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A B S T R A C T   

Curcumin belongs to a group of multipurpose drugs that can enhance the wound healing process. In this paper, 
films based on natural polysaccharides - κ-carrageenan and alginate - were prepared with added synthetic 
polymer poloxamer 407 to use these carriers for curcumin encapsulation and further apply them in wound 
healing. The film preparation process (film composition, components ratio, and crosslinking time) has been 
optimized. Curcumin, as a drug model, has been incorporated into optimal films. Structure, morphology, thermal 
properties, and the crystallinity degree of optimal films were determined using infrared spectroscopy, scanning 
electron microscopy, thermogravimetric analysis, and X-ray diffraction method. The in vitro release of curcumin 
from films was monitored for 24 h, achieving its cumulative release with a maximum release rate of 87.64%. The 
formation of complexes based on carrageenan, alginate, and poloxamer and the interaction of these complexes 
with curcumin were studied using theoretical models, AIM and NBO analysis. The effect of prepared films on cell 
viability was also examined. Films with incorporated curcumin were found to accelerate wound healing, both in 
in vitro and in vivo conditions, indicating their potential as new transdermal wound healing systems.   

1. Introduction 

Skin changes (wound, defect, or injury) occur as a result of various 
mechanical tissue damages (sting, cut, blow) or burns caused by high 
temperatures or chemicals [1]. As a specific biological process, wound 
healing refers to tissue growth and regeneration. The wound healing 
process is usually divided into five phases (hemostasis, inflammation, 
migration, proliferation, and maturation), during which complex 
biochemical and cellular reactions take place [1–3]. After the end of the 
hemostatic phase, fluid called exudate is formed from the wound, and it 
is present in all further phases in the healing process [4]. The formed 
exudate is one of the key factors in the healing process. It creates an ideal 
environment for effective and efficient healing (exudate allows the 
transfer of nutrients to the wound and creates conditions that allow the 
migration of epithelial cells). However, if excess exudate is formed, 
complications can occur during the healing process. For this reason, one 
of the main characteristics wound healing carriers should have is the 
ability to remove excess exudate, but also to maintain wound moisture 

at the required level [5]. 
Numerous studies have developed different formulations incorpo

rating various bioactive molecules that positively affect different wound 
healing phases [1,6,7]. Current studies focus on developing new solid 
formulations with the biological activity of the constituents or incor
porated drugs that can cover the wound and remain unchanged for a 
long time [8–14]. Composite hydrogel films based on natural poly
saccharides, as materials able to form hydrogel, are widely used in 
biomedicine [10,15–18]. Combining polysaccharides can enhance the 
film mechanical properties and swelling degree because of possible 
beneficial synergistic effects [8,15–18]. Elastic hydrogel films contain
ing targeted drugs are widely used in the skin wound healing process 
[8–11,15–19]. Although carriers are dry and solid, when they come into 
contact with the moist wound surface environment, the wound exudate 
passes into the polymer matrix, causing carrier hydration (swelling) 
[20]. Swelling of the carrier increases the distance between the polymer 
chains and creates a system that can release bioactive components to the 
wound [20]. 
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Carrageenan is an anionic sulfonated polysaccharide (consisting of 
glycoside-linked galactose and anhydrogalactose) obtained by extrac
tion from specific types of red algae [21]. There are many formulations 
containing carrageenan that can be used for different drug administra
tion: oral, through the buccal mucosa, nasal, ocular, transdermal [22]. 
Hydrogel-based formulations with carrageenan as a component can be 
used in wound healing thanks to excess fluid absorption and biocom
patibility properties. Good wound healing results (not only in vitro, but 
also in vivo) are achieved by encapsulation of various bioactive com
ponents in κ or ι-carrageenan-based formulation [22]. Very high 
encapsulation percentages of low soluble and bioavailable drugs can be 
achieved by chemical modification of carrageenan or preparing formu
lations containing polymer blends [21]. 

Alginates are salts of alginic acid (composed of chains of D-man
nuronic and L-guluronic acid) isolated from brown algae [23]. They are 
mainly found as soluble salts, of which sodium alginate is the most used. 
As a polysaccharide with a large number of hydroxyl and carboxyl 
groups, alginate is a hydrophilic biopolymer that is non-toxic, biocom
patible, stable under physiological conditions, and biodegradable [24]. 
These characteristics make alginates suitable for use primarily in the 
pharmaceutical industry in preparing various biomedical formulations. 
Alginate-based hydrogel with the most favorable properties is formed in 
the presence of divalent and multivalent metal ions, especially calcium 
ions [25]. The crosslinking of alginates, which is formed by the inter
action of guluronic acid chains and calcium ions, is best described 
through the "egg-box" model [26]. Alginates have also been widely 
applied in preparing formulations used for wound healing due to their 
compatibility with human tissue [26]. It was demonstrated that proper 
selection of the alginate concentrations can yield tissue adhesives with 
desired bonding strengths and physical properties which enable further 
use of prepared formulations for various medical applications [27–29]. 
Alginate-based dressings offer good balance between cytotoxicity and 
bonding strength due to their composition because they can mimic the 
same process that naturally occurs during the blood coagulation 
[27–29]. Chemical modifications of available alginate hydroxyl and 
carboxyl groups or copolymerization of alginate with other compounds 
can improve alginate formulation properties and achieve higher drug 
encapsulation rates and desired release kinetics [30]. It has been noticed 
that hydrogel film, based on К-carrageenan, in the presence of 
Na-alginate could be a potential topical wound dressing material [18]. 

Poloxamers, commercially known as Pluronic®, are formed by 
polymerization of ethylene oxide (EO) with propylene oxide (PO) [31]. 
Depending on polymerization degree and the corresponding monomer 
units ratio (EO/PO), different types of poloxamers can be obtained - 
poloxamers 188, 407, 68, and many others [31,32]. Poloxamer 407, also 
commercially known as Pluronic F127, is a nonionic surfactant [32]. As 
a surfactant, poloxamer can build micelles at concen
trations/temperatures above the critical micellar concen
tration/temperature [33,34]. Therefore, adding poloxamer 407 can 
increase hydrophobic drug solubility. Thanks to the poloxamer 
hydrogel-forming ability, this surfactant is also used in formulations for 
wound healing [35]. 

Curcumin belongs to a class of hydrophobic polyphenolic com
pounds known as curcuminoids [36,37]. Curcumin has antioxidant, 
anticancer, anti-inflammatory, and antimicrobial properties [36,37]. 
However, despite high efficacy and beneficial properties, the use of 
curcumin is limited due to its very low bioavailability caused by its 
hydrophobic nature [38]. Therefore, many studies have investigated the 
preparation of formulations that can increase curcumin bioavailability 
[38,39]. 

