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Abstract: Films based on carrageenan, alginate and poloxamer 407 have been formulated with the
main aim to apply prepared formulations in wound healing process. The formulated films were
loaded with diclofenac, an anti-inflammatory drug, as well as diclofenac and curcumin, as multi-
purpose drug, in order to enhance encapsulation and achieve controlled release of these low bioa-
vailable compounds. The obtained data demonstrated improved drugs bioavailability (encapsula-
tion efficiency higher than 90%), with achieved high, cumulative in vitro release percentages (90.10%
for diclofenac; 89.85% for curcumin and 95.61% for diclofenac in mixture-incorporated films).. The
results obtained using theoretical models suggested that curcumin establish stronger, primarily dis-
persion interactions with carrier, in comparison with diclofenac. Curcumin and diclofenac-loaded
films showed a great antibacterial activity against Gram-positive bacteria strains (Bacillus subtilis
and Staphylococcus aureus, inhibition zone 16.67 mm and 13.67 mm, respectively), and in vitro and in
vivo studies indicated that curcumin- and diclofenac-incorporated polymer films have a great ten-
dency, as a new transdermal dressing, to heal wounds, because diclofenac can target the inflamma-
tory phase and reduce pain, whereas curcumin can enhance and promote wound healing process.

Keywords: curcumin; diclofenac; films; biopolymers; carrageenan/alginate/poloxamer; wound
healing

1. Introduction

As a specific biological process, wound healing refers to the growth and regeneration
of tissues [1]. The wound healing process is considered to include five phases (hemostasis,
inflammation, migration, proliferation, and maturation), where some of the phases may
overlap [1-3].. The inflammatory phase is the first response to a skin injury, aned occurs
immediately after the injury (together with the hemostatic phase). and lasts for about
three days. During inflammatory phase, various cellular and vascular processes stop fur-
ther damage, eliminate pathogens and clean the wound [4]. After the inflammatory phase,
the proliferation process takes place simultaneously with the migration process. During
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this phase, formation of granulation tissue, reepithelization, collagen synthesis by fibro-
blasts lead to the wound damage repair [1,4].

A fluid called exudate is produced in the healing process and is present in almost all
healing phases [5]. The produced exudate keeps the wound moist, which is an ideal envi-
ronment for effective and efficient healing [6]. However, excess exudate can lead to com-
plications in healing. Problems can also occur due to the appearance of pathogenic micro-
organisms (mainly bacteria and some strains of fungi) on the wound surface, which can
cause severe infections and is often cited as the main reason for the prolonged healing
process [1,7]. Furthermore, uncontrolled reproduction of pathogenic bacteria can lead to
blood poisoning, sepsis, and even a fatal outcome [1,7].. From the above, it can be con-
cluded that nontoxic and biocompatible formulations, with proper mechanical strength
and capability to absorb excess exudate but prevent wound dehydration by maintaining
a moist environment and effectively prevent or control infections are among the key fac-
tors in wound treatment and healing and thus one of the important tasks for the scientific
community [8].

Bioactive or smart dressings are a class of dressings that are able to deliver bioactive
compounds in the wound site and create an active and dynamic interaction with the
wound’s environment [8]. Some formulations incorporating various bioactive molecules
(dicarboxylic acids, Ag-nanoparticles, chitosan/propolis nanoparticles) that can prevent
infection and have a positive effect on different wound healing phases and accelerate heal-
ing have been dealt with in numerous studies [1,9-12]. The use of dry and solid formula-
tions that allow controlled release of the bioactive component over a longer period can
give better therapeutic results because the patient is exposed to a drug concentration that
is optimal for treatment [13]. Carriers can achieve incorporation and later the controlled
release of various low bioavailability drugs and antibiotics [13]. Controlled release of the
bioactive component on the wound is achieved by carrier swelling during its contact with
the wound exudate [13]. During swelling, the distance between the polymer chains in-
creases, thus creating a system that can release drugs in a controlled manner. Besides pol-
ymer hydration and swelling, a significant role in drug release from the carrier can be
played by crosslinking polymer within the carrier and the rates of potential carrier degra-
dation and drug diffusion through the polymer matrix [13,14]. Recently, hydrogel in the
form of thin, elastic films has been increasingly applied in the wound healing process.
This allows the unhindered transfer of matter from the film to the wound, secreting a
moderate exudate amount [1].. Various natural (polysaccharides, proteins, lipids) and
synthetic polymers (poly(ethylene glycol)-PEG, poly(vinyl alcohol)-PVA, poly(ethylene
oxide)-PEQ, poly(vinyl pyrrolidone)-PVP) can be used as constituents of these formula-
tions [1,15]. Wound dressings can be developed from a combination of bio and synthetic
polymers. Biopolymers suffer from poor mechanical properties that can be overcome by
combining them with synthetic polymers. Carrageenan and alginate are constituents of
wound dressing materials [16,17], but in combination with synthetic polymer poloxamer
407 can form a stable formulation able to incorporate hydrophobic bioactive compounds
[18].

