.9 µg/ml, respectively. According to Ahmed Kadhum 
[14] the MIC of ZnO nanopatricles against P. aeruginosa, 
K. pneumoniae, E. coli, S. aureus, S. epidermidis and  
S. pneumoniae was reported to be 1.25 µg/ml. 

In vitro cytotoxicity tests
The resazurin reduction test assessing cell viability was 

carried out for the control sample (L929 cells cultured in the 
medium, without the addition of extracts) and the hydrogel 
extracts at a concentration of 0.5% and 1% (FIG. 3). Similar 
viability was obtained for GG and GG+CaCl2 samples for 
both 0.5% and 1% extracts. In the case of the 0.5% and 1% 
extract for GG, the degree of reduction of Alamar Blue was 
45.1 ± 2.5%, 42.0 ± 6.5%, respectively. For the GG+CaCl2 
0.5% and 1% extracts, it was 48.8 ± 0.1% and 42.3 ± 1.3%, 
respectively. The control sample showed viability of 66.4 
± 5.9%. 

For all samples containing ZnO particles, cell viability was 
higher in the presence of 0.5% extracts than in the case of 
1% extracts. For a non-cross-linked sample containing ZnO 
nanoparticles (i.e. GG+ZnO(n)0.04%), for which the amount 
of zinc released was the highest (FIG. 2), and which was also 
the least stable during incubation (TABLE 1), the viability of 
the cells was also the lowest. 

Interestingly, a level of cell viability comparable to 
that of the control sample was observed for the samples 
GG+ZnO(n)0.04%+CaCl2 and GG+ZnO(m)0.04%+CaCl2, 
i.e., crosslinked with calcium ions, for the 0.5% extract, which 
were 72.5 ± 6.9% and 74.5 ± 1.6%, respectively. It shows  
a great potential of CaCl2 cross-linked samples supplement-
ed with 0.04% ZnO particles for biomedical applications, 
provided that the concentration of particles and release of 
zinc are at a defined, not too high level, which is not toxic 
to cells. For our samples, the highest concentration of zinc 
released was 2.51 ± 0.04 mg/l for GG+ZnO(n)0.04% sam-
ple (FIG. 2). According to the literature, the half-maximum 
inhibitory concentration (IC50) of ZnO for L929 cells was 
found to be 50 µg/ml (50 mg/l) [15]. No negative influence 
of ZnO on HeLa cells was reported for the concentration of 
ZnO not exceeding 20 mg/l [15].

For 0.5% extracts of GG+ZnO(n)0.04%+CaCl2 and 
GG+ZnO(m)0.04%+CaCl2 samples, there are no statistically 
significant differences as compared to control. 

Sample Swelling [%)] Remaining 
mass [%] pH Dimensional 

stability 

GG 2500 ± 600 97 5.5 no
GG+ZnO(n)0.01% 3200 ± 100 92 7.5 no
GG+ZnO(n)0.02% 3200 ± 100 94 7.5 no
GG+ZnO(n)0.04% 2950 ± 150 75 7.6 no
GG+ZnO(m)0.01% 2100 ± 200 88 7.5 no
GG+ZnO(m)0.02% 2500 ± 700 92 7.6 no
 GG+ZnO(m)0.04% 2250 ± 330 92 7.2 yes
GG+CaCl2 3050 ± 400 93 6.1 yes
GG+ZnO(n)0.01%+CaCl2 2340 ± 80 98 7.0 yes
GG+ZnO(n)0.02%+CaCl2 3900 ± 500 104 7.1 yes
GG+ZnO(n)0.04%+CaCl2 3500 ± 400 103 7.3 yes
GG+ZnO(m)0.01%+CaCl2 3700 ± 300 87 7.3 no
GG+ZnO(m)0.02%+CaCl2 2700 ± 300 98 7.2 yes 
GG+ZnO(m)0.04%+CaCl2 2900 ± 100 93 7.2 yes

TABLE 1. Swelling (after 24 h in PBS), remaining mass (after 48 h in PBS); pH value (after 24 h incubation in 
UHQ water), and dimensional stability of the samples (after 7 days in UHQ water).
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FIG. 2. Zinc concentration in the aqueous medium after immersion of the samples evaluated by atomic absor-
ption spectrometry. Average from n = 3 samples ± SD (standard deviation), *p < 0.05.

FIG. 3. Viability of L929 cells in contact with 1% and 0.5% extracts from the samples and cells cultured in control 
conditions (medium without extract addition). Average from n = 3 samples ± SD (standard deviation), ***p < 0.001. 



7
Fluorescence microscopy images of live/dead stained 

cells cultures in 0.5% and 1% extracts from the samples 
are shown in FIG. 4. 

Live/dead images show the high viability of L929 cells, 
in particular, for 0.5% hydrogel extracts. The least viable 
cells are visible in the pictures with 1% hydrogel extracts 
of GG+ZnO(n)0.04% and GG+ZnO(m)0.04% without the 
addition of CaCl2 cross-linker. The results suggest that the 
absence of this cross-linker caused a greater release of ZnO 
into the extract, which could have a toxic effect on the cells. 

This hypothesis is confirmed by the results of the resazurin 
reduction test, where the lowest percentage of cell viability 
was observed in the case of samples not containing CaCl2. 
The 1% extracts were more toxic to cells than the 0.5% 
extracts, showing that it is possible to reduce the potential 
cytotoxicity of the materials by reducing the amount of ZnO 
added and using the particles with micrometric size instead 
of nanometric size.

FIG. 4. Live/dead images of L929 cells in contact with 1% and 0.5% extracts from the samples and cells cultured 
in control conditions (medium without extract addition). Scale bar = 100 µm. 
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Conclusions

The study aimed at producing composite hydrogels with 
the addition of zinc oxide in the form of nanometric and 
micrometric particles as an antibacterial agent and an ad-
ditional cross-linker that influences several physicochemi-
cal properties of the samples (stiffness, porosity, swelling 
properties, stability, etc.) and biological performance with 
L929 fibroblasts.

Microscopic examinations showed a higher porosity of the 
samples containing CaCl2 compared to the samples without 
this cross-linker. All samples were characterized by high 
swelling, which is important to ensure absorption of exudates 
from wounds. Samples with ZnO particles cross-linked with 
CaCl2 lost less mass after incubation in aqueous media and 
were characterised by better dimensional stability than those 
without crosslinking. The pH of the extracts of the samples 
containing ZnO particles was more neutral than that of the 
control gellan gum samples. 

The release of zinc was higher from the samples con-
taining nanometric particles than in the case of micrometric 
particles. This may be due to an increase in the solubility 
of ZnO along with a decrease in particle size, because of 
the higher relative surface area, which resulted in a greater 
degree of transfer of zinc from the samples to aqueous me-
dium. Interestingly, it was found that zinc release can also 
be controlled by cross-linking of the gellan gum matrix, be-
cause for cross-linked samples containing ZnO nanometric 
particles, the release of zinc was reduced. 
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Relatively large amounts of zinc species in the case of 
samples containing ZnO nanoparticles (GG+ZnO(n)0.04% 
+CaCl2) are very promising in the context of antibacterial 
properties and treatment of infected wounds. The lower 
amount of zinc released in the case of the samples with 
ZnO microparticles (GG+ZnO(m)0.04%+CaCl2) might be 
sufficient to prevent infection development. Furthermore, 
both materials show satisfactory cytocompatibility with L929 
fibroblasts and durability for at least 7 days under aqueous 
conditions, paving the way for their use as dressings for 
infected wounds.
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Abstract
Over the last three decades, an increasing interest in the 

preparation of new materials for wound healing has been 
observed. Collagen is a widely used biomaterial, and espe-
cially fish skin collagen is more and more popular among 
scientists. This study aimed to obtain thin films from native 
fish skin collagen and collagen cross-linked with tannic acid. 
Infrared spectroscopy, mechanical test, topographic imag-
ing, and swelling test were used to characterize the features 
of the mentioned films. Statistical evaluation of the results 
was conducted with the Q-Dixon test. Infrared spectroscopy 
analysis showed that in the IR spectra of examined biomate-
rials, there are slight shifts in band positions after tannic acid 
cross-linking. The mechanical properties of the cross-linked 
material were different from those of the native collagen film. 
The Young’s modulus was higher for cross-linked collagen, 
whereas the elongation at break was lower than for pure 
collagen. The swelling of the collagen films increased after 
cross-linking with tannic acid. Swelling tests indicated that 
collagen cross-linked with tannic acid absorbs more water 
than before cross-linking. The properties of collagen films 
were significantly improved after tannic acid cross-linking. 
All alterations can be a result of collagen cross-linking by 
tannic acid, probably by forming hydrogen bonds between 
collagen and tannic acid. 