Curcumin and it’s derivatives have good potential for use in wound 
healing due to its anti-inflammatory and antioxidant properties [40,41]. 
It is also known that curcumin can improve wound healing as it par
ticipates in the processes of granulation tissue formation, damaged tis
sue regeneration, and collagen deposition [40,42]. Research results [42] 
indicate that the use of curcumin in wound healing improves epithelial 

cell regeneration and can increase the proliferation of fibroblasts. 
Considering the properties of carrageenan and alginate (natural 

saccharides), poloxamer 407 (surfactant), and curcumin (drug), in this 
paper was optimized the composition of films with these components to 
increase the bioavailability of curcumin. Additionally, besides opti
mizing the composition of films and films characterization, this study 
also explored interactions between components using theoretical 
models. Finally, potential applications of prepared films were investi
gated during the wound healing process under in vivo conditions. 

2. Materials and methods 

2.1. Materials 

Sodium alginate and κ-carrageenan were obtained from Roth. Cur
cumin, poloxamer 407, calcium chloride dihydrate, potassium chloride, 
sodium chloride, glutamine, fetal bovine serum, penicillin, strepto
mycin, MTT, trypan blue, ketamine, and xylazine were purchased from 
Sigma-Aldrich. Glycerol and ethanol were obtained from Honeywell. 
Sodium hydrogen phosphate dihydrate was purchased from Poch and 
potassium dihydrogen phosphate from Kemika. Non-essential amino 
acids were obtained from Capricorn Scientific GmbH. 

2.2. Film preparation 

Polymer-based films were prepared using the solvent-casting process 
in a two-stage crosslinking procedure by modification of procedures 
described in the literature [43,44]. In the first stage, adequate amounts 
of polysaccharides were added to distilled water that already contains 
glycerol as a plasticizer. The mixture of polysaccharides (1.5–3.0%, 
w/w) and glycerol was stirred (500 rpm) at room temperature. After 1 h, 
the mixture temperature was raised to 70 ºC, the stirring rate was 
increased to 1000 rpm (to avoid local gelation), and a calcium chloride 
solution (0.5% w/w) was added dropwise (1 mL/min) to the mixture. 
After adding the CaCl2 solution, stirring was continued for 20 min under 
the same conditions. The following step was sonication to homogenize 
the mixture. Then, the mixture was poured into Petri dishes (d=9 cm) 
and dried for 20 h at a temperature of 40 ºC. The films obtained after the 
drying process were partially crosslinked films. In the second phase, to 
achieve full crosslinking, the dried partially crosslinked films were 
immersed in a 10% glycerol and 3% calcium chloride solution. After 
crosslinking, excess glycerol and calcium chloride was removed from the 
film surface by rinsing with distilled water. The edges of the rinsed films 
were tightened with Teflon rings to prevent film deformations. Finally, 
prepared Car/Alg films were dried in the air at room temperature. 

With minor modifications, this procedure was also used to prepare 
films additionally containing poloxamer or curcumin (besides poly
saccharides and plasticizer). During the preparation of films containing 
polysaccharides and poloxamer (Car/Alg/Pol), a poloxamer 407 
aqueous solution was added to the saccharide mixture at the beginning 
of film preparation. The rest of the procedure was identical to that for 
Car/Alg films. To prepare films containing curcumin (Car/Alg-Cur and 
Car/Alg-Pol-Cur), ethanol solution of curcumin (5.0 mL 1.0%, w/v) was 
added to the mixture (30.0 mL) of starting components (saccharides/ 
saccharides and poloxamer) after 30 min of stirring. Then, stirring was 
continued at room temperature for another 30 min, and further work 
process was identical to that previously described. 

2.3. Optimization of film composition 

To obtain films with the most favorable mechanical properties and 
high swelling degree, films with different concentrations of glycerol as a 
plasticizer (25 − 80% glycerol by saccharides weight), different total 
concentrations of saccharides (1.5%, 2.0%, and 3.0% w/w) and different 
saccharides ratios in the mixture (Car/Alg − 2:8, 4:6, 5:5, 6:4 and 8:2) 
were prepared and investigated in this study. Also, the optimal 
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concentration of poloxamer in Car/Alg/Pol films was determined. In the 
process of preparation of Car/Alg/Pol films, poloxamer solutions of 
different concentrations (1.5%, 3.0%, 5.0%, 10.0%, 15.0%, w/w) were 
added. In the second phase of film preparation, the crosslinking time was 
varied (5, 10, 15, and 20 min). Based on the mechanical properties of the 
obtained formulations and the swelling degree values, formulations with 
optimal concentrations of starting components were determined, as well 
as the optimal crosslinking time, which is used in the further 
experiment. 

2.4. Film characterization 

2.4.1. FTIR spectroscopy 
The prepared films’ composition was characterized using FTIR 

spectroscopy (Perkin Elmer Spectrum Two). The pure starting materials 
(Car, Alg, Pol, Cur) were also analyzed. All spectrums were recorded in a 
wavenumbers range of 4000–500 cm− 1. 

2.4.2. Swelling degree 
Swelling degree is one of the most important criteria for determining 

optimal films. Films based on polysaccharides and films based on 
polysaccharides and poloxamer were used for swelling studies. Parts of 
the films (2 ×2 cm) of defined mass (m0) were immersed in an appro
priate volume of buffer (PBS buffer, pH=7.4) and incubated at 37 ºC. 
The weight of hydrated films (me) was measured during defined time 
intervals. Swelling degree (w) was calculated using Eq. 1. 

w (%) =
me − m0

m0
× 100% (1) 

All measurements were performed in triplicate. 

2.4.3. Scanning electron microscopy (SEM) 
The surface morphology of the films was analyzed by scanning 

electron microscope JOEL JSM IT 300LV, at an accelerating voltage of 
20 kV. Images were captured at magnification of 1000 × . 

2.4.4. Thermogravimetric analysis (TGA) 
Thermal characteristics of prepared films and starting materials were 

determined using thermogravimetric analysis (instrument TGA701, 
Leco). The method involved samples heating in a temperature range 
between 20 ºC and 450 ºC, at a rate of 10 ºC/min in an inert atmosphere. 
The loss in the sample mass during the analysis is caused by the evap
oration of the present water (lower temperatures) and the degradation 
of film components (higher temperature), resulting in the formation of 
volatile compounds. The temperatures at which mass changes occur 
were determined using thermogravimetric analysis. 

2.4.5. XRD analysis 
To determine the crystalline/amorphous nature of drugs and poly

mers comprising the films, X-ray diffraction (XRD) analysis of the pre
pared films was performed. XRD analysis was performed using 
"RigakuMiniFlex 600" with "D/teX Ultra 250" high-speed detector and 
copper anode X-ray tube. The measuring conditions were as follows: 
3–90◦ angle range, 0.02◦ increments, 10◦/min recording speed, 40 kV X- 
ray tube voltage, and 15 mA current. 