Diclofenac (DIf) belongs to non-steroidal, anti-inflammatory drugs (NSAIDs) and has
the greatest application in the treatment of painful rheumatic process [19]. This drug is
commercially available in the form of various formulations for oral, dermal, or intramus-
cular application [19]. Oral administration of diclofenac is limited due to its low solubility
in acidic media and possible diclofenac intramolecular cyclization [19]. To improve diclo-
fenac bioavailability and to avoid its side effects after oral intake, diclofenac dermal ap-
plication is more common, where possible [20]. Diclofenac does not affect individual
phases (except inflammatory) in the wound healing process but indirectly affects healing
because of its antibacterial properties [21,22]. Although the use of antibiotics to prevent
infections is an effective solution, due to the occurrence of resistant pathogenic microor-
ganisms and slower synthesis/isolation of new antibiotics, there is a need for alternative
solutions [9]. Previous studies [23-26] have shown that diclofenac-incorporated

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98



Polymers 2022, 14, x FOR PEER REVIEW 3 of 28

formulations have antimicrobial activity, to some extent, against various bacterial strains. 99
Since diclofenac primarily acts as an anti-inflammatory drug, which reduces post-injury 100
pain, its additional advantage in wound treatment is its antibacterial property. 101
Curcumin (Cur) is a hydrophobic polyphenolic compound with antioxidant, anti- 102
cancer, anti-inflammatory, and antimicrobial properties [27,28]. However, despite its high 103
efficacy, the use of curcumin is limited due to its very low solubility and thus bioavaila- 104
bility [29]. For this reason, increasing curcumin bioavailability and developing formula- 105
tions that serve that purpose has been the subject of numerous studies [29-32]. Curcumin 106
has good potential for wound healing treatment due to its antimicrobial, anti-inflamma- 107
tory, and antioxidant properties. The wound healing process also includes reactive oxy- 108
gen species, which are part of the immune response to the appearance of microorganisms 109
[33]. However, prolonged exposure to reactive oxygen species in higher concentrations 110
leads to oxidative stress, inhibiting the maturation phase during wound healing. For this 111
reason, reactive oxygen species are the leading cause of prolonged inflammation [34-36]. 112
Since curcumin has excellent antioxidant properties, great attention is paid to developing 113
formulations that can be dermally applied, thus achieving the maximum anti-inflamma- 114
tory effect of curcumin [37]. In addition, it has been found that curcumin can improve 115
wound healing by participating in granulation tissue formation, damaged tissue regener- 116
ation, collagen deposition, thus improving epithelial cell regeneration processes and in- 117
creasing fibroblasts proliferation [38]. Due to the above, more recent studies and review 118
articles are dedicated to developing and describing various curcumin-containing wound 119
healing dressings [39-45]. Polymer based wound dressings (hydrogels, films, membranes, 120
nanoparticles, nanofibers, liposomes) loaded with curcumin exhibited great in vitro and 121
in vivo therapeutic outcomes [44]. Innovative strategies include formulations based on 122
combination of curcumin with other anti-bacterial or anti-inflammatory agents [45,46]. 123
In our previous research [18] the films based on carrageenan (Car), alginate (Alg) and 124
poloxamer 407 (Pol) were optimized. These optimized films were used in this work to 125
examine the efficiency of encapsulation and release of diclofenac individually and ina 126
mixture with curcumin. After films characterization, the results obtained by diclofenac 127
and curcumin release were related to the interactions these drugs achieve with the carrier 128
components studied using theoretical models and AIM (Atom in Model) analysis. Fur- 129
thermore, considering the anti-inflammatory effect of curcumin [37], the synergistic effect 130
of curcumin and diclofenac during the treatment of inflammation [47], as well as the pos- 131
itive effect of curcumin in the proliferation phase [38], films based on carrageenan, algi- 132
nate and poloxamer containing a combination of these two drugs were prepared with the 133

ultimate purpose of their application for in vivo wound healing. 134
2. Materials and Methods 135
2.1. Materials 136

Sodium alginate and k-carrageenan were obtained from Roth. Curcumin, diclofenac 137
(sodium salt), poloxamer 407, calcium chloride dihydrate, potassium chloride, sodium 138
chloride, glutamine, fetal bovine serum, penicillin, streptomycin, resazurin, amoxicillin, 139
tetracycline, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), trypan = 140
blue, ketamine, and xylazine were purchased from Sigma-Aldrich. Glycerol and ethanol 141
were obtained from Honeywell. Sodium hydrogen phosphate dihydrate was purchased 142
from Poch and potassium dihydrogen phosphate from Kemika. Non-essential amino 143
acids were obtained from Capricorn Scientific GmbH. 144