Keywords: collagen, biomaterials, medicine, wound dress-
ing, cross-linking, tannic acid

Introduction
Collagen is the most abundant protein in the human 

body and plays an important role in providing strength and 
maintenance the right structure of tissues, as well as creating  
a scaffold for internal organs [1-3]. Currently, 29 genetically 
different collagen types are known [4], however, the most 
commonly used in medical applications is type I collagen. 
In recent years, an increase in the application of fish skin 
collagen increased [5,6]. It is the result of the transition of 
several diseases from mammals and also due to some 
religious aspects existing in some regions of the world.  

The attention is mainly focused on fish waste, which makes 
up about 50-70% of seafood production [7-8]. Collagen can 
be extracted not only from the fish skin, but also from heads, 
scales, bones, fins, air bladders, and other entrails [8]. Fish 
collagen has a significantly lower denaturation temperature 
in comparison to mammalian collagen due to the lower hy-
droxyproline content [9,10], but collagen extracted from silver 
carp (Hypophthalmichthys molitrix) shows a quite high de-
naturation temperature in contrast to other fish species [10].  
To improve the stability and mechanical properties of col-
lagen, several cross-linking methods can be used [11-19]. 

Glutaraldehyde is one of the chemical compounds often 
used to improve the mechanical properties of collagen-
based biomaterials [12,13]. Next, genipin is also widely 
applied for collagen cross-linking [14,15]. This compound 
is much less toxic than glutaraldehyde and other commonly 
used cross-linking agents.

The chemical cross-linking of collagen can be performed 
using 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 
(EDC) and N-hydroxysuccinimide (NHS) [16,17]. This 
method of cross-linking of collagen leads to the formation 
of a covalent bond between the carboxylic acid groups from 
aspartic and glutamic acid. Another cross-linking agent used 
for collagen modification is dialdehyde starch (DAS).

DAS was used as a cross-linking agent for collagen [18] 
and gelatin [19] to improve the properties of the materials. 
DAS aldehyde groups interact with a free amino group of col-
lagen during the cross-linking reaction. As a result, collagen 
can be intra- and intermolecularly linked via DAS bridges.

Chemical cross-linking is crucial for collagen proper-
ties because collagen-based materials are widely used in 
biomedical and cosmetic industries [20]. It may influence 
collagen properties for wound healing applications [21-23]. 
Collagen hydrogels can also be loaded with other active 
substances making up the base of various kinds of cosmetic 
products, e.g. beauty masks.

In this work, collagen from the skin of Silver carp was 
cross-linked with tannic acid and the properties of collagen 
materials were studied. Based on the results of our previous 
research on the cross-linking of biopolymers, we assumed 
that it can improve the collagen properties important for 
medical applications [24-26]. Despite the level of develop-
ment of collagen-based wound dressings attained so far, 
there is still a pressing need for further improvements. 

Materials and Methods

Materials and film preparation 
Collagen (Col) from skins of Silver carp fish was pur-

chased from SanColl Sp. z o.o., Poland. Acetic acid was 
purchased from Avantor Performance Materials, Poland. 
The solution of 0.4 M acetic acid solution was prepared 
by diluting concentrated acetic acid with distilled water.  
To obtain a 1% solution, collagen was dissolved in the 
previously prepared solvent. For cross-linking of collagen, 
1% and 2% of tannic acid were added and the solution 
was mixed for 2 hours. Thin films were obtained by pouring  
25 g of each solution onto plastic plates with dimensions 
100 x 100 x 20 mm. 

FTIR spectroscopy
The interactions between the polymer and the additive 

were evaluated by Fourier transform infrared spectroscopy 
using Nicolet iS10 equipment with an ATR accessory and 
a diamond crystal (Thermo Fisher Scientific, Waltham, MA, 
USA). For all spectra, 64 scans were recorded in absorption 
mode, with a resolution of 4 cm-1. OMNIC 9 software was 
used to edit the spectra.
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Mechanical properties

Mechanical tests were carried out using a mechanical 
testing machine (Z.05, Zwick and Roell, Ulm, Germany). 
Young’s modulus, tensile strength, and elongation at break 
were evaluated. Samples were cut in the shape of paddles 
(width 4 mm in the center). Testing program parameters 
were as follows: the speed starting position was 50 mm/min,  
the speed of the initial force was 5 mm/min, and the initial 
force was 0.1 MPa. Data were collected using the TestXpert II  
2017 program, and results were presented as average 
values with standard deviation.

Scanning electron microscopy (SEM-EDX)
Surface imaging of the tested polymer samples was 

carried out using a scanning electron microscope manufac-
tured by LEO Electron Microscopy Ltd. (Model 1430 VP).  
In addition, an EDX Quantax 200 X-ray spectrometer with  
a Bruker AXS XFlash 4010 detector was used for spot analy-
sis of the chemical composition of the samples to confirm 
the presence of zinc.

Atomic force microscopy (AFM)
The microstructure of the polymer samples was analyzed 

using atomic force microscope images obtained by Multi-
Mode Scanning probe microscope NanoScope IIIa (Digital 
Instruments Veeco Metrology Group, Santa Barbara, CA).

Swelling measurements
The swelling ratio was measured by immersing the 

composite fragments in phosphate buffered saline (PBS) 
solution, pH = 7.4, and citric buffer at pH 5.5. After 1, 2, 4, 
8, 12, 24, and 48 hours of immersion, the materials were 
gently dried by putting them between two sheets of paper 
and then weighed [27]. The swelling ratios were calculated 
using the following equation: 

mt - weight of the material after immersion in PBS [mg],
m0 - weight of the material before immersion [mg].
Samples of each type were measured in triplicate.

Results and Discussions

Collagen films
After solvent evaporation, we obtained collagen film that 

could be removed easily from plastic plates. The example 
of obtained collagen film is presented in FIG. 1. The fish 
collagen film is translucent and mat. Collagen films cross-
linked with tannic acid looked very similar. 

FTIR spectroscopy analysis
For pure collagen films and collagen cross-linked with 

tannic acid, infrared spectroscopy analysis was done.  
IR spectra of the examined biomaterials are presented  
in FIG. 2. 

FIG. 2 shows the FTIR spectra of collagen films before 
and after cross-linking with tannic acid. In general, the po-
sitions of the main bands in the IR spectra are the same. 
The analysis showed that the amide I peak observed in fish 
collagen at 1634 cm-1 after cross-linking with tannic acid can 
be found at 1631 cm-1. 

The amide II peak appears at 1544 cm-1 in collagen spec-
tra, whereas after cross-linking it was found at 1542 cm-1.  
The amide III peak characteristic for collagen appears in 
the spectra of collagen and cross-linked collagen at about 
1450 cm-1. In the range between 2000 cm-1 to 4000 cm-1,  
all studied samples showed absorbance due to the presence 
of amide A and hydroxyl groups. 

swelling  = (mt – m0) · 100% [%]
m0

FIG. 1. An example of a film made from fish collagen. 

FIG. 2. FTIR spectra of films made of non-cross-lnked collagen films and collagen films cross-linked with tannic 
acid.
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The analysis indicated that in the IR spectra of cross-

linked collagen the amide A was shifted to lower wavenum-
bers. The amide B peaks are in the same position before 
and after cross-linking of collagen. 

The small changes observed in the peak positions may 
show that the addition of tannic acid influences the interac-
tions between collagen macromolecules, which are mainly 
via hydrogen bonds. Hydrogen bonds can be formed be-
tween collagen molecules and also between collagen and 
tannic acid molecules. 

 
Mechanical properties

For each film obtained in this research, mechanical prop-
erties were measured. The results are shown in FIGs. 3-5. 

The results of the mechanical properties measurements 
indicated that the film made of collagen from fish skin 
showed a lower Young’s modulus than those cross-linked 
with tannic acid (FIG. 4). The film with a 2% content of tannic 
acid showed the highest Young’s modulus in this research. 

However, with increasing amounts of tannic acid, the elas-
ticity of the films decreased (FIG. 5). It can be assumed 
that after cross-linking of fish collagen with tannic acid, the 
flexibility of the films is smaller. For medical applications 
such as wound dressing, mechanical properties are crucial 
because they decide about the possibility of application 
without destroying. The values of standard deviation may 
indicate that the films absorb the humidity that is present in 
the laboratory during the measurements, which could further 
change their properties. However, the values of mechanical 
properties are good enough for the applications mentioned 
above. Nevertheless, another cross-linking agent should 
also be considered in the future. 

 
Topography imaging

The image of the surface topography and the surface 
structure of the studied collagen thin film is presented 
below (FIG. 6). The value of the surface roughness for col-
lagen film was about 8 nm when we consider the Rq value.  
The structure of the surface observed by AFM for cross-
linked collagen films was similar. 