2.4.6. Determination of encapsulation efficiency 
The efficiency of curcumin encapsulation was determined by 

immersing the films with the incorporated drug in phosphate buffer pH 
7.40. After 24 h, aliquots were taken, and the concentration of encap
sulated curcumin was determined using UV/Vis spectrophotometry 
(Perkin Elmer UV/Vis, Lambda 365) at the wavelength of 430 nm. The 
ratio of spectrophotometrically determined mass of drug and mass of 
drug added to films during film preparation represents the encapsulation 
efficiency-EE% (Eq. 2). Measurements were performed in triplicate. 

EE(%) =
Spectrophotometrically determined amount of curcumin

Added amount of curcumin
× 100

(2)  

2.5. In vitro release of curcumin 

In vitro release of curcumin from the films containing the drug was 
monitored in conditions simulating wound exudate. The change in the 
concentration of curcumin released from the optimal films (previously 
determined optimal concentration of glycerol, saccharides, and polox
amer 407, optimal crosslinking time) was monitored in PBS buffer, pH 
value 7.4. During the curcumin release assay, 2 × 2 cm films (containing 
2.83 mg curcumin) were added to the buffer solution and incubated at 
37 ºC. From aliquots taken at certain time intervals during 24 h, the 
concentration of released curcumin was determined spectrophotomet
rically by measuring the absorbance at 430 nm. Measurements were 
performed in triplicate. 

2.6. The kinetics of curcumin release 

Based on the results obtained during the in vitro release of curcumin, 
the kinetics indicating the mechanism of curcumin release from films 
was determined. The release kinetics was analyzed using various 
mathematical models, which included zero-order kinetics, first-order 
kinetics, Higuchi and Korsmeyer− Peppas release model (Eqs. 3–6), 
where Mt/M∞ is a fraction of released drug at time (t), and k is release 
constant [45]. 

Zero order kinetic Mt/M∞ = kt (3)  

First order kinetic ln(Mt/M∞) = kt (4)  

Higuchi release model Mt
/

M∞ = kt1/2 (5)  

Korsmeyer − Peppas release model Mt/M∞ = ktn (6) 

A mathematical model that best describes the release of drugs from 
films can be determined based on the correlation coefficient (R2) value. 
Also, release exponent n can indicate the mechanism of drug release. 

2.7. Computational details 

In order to examine the interaction between curcumin and drug 
carrier containing κ-carrageenan, calcium-alginate, and poloxamer 407, 
the structures of isolated molecules were optimised at the B3LYP/def2- 
SVP level of theory. All optimisations were carried out using Gaussian 09 
[46]. Local minima were verified by the calculation of vibrational fre
quencies. Subsequent optimisations of the complexes were performed 
with the semiempirical PM6 method, due to a computational cost 
reduction. Starting from the so-obtained structures SPE calculations 
were done at the B3LYP/def2-SVP level of theory. All optimisations were 
done according to the scheme proposed in recent work [47]. The opti
misations were done for six positions of two molecular systems, which 
adopt face-to-face, side-to-side, and perpendicular arrangements. Only 
the most stable structures were further examined. The first phase (P1) 
was the optimisation of κ-carrageenan and calcium-alginate. Poloxamer 
units were added to the complex obtained in P1, and the new complex 
was also optimised – phase 2 (P2). Curcumin was added to the structures 
resulted from phase 1 and phase 2, labelled as CP1 and CP2. Incorpo
ration of curcumin into drug carrier, and controlled release of curcumin 
were examined by the bond dissociation energies (BDE), NBO analysis 
[48], and AIM analysis [49]. NBO analysis was used as implemented in 
Gaussian 09 software [41], while AIM analysis was done by Multiwfn 
[50]. BDE was calculated as the difference between the sum of energies 
of frozen fragments and the energy of the obtained complex: 

BDECP1 = (ECA +Ecur) − ECP1 (7) 
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BDECP2 = (ECAP +Ecur) − ECP2 (8) 

ECA refers to the energy of κ-carrageenan and calcium-alginate, Ecur to 
the energy of curcumin, ECAP is the energy of κ-carrageenan, calcium- 
alginate and poloxamer 407, while ECP1 and ECP2 are the energies of 
the curcumin-phase 1 and curcumin-phase 2 aggregates. These BDE 
energies can be a measure of the interaction strength between curcumin 
and the structures resulted from phases 1 and 2. Thereafter, the BDE can 
answer which drug carrier can be used for controlled release of curcu
min. The NBO and AIM analysis can be used to define interactions be
tween the curcumin and these two drug carriers. The NBO analysis were 
used to examine crucial donor-acceptor interactions between curcumin 
and drug carriers. Within AIM analysis, the bond critical points (BCP) 
were investigated to analyze the mechanism of bonding interactions. All 
total energy values were corrected for the basis set superposition error 
(BSSE) by the counterpoise method proposed by Boys and Bernardi [51]. 

2.8. Cell viability assay 

The study of cell viability (proliferation) in the presence of Car/Alg/ 
Pol-Cur films was determined using a standard MTT test [52]. 

2.8.1. . Cell culture 
A human fetal lung fibroblast cell line (MRC-5) was used to evaluate 

the cytocompatibility of Car/Alg/Pol-Cur films. The MRC-5 cells were 
cultured in Dulbecco’s modified eagle medium supplemented with 10% 
fetal bovine serum, 100 U/mL penicillin, 100 μg/mL streptomycin, 
2 mM L-glutamine, and 1 mmol/L non-essential amino acids. Cells were 
cultivated at 37 ◦C in an atmosphere of 5% CO2 and absolute humidity. 
The culture medium was completely replaced every 3 days, cell viability 
was determined using trypan blue staining, and only cell suspensions 
with viability greater than 95% were used. 

2.8.2. . Cell viability assay 
A viability study of Car/Alg/Pol and Car/Alg/Pol-Cur films was 

performed using an MTT assay. Before in vitro experiments, the films 
were cut into cylinders of 9 mm in diameter (curcumin concentration 
used for fibroblast proliferation study was below 50 ppm [53]). The 
films were transferred into 96-well plates and irradiated by ultraviolet 
light for 30 min. The suspensions of MRC-5 cells (5000 cells per well, 
according to studies [12,13]) were dropped onto the sample surfaces. 
The control group received the same amount of MRC-5 cells in the blank 
dishes. The plates were incubated for 24 and 48 h at 37 ◦C in an atmo
sphere of 5% CO2 and absolute humidity. Then, MTT solution was added 
to cell culture and incubated. After incubation, MTT solution was 
removed, and DMSO was added. Absorbance was measured at 595 nm 
with a multiplate reader (Zenith 3100, Anthos Labtec Instruments 
GmbH). Experiments were performed in triplicates and repeated in three 
independent series. 