2.2. Film preparation 145

Polysaccharides and poloxamer 407-based films (Car/Alg/Pol) were prepared by 146
casting method, using the procedure described in our previous research [18]. The appro- 147
priate polysaccharide masses (0.4 g of carrageenan and 0.1 g of alginate, total saccharide 148
concentration 2.0% w/w), and the aqueous solution of poloxamer 407 (0.15 g, 5.0% w/v) 149
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were added to the aqueous solution of glycerol as plasticizer (60% w/w relative to total 150
mass of saccharides) [18]. The mixture was stirred on a magnetic stirrer at room tempera- 151
ture for 1 hour, then heated to 70 °C, and a solution of calcium chloride (0.5% w/w) was 152
gradually added dropwise to the mixture (1 mL/min). After CaClz solution instillation, 153
stirring was continued for 20 minutes under the same conditions, with further application = 154
of the ultrasonic bath. Then, the mixture was poured into Petri dishes (d=9 cm) and dried 155
for 20 hours at a temperature of 40 °C. In the second phase, the dried semi-crosslinked 156
films were immersed in a 10% glycerol and 3% calcium chloride solution for 10 minutes 157
to achieve further crosslinking [18]. Finally, obtained crosslinked Car/Alg/Pol films were 158
air-dried. To prepare films containing diclofenac (Car/Alg/Pol-DIf), curcumin 159
(Car/Alg/Pol-Cur), or a mixture of curcumin and diclofenac (Car/Alg/Pol-Cur+DIf), an 160
aqueous solution of diclofenac (1.0% w/v), i.e., a solution of curcumin in ethanol (1.0%, 161
w/v), was added to the mixture of starting components (saccharides and poloxamer) after 162
30 minutes of initial stirring. Then, stirring was continued at room temperature for an- 163
other 30 minutes, and the further work process was identical to that previously described. 164

2.3. Film characterization 165
2.3.1. Infrared spectroscopy 166

FTIR (Fourier-transform infrared) spectra of films (Car/Alg/Pol, Car/Alg/Pol-Dlf and 167
Car/Alg/Pol-Cur+DIf) and starting components were recorded using infrared (IR) spec- 168

troscopy (Perkin Elmer Spectrum Two spectrophotometer, Waltham, MA, USA) to char- 169
acterize the prepared film's composition. The spectra were recorded in the range of wave 170

numbers 4000-500 cm. 171
172
2.3.2. Texture analysis 173

In order to investigate mechanical properties of prepared films, texture analysis was 174
performed. The films were cut into rectangular shape using micrometer and scalpel. The 175
width of the samples was 10 mm, gauge length 30 mm, with gripping length 10 mm on 176
each side. The thickness of each film was evaluated before tensile characterization, in five 177
different points using micrometer. The mechanical properties of the films were measured 178
using a Texture Analyzer (TA.HD plus, Stable Micro Systems Ltd., Surrey, UK), equipped 179
with a 5 kg load cell, using tensile grips A/TG. The test speed was 6 mm/s, with a trigger 180
force of 0.09 N. The elongation at break (%EB) and tensile strength (TS) were estimated 181
according to Equations 1 and 2, while the Young’'s modulus (YM) was estimated from the 182
linear part of the stress-strain curve, according to the Equation 3. The time needed for 183
sample to break was also investigated. 184

185
increase in length at break

El ti t break = 100
ongation at brea initial film length x M

force at failure

Tensile st th = 2

enstie streng cross sectional area of the film @)

v , dulus — A Stress 3)

oung's modulus = ————

186
The results of three replicates for each of the four films were expressed as the mean 187
values + SD. 188
189
2.3.3. Scanning electron microscopy 190

Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) microanal- 191
ysis was completed on the films using a Hitachi SU8030 instrument (Tokyo, Japan) witha 192
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field emission electron gun. The SEM is coupled with a Thermo Scientific NORAN System 193
7 detector for X-ray microanalysis. Strips of each film was secured onto alumina stubs. 194
Surface characterization was completed using 1.0 keV accelerating voltage (Va) and 10 pA 195
emission current (I¢) at low magnification mode. Elemental point analysis was carried out 196

at 20.0 keV (Va) and 10 pA (Le). 197
198
2.3.4. XRD analysis 199

X-ray diffraction (XRD) was used to evaluate the crystalline content of the films. Data 200
was collected on a D8 Advance X-ray Diffractometer (Bruker, Germany) in theta-theta 201
geometry in transmission mode using Cu Ka radiation at 40 kV and 40 mA. A primary 202
Gobel mirror for parallel beam X-rays and removal of Cu Kg radiation along with a pri- 203
mary 4° Soller slit, and a 0.2 mm exit slit was part of the setup. The sample rotation was 204
set at 15 rpm, X-rays were collected using a LynxEye silicon strip position sensitive detec- 205
tor set with an opening of 3° with the LynxIris set at 6.5 mm and a secondary 2.5° Soller 206
slit. Data collection was between 2-60° 20, step size of 0.02° and a counting time of 0.5 207
seconds per step. Two layers of the sample was secured between mylar film. Data was 208
collected using DIFFRAC plus XRD Commander version 2.6.1 software (Bruker-AXS). 209
Peak identification was completed using an EVA V6.0.0.7 (Bruker, Karlsruhe, Germany) 210

software package. 211
212
2.3.5. Thermogravimetric analysis 213

Thermogravimetric analysis (TGA) was conducted using the Discovery 5500 TGA 214
(TA Instruments, Crawley, UK) in aluminium pans with sample size 3.0 + 0.5 mg for start- 215
ing materials and 7.0 + 1.0 mg for all film formulations. Samples were heated from ambient 216
temperature (20 °C) to 500 °C at 10 °C/min, under nitrogen (25 mL/min). Data was ana- 217

lysed using TA Advantage Universal Analysis V4.5 software. 218
219
2.3.6. Differential scanning calorimetry 220