FIG. 3. The breaking force for non-cross-linked 
collagen films and collagen films cross-linked 
with tannic acid.

FIG. 4. Young modulus for non-cross-linked col-
lagen films and collagen films cross-linked with 
tannic acid.

FIG. 5. The elongation at break for non-cross-
linked collagen films and collagen films cross-
linked with tannic acid.

FIG. 6. AFM image of the fish collagen thin film.
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Swelling test

Pictures of thin film samples in PBS solution after soak-
ing for several periods are presented below (FIG. 7). The 
degree of swelling in PBS solution and citric buffer solution 
(pH 5.5) is shown in FIG. 8 and FIG. 9, respectively. 

Swelling tests indicated that all samples absorb water 
and are stable even after 48 hours. However, after 8 hours 
of soaking in PBS solution citric buffer, all samples fell apart 
while being removed from the solution. Only films made of 
collagen cross-linked with tannic acid remained integral for 
up to 8 hours. The degree of swelling is greater for collagen 
cross-linked with tannic acid. 

Materials made of collagen and collagen cross-linked 
with tannic acid were easily wettable by polar solvents 
such as PBS and/or citric buffer. All materials prepared in 
this research showed high swelling ability. This is because 
collagen contains a large number of functional groups 
capable of binding water [27-29]. The PBS solution with 
pH = 7.4 may correspond to the pH of blood, so the swell-
ing in this pH can be crucial from a practical point of view.  
For healthy skin, the pH is about 5.5, so in this research, the 
swelling properties were also measured in a citric buffer in 
the above-mentioned pH to compare the swelling behavior 
in two different pH. 

Although the biocompatibility test was not performed in 
this research, we have previously found, that cross-linking 
of biopolymer blends with tannic acid leads to biocompatible 
materials [26,30]. 

FIG. 7. Swelling of collagen films in PBS (from the left: non-cross-linked collagen, collagen + 1% of tannic acid, 
collagen + 2% of tannic acid).
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FIG. 8. Swelling of collagen films in PBS: a) non-cross-linked collagen; b) collagen + 1% of tannic acid;  
c) collagen + 2% of tannic acid.

FIG. 9. Swelling of collagen films in citric buffer (pH 5.5): a) non-cross-linked collagen; b) collagen + 1% of tan-
nic acid; c) collagen + 2% of tannic acid.

Conclusions

The addition of tannic acid to fish skin collagen leads to 
alterations in mechanical and swelling properties. These 
properties are crucial for application in wound dressing. 
Young’s modulus was higher for cross-linked collagen, 
whereas the elongation at break was smaller than that for 
non-cross-linked collagen. The swelling of collagen films 
increased after cross-linking with tannic acid. The swelling 
tests indicated that collagen cross-linked with tannic acid ab-
sorbs more water than the non-cross-linked material, which 
may suggest also better absorption of exudate from the 
wound. To sum up, the properties of films made of fish skin 
collagen improved slightly after tannic acid cross-linking. 
The alterations can be a result of collagen cross-linking 
by tannic acid probably by forming hydrogen bonds. The 
slight shifts in the amide bands confirm the alterations in 
hydrogen bonding in collagen macromolecules. As there is 
still a need for the development of collagen-based wound 
dressings, our results may show a simple way for further 
improvements of these dressings and may encourage fur-
ther research. However, other cross-linking agents should 
also be investigated in the future for further improvement 
of fish collagen materials.
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Abstract

The natural wound healing process consists of four 
basic phases: homeostasis, inflammation, proliferation, 
and remodelling. Macrophages play an important role in 
the body’s response to biomaterials, as they are modula-
tors of the wound healing process and can polarize into 
different phenotypes capable of inducing both deleterious 
and beneficial effects on tissue repair. Curcumin (CU) is 
known for its anti-inflammatory properties and has the 
potential to treat diabetic foot ulcers, but it should be 
delivered to wounds in a controlled manner. In this study, 
the encapsulation of curcumin in polymeric microparticles 
based on poly(sebacic anhydride) (PSA) was developed 
using an emulsification method. PSA-based microparticles 
containing different concentrations of CU were obtained: 
0% weight (wt). CU (unloaded microparticles), 5, 10, and 
20 wt% CU. CU encapsulation efficiency and loading were 
determined using a fluorescence-based calibration curve 
method and semi-quantitative Fourier-transform infrared 
spectroscopy (FTIR) analysis. The potential cytotoxicity of 
the obtained biomaterials in contact with primary human 
macrophages and their susceptibility to polarization from 
the M1 (pro-inflammatory) phenotype to the M2 (anti-
inflammatory) phenotype were evaluated. The morphology 
of cells cultured in contact with polymeric microparticles 
was evaluated using phalloidin red and 4′,6-diamidino-
2-phenylindole (DAPI) staining. Macrophage phenotype was 
assessed using flow cytometry. The obtained biomaterials 
showed no cytotoxic effect on primary human macrophages.  

Flow cytometry studies showed enhanced polarization of 
macrophages into anti-inflammatory M2 phenotype when 
exposed to microparticles loaded with CU and CU powder 
as compared to unloaded microparticles.

Keywords: curcumin, immunomodulation, inflammation, 
macrophage polarization, polymeric microparticles, wound 
healing

Introduction

Diabetes mellitus is a chronic disease characterized by 
hyperglycemia that can lead to various complications, such 
as diabetic wounds and ulcers. These complications require 
long-term treatment and negatively affect the patient’s qual-
ity of life [1]. High and persistent glucose levels can cause 
vascular damage, which can affect and harm nerves, leading 
to neuropathy that may cause severe damage, resulting in 
serious infections and ulcers [2].

According to epidemiological studies by the International 
Diabetes Federation (IDF), around 463 million people suf-
fered from diabetes in 2019, and this number is estimated 
to increase to 578 million in 2030 and 700 million in 2045, 
with 20% of the patients developing diabetic wounds [3]. 
Another study showed that 3.1-11.8% of patients with dia-
betes have foot ulcers and are 10-20 times more likely to 
suffer a lower limb amputation [4]. In addition, diabetic foot 
ulcers are known to affect patients economically, as their 
healthcare costs are 5 times higher than those of diabetic 
patients without foot ulcers [5]. Diabetes complicates and 
prolongs the natural wound-healing process, as it stops it in 
the inflammatory phase [6]. Impaired function and decreased 
neutrophil infiltration lead to oxidative stress and the release 
of pro-inflammatory cytokines. Prolonged exposure to reac-
tive oxygen species (ROS) causes cellular dysfunction and 
destructive oxidation of intracellular lipids, nucleic acids, 
and proteins. Peroxisome proliferator-activated receptor 
(PPARγ) expression is dysregulated in normal wound 
healing facilitating the transition of macrophages from an 
M1 (pro-inflammatory) to an M2 (anti-inflammatory) like 
phenotype, critical for normal wound healing [7]. 

Macrophages are key modulators of the wound healing 
process as they play a unique role in ensuring proper heal-
ing. Initially, pro-inflammatory macrophages (M1) infiltrate 
after injury to clear the wound of bacteria, foreign debris, 
and dead cells. In acute wounds, as the tissue begins to 
repair, the overall macrophage population transitions to the 
M2 phenotype that promotes anti-inflammatory effects and 
the migration and proliferation of fibroblasts, keratinocytes, 
and endothelial cells to restore the dermis, epidermis, and 
vasculature [8]. Moreover, macrophages express growth fac-
tors and cytokines essential for angiogenesis, cell prolifera-
tion, and extracellular matrix deposition [9]. Eventually, the 
wound closes and a scar forms. Early in the final phase of 
the remodeling phase, macrophages release matrix metal-
loproteinases (MMPs) to degrade the provisional extracel-
lular matrix, and then apoptose so that the skin can mature 
to its original intact state [8]. The macrophage phenotype 
gradually changes throughout the healing process from an 
initial pro-inflammatory M1 phenotype characteristic of the 
acute response to a pro-regenerative M2 phenotype that 
allows accurate tissue repair [9]. In chronic wounds, pro-
inflammatory macrophages persist without transitioning to 
anti-inflammatory phenotypes; which is thought to contribute 
to the impairment in tissue repair [8].
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DL =
encapsulated CU

 · 100%
MP mass

EE =
encapsulated CU

 · 100%
initial CU addition

ME =
mass of sample after liophylization

 · 100%
mass of PSA in sample+mass of CU in sample

Nanotechnology-based therapies have emerged as  
a promising treatment for chronic diabetic foot ulcers, due to 
their unique properties and specific functional properties [1].  
It has been shown that curcumin (CU) as an active sub-
stance possesses significant anti-inflammatory, anti-oxidant, 
anti-carcinogenic, anti-mutagenic, anticoagulant, and anti-
infective properties [7]. CU promotes healing by acting on 
various stages of the natural wound healing process. It can 
enhance granulation, tissue formation, collagen deposition, 
tissue remodelling, and wound contraction [7].