2.9. In vivo wound healing study 

The application of prepared films with incorporated curcumin for 
healing wounds caused by burns was in vivo examined. Male Wistar al
bino rats (6–8 weeks old, mean body weight 200–250 g) were used in 
the study. One group of animals (n = 3) was exposed to burns and not 
further treated (control), the second group (n = 3) was treated with Car/ 
Alg/Pol films, and the third (n = 5) with Car/Alg/Pol-Cur films. The 
process of causing burns to rats was performed according to the pro
tocols of a previously published study [54]. The animals were anes
thetized with intraperitoneal ketamine (10 mg/kg of body weight) and 
xylazine (5 mg/kg of body weight) before causing burns. The backs of 
healthy rats were shaved using depilatory cream. The burns were caused 
on the shaved skin area using a red-hot metal plate (dimensions 
2 ×2 cm) pressed against the skin for 10 s. The resulting wounds were 
covered with prepared films (dimensions 2 ×2 cm). The healing process 

was monitored for 7 days, while film samples were replaced on a daily 
basis. All the animal research studies were approved by the Animal 
Ethics Committee of the Faculty of Medicine, University of Kragujevac 
(Ethical Approval Number: 01–6121). 

2.9.1. . Histopathological examination 
The intensity of heated metal plate caused injury and recovery of 

burn wound tissue after film treatment were assessed based on the his
topathological assessment of both healthy and burned skin. All rats were 
sacrificed by means of cervical dislocation on day 7 post-burning. The 
skin was aseptically removed and fixed in 10% buffered formalin fixa
tive overnight. Paraffin wax embedded skin sections (5 µm) were stained 
with hematoxylin and eosin (H&E), and stained slides were then 
examined under a light microscope to evaluate the extent of damage. 
The images were captured with a light microscope (Olympus) equipped 
with a digital camera. 

3. Results and discussion 

3.1. Optimization of films’ composition 

The optimization process included an analysis of the influence of the 
total concentration and ratio of polymers on the properties of the ob
tained films and the effect of plasticizer and poloxamer concentration. 
Additionally, films obtained after different crosslinking times were 
compared. During the film optimization process, high-viscosity formu
lations, non-homogeneous and non-transparent formulations, films with 
visible mechanical damage or air bubbles after drying, or with undis
solved substance on the film surface were excluded from the further 
experiment. After this preliminary estimation, the swelling degree and 
stability of the films in the buffered medium were used as criteria for 
further analysis of film quality. Finally, films with optimal characteris
tics were used for drug incorporation. 

Studies have found [15,55] that added plasticizer has a favorable 
effect on the mechanical properties of the films − the films are more 
flexible, have no visible deformations, and can be easily separated from 
the Petri dish surface. In addition, with the increase in plasticizer con
centration, the film thickness can also increase due to the formation of a 
better polymer network, leading to easier film separation and improved 
elasticity [56]. Also, thicker films show a better tendency to swell. In this 
paper, films prepared with lower glycerol concentrations (25% and 
40%) could not be easily separated from Petri dishes and had pro
nounced brittleness. Films with 60% and 80% glycerol concentrations 
were similar in thickness and mechanical properties. Fig. 1 shows the 

Fig. 1. Swelling degree of films with different plasticizer concentration.  
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time dependence of the swelling degree of films with different glycerol 
concentrations. 

Fig. 1 also shows that all analyzed films have high swelling degree 
values in the first hours after immersion in the buffer. However, after 
5 h, the swelling degree of films with 80% and 40% glycerol started to 
decrease (due to dissolution in the buffer), and after 7 h, the films were 
deformed. For this reason, the swelling degree was not further moni
tored. Films with 25% and 60% glycerol kept shape for 24 h, but after 
8 h, the swelling degree of the 25% glycerol film began to decrease due 
to partial dissolution in the buffer. The 60% glycerol film showed a high 
swelling degree constantly growing for 24 h, indicating the good ability 
for controlled 24-hour release, so this plasticizer concentration was used 
in the further experiment. 

As part of film composition optimization, the total concentration of 
saccharides in the mixture was also varied (1.5%, 2.0%, and 3.0%). 
Films obtained using saccharides with a total concentration of 3.0% had 
undesirable physical characteristics, such as high brittleness (Fig. S1A, 
Supplementary material). Films with 1.5% and 2.0% polymer concen
trations were prepared with different ratios of components (Car/Alg 2:8, 
4:6, 5:5, 6:4, and 8:2) and had no visible mechanical defects. However, 
films with a lower saccharide concentration (1.5%) were thinner and 
more sensitive to handling, so 2.0% saccharide concentration was used 
in the further experiment. After examining the obtained carriers with 
different carrageenan/alginate ratios, films with higher alginate content 
were found to be more difficult to separate from the Petri dish surface 
due to stronger adhesive forces. Additionally, films were thinner, with a 
greater tendency to tear. The swelling degree (Fig. 2) was also examined 
as a criterion for determining the optimal saccharide ratio. 

The obtained results show that higher alginate content in films 
contributes to higher solubility rates of films in the buffer. In compari
son, films with higher carrageenan content were stable in the buffer for 
24 h, and there was no change in film shape during the experiment. 
Considering all the above discussions, the film with Car/Alg ratio of 8:2 
was used in the further experiment (this film had the highest swelling 
degree that had not decreased over time). 

Different studies [15,55] have investigated the incorporation and 
release of hydrophobic drugs from films based on polysaccharides and 
poloxamer 407. Added poloxamer, as a surfactant, was found to increase 
the degree of encapsulation of poorly soluble drugs [15,55,57,58]. 
Curcumin, the drug analyzed in this study, belongs to highly hydro
phobic compounds, so adding poloxamer to polysaccharide mixtures 
should improve curcumin encapsulation and stability into films [59,60]. 
In this paper, different concentrations of poloxamer (1.5%, 3.0%, 5.0%, 
10.0%, 15.0%, w/w) were examined. Films with a poloxamer 

concentration greater than 5.0% had many residual air bubbles that 
could not be removed using an ultrasonic bath and remained in the films 
even after drying (Fig. S1B, Supplementary material). The presence of 
bubbles negatively affects the mechanical properties of films and their 
efficiency during drug release. In addition, the prepared films were less 
transparent due to the poloxamer crystallization [55]. For this reason, 
films with poloxamer concentrations above 5.0% were not used in the 
further experiment. After the addition of curcumin, it was found that 
films containing poloxamer concentrations lower than 5.0% could not 
completely dissolve curcumin because it remained on the film surface 
(Fig. S1C, Supplementary material). Consequently, the experiment was 
continued with a poloxamer concentration of 5.0%. 