Differential scanning calorimetry (DSC) was carried out using a Discovery 2500 DSC 221
(TA Instruments, Crawley, UK) in hermetically sealed T zero aluminium pans with 3.0 + 222
1.0 mg of sample. Sample was heated at 10 °C/min from -70 to 300 °C. Experiments were 223
conducted in triplicate under Nitrogen atmosphere (flow rate 50 mL/min). Data was ana- 224

lysed using TA Advantage Universal Analysis V4.5 software. 225
226
2.3.7. Encapsulation efficiency of drugs 227

The encapsulation efficiency of curcumin and diclofenac was determined by immers- 228
ing the films with incorporated drugs (Car/Alg/Pol-DIf and Car/Alg/Pol-Cur+DIf) in phos- 229
phate buffer pH 7.40. After 24 h, aliquots were taken, and the concentration of encapsu- 230
lated drugs was determined using UV/Vis spectrophotometry (Perkin Elmer UV/Vis, 231
Lambda 365), at a wavelength of 430 nm for curcumin and 276 nm for diclofenac. The ratio 232
of the spectrophotometrically determined drug weight to the weight of drug added to 233
films in the preparation process represents the encapsulation efficiency (Equation 4). The 234

measurements were performed in triplicate. 235
236
EE (% Spectrophotometrically determined amount of drug 100 4
= X
(%) Added amount of drug @)
2.4. In vitro drug release 237

The release of diclofenac from the Car/Alg/Pol-DIf film, as well as curcumin and di- 238
clofenac from Car/Alg/Pol-Cur+DIf film was monitored in vitro in conditions simulating 239
wound exudate (PBS buffer, pH 7.4). For drug release testing, 2x2 cm films (diclofenac 240
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weight in Car/Alg/Pol-DIf film was 1.50 mg, while curcumin and diclofenac weight in 241
Car/Alg/Pol-Cur+DIf film was 2.86 and 1.53 mg, respectively) were added to the buffer 242
solution and incubated at 37 °C. Aliquots were taken at certain time intervals, and the 243
concentrations of released diclofenac and curcumin were determined spectrophotometri- 244
cally by measuring the absorbance at 276 nm and 430 nm, respectively. The measurements 245
were performed in triplicate. 246

2.5. Drug release kinetics 247

Based on the results obtained during the in vitro release of drugs, the release kinetics 248
was determined, indicating the mechanism of diclofenac and curcumin release from the 249
films. The release kinetics was tested using various mathematical models, including zero- 250
order kinetics, first-order kinetics, and the Higuchi, Hixon-Crowell, and Korsmeyer-Pep- 251
pas release model, where M,/M,, represents the fraction of released drug at a given time 252

(t) [48]. 253
254
Zero order kinetic: M./M,, = kt (5)
First order kinetic: In (M;/M,,) = kt (6)
Higuchi model: M, /M, = kt'/? ?)
Hixon-Crowell model: (1= M /M3 = —kt (8)
Korsmeyer-Peppas model: M,/M,, = kt" 9)
255

A mathematical model that best describes the release of drugs from films can be de- 256
termined based on the correlation coefficient (R2) value. Furthermore, the mechanism of 257
drug release can be predicted based on the value of n (release exponent) [48]. 258

2.6. Computational details 259

Full geometry optimizations of the aggregate structures formed by attaching diclo- 260
fenac and curcumin molecules to the drug carrier were performed at the semiempirical 261
PMB6 level of theory using the Gaussian 09 program package [49]. Structures of isolated 262
curcumin and diclofenac molecules were optimized at the B3BLYP/def2-SVP level of the- 263
ory. All optimizations were done for six positions of two molecular systems (drug and 264
carrier), which adopt face-to-face, side-to-side, and perpendicular arrangements, accord- 265
ing to the scheme proposed in recent works [50]. Frequency calculations confirmed that 266
the obtained optimized aggregate structures have no imaginary frequencies. Only the 267
most stable structures were further examined. 268

In order to assess interactions between the drug molecule and its carrier, the binding 269
energy (BE) was calculated through single point energy calculations at the B3LYP/def2- 270
SVP level of theory. The BEs were computed as the difference between the B3LYP/def2- 271
SVP electronic energy of the PM6 optimized aggregate structure and the sum of the 272
B3LYP/def2-SVP electronic energies of the fragments whose geometries were extracted 273
from the optimized aggregate structures. Van der Waals interactions in the studied com- 274
plexes were estimated with Grimme’s D3 scheme [51] The AIM analysis was carried out 275
by the Multiwfn program [52] and the obtained electron density of the bond critical points 276
(p(rpcp)) was used to calculate the hydrogen bond binding energy (HBBE) as proposed 277
by Emamian et al. [53]. In particular, the following equations were used: 278