The aim of this study was to develop curcumin delivery 
systems made of degradable polymer microparticles and 
to assess their anti-inflammatory properties in contact with 
human macrophages.

Materials and Methods

Manufacturing of microparticles
Polymeric microparticles were manufactured using  

a single oil-in-water (O/W) emulsification with the solvent 
evaporation method. The water phase (W) was a 2% 
poly(vinyl alcohol) solution (PVA, Mw = 31 kDa, Sigma-  
Aldrich, Mowiol 4-88, CAS: 9002-89-5) while the oil phase (O)  
consisted of poly(sebacic anhydride) (PSA, Silesian Univer-
sity of Technology [10]) dissolved in dichloromethane (DCM, 
99.8% pure P.A., POCH S.A, CAS: 75-09-2) (2% w/v) with 
CU (Sigma-Aldrich, C7727-500MG, CAS:458-37-7) as an 
active substance. The chemical formulas of CU and PSA 
are shown in FIG. 1 and 2, respectively.

Polymeric microparticles that contained different weight 
concentrations of CU were prepared according to a method 
described earlier [11]: PSA/DCM – unloaded sample and 
PSA/DCM+CU with different concentrations of CU: 5, 10, 
and 20 wt% CU.

The calculated masses of curcumin required to prepare 
samples with CU concentrations: 0, 5, 10, and 20 wt%, were 
respectively weighted. Then, a 2% w/v PSA solution in DCM 
was prepared as an oil phase. 3 mL of the oil phase was 
homogenized for 90 s, at an amplitude of 40%, and slowly 
dripped into the water phase (20 mL). Subsequently, beak-
ers placed in crystallizers with ice (to cool the PVA solution) 
were then placed on a magnetic stirrer to mix their contents. 

FIG. 1. Molecular structure of curcumin. 

FIG. 2. Poly(sebacic anhydride) structural formula.

The mixing process was carried out for 5 h (until the solvent 
evaporated), at a set stirring speed of 1200 rpm at room 
temperature. The resulting emulsions were then centrifuged 
using a centrifuge (3-30 K, Sigma). Centrifugation param-
eters were: v = 15,000 rpm, t = 20 min, T = 4oC. Next, UHQ 
water was added and the samples were centrifuged 3 times. 
Supernatants (1.5 mL for each sample) were collected to as-
sess encapsulation efficiency (EE). 10 µL of the suspension 
was placed on a microscope slide and 3 images per sample 
were taken for further characterization of the manufactured 
microparticles. The remaining microparticles were frozen at 
-80ºC for 24 h. Microparticles were freeze-dried for 48 h.

The diameters of the manufactured polymeric microparti-
cles were measured using ImageJ software. Histograms of 
the size distribution were prepared based on the obtained 
results using Python software.

Manufacturing efficiency (ME) was calculated using the 
formula (1):

(1)

Characterization of microparticles
The encapsulation efficiency of CU was determined in 

the supernatants after the centrifugation process using  
a fluorometric assay. The supernatant samples were treated 
with DMSO (POCH S.A.) at a volume ratio of 1:10 to dilute 
the residual CU. CU in known concentrations (0-100 µg/mL,  
step 10 µg/mL) was dissolved in the same mixture of 
water: DMSO (1:10) for the preparation of the calibration 
curve. The linear relationship was estimated in the range of  
0-20 µg/mL CU. Samples of both calibrators and super-
natants diluted in DMSO were placed in a black 96-well 
TCPS plate (100 µL/well, n = 3 for each sample). Excitation 
wavelengths of 485-412 nm and emission wavelengths of 
590–510 nm were used in a plate reader (FluoStar OMEGA, 
BMG LabTech) [11].

The encapsulation efficiency (EE) was determined as (2):

(2)

and drug loading (DL) was calculated as follows (3): 

(3)

FTIR analysis was performed using PerkinElmer FT-IR 
spectrometer to identify characteristic chemical groups and 
bonds present in the curcumin molecule, and to determine 
the encapsulation efficiency, a semi-quantification approach 
was used. The analysis was carried out at room temperature 
(21°C) and low humidity (approx. 68%). FTIR spectra were 
analyzed using PerkinElmer Spectrum IR software.

Primary human monocyte isolation and macrophage 
differentiation

Human monocytes were isolated from the peripheral 
blood of healthy blood donors by negative selection, us-
ing methods described in [12]. Briefly, buffy coats were 
centrifuged at room temperature for 20 min at 1200 g 
(Eppendorf Centrifuge 5810R, VWR International LLC, 
Radnor, PA, USA), with acceleration set at 5 and brake set 
to 0, for blood components separation. Peripheral blood 
mononuclear cells (PBMC) were collected and incubated 
with RosetteSepTM Human Monocyte Enrichment Cocktail 
(67 µL per 1 mL of RBC-PBMC, StemCell TechnologiesTM, 
Vancouver, Canada) at room temperature for 20 min under 
slow orbital agitation. The mixture was diluted at a 1:1 ratio 
with 2% heat in-activated FBS (Biowest, Riverside, MO, 
USA) in PBS, gently layered over Histopaque-1077 (Sigma-
Aldrich Co., St Louis, MO, USA) and centrifuged as former. 
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The enriched monocyte layer was collected and washed 
three times with PBS by centrifugation at 7 min, 1300 rpm, 
at room temperature (Eppendorf Centrifuge 5810R, VWR 
International LLC, Radnor, PA, USA) [13].

For macrophage differentiation, 0.5x106 cells/mL were 
seeded on glass coverslips in 24-well plates, and cultured 
for 7 days in complete RPMI media, supplemented with 10% 
FBS, in the presence of 50 ng/mL of rh M-CSF (ImmunoTools, 
Friesoythe, Germany). After 7 days of differentiation, the cell 
culture media was changed, and M-CSF was removed [12,13].

To polarize macrophages towards M1 phenotype (pro-
inflammatory), on day 7 of culture, media was replaced, and 
monocytes/macrophages were stimulated with 10 ng/mL  
lipopolysaccharide (LPS, Escherichia coli serotype O55:B5, 
Sigma-Aldrich Co., St Louis, MO, USA) and 50 ng/mL 
recombinant interferon-gamma (rhIFN-γ, ImmunoTools, 
Friesoythe, Germany) [12]. 

The manufactured PSA-based microparticles were 
added to the activated cells on day 8 to investigate their 
anti-inflammatory properties, interpreted as the ability of 
the cells to shift their phenotype from M1 (pro-inflammatory) 
towards M2 (anti-inflammatory). 

Evaluation of the cells morphology was performed by 
fluorescent staining with phalloidin red and DAPI. Briefly, 
cells were fixed with 4% paraformaldehyde solution (PFA: 
50-00-0; Sigma-Aldrich®) for 20 min and afterward washed 
with PBS (3x5 min, under agitation). The aldehydes were 
blocked with ammonium chloride (NH4Cl, 213330, Sigma-
Aldrich®, 50 mM) for 10 min. Cells were washed with PBS 
(3x5 min). The membrane was permeabilized with 0.2% 
Triton X-100: 648466 (VWR International, Material de 
Laboratório, Lda) for 5 min. Cells were washed with PBS 
(3x5 min, under agitation), blocked with 1% bovine serum 
albumin (BSA: A4919, Sigma-Aldrich®), for 1 h, followed 
by an incubation with phalloidin red (1:200, Alexa FluorTM 
594 phalloidin: A12381, ThermoFisher Scientific, Invitrogen) 
for 20 min. Cells were washed with PBS (3x5 min, under 
agitation). Nuclei were stained with DAPI (1:1000, D3571; 
Alfagene) for 5 min. PBS washing was repeated (3x5 min, 
under agitation). All steps were performed at room tem-
perature (RT, 21ºC). Images were taken under a motorized 
inverted epifluorescence microscope (Leica DMI6000 FFW, 
Leica Microsystems, Germany).

LDH assay (Promega) was performed to assess the 
cytotoxicity of the developed particles. The assay was 
conducted on the following types of samples: CU, unloaded 
microparticles (PSA-based), and microparticle samples with 
CU at the concentrations of 0.77 mg/mL, and 1.54 mg/mL. 
Briefly, a 50 μL medium of each sample was placed in the 
wells of a 96-well plate. Next, 50 μL of CytoTox96® Assay 
(Promega, Madison, WI, USA), was added to bind with 
LDH, and the plate was left to incubate for 30 min (protected 
from light). Next, 50 μL of stop solution was added to block 
the reaction. A blank control (only a culture medium) and  
a positive control were also included. Cytotoxicity was 
defined as the percentage of LDH activity in culture media, 
relative to LDH activity of the positive control [13]. The pres-
ence of LDH was measured in cell-free culture supernatants. 
The total LDH release was determined using LDH positive 
control provided by the CytoTox96® assay. Three replicates 
for each measurement were included for each condition. 
The average of the three measurements was determined. 