Films containing alginate as a constituent component can be further 
crosslinked by film immersion in a solution containing a higher con
centration of calcium chloride and plasticizer than that used in film 
preparation. In this way, the stability of the films in solution will in
crease [11]. Calcium ion binds to groups from guluronic acid in alginate 
and enables the formation of a network of this biopolymer. Due to the 
higher water content, better elasticity, permeability, and the ability to 
form a moisture environment, formulations containing alginate can be 
used in the wound healing process [8,10,61]. A higher concentration of 
plasticizer in the crosslinking solution allows the films to retain flexi
bility even after drying [55,62]. In this paper, different crosslinking 
times, in the interval 5 − 20 min, were examined. 

All fully crosslinked films had satisfactory mechanical stability, 
flexibility and showed no shape deformation during the crosslinking 
process. The swelling degree of the Car/Alg/Pol films (obtained after 
different crosslinking times) as one of the basic criteria for determining 
optimal crosslinking time is shown in Fig. 3. 

Considering that the films kept their initial shape during the swelling 
experiment (24 h), it can be concluded that the crosslinking process 
contributed to the stability improvement of the formulations. Also, it can 
be seen that a shorter crosslinking time (5 min) leads to a higher 
swelling degree value, but after 12 h, the swelling degree begins to 
decrease due to partial dissolution of the films. The swelling degree of 
films with crosslinking times of 15 and 20 min has not changed after 
12 h, while for films with a crosslinking time of 10 min, there was a 
constant increase over 24 h. Accordingly, crosslinking time of 10 min 
was used in the further experiment. 

3.1.1. . Curcumin encapsulation 
Curcumin has been successfully incorporated into polysaccharide- 

based carriers and carriers containing both polysaccharides and polox
amer (Fig. S1D, Supplementary material). The encapsulation efficiency 

Fig. 2. Swelling degree of films in different ratio κ-carrageenan/alginate.  Fig. 3. Swelling degree of films obtained after different crosslinking time.  
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of curcumin in Car/Alg-Cur and Car/Alg/Pol-Cur films was also deter
mined (Fig. 4). 

Based on the obtained results, it can be noticed that encapsulation 
efficiency is significantly higher for films containing poloxamer as a 
surfactant. Also, the percentage of curcumin encapsulation (89.85 
± 3.67)% obtained for Car/Alg/Pol-Cur films indicates that no major 
losses occurred during the film preparation. Polysaccharide- and 
poloxamer-based carriers easily interacted with the added drug, forming 
a single, homogeneous film that enhances curcumin bioavailability. 

3.2. Film characterization 

3.2.1. Basic characteristics of films 
Table 1 shows the average masses and thickness of the obtained 

films, as well as the mass of incorporated curcumin in films of optimal 
composition. It can be concluded from the obtained results that films of 

the same composition show uniformity in terms of both mass and 
thickness. 

3.2.2. FTIR spectroscopy 
The FTIR spectra of the starting components carrageenan, alginate, 

poloxamer, and curcumin, as well as of Car/Alg, Car/Alg/Pol, and Car/ 
Alg/Pol-Cur films are shown in Fig. 5A and B. In carrageenan and 
alginate spectra, wide absorption bands in 3400–3200 cm− 1 and 
3000 − 2840 cm− 1 wavelength ranges can be observed, originating 
from the valence vibration of the O− H bond and the C− H bond, 
respectively. The absorption band at 1224 cm− 1 is characteristic of the 
carrageenan spectrum, and it is caused by the valence vibrations of S––O 
bonds from the present sulfate groups. In the spectrum of alginate, 
characteristic bands at 1598 and 1407 cm− 1 can be observed resulting 
from asymmetric and symmetric vibrations of the carboxylate anion, 
respectively. In the poloxamer spectrum, a band at 2881 cm− 1 (the 
result of valence vibrations of C− H bonds) is observed, but also a very 
intense band at 1098 cm− 1 (due to valence vibrations of C− O bonds) 
which is characteristic of polyethylene oxide. In the curcumin spectrum, 
a sharp band at 3508 cm− 1 is attributed to vibration of phenolic O− H 
groups. Also, a band at 1628 cm− 1 can be noticed, resulting from C––O 
stretching vibration. 

In the spectra of Car/Alg, Car/Alg/Pol, and Car/Alg/Pol-Cur films, 
wide absorption bands can be noticed in the range 3500 − 3000 cm− 1, 
resulting from valence vibrations of the O− H bonds presented in sac
charides. Also, valence vibrations of C− H bonds that occur in the range 
of 3000 − 2840 cm− 1 can be observed. The IR spectrum of carrageenan- 
alginate film contains all the vibrations of the groups that are charac
teristic of both carrageenan (sulfate group) and alginate (carboxylate 
anion). Therefore, it can be concluded that a unique carrageenan- 
alginate aggregate was formed. As a consequence of the poly
saccharides interaction, there was a slight shift in the wavenumber 
values (1224→1242, 1406→1417 and 1598→1615 cm− 1) which corre
sponds to the characteristic vibrations of carrageenan and alginate. On 
the other hand, when poloxamer is added to the carrageenan-alginate 
mixture, its presence in Car/Alg/Pol film can be confirmed by a very 
intense band that occurs at about 1035 cm− 1 and corresponds to the 
vibration of the C− O bond, which is characteristic of the poloxamer. 
Adding curcumin (Car/Alg/Pol-Cur spectrum) leads to a slight shift of 
bands which corresponds to vibration of alginate carboxylate anion 
(1417→1455 and 1615→1624 cm− 1) that may be a consequence of the 
vibration of carbonyl group presented in curcumin. 

3.2.3. Scanning electron microscopy (SEM) 
The study of morphology and the surface characteristics of the Car/ 

Alg, Car/Alg/Pol, Car/Alg-Cur, and Car/Alg/Pol-Cur films was done 
using scanning electron microscopy (Fig. 6). 

Fig. 4. Encapsulation efficiency of curcumin.  

Table 1 
Characteristics of films (n = 5).  