279
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HBBE = —223.08 X p(r,,) + 0.7423 (10)

HBBE = —323.34 x p(r,,.,) — 1.0661 (11)
280
to calculate HBBEs for neutral and charged complexes, respectively. 281
2.7. Antibacterial activity of films 282

Antibacterial activity of the films (Car/Alg/Pol, Car/Alg/Pol-Cur, Car/Alg/Pol-DIf, 283
and Car/Alg/Pol-Cur+DIf) was tested against four standard strains of bacteria. Antibiotic =~ 284
discs (A - amoxicillin 25 pg, T — tetracycline 30 pg, and S — streptomycin 10 ug) were used 285
as positive controls. The experiment involved two gram-positive bacteria (Bacillus subtilis 286
ATCC 6633 and Staphylococcus aureus ATCC 25923) and two gram-negative bacteria (Pseu- 287
domonas aeruginosa ATCC 27853 and Escherichia coli ATCC 25922). 288

Bacterial suspensions - preparation and standardization. Bacterial cultures were 289
cultivated on nutrient agar before the experiment. The incubation period lasted 18-20 290
hours at a temperature of 37 °C. The bacterial suspensions were prepared by the direct 291
colony method. The procedure was performed under sterile conditions. First, 3—4 mor- 292
phologically identical bacteria colonies were transferred to 5 mL of saline, mixed well to 293
separate the cells and form a suspension. Then, the suspension turbidity was adjusted 294
using a densitometer (DEN-1, BioSan, Latvia), McFarland 0.5 corresponding to 108 295
CFU/mL. Bacterial suspensions were prepared immediately before the experiment, as 29
they should be used approximately within 30 minutes of preparation [54,55]. 297

Disk diffusion method. The susceptibility of bacteria to the tested films and stand- 298
ard antibiotics was tested by in vitro disk diffusion method. The disk diffusion test was 299
performed in a Petri dish on a Mueller Hinton (MH) agar (25 mL of medium per plate). 300
Films and antibiotics discs were cut into cylinders measuring 5 mm in diameter. Films 301
with tested substances and discs with specific concentrations of antibiotics were placed 302
on the surface of the medium (3 identical films/discs on 1 plate), on which pure bacterial 303
suspension with 1-2x108 CFU/mL was cultivated. After incubation (16-24 h), the inhibition ~ 304
zone diameter (the surface of the bacterial growth inhibition zone) was measured. The 305
measured values were compared with the EUCAST standard [56], and the tested bacteria 306
were classified as sensitive, moderately sensitive, and resistant [57]. All zones of inhibition 307
were calculated in triplicates. 308

2.8. Cell viability study 309

Cell culture. In order to evaluate the cell viability (proliferation) in the presence of 310
Car/Alg/Pol-DIf and Car/Alg/Pol-Cur+DIf films, a standard MTT test was applied [58]. A 311
human fetal lung fibroblast cell line (MRC-5) was cultured in Dulbecco's modified eagle 312
medium supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 pug/mL 313
streptomycin, 2 mM L-glutamine, and 1 mmol/L non-essential amino acids. Cells were 314
cultivated at 37 °C in an atmosphere of 5% CO: and absolute humidity. The culture me- 315
dium was completely replaced every 3 days, cell viability was determined using trypan 316
blue staining, and only cell suspensions with viability greater than 95% were further used. 317

Cell viability assay. A viability study of Car/Alg/Pol, Car/Alg/Pol-DIf, Car/Alg/Pol- 318
Cur+DIf films was performed using an MTT assay. Firstly, the films were cut into cylin- 319
ders of 9 mm in diameter. Secondly, the films were transferred into 96-well plates and 320
irradiated by ultraviolet light for 30 min. Finally, the suspensions of MRC-5 cells (5000 321
cells per well, according to studies [40,59]) were dropped onto the sample surfaces. Asa 322
control, the same amounts of MRC-5 cells were dropped in the blank dishes. The plates 323
were incubated for 24 and 48 h in an atmosphere of 5% CO2 and absolute humidity, at 37 324
°C. Then, MTT solution was added to cell culture and incubated. After incubation, MTT 325
solution was removed, DMSO was added, and absorbance was measured at 595 nm with 326



Polymers 2022, 14, x FOR PEER REVIEW 8 of 28

a multiplate reader. Experiments were performed in triplicates and repeated in three in- 327
dependent series. 328