24 hours after incubation of macrophages with micro-
particles, macrophage polarization was evaluated by flow 
cytometry. Macrophages were identified using the following 
surface markers: CD14 (as a pan macrophage marker), 
CD86 (M1 phenotype), and CD163 (M2 phenotype).  
2 µL for CD14 and CD86 marker, and 5 µL for CD163 marker 
was added to the corresponding well.

The following samples were analyzed: control sample 
(primary human macrophages), CU powder, unloaded micro-
particles (PSA-based matrix, MPs), and polymeric micropar-
ticles loaded with curcumin at a concentration of 0.77 mg/mL  
(MPs_CU_0.77) and 1.54 mg/mL (MPs_CU_1.54).

The macrophages were washed, resuspended in FACS 
buffer (PBS, 2% FBS, 0.01% sodium azide) (Sigma-Aldrich Co., 
St Louis, MO, USA) and incubated with the following antibod-
ies: anti-human CD14-APC (clone MEM-18), CD86-FITC 
(clone BU63) (all from ImmunoTools, Friesoythe, Germany) 
and CD163-PE (clone GHI/61) (BD Biosciences, San Jose, 
CA, USA) for 30 min at RT. Isotype-matched antibodies 
were used as negative controls, to define background 
staining [12]. 

After additional washing, 10,000 cells, gated according to 
forward and side scatter parameters, were acquired using 
a BD FACSCanto IITM flow cytometer (Becton Dickinson) 
using FACSDivaTM software (both from BD Biosciences, 
San Jose, CA, USA). Data were analyzed using FlowJo 
software (BD Biosciences, San Jose, CA, USA, version 10),  
and the percentage of CD14, CD86, and CD163 positive 
cells was calculated by subtracting the corresponding iso-
type control [12].

Results and Discussion

Properties of microparticles
The preparation method of microparticles was emulsifica-

tion with solvent evaporation. The following sample types 
were analyzed: pure CU powder, unloaded PSA micropar-
ticles, and curcumin-loaded microparticles with concentra-
tions of 5, 10, and 20% by weight of CU. The highest manu-
facturing efficiency was obtained for a polymeric sample with 
a concentration of 10 wt% CU, and it was equal to 74%. 
The manufactured PSA-based microparticles were spheri-
cal with a median diameter from 5.2 to 8.4 µm (FIG. 3A-H). 
The CU-loaded microparticles were yellow (FIG. 4B-D) and 
because of the fact that CU is fluorescent, the microparticles 
glowed intensely green under the fluorescence microscope, 
and exhibited fluorescent properties (FIG. 4B-D). It indicated  
that CU was effectively and uniformly encapsulated within 
the PSA microparticles (only black background was visible 
in CU-free sample image, FIG. 4A). The fluorescence of 
curcumin allowed the encapsulation and loading efficiency 
to be tested with a fluorescence reader, so the fluorescence 
images obtained (FIG. 4) not only prove the presence of 
curcumin in the particles, but also confirm the fact that it 
is fluorescent and explain the basis for the choice of this 
particular research method.

Encapsulation efficiency and loading efficiency
Encapsulation efficiency (EE) of CU in microparticles 

was calculated using a calibration curve, separately for 
supernatants and particles alone (TABLE 1). Supernatant 
analysis may not provide accurate results of encapsula-
tion efficiency, hence, an analogous analysis was carried 
out with a calibration curve to determine encapsulation 
efficiency involving microparticles alone. The highest EE 
was observed for a concentration of 5 and 10 wt% CU.  
For 20 wt% CU EE was significantly lower presumably due 
to the oversaturation phenomenon. The calculated values of 
drug loading reached values very close to those assumed. 
The slight differences observed are due to unavoidable 
curcumin and polymer losses at the manufacturing stage.
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FIG. 3. Morphology (A, B, C, D) and size distribution (E, F, G, H) of PSA microparticles with different concentra-
tions: 0 wt% CU – unloaded (A, E), 5 wt% CU (B, F), 10 wt% CU (C, G), and 20 wt% CU (D, H).

FIG. 4. Pictures from the flu-
orescent microscope of MPs 
obtained with CU: PSA with 
different concentrations of CU: 
0 wt% CU – unloaded (A), 
5 wt% CU (B), 
10 wt% CU (C), 
20 wt% CU (D).
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FTIR analysis

The presence of CU was also determined by a semi-
quantitative analysis using FTIR. FTIR analysis was 
performed to identify characteristic functional groups and 
bonds present in the curcumin molecule, confirming their 
successful encapsulation in the polymer carrier. Curcumin 
shows a characteristic band at 1510 cm-1, which originates 
from the stretching vibrations of the C=C bonds of the aro-
matic ring (FIG. 5A). The spectra of the analyzed polymeric 
microparticle samples with encapsulated CU also show 
the presence of this characteristic peak at 1510 cm-1 (FIG. 
5C-E), indicating effective encapsulation of CU in the PSA-
based matrix. The intensity of this peak is highest for CU 
powder. For PSA samples with encapsulated CU (concen-
trations of 5, 10, and 20 wt% CU), the intensity of the peak 
changes in the same way as the encapsulation efficiency.  

Curcumin 
concentration
(Expected) [%]

Encapsulation 
efficiency 
EE [%]

Loading 
efficiency 

DL [%]
supernatant

analysis
microparticle 

analysis -

5 81.70 72.00 5.39

10 79.50 72.50 10.53

20 58.00 52.70 17.60

TABLE 1. Curcumin encapsulation efficiency and 
loading in PSA+CU microparticles.

FIG. 5. FTIR spectra of the analyzed samples: CU powder (A), unloaded microparticles (B), and microparticles 
loaded with 5 wt% CU (C), 10 wt% CU (D), and 20 wt% CU (E).
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It increases as the weight concentration of CU increases, 
with the peak intensity decreasing once the supersatu-
ration value (20 wt% CU) is reached. For the unloaded 
microparticles sample (FIG. 5B) no peak is observed at 
this wavelength, indicating that CU is not present in this 
sample. In addition, the band from phenolic O-H stretching 
is present in the CU molecule (FIG. 5A) and CU-loaded 
samples (FIG. 5C-E) and it is absent in the PSA molecule 
(FIG. 5B). The characteristic functional groups for the PSA 
molecule (C=O carbonyl group) present at 1816 cm-1 and 
2800 cm-1 (C-H stretching vibrations) were also identified 
and analyzed (FIG. 5B-E).

A semi-quantitative determination was carried out by 
analyzing the area under the curve (AUC) formed by the re-
spective bands corresponding to the characteristic functional 
groups of CU and PSA. Ratios of AUC of the characteristic 
CU to PSA (1816 cm-1 to 1510 cm-1) peaks may correspond 
to the encapsulation efficiency of CU. The ratio of PSA to 
PSA peaks may be an indication of the possible CU and PSA 
interactions. The ratio of AUC of two characteristic peaks for 
PSA (i.e. at 1816 cm-1 and 2800 cm-1) was similar for all the 
CU-encapsulated samples, and it was higher than that for 
unloaded PSA microparticles; it may suggest the formation 
of CU-PSA bonds, probably hydrogen bonds. The ratio of 
AUC for the characteristic bands for CU and PSA increased 
for all microparticles containing CU as compared to pure CU 
powder. It might be proof that encapsulation was effective, 
but there was no direct correlation between this ratio and 
the expected CU loading.

In vitro studies with primary human macrophages
24 hours after macrophage activation towards M1 phe-

notype, microparticles of defined concentrations, together 
with a sample of CU powder, were dissolved in the culture 
medium. As a control sample, primary human macrophages 
alone were used. The following suspension samples of 
microparticles in RPMI media (concentration of CU in cell 
media) were tested: pure CU powder (CU at a concentration 
equal to 16.7 mg/mL), unloaded PSA microparticles (MPs at 
a concentration equal to 7.3 mg/mL), microparticles loaded 
with CU and tested at the concentration of 0.77 mg/mL  
(MPs_CU_0.77) and the concentration of 1.54 mg/mL 
(MPs_CU_1.54).