Film Film weight 
(mg/cm2) 

Film thickness 
(μm) 

Мass of curcumin (mg/ 
cm2 of film) 

Car/Alg 10.55 ± 0.45 97.59 ± 1.94 / 
Car/Alg/Pol 12.21 ± 0.65 104.27 ± 3.35 / 
Car/Alg/ 

Pol-Cur 
13.03 ± 0.74 117.11 ± 3.66 0.708 ± 0.026  

Fig. 5. A) FTIR spectra of starting components – carrageenan, alginate, poloxamer 407 and curcumin, B) FTIR spectra of prepared films – Car/Alg, Car/Alg/Pol and 
Car/Alg/Pol-Cur. 
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Fig. 6 shows that the film surface is smooth and has no visible pores, 
indicating film homogeneity. The Car/Alg and Car/Alg/Pol films had a 
very smooth and uniform surface. Traces of undissolved poloxamer 
could be seen on the Car/Alg/Pol film surface (Fig. 6B). In the SEM 
image corresponding to the Car/Alg-Cur film (Fig. 6C), it can be seen 
that the curcumin is present on the film surface in crystalline form. 
Adding poloxamer leads to better curcumin incorporation within the 
film and the formation of a more uniformed film surface (Fig. 6D). 

3.2.4. Thermogravimetric analysis 
The thermal stability of the films was studied using thermogravi

metric analysis. Fig. 7 shows the thermogravimetric curves 

corresponding to Car/Alg, Car/Alg/Pol, Car/Alg-Cur, and Car/Alg/Pol- 
Cur films. 

The initial mass loss, which occurs at temperatures below 100 ºC, is 
caused by the evaporation of the present, weakly bound water that 
remained after drying in the process of film preparation or water 
absorbed by the films from the air. The loss of mass that occurs at a 
temperature of about 150 ºC (Car/Alg) and continues up to 190 ºC is the 
result of glycerol evaporation, which is present in films as a plasticizer 
[63]. As shown in Fig. 7, adding poloxamer and curcumin leads to an 
increase in thermal stability, so the described loss of mass due to glycerol 
evaporation takes place at higher temperatures, in the range of 180–240 
ºC. At temperatures above 200 ºC (Car/Alg), as well as 250 ºC (Car/
Alg/Pol, Car/Alg-Cur, and Car/Alg/Pol-Cur), there is a loss in mass due 
to degradation of the initial components, carrageenan and alginate [11, 
64]. Based on the presented thermogravimetric curves, it can be 
concluded that adding curcumin (Car/Alg-Cur) and poloxamer (Car/
Alg/Pol) similarly affects the thermal stability of the analyzed films. 
However, films that include both poloxamer and curcumin (Car/
Alg/Pol-Cur) show even greater stability compared to the above films. 

3.2.5. XRD analysis 
The physical form (crystalline or amorphous) of the films and the 

substances forming the films was determined using X-ray diffraction.  
Fig. 8A and B show the diffractograms obtained for the basic compo
nents and for the prepared films. 

The obtained results indicate that the formation of films leads to a 
decrease in crystallinity degree, which can be explained by the in
teractions between the starting components. It can be noticed that the 
basic components (primarily carrageenan and alginate) have a low de
gree of crystallinity (Fig. 8A). However, the formed carriers (Car/Alg 
and Car/Alg/Pol) existed only in amorphous form (Fig. 8A). Two sig
nals, which appeared at 40º and 45º, do not relate to the analyzed films 
but are the result of the collision of X-rays on the aluminum carrier of the 
XRD device during recording, as a consequence of small film thickness, 
97 − 135 µm. The results indicated that curcumin, as a pure substance, 

Fig. 6. SEM images (×1000) A) Car/Alg, B) Car/Alg-Pol, C) Car/Alg-Cur, D) Car/Alg/Pol-Cur films.  

Fig. 7. Thermogravimetric curves of Car/Alg, Car/Alg/Pol, Car/Alg-Cur and 
Car/Alg/Pol-Cur films. 
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was presented only in crystalline form (Fig. 8B). By observing the Car/ 
Alg/Pol-Cur film diffractogram, it can be concluded that drug incorpo
ration into the carrier reduced the curcumin crystallinity degree 
(Fig. 8B). 

3.3. In vitro release study 

Unlike films containing poloxamer, the results of the studies of in 
vitro release of curcumin from Car/Alg-Cur films indicated that there 
was no significant drug release from the carrier even after a period of 
24 h (figure not shown). In vitro curcumin release from Car/Alg/Pol-Cur 
film, monitored for 24 h, is shown in Fig. 9. By observing the process of 
curcumin release, it can be concluded that the carrier composition 
significantly improved the bioavailability of curcumin. In addition, the 
use of analyzed carriers leads to the gradual release of curcumin over 

time, which can prolong the curcumin effect. 
Fig. 9 points out that curcumin had been slowly released in the first 

8 h. In the period from 8 to 12 h, there was a strong increase in the 
percentage of release, which finally stabilized in the period from 16 to 
24 h, with a maximum value of (87.64 ± 2.40)% (for the encapsulated 
curcumin mass). Similar results of curcumin release were obtained in the 
study [65] that analyzed polycaprolactone and chitosan-based films. 
However, if the results obtained in our paper are compared with those of 
the study [66] in which curcumin efficiency and bioavailability were 
improved by its complexation with the cyclodextrin derivative within 
the saccharin film, it can be concluded that better results were obtained 
in our paper. The percentage of curcumin release from the complex with 
cyclodextrin in the first 24 h is about 50% [66], which is significantly 
less compared to the percentage of release achieved in our research 
(87.64%). Further comparison of the obtained results with the results of 
other studies [67] reveals the advantages of carrageenan, alginate, and 
poloxamer-based films. The release percentage in the first 24 h is only 
8.4%. After 5 days, it reaches a maximum value of 40% for the encap
sulated weight of 2.65 mg, achieved in the study [67], while the results 
of release percentage of 87.64% (in 24 h) achieved in our study refer to 
an encapsulated curcumin weight of 2.85 mg. 

From the obtained results, by monitoring the in vitro release process, 
it can be concluded that the use of carrageenan, alginate, and 
poloxamer-based films achieved continuous drug release over time and 
maintained film stability. Since curcumin is known to have a positive 
effect on the proliferation phase during wound healing, a further 
experiment was dedicated to examining the effect of prepared films on 
cell viability. Also, the ability of the prepared curcumin-containing films 
to enhance wound healing was studied in vivo. 

3.4. Curcumin release kinetics 

To study the mechanism of curcumin release from films, equations 
corresponding to zero-order kinetics, first-order kinetics, and the 
Higuchi and Korsmeyer-Peppas release model were applied to the results 
obtained by monitoring in vitro curcumin release. The values of the 
correlation coefficients achieved by fitting the results in accordance 

Fig. 8. A) XRD patterns of carrageenan, alginate, poloxamer, Car/Alg and Car/Alg/Pol films, B) XRD patterns of curcumin, Car/Alg/Pol and Car/Alg/Pol-Cur films.  

Fig. 9. In vitro release of curcumin from film Car/Alg/Pol-Cur (n = 3).  

Table 2 
Values of correlation coefficients, release rate constants and release exponent.  