2.9. In vivo study 329

All the animal research studies were approved by the Animal Ethics Committee of 330
the Faculty of Medicine, University of Kragujevac (Ethical Approval Number: 01-6121). 331
The use of prepared films with incorporated mixture of curcumin and diclofenac and films 332
containing only diclofenac was investigated for in vivo healing of burn-caused wounds. 333
For in vivo study, male Wistar albino rats (6 to 8 weeks old, average body weight 200-250 334
g) were used. One group of animals (n=3) was exposed to burns and not further treated 335
(control), the second group (n=3) was treated with Car/Alg/Pol films, the third (n=3) with 336
Car/Alg/Pol-DlIf films, and the fourth (n=5) with Car/Alg/Pol-Cur+DIf films. The process 337
of causing burns to rats was performed following the protocols in the previously pub- 338
lished study [39]. Before causing burns, the animals were anesthetized with intraperito- 339
neal ketamine (10 mg/kg body weight) and xylazine (5 mg/kg body weight). Then, the 340
backs of healthy rats were shaved using depilatory cream. On the shaved skin area, the 341
burns were caused by applying a hot metal plate (measuring 2x2 cm) to the skin for 10 342
seconds. Wounds caused this way were covered with prepared films (measuring 2x2 cm). 343
The healing process was monitored for seven days, with the daily replacement of film 344
samples. 345

Histopathological analysis. The intensity of the skin injury caused by the hot metal 346
plate was estimated based on histopathological analysis of healthy skin and skin exposed = 347
to burns. The contribution of incorporated drugs (diclofenac, curcumin) to the healing 348
process was determined by comparing histopathological analyzes of untreated burned 349
skin (control) and burned film-treated skin. All rats were sacrificed by means of cervical 350
dislocation on day 7 post-burning. The skin was aseptically removed and fixed in 10% 351
buffered formalin fixative overnight. Paraffin wax-embedded skin sections (5pm) were 352
stained with hematoxylin and eosin (H&E), and stained slides were then examined under 353
a light microscope to evaluate the extent of damage. The images were captured with a 354

light microscope equipped with a digital camera. 355
3. Results and Discussion 356
3.1. Films characterization 357
3.1.1. Basic characteristics of films 358

The average weights and thicknesses of the obtained films and the weight of drugs 359
incorporated in films are shown in Table 1 (n=5). It can be concluded from the obtained 360
results that films of the same composition show uniformity in terms of both weight and 361
thickness. According to the obtained results by statistical analysis, there were no signifi- 362
cant differences between the mass and thickness of blank and drug-containing films (p > 363

0.05). 364
Table 1. Basic film characteristics (n=5). 365
Film Mg:;;)cf;i;m Film thickness (um) (mZ:IS;Z(;i' (ci:ll'lr?er)
Car/Alg/Pol 12.21 + 0.65 [18] 104.27 +3.35 [18] /
Car/Alg/Pol-DIf 13.79 + 0.65 121.12 +0.93 0.375 +0.012

0.718 +0.028 (Cur)

Car/Alg/Pol-Cur+Dlf 14.29+0.13 134.83 £2.17 0.400 + 0.017 (DIf)
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3.1.2. FTIR spectroscopy

The FTIR spectra of Car/Alg/Pol, Car/Alg/Pol-DIf and Car/Alg/Pol-Cur+DlIf, as well
as pure curcumin and diclofenac, are shown in Figure 1.

Car/Alg/Pol-Cur+DIf

Wﬂww
i Car/Alg/Pol-DIf

DIf

Transmittance (T, %)
{

Car/Alg/Pol

W

T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 1. FTIR spectra of curcumin, diclofenac, Car/Alg/Pol, Car/Alg/Pol DIf and Car/Alg/Pol-
Cur+DIf film.

The spectra of pure drugs (both curcumin and diclofenac) show vibrational charac-
teristic of aromatic C—C and C—H bonds can be observed. In addition, on the curcumin
spectrum, the sharp band at 3508 cm! originates from the vibrations of the phenolic O-H
group, and a band at 1628 cm! is the result of the valence vibrations of the C=O bond [60].
On the other hand, in addition to the vibrations of the bonds in the aromatic ring, the
diclofenac spectrum is also characterized by bands at 1574 cm and 745 cm!, which orig-
inate from the vibrations of the carboxylate anion and C—Cl bond, respectively [61].

The spectra of the Car/Alg/Pol, Car/Alg/Pol-Cur and Car/Alg/Pol-Cur+DIf films, a
wide absorption band in the range 3600-3000 cm™ can be observed originating from the
valence vibrations of the present saccharides -OH bonds. Also, valence vibrations of C-H
bonds can be noticed in the range 3000-2840 cm. The width of the bands corresponding
to the vibrations of the O—H bonds is a consequence of established hydrogen bonds. The
FTIR spectrum of the Car/Alg/Pol film contains all group vibrations that are characteristic
of both carrageenan (sulfate group vibrations — band at 1245 cm™) and alginate (asymmet-
ric and symmetric vibrations of carboxylate anion — bands at 1615 and 1417 cm-?), as well
as poloxamer (C-O bond vibrations — very intense band at 1033 cm!). From this, it can be
concluded that a unique carrageenan/alginate/poloxamer hydrogel was formed. On the
spectra of drug-containing films, bands characteristic of carrier constituents can also be
observed. However, as a consequence of the addition and interactions of the drugs with
the alginate from the carrier, there is a significant shift in the wavenumbers corresponding
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to the vibration of the carboxylate anion of diclofenac, 1574—1609 cm™ (for the film
Car/Alg/Pol-DIf), or 1574—1602 cm! (for the film Car/Alg/Pol-Cur+DIf). Due to the ho-
mogeneous drug distribution within the films, other characteristic bands of diclofenac and
curcumin cannot be observed in the spectra of films containing these drugs.