LDH assay
The LDH assay was performed on primary human mac-

rophages. Cell death was assessed by the CytoTox96® 
assay which measures the activity of LDH released from 
apoptotic cells. Total LDH release was determined using 
LDH positive control. Cytotoxicity was defined as the per-
centage of LDH activity in the culture supernatants, relative 
to LDH activity of the positive control. The positive control 
was all living cells and the negative control was all dead 
cells. The level of control 100% (the ratio of positive to 
negative controls, multiplied by 100%) is equal to 54.22%. 
Control 100% refers to cell death. Above the line, an ana-
lyzed sample is considered cytotoxic. Three replicates for 
each measurement were included for each condition. The 
average of the three measurements was then determined. 
The percentage of LDH released into the culture medium 
was calculated as the ratio of the average to the negative 
control, multiplied by 100%. Based on the results, column 
graphs were prepared to show the % of LDH release (cell 
viability) for the analyzed concentrations (FIG. 6). The 100% 
control level was also highlighted, which marks the threshold 
above which the analyzed samples show a cytotoxic effect 
on primary human macrophages. 

The results of LDH assay (FIG. 6) showed no cytotoxicity 
of the tested samples when cultured with primary human 
macrophages. 

Fluorescent staining with phalloidin red and DAPI
Cell morphology was characterized using fluorescence 

microscopy images (Leica DMI6000 FFW, Leica Microsys-
tems, Germany). The images were obtained at x20 magni-
fication (FIG. 7). It was observed that when microparticles 
(both unloaded and curcumin-loaded) and pure CU powder 
were added, the cell morphology did not change. The cul-
tured cells in contact with the added microparticles were 
randomly dispersed, forming numerous cell agglomerates.

FIG. 6. Cytotoxicity assessed by the 
LDH assay in primary human macrop-
hages, in contact with pure CU powder 
(CU), unloaded PSA microparticles 
(MPs), microparticles loaded with CU 
and tested at concentration 0.77 mg/mL  
(MPs_CU_0.77) and at concentration 
1.54 mg/mL (MPs_CU_1.54). The 100% 
control represents the ratio between ne-
gative and positive controls, multiplied 
by 100%. n = 2.



21

Flow cytometry
After 24 h, the macrophages cultured with the prepared 

microparticles samples were collected and analyzed by flow 
cytometry. Dot plots from a representative experiment are 
presented in FIG. 8. Within each representative dot plot,  
a corresponding gate was determined that plotted the range 
of cells analyzed (TABLE 2). Gate selection (FIG. 8a-e) deter-
mines the entire cell population, which is then analyzed and 
assigned to phenotype M0, M1, or M2 (TABLE 2), depend-
ing on the quadrant in which the cell is located (FIG. 8A-E). 
   The M2/M1 ratio (number of macrophages with anti-
inflammatory phenotype/number of macrophages with 
pro-inflammatory phenotype) is an important parameter in 
the context of evaluating anti-inflammatory properties. The 
flow cytometry analysis of macrophages was carried out 
for two different human donors. The results of calculating 
the average M2/M1 phenotypic ratio for the two donors 
studied (the microparticle samples analyzed were CU, MPs, 
MPs_CU_0.77, and MPs_CU_1.54) are shown in TABLE 2.  
The results obtained indicate that the presence of CU in-
creases the M2/M1 phenotypic ratio, promoting macrophage 
polarization towards the M2 (anti-inflammatory) phenotype.

Based on the data collected in TABLE 2, the values of 
the M2/M1 phenotypic ratios for the two different donors 
are presented graphically in FIG. 9 as Average ± standard 
deviation of the sample (SD). The results show that the ad-
dition of CU or CU-loaded microparticles to the cell culture 
media results in an increased M2/M1 ratio. 

The M2/M1 ratio for the samples with CU and CU powder 
is significantly higher than for the samples unloaded with CU.  
At the same time, the flow cytometry results indicated the 
presence of only a few anti-inflammatory cells, which may 
suggest that PSA-based microparticles with encapsulated 
curcumin at the concentrations tested in this research do 
not exhibit sufficient anti-inflammatory properties to re-
duce inflammation at the wound site. Therefore, it would 
be interesting for future studies to test earlier time points  
(for example, less than 24 h). To obtain more reliable results, 
it would be necessary to increase the number of donors.

Ethics statement

Human primary monocytes were isolated from surplus 
buffy coats from healthy blood donors, kindly donated by 
Serviço de Imunohemoterapia, Centro Hospitalar Universi-
tário de São João (CHUSJ), Porto. All obtained human sam-
ples and procedures were performed in agreement with the 
principles of the Declaration of Helsinki and all experimental 
protocols were conducted following the approval and rec-
ommendations of the CHUSJ Ethics Committee for Health 
(references 90/19 and 260/11). Written informed consent 
was obtained from all subjects before sample collection. 
Buffy coat samples were provided anonymized and patient 
identification was not provided to researchers. 

FIG. 7. Fluorescence microscopy images, at x20 objective, of human primary macrophages, derived from Donor 1,  
cultured in contact, for 24 h, with the following samples: control (cell culture medium), CU (curcumin powder), 
MPs – unloaded microparticles (PSA), and microparticles loaded with CU and tested at concentration of  
0.77 mg/mL (MPs_CU_0.77) and at concentration of 1.54 mg/mL (MPs_CU_1.54).
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FIG. 8. Expression of cell surface markers on macrophages. Representative dot plots showing: a)-e) aspect 
ratio; A)-E) expression of CD14, CD86, and CD163 antigens. Gates were drawn from isotype control staining. 
Percentage of CD14 positive cells expressing CD163 (M2 marker) and/or CD86 (M1 marker) antigens  
(FSC: forward scatter; SSC: side scatter).
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Conclusions

In this study, PSA microparticles loaded with CU were 
developed as a component of dressing for the treatment of 
ulcers occurring in diabetic foot syndrome. The carriers were 
spherical and of the 5-8 µm median size, thus suitable to be 
suspended in topical formulations administered to wounded 
skin [14]. Encapsulation efficiency of 72% was achieved for 
the sample with 10 wt% CU microparticles. The presence 
of CU in microparticles was also confirmed by:
1) visual inspection (yellow colour contrarily to white colour 
for unloaded microparticles, FIG. 3); 
2) fluorescent properties (polymer matrix does not exhibit 
fluorescence but curcumin molecule does, FIG. 4); 
3) presence of bands in FTIR spectra characteristic for pure 
curcumin (FIG. 5).

CU carriers were tested for cytotoxicity in contact with 
primary human macrophages. Their phenotype (M1-pro-
inflammatory, M2-anti-inflammatory) and M2/M1 ratio were 
determined by flow cytometry analysis. The LDH tests 
showed that the obtained microparticles are not cytotoxic 
and that the phenotypic M2/M1 ratio for samples with CU 
and CU powder is higher than for samples without CU.  
This confirms that curcumin released from the microparticles 
is able to increase the polarization of macrophages toward 
an anti-inflammatory phenotype, what may be explored in 
the development of dressings for the treatment of diabetic 
foot ulcers.
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FIG. 9. Characterization of the averaged ratio M2 to 
M1 macrophages from two donors as studied by 
flow cytometry in contact with the following sam-
ples: CU, MPs, MPs_CU_0.77, and MPs_CU_1.54.

Sample CD14 CD86
(M1)

CD163
(M2)

Ratio M2/M1
Average ± SD 

CU 1659 17355 1424 0.082 ± 0.029

MPs 2017 4081 114 0.028 ± 0.082

MPs_CU_0.77 1955 10451 1064 0.102 ± 0.007

MPs_CU_1.54 1662 13106 1256 0.096 ± 0.018

Culture time = 24 h

TABLE 2. Flow cytometry analysis of studied 
macrophages (number of cells) from two different 
donors shown as average and SD.
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Abstract

Collagen is a valuable biopolymer in many fields, espe-
cially in biomedical sciences. Thanks to its biodegradability 
and high biocompatibility, it is a desirable material for ap-
plications that require contact with the human body. There 
are many sources of collagen, of which marine-origin col-
lagen has become an important one in recent times. Pure 
collagen has poor stability and is sensitive to the effects of 
heat and other external factors. The cross-linking process 
can improve the properties of collagen materials. Many 
different methods of cross-linking can be distinguished, 
including chemical ones. In this study, we were concerned 
to obtain collagen films modified with glutaraldehyde (GTA). 
The influence of this additive on the chemical, mechanical, 
swelling, and hydrophilic properties of the biopolymeric 
matrix was evaluated. Two different concentrations of col-
lagen were used, as well as three different concentrations 
of GTA. Results of the analysis showed that the properties 
of the obtained films were affected by the addition of even  
a small amount of cross-linker. Spectroscopic measure-
ments indicated minor changes that reflect interactions 
between GTA and the collagen matrix. Mechanical tests 
showed changes for modified samples in values of tensile 
strength, breaking force, and elongation at break. The hy-
drophilicity decreased slightly for films with GTA. The dura-
bility of the modified samples in the swelling test increased.  
Differences between 1% and 2% collagen films with addi-
tives were also observed. The GTA-obtained fish collagen 
films can be promising materials for biomedical applications.