Zero order kinetics First order kinetics Higuchi model Korsmeyer− Peppas model 

k0 R2 kI R2 kH R2 kKP n R2 

0.0492  0.9005  0.1578  0.7421  0.2605  0.8756  0.0655  0.9124  0.9063  
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with the equations corresponding to the models, are shown in Table 2. 
Also, the values of the release rate constants are shown, as well as the n 
value in the Korsmeyer− Peppas model. 

The correlation coefficient value indicated that the release of cur
cumin from the Car/Alg/Pol-Cur film was best described by zero-order 
kinetics. Zero-order kinetics are characteristic of transdermally admin
istered formulations, which are not degradable and do not change car
rier surface during release, allowing gradual drug release over time [45]. 
The Korsmeyer− Peppas model is significant for predicting the drug 
release mechanism and is mainly used to determine the parameter that 
has the greatest impact on the release rate (polymer swelling, diffusion 
of incorporated substance, polymer degradation) [45]. The obtained 
value for the release exponent n which is 0.5 in the study of thin films, or 
0.43 for spherical carriers, directly indicates the release controlled by 
drug diffusion. In contrast, the value of n = 1, and n = 0.93 for spherical 
particles indicate that drug release occurs primarily due to polymer 
swelling [45]. If the n values differ from the above, then the release 
mechanism is influenced by several factors. In general, values of the 
release exponent below 0.5 correspond to diffusion controlled by Fick’s 
law, above 0.5 correspond to diffusion that does not obey this law 
(release caused by polymer erosion), and values above 1 correspond to 
the case of "super- transport" [45]. The value of n = 0.91 (which is close 
to n = 1) obtained in the study of curcumin release from the 
Car/Alg/Pol-Cur formulation indicated that the release mechanism was 
mainly dependent on polymer swelling, which is characteristic of 
zero-order kinetics. This result is in accordance with the highest corre
lation coefficient obtained for zero-order kinetics during the curcumin 
release study. 

3.5. Theoretical study of component interaction in developed films 

The experimental procedure given above was further computation
ally rationalized. Using the optimised structures of all employed mole
cules (Fig. S2, Supplementary material), the interaction between them 
was computationally quantified and compared with the one experi
mentally measured. In phase 1, optimised structures of κ-carrageenan 
and calcium-alginate are approximated to each other by different posi
tions (face-to-face, side-to-side, and perpendicularly), as suggested in 
recent work [47]. The energies of thus obtained structures were recal
culated at the B3LYP/def2-SVP level of theory. The most stable structure 

was obtained when these two molecules were placed perpendicularly 
(Table S1, Supplementary material). Interaction between κ-carrageenan 
and calcium-alginate is facilitated by the presence of calcium-ion due to 
electrostatic interaction between calcium-ion and sulfate-anion in 
κ-carrageenan. Apart from this electrostatic interaction, there are two 
significant hydrogen bonds between O28-H56-O79 and O26-H122-O72 
(Fig. S3, Supplementary material). 

In the next step, phase 2, poloxamer units were added to thus ob
tained structure using the same arrangements. In order to provide as 
realistic as possible model of experimental conditions, poloxamer was 
introduced as a polymer of three ethylene-oxide and two propylene- 
oxide units, as shown in Fig S2C (Supplementary material). The most 
stable structure was obtained when poloxamer was added face to face to 
the phase 1 aggregate (Fig. S4 and Table S2, Supplementary material). 
The phase 2 form is stabilised by ion-dipole interactions between Ca38 
and O160 and hydrogen bonding between O111-H147-O189 and O110- 
H190-O189. In this way, two drug carriers were formed, labelled as 

Fig. 10. Optimised structure of curcumin with phase 1 - κ-carrageenan and calcium-alginate with established hydrogen bonds.  

Fig. 11. Optimised structure of curcumin with phase 2 - κ-carrageenan, 
calcium-alginate and poloxamer 407. 
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phase 1 − κ-carrageenan and calcium-alginate and phase 2 − κ-carra
geenan, calcium-alginate, and poloxamer 407. 

The next step was to elucidate curcumin interactions with these two 
drug carriers. When curcumin is approximated to the phase 1 structure, 
the best orientation is side-to-side (Table S3, Supplementary material). 
This complex is stabilized by interactions of phenol group in curcumin 
and phase 1 (Fig. 10). Besides ion-dipole interactions between calcium 
and oxygen in the phenolic group of curcumin, there are two important 
hydrogen bonds between the phenolic group in curcumin and calcium- 
alginate, precisely, O4-H192-O173 and O29-H57-O173. These in
teractions were further examined within NBO and AIM analysis. 

On the other hand, the most stable arrangement of curcumin with the 
phase 2 form is perpendicular, as shown in Fig. 11 and Table S4 (Sup
plementary material). This aggregate is stabilized only by one hydrogen 

bond between O205 in curcumin and O32-H60 in the phase 2 structure. 
This means that phase 2 aggregate can be a better drug carrier because 
the interaction between curcumin and the phase 2 structure is weaker 
than with phase 1, so curcumin can be easily released, which is in 
accordance with the BDE values (Table 3). To release curcumin from the 
curcumin-phase 1 aggregate, 35.14 kcal mol− 1 is requisite, while 
releasing curcumin from phase 2 complex requires almost twice less, 
only 16.56 kcal mol− 1. These can be further rationalized by employing 
NBO and AIM methods. 

AIM parameters calculated at BCPs are collected in Table 3. 
In this case, the value and sign of the electron density (ρBCP) and the 

electron density Laplacian (∇2
ρBCP

) can be used as indicators of the nature 
of bonding between two atoms. If the electron density in BCP has a value 
less than 0.10 a.u., interaction is weak, such as ionic, van der Waals, 
hydrogen bonding. All observed interactions in this paper are weak by 
the electron density. These interactions can be further elucidated by 
energy density values (H(r)). A negative value for О4-Н192-О173 bond 
indicates strong interaction, but also, in other cases, small hydrogen 
bonds and van der Waals ion-dipole interaction, such as between cal
cium and oxygen. Hydrogen bonding can be further examined using 
formulas proposed in works by Espinosa et al. [68], as well as Karaush et 
al. [69] and Afonin et al. [70]. These results are also given in Table 3. 
Both formulas give the same prediction - curcumin has a stronger 
interaction with phase 1-structure than with phase 2-structure, making 
the phase 2 form a better drug carrier. 

NBO analysis can be used to confirm examined interactions. For 
example, in CP1 complex, oxygen in calcium-alginate, O4, is a donor of 
electronic pair to the antibonding orbital of the phenolic group (O173- 
H192) in curcumin. O173 can act as a donor and calcium-ion as an 
acceptor in this weaker interaction. This phenolic group in curcumin has 
a significant role in examined interactions. On the other hand, there is 
hydrogen bonding between O205 in curcumin and H60-O32 in phase 2. 
AIM and NBO analyses go in line with predictions of possible in
teractions between curcumin and two examined drug carriers. 