3.1.3. Texture analysis

A desirable wound dressing should have good mechanical properties and maintain
integrity during use [16]. A wound dressing should be flexible, elastic, and not prone to
tear or rupture upon application, whether applied topically to protect dermal wounds or
when used as an internal wound support [62]. The mechanical properties of the prepared
films were evaluated using Texture Analyser, and the results are presented in the Table 2
as the mean values of three replicates for each film + SD.

Table 2. The mechanical properties of analysed films (n=3).

Sample name Elongation at break Tensile strength Young’'s Modulus Time to break
(% £ SD) (MPa = SD) (MPa + SD) (s £ SD)
Car/Alg/Pol 32.41+1.02 34.60 £ 1.31 4.00 £ 0.04 3.09+0.13
Car/Alg/Pol-Cur 27.36 £4.20 27.62 £2.63 3.86 £0.20 2.69 £ 0.40
Car/Alg/Pol-DIf 25.19 +3.40 28.14+1.63 441+043 2.66 +0.39
Car/Alg/Pol-Cur+DIf 29.66 + 3.38 32.66 +0.18 487 +0.43 2.77£0.34

The mechanical strength of prepared films was presented in terms their tensile
strength, percentage of elongation to break (measure of extensibility), and Young’'s mod-
ulus, a parameter used to describe the rigidity and stiffness of the material, as well. Com-
parison of the films Car/Alg/Pol and Car/Alg/Pol-Cur indicates that the addition of cur-
cumin led to the slight decrease in elongation at break, and therefore decrease in extensi-
bility. Time to break, tensile strength and Young’s Modulus values decreased, as well.
Therefore, it can be concluded that addition of the curcumin to the films led to the slight
decrease in material ductility and elasticity. The decrease in the strength and elongation
of break of Car/Alg/Pol-Cur film can be a consequence of polymer-curcumin interactions
on the films surface which results in crystals formation (can be also noticed by SEM anal-
ysis, Section 3.1.4). Similar results, in terms of %EB and TS reduction in the presence of
curcumin, were obtained in the studies [63,64]. The results show that films containing di-
clofenac were stronger, stiffer, and less elastic than the Car/Alg/Pol-Cur films, as indicated
by higher values of both TS and Young’s modulus and lower values of %EB. Compared
to the blank films, similar conclusion can be obtained, with the note that the tensile
strength is smaller for Car/Alg/Pol-DIf film. The addition of both curcumin and diclofenac
was responsible for a small decrease in the elongation at break and time to break, whereas
Young’s modulus increased in the comparison with blank films. Additionally, tensile
strength was similar to blank films and higher in comparison with Car/Alg/Pol-Cur and
Car/Alg/Pol-Cur+DIf films. The improvement in tensile strength of the transdermal
Car/Alg/Pol-Cur+DIf films might be attributed to the high aspect ratio and rigidity which
results from the strong affinity between the polymers and drugs. For all drug containing
films, the decrease in the extensibility could be attributed to the restriction of mobility of
polymer chains in the presence of drugs due to strength of polymer-drug interactions (ex-
plained in the Section 3.4).

3.1.4. SEM analysis

Secondary electron images (magnification x500) captured from the four prepared
films shows clear difference in the surface morphology (Figure 2).
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Figure 2. SEM images (x500) and EDX analysis

Car/Alg/Pol-Dlf, (d) Car/Alg/Pol-Cur+DIf.

of (a) Car/Alg/Pol, (b) Car/Alg/Pol-Cur, (c)

Car/Alg/Pol film (Figure 2a) had a smooth, homogeneous, and uniform surface, in-
dicating the excellent film formability of carrageenan, alginate and poloxamer. Mean-
while, Car/Alg/Pol-Cur film presented somewhat uneven surfaces (Figure 2b). Some con-
vex pieces and crystalline particles were observed on the surface when the curcumin was
added to the film. Observation of the surface of Car/Alg/Pol-Cur (Figure 2b) reveals crys-
tals that are embedded into the polymer matrix. This can be explained by the fact that
hydroxyl groups presented in carrageenan, alginate and curcumin could dehydrate and
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condense with the carboxyl or sulphate group from polysaccharides. The complex reac- 448
tion can result in the formation of a complex three-dimensional network structure. Similar 449
results were obtained in the study of Xie et al. [65], where curcumin-loaded chitosan/pec- 450
tin films were developed. Car/Alg/Pol-DIf film (Figure 2c) has a uniform and smooth sur- 451
face, but contrast difference is visible because of the presence of diclofenac, in comparison 452
with Car/Alg/Pol film surface. Additionally, the surface of diclofenac-incorporated film 453
also had some white spots and fine dust-like particles, which had been reported that the 454
calcium ions could accumulate and form white patches in the polysaccharide film [65]. 455
The morphological characteristics of the surface of Car/Alg/Pol-Cur+DIf film (Figure 2d) 456
had more similarities with Car/Alg/Pol-Cur film surface than with Car/Alg/Pol-DIf, due 457
to higher concentration of incorporated curcumin in comparison with diclofenac. The 458
presence of crystalline particles and small dust-like particles covering the surface can be 459
noticed at Figure 2d. Lower concentration of diclofenac and its higher solubility enabled 460
more evenly distribution of diclofenac in the film network, in comparison to curcumin. 461