Keywords: collagen, glutaraldehyde, cross-linking, polymer 
films, marine sources

Introduction

Collagen is a relevant biopolymer that occurs in living or-
ganisms. This fibrous protein constitutes 30% of vertebrates’ 
bodies and supports the structural integrity and functions of 
tissues [1], and helps maintain mechanical and structural 
functions in organisms [2]. This polypeptide builds human 
skin, tendons, cartilage, bone tissue, and blood vessels [3,4]. 

There are 29 types of collagen that are genetically differ-
ent. They differ in the sequence of the primary amino acids in 
their polypeptide chains [4]. Types I, II, and III are the main 
types of collagen in humans [5]. Type I mainly builds the 
skin and represents 80-95% of skin collagen; it is a crucial 
component of the extracellular matrix (ECM). Type II is 
predominantly found in cartilage, while type III is often found 
along with type I and usually makes up approximately 15% of 
skin collagen [6,7]. The helical structure, also known as the 
triple helix domain (COL), is the most characteristic feature 
of all types of collagen [8]. Collagens are highly organized 
supramolecular structures composed of three polypeptide 
chains with the characteristic amino acid sequence Gly-X-Y  
(Gly – glycine, X and Y usually represent proline, lysine, 
hydroxyproline, and hydroxylysine) which create tropocol-
lagen. Tropocollagen molecules aggregate in fibrils that are 
subsequently cross-linked (maturation process) and finally 
create collagen fibrils [7,8]. Collagen biosynthesis involves 
a few steps: triple helix formation and post-translational 
modifications - enzymatic glycosylation, lysine hydroxylation, 
proteolytic cleavage of procollagen and formation of intra- 
and intermolecular cross-links [8]. Collagen triple helix is 
unique among other biopolymers due to the hydrogen bonds 
distribution that occurs only between polypeptide chains; 
there are no direct intramolecular hydrogen bonds [8].

Collagen as a biopolymer is a biocompatible, bioactive, 
and biodegradable material useful in biomedical applica-
tions. It is the best known protein-based material for skin 
scaffolds and wound dressings [9]. It can also be used in 
drug delivery systems, injectable dispersions, scaffolds for 
bone regeneration, cardiology, ophthalmology, and urology 
treatments [10]. The collagen used in these applications is 
of animal origin. Bovine collagen from skin and bone is of 
major industrial importance [10]. Another important source 
is the pig skin and bones. This collagen is very similar to 
human collagen, so it is much safer than the bovine in terms 
of allergenic potential [11], however, it is important to look for 
alternative sources due to the risk of zoonotic diseases [10].  
Both bovine and porcine collagen carry the risks of con-
tamination and, in addition, in the case of porcine collagen, 
religious issues remain a problem. In contrast to the collagen 
used in the industry, collagen obtained from rat tails is of 
great importance among the collagens used by scientists [9].  
The search for new sources of collagen other than mam-
malian collagen is becoming more and more common [5].  
A popular and convenient solution is marine-origin collagen, 
in particular from fish, derived from waste, which is safer and 
constitutes a part of the zero-waste trend. There are many 
advantages of marine sources, for example, high collagen 
content, environmental friendliness, low biological contami-
nation and toxins content, minor regulatory problems, and 
low immunogenicity [10,12]. In addition to fish, other sources 
of collagen include jellyfish, sponges, starfish, octopus, and 
prawn [10,13]. For this purpose, almost all parts of the fish 
are used, including skin, bones, fins, and scales [9,10].  
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The fish that are often used for collagen extraction are as fol-
lows: cod Gadus morhua, white carp Hypophthalmichtys mo-
litrix, yellowfish tuna Thunnus albacares, swordfish Xiphias 
gladius, tilapia Oreochromis niloticus, carp Cyprinus carpio, 
grouper Epinephelus marginatus, monkfish Lophius piscato-
rius [10,14-16]. Fish collagen contains less hydroxyproline 
in the polypeptide chain than mammalian collagen, which 
influences the denaturation temperature, which is much 
lower than in mammalian collagen. However, compared to 
collagen from other species of fish, collagen from silver carp 
is more resistant to high temperatures [17]. Slightly different 
characteristics, including denaturation temperatures, may 
occur in different species of marine organisms [16].

In terms of improving the physicochemical properties of 
collagen, some treatments can be performed, for example, 
the cross-linking process. Pure collagen is a structure that 
requires stabilization due to its poor resistance to high 
temperatures and other external factors [3]. Chemical and 
physical methods of cross-linking can be distinguished. 
Stabilization of the collagen structure can be achieved by 
the formation of new bonds, in the case of chemical cross-
linking, functional groups are involved in this process [3]. 
Cross-linking is useful in the production of collagen scaf-
folds with properties similar to those of human tissues and  
organs [18]. The most commonly used chemical cross-
linking agents are glutaraldehyde (GTA), dialdehyde starch 
(DAS), genipin, and EDC-NHS [3,18,19].

Glutaraldehyde (GTA) as a cross-linker provides enzy-
matic and thermal stability, as well as mechanical strength 
of the collagen biomaterial [18]. This chemical compound 
added to collagen generates a stiff network and causes the 
creation of covalent bonds between polypeptide chains [3]. 
Unfortunately, as a result of the toxicity of this substance, 
it cannot be used in all types of applications. It is important 
to use the appropriate concentration of GTA to maintain the 
balance between the desirable physicochemical properties 
of collagen-based material and low toxicity [18].

Researchers used different concentrations of glutaral-
dehyde as a cross-linking additive and different methods of 
treatment. Peng et al. prepared collagen sponges stabilized 
by GTA using the vapour cross-linking method [20]. They 
prepared more than 20 ml of glutaraldehyde solutions at 
different concentrations (5%, 10%, 15%, 20%, 25%) and 
placed in the lower part of the desiccators. The samples 
were exposed to GTA for up to 48 h. The results showed that 
complete cross-linking can be obtained with GTA concentra-
tions of 20% and 25%, at lower concentrations cross-linking 
is not observed for this method [20]. In other research with 
dermal sheep collagen (DSC), scientists used 0.5% (w/w) 
of GTA solution to rinse the samples for 30 min. The results 
showed that this cross-linking compound can be very effec-
tive in the stabilizing of collagen-based materials [21]. The 
cross-linking mechanism of GTA is still under investigation. 
However, lysine or hydroxylysine is involved in the formation 
of cross-links with GTA [3]. 

In this study, we investigated the effect of the addition 
of glutaraldehyde (GTA) on the properties of fish collagen 
films. The films were obtained by the solvent casting method. 
To characterize the biopolymer films, a series of tests were 
carried out. Infrared spectroscopic analysis, mechanical 
test, swelling and degradation analysis, as well as contact 
angle measurements, were performed. The influence of 
different concentrations of GTA as an additive as well as 
two concentrations of collagen on the properties of the film 
was evaluated.

Materials and Methods

Preparation of biopolymer solution and films
1% and 2% (w/w) collagen solutions were prepared by 

dissolving freeze-dried collagen sheets from skins of silver 
carp fish (obtained by SanColl Sp. z o.o., Poland) in 0.1M 
acetic acid (Stanlab; Lublin, Poland). The obtained solu-
tions were shaken and then stirred on a magnetic stirrer.  
The complete dissolution process took several days. 

Collagen films were obtained following the solution cast-
ing method. Pure collagen films were prepared by pouring  
30 g of solution onto a polystyrene plate (10 cm x 10 cm). 
GTA solution was prepared (12 mg/mL). To obtain the films, 
1 ml, 2 ml and 5 ml of glutaric dialdehyde (GTA; Acros 
Organic; Geel, Belgium) were added to the weighted initial 
collagen solutions, respectively. The modified solutions were 
stirred on a magnetic stirrer for 5 min and then poured onto 
polystyrene plates and allowed to dry.

FTIR spectroscopy
Infrared spectra were recorded using Nicolet iS10 equip-

ment with a diamond ATR prism crystal accessory (Thermo 
Fisher Scientific, Waltham, MA, USA). Measurements were 
conducted with a resolution of 4 cm-1, in the wavenumber 
range of 400-4000 cm-1, and using 64 scans.

Mechanical analysis
The mechanical properties of the samples were examined 

using a mechanical testing machine (Z.05, Zwick and Roell, 
Ulm, Germany). The following parameters were determined: 
Young’s modulus (GPa), tensile strength (MPa), breaking 
force (N), and elongation at break (%). The speed starting 
position was 50 mm/min, the speed of the initial force was  
5 mm/min, and the initial force was 0.1 MPa. The TestXpert II 
2017 program was used to collect the data, the results were 
presented as average values and standard deviation. The 
average thickness of the collagen films was approximately 
0.02 and 0.03 mm for 1% and 2% collagen, respectively. 