3.6. Cell viability assay and in vivo wound healing study 

3.6.1. . Cell viability assay 
Influence of Car/Alg/Pol and Car/Alg/Pol-Cur films on the viability 

of MRC-5 cell lines were examined by MTT test after cell cultivation for 
24 and 48 h (Fig. 12). 

The obtained results indicate that the film Car/Alg/Pol has no effect 
on the healing process because the percentage of tested cells viability is 
the same as in the control cells. However, cell viability was significantly 
higher in the presence of films containing curcumin during the incu
bation period of 24 and 48 h. From the obtained results, it can be 
concluded that the increase in cell viability is due to the presence of 
curcumin in the films. Based on the percentage of viable cells (Fig. 12), it 
can also be concluded that curcumin-containing films may have poten
tial application in the wound healing process. The obtained positive 
results of in vitro analysis have directed further research in this paper. 
Additionally, it was developed that alginate-contained hydrogel dress
ings show good bioadhesive properties on human tissue [27–29]. 
Accordingly, the prepared films were tested as formulations potentially 
applicable in wound healing of the rats’ skin. 

Table 3 
BDE and calculated AIM parameters for studied aggregates.   

BDE (kcal mol− 1) observed bond ρBCP ∇2
ρBCP 

H (r)× 10− 3 |V (r)|/2 191,4 × ρbcp – 1,78 

CP1  35.14 О4-Н192-О173  0.0360  0.1011  -0.1491 5.11  -8.03 
О29-Н57-О173  0.0313  0.1300  1.6695 4.21  -9.15 
Са38-О173  0.0250  0.1234  4.0489 /  -7.14 

CP2  16.56 O205-H60-O32  0.0398  0.1299  0.3625 5.83  -9.97  

Fig. 12. Influence of Car/Alg/Pol and Car/Alg/Pol-Cur films on MRC-5 cell 
viability after. 
A) 24 h i B) 48 h. 
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3.6.2. . Histopathological analysis 
Wound healing, as a complex process, includes inflammation 

response, new tissue formation, and tissue remodelling. To study the 
therapeutic potential and effectiveness of prepared films in wound 
healing process, male Wistar albino rats (aged 6–8 weeks, average body 
weight 200–250 g) were used for in vivo research. During the research, 
no infection on the caused wounds, no bleeding of the granulation tis
sue, or the appearance of sepsis was observed. After causing burns, films 
application for seven days, and rats sacrificing, the upper layer of the 
wound was surgically removed and subjected to histological studies. 
Photomicrographs of healthy skin (before burn), burned skin (after 
burn), as well as treated skin stained with hematoxylin and eosin are 
presented in Fig. 13. 

Histological assessment of healthy skin indicated that the structure of 
the thin skin section was normal with intact epithelial layers, sebaceous 
glands and intact hair follicles (Fig. 13A). This Figure also shows that 
thin skin was formed of the thin epidermis and thick dermis. Light 
microscopic examination of burned skin sections of adult male albino 
rats showed inflammatory changes compared to normal skin (Fig. 13A 
and B). Burned skin segment demonstrated signs of complete destruction 
of superficial skin layers, coagulation, infiltration of fibroblasts and 
polymorphonuclear cells, as well as collagen (Fig. 13B). To assess the 
degree of skin regeneration, histopathological analysis was performed 
on the 7th day after treatment (13 C and 13D). In the group treated with 
Car/Alg/Pol film, there was inflammation in skin tissue with edematous 
fluid collection in the dermis region, as depicted in Fig. 13C. Photomi
crographs indicated that animals treated with Car/Alg/Pol-Cur film 
(Fig. 13D) showed signs of increased regeneration in the epidermal re
gion in the presence of growing fibroblasts in the granulation tissue. 
Mild infiltration of neutrophils and hair follicles were also evident 
(Fig. 13D). Histopathological findings clearly indicated early signs of 
wound healing after Car/Alg/Pol-Cur film application. The in vivo study 
results are in accordance with the results obtained by cell viability assay 
in the presence of films. The film containing curcumin had the greatest 
potential for application in the wound healing process because of its 
positive effect on the proliferation phase thanks to curcumin. 

4. Conclusion 

Biocompatible polymer-based hydrogels, in film form, have great 
potential for use in medicine as transdermal systems for skin wounds 
treatment. In this study, films based on crosslinked polysaccharides, 
κ-carrageenan and alginate, were prepared. As poloxamer 407 is known 
to increase hydrophobic drug solubility and encapsulation, this syn
thetic polymer was also added to the carriers. Different ratios of poly
saccharides, different concentration of poloxamer, and glycerol as 
plasticizer, and different crosslinking times were examined to obtain 
carriers with optimal properties. The films with optimal properties were 
obtained using carrageenan and alginate in a ratio of 8:2 and 5.0% 
poloxamer concentration. 

Curcumin, as the drug model, has been incorporated into optimized 
films with 89.85% encapsulation efficiency. Addition of poloxamer lead 
to increase curcumin concentration into the optimized films (without 
poloxamer, curcumin encapsulation efficiency was 36.52%). Computa
tional analysis based on theoretical models showed that the carbonyl 
group of curcumin establishes a hydrogen bond with the alginate hy
droxyl group, which further allows curcumin incorporation into pre
pared films. 

The film characterization indicated that films have a smooth and 
homogeneous surface; the results of X-ray diffraction showed that cur
cumin incorporation into films reduces its crystallinity degree. In vitro 
curcumin release was monitored for 24 h, and the results showed that 
curcumin bioavailability was significantly improved using carrageenan, 
alginate, and poloxamer-based carriers, with cumulative controlled 
curcumin release over time (87.64%). From the drug release kinetics 
results, it was concluded that the polymer swelling degree has the 
greatest influence on the curcumin release. In addition, it was found that 
the films are not cytotoxic and that curcumin-containing films can in
crease cell viability and thus have a beneficial effect on cell prolifera
tion, which is one of the wound healing phases. Finally, considering the 
in vivo study results, it can be concluded that the films based on carra
geenan, alginate, poloxamer, and curcumin could have a great potential 
for healing wounds caused by burns. 

Fig. 13. Histopathological observation of H&E stained skin sections (200 ×) of A) healthy skin, B) burned skin, C) burned skin treated with Car/Alg/Pol film, and D) 
burned skin treated with Car/Alg/Pol-Cur film. 
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đana Đorđević: Formal analysis. Sandra Nikolić: Investigation, Re
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