Swelling and degradation test
Collagen films were cut into squares of weight about 

0.0050 g. Each type of sample (five squares in one series) 
was placed in a container with 50 ml of phosphate buffer 
saline (PBS). The weight measurements of the samples 
were conducted after 1 h, 2 h, 4 h, 8 h, 24 h, 48 h, 72 h,  
1 week, and 2 weeks. The swelling degrees were calculated 
using the equation:

mt  – weight of the material after immersion in PBS [g]
m0 – the initial weight of the material [g]

Contact angle
Contact angle measurements of two liquids (glycerine 

(G) and diiodomethane (D) were performed using a goniom-
eter equipped with drop shape analysis (DSA 10 produced 
by Krüss, Germany). All measurements were carried out 
at room temperature. The result of the contact angle for 
each sample is an average value of 10 measurements of 
individual droplets. The Owens-Wendt method was used to 
calculate surface free energy. 

swelling  =
(mt – m0) · 100%            [%]

m0
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Results and Discussions

FTIR spectroscopy
In order to examine the chemical structure of the ob-

tained films, IR spectra were made. The spectra of the pure 
collagen film and samples with additives are presented in 
FIG. 1 and 2. The infrared spectra show the characteristic 
bands of collagen. The bands at approximately 3300 cm-1 
correspond to amide A [22]. Amide B appears at 3060-
3080 cm-1 and bands at about 2930 cm-1 are related to 
the asymmetric stretching vibrations of -CH2 [22,23]. The 
intensity of the amide III band that occurs at about 1230 cm-1  
is related to the triple helical structure [24]. Wavenum-
bers for subsequent bands are shown in TABLE 1.  

It was observed that amide I and amide II in each sample 
are at the same positions. The addition of GTA does not 
influence the band position of amide I and II, as well as 
of amide III for 1% collagen. The amide III band in the 2% 
collagen film is shifted to lower wavenumbers. For amide B,  
the addition of GTA results in a shift to higher wave-
numbers for both collagen concentrations (1% and 2%).  
A shift of a band attributed to =CH2 stretching vibrations to 
lower wavenumbers is observed for 1% collagen films with 
the addition of the cross-linking agent, while for 2% films, 
there are no significant changes in this band. Small changes 
occur in amide A for 1% films with additives. The addition of 
GTA influences the intensity of bands (FIG. 1 and 2).

FIG. 1. The IR spectra of 1% collagen films cross-linked with GTA. Spectra are presented in stack (A) and over-
view (B). Wavenumber values are present for the main bands (B).

A

B
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A

B

FIG. 2. The IR spectra of 2% collagen films cross-linked with GTA. Spectra are presented in stack (A) and over-
view (B). Wavenumber values are present for the main bands (B).

Functional group vibrations Amide A Amide B =CH2 Amide I Amide II Amide III

Wavenumber 
[cm-1]

1%Coll 3296 3066 2938 1627 1542 1236

1%Coll_1%GTA 3286 3076 2931 1630 1540 1232

1%Coll_2%GTA 3294 3078 2931 1629 1541 1233

1%Coll_5%GTA 3292 3077 2932 1631 1541 1233

2%Coll 3302 3068 2932 1631 1540 1240

2%Coll_1%GTA 3294 3077 2935 1629 1541 1234

2%Coll_2%GTA 3293 3077 2930 1630 1540 1233

2%Coll_5%GTA 3298 3076 2930 1632 1541 1232

TABLE 1. Bands positions in IR spectra of collagen films with and without GTA.
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Functional group vibrations Amide A Amide B =CH2 Amide I Amide II Amide III

Wavenumber 
[cm-1]

1%Coll 3296 3066 2938 1627 1542 1236

1%Coll_1%GTA 3286 3076 2931 1630 1540 1232

1%Coll_2%GTA 3294 3078 2931 1629 1541 1233

1%Coll_5%GTA 3292 3077 2932 1631 1541 1233

2%Coll 3302 3068 2932 1631 1540 1240

2%Coll_1%GTA 3294 3077 2935 1629 1541 1234

2%Coll_2%GTA 3293 3077 2930 1630 1540 1233

2%Coll_5%GTA 3298 3076 2930 1632 1541 1232

Mechanical properties
The results of Young’s modulus, tensile strength, and 

elongation at break for thin collagen films without and 
with different concentrations of GTA are shown in FIG. 3.  
The concentration of collagen and addition of GTA affect 
the mechanical parameters of the samples.

Higher values of tensile strength, breaking force, and 
elongation at break were obtained for 2% collagen films in 
comparison to 1% films. Among all samples, the highest 
values of tensile strength, breaking force, and elongation at 
break were observed for samples with 1% of GTA, while the 
lowest for 5% GTA for 1% collagen. The latter was therefore 
the least flexible. One-way ANOVA was employed to exam-
ine differences in all mechanical properties between sample 
groups with different GTA concentrations.

Contact angle
The analysis indicated that all samples were hydrophilic. 

The addition of a cross-linking agent slightly decreased 
hydrophilicity. The values of the contact angle for glycerine 
were increased. The results are presented in TABLE 2  
and FIG. 4.

Swelling and degradation
The swelling ratios of collagen films as a function of 

incubation time are presented in FIG. 5 and 6. The pure col-
lagen films have fallen apart after 4 hours of incubation. The 
addition of the GTA increased the stability of samples up to 
14 days, except for 2%Coll_1%GTA. The swelling degrees 
of the 2% collagen films are significantly higher than the 1% 
films. In both cases, the highest values were obtained for 
samples cross-linked with 1% GTA. The increased amount 
of cross-linker is responsible for the lower swelling ability. 

FIG. 3. Mechanical parameters of collagen films cross-linked with GTA; error bars represent standard deviation 
(SD) (significantly different from the respective control (p < 0.05) for all mechanical parameters).
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TABLE 2. Contact angle results for collagen films not cross-linked and cross-linked with GTA.

Sample Θ glycerine
[°]

Θ diodomethane 
[°]

IFT (s)
[mJ/m2]

IFT (s, D)
[mJ/m2]

IFT (s, P)
[mJ/m2]

1%Coll 58.7 36.8 44.01 33.33 10.68
1%Coll_1%GTA 59.8 43.5 41.5 29.89 11.61
1%Coll_2%GTA 63.9 46 39.19 29.37 9.82
1%Coll_5%GTA 62.7 46 39.61 29.1 10.52

2%Coll 61.3 38.5 42.62 33.04 9.58
2%Coll_1%GTA 63.1 44.1 40.12 30.30 9.82
2%Coll_2%GTA 64.5 43.8 39.78 30.81 8.97
2%Coll_5%GTA 63 42.5 40.71 31.21 9.51

FIG. 4. Pictures of droplets during the contact angle measurement (G – glycerine, D – diodomethane).

FIG. 5. Swelling degree of 1% collagen films non-cross-linked and cross-linked with GTA.
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FIG. 6. Swelling degree of 2% collagen films non-cross-linked and cross-linked with GTA.

Conclusions

The results of our research show that even small amounts 
of glutaraldehyde (GTA) added to the fish collagen change 
the properties of the films obtained. The IR analysis con-
firmed small changes in the chemical structure of all sam-
ples with GTA, which may be the result of the creation of 
hydrogen bonds. The addition of GTA causes changes in 
the intensity of the bands. The addition of GTA to collagen 
films influences the mechanical properties, swelling ability, 
and contact angle. 2% collagen films are characterized 
by lower Young’s modulus values and are more suscep-
tible to elongation compared to 1% collagen samples. 
1%Coll+5%GTA was the least flexible between all samples 
studied. The amount of cross-linking agent added in relation 
to the amount of collagen is crucial for the final properties 
of the film. Samples containing 2% collagen have a greater 
amount of polymer with which GTA can interact. The swelling 
degrees were increased for 2% collagen samples compared 
to 1% collagen films, which is connected with the amount of 
biopolymer that can absorb more liquid. Samples modified 
with GTA were more stable than unmodified collagen films. 
Both pure collagen samples (1% and 2%) disintegrated after 
4 h in PBS. The remaining samples were stable for up to  
2 weeks. Swelling behaviour is an extremely important value 
in the design of active dressings; this is due to the function 
of wound dressings to collect exudate. Native collagen films 
had a lower contact angle for glycerine than GTA-modified 
samples. However, all of the samples were hydrophilic. Fish 
collagen films modified with GTA may be promising materi-
als for applications in the biomedical field after testing their 
potential toxicity. In the case of glutaraldehyde, it is important 
to maintain a balance between the amount of reagent used 
and the expected results. An advantage of the proposed 
method is its simplicity and quickness. 
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