EDX analysis was carried out to identify the elemental composition of polymer ma- 462
trix (Figure 2a), as well as drug-loaded films (Figure 2b-d). It was proved that the ele- 463
mental structure of Car/Alg/Pol was mainly comprised of carbon (25.3 w%) and oxygen 464
(61.2 w%), while the remaining mass is made up of sodium, sulphur, chlorine and potas- 465
sium. The results are in concordance with chemical structure of polymers presented in the 466
carrier (carbon and oxygen, as the main constituents of carbohydrates and poloxamer; 467
sodium, potassium and chlorine, as usual impurities and counterions of alginate and car- 468
rageenan; sulphur, as a constituent of carrageenan). The EDX results of drug-loaded films 469
showed similar results with the ones for the blank films. Addition of diclofenac could be 470
confirmed by chlorine content increase, in comparison with Car/Alg/Pol and Car/Alg/Pol- 471
Cur films, whereas curcumin addition has no significant influence on elemental analysis 472

due to its chemical composition. 473
474

3.1.5. XRD analysis 475
The physical form of the films was determined using X-ray diffraction. The obtained 476
diffractograms for the prepared films are shown in Figure 3. 477

6,000—

Car/Alg/Pol-Cur+DIf
] 1 Car/Alg/Pol-DIf

1 Car/Alg/Pol-Cur
5,000 1 Car/Alg/Pol

Counts
w
3
?

2Theta (Coupled TwoTheta/Theta) WL=1.54060 478

Figure 3. XRD patterns of prepared films. 479

Curcumin and diclofenac, as pure substances, are presented exclusively in crystalline 480
form [18,23]. All prepared films are predominantly amorphous, based on obtained XRD 481
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patterns, with the note that Car/Alg/Pol-Cur and Car/Alg/Pol-Cur+DIf films have also 482
crystalline content. The diffractogram corresponding to the Car/Alg/Pol-DIf film indicates 483
the exclusively amorphous state of all present components, which means that diclofenac 484
molecules have dispersed within the carrier. These results can be related to the results 485
obtained by SEM analysis (Section 3.1.4.) where crystalline particles are present on the 486
surface of curcumin-containing films, while Car/Alg/Pol-DIf film exhibited smooth sur- 487
face. In the case of the films Car/Alg/Pol-Cur and Car/Alg/Pol-Cur+DIf, the presence of 488
two crystalline peaks can be observed, which can be attributed to one of the curcumin 489
polymorphs [66]. This can be explained by the conversion of one structure of curcumin to 490
the other polymorph form (which differ from each other in the keto-enol orientation of 491

curcumin molecules) during film preparation or its storage [66]. 492
493
3.1.6. Thermogravimetric analysis 494

The thermal stability of the films was studied using thermogravimetric analysis. Fig- 495
ure 4 shows the thermograms corresponding to Car/Alg/Pol, Car/Alg/Pol-DIf, 49
Car/Alg/Pol-Cur and Car/Alg/Pol-Cur+DIf films, as well as pure curcumin and diclofenac. 497
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498
Figure 4. TGA and DTG curves of diclofenac, curcumin, Car/Alg/Pol, Car/Alg/Pol-Cur, Car/Alg/Pol- 499
DIf and Car/Alg/Pol-Cur+DIf films. 500

Based on the obtained results, it can be noticed that thermograms corresponding to 501
the films are similar, in terms of weight loss stages. On the other side, pure curcumin and 502
diclofenac have one significant mass loss at 250 °C and 280 °C, respectively, related to their 503
thermal decomposition. The initial mass loss in all films (around 10%), which occurs at 504
temperatures below 100 °C, is caused by the evaporation of weakly bound water (re- 505
mained after drying during film preparation) or water absorbed from the air, present in 506
the sample. Therefore, the films have a tendency to absorb water. 507

The next significant mass losses occur in the range of temperatures from 150 to 280 508
°C, in two stages. The first weight loss at a temperature above 150 °C is the result of evap- 509
oration of glycerol, presented in films as a plasticizer [67]. This process is followed by 510
alginate decomposition that starts at about 220 °C and continues up to 240 °C [68]. Asa 511
consequence of these processes, films lost about 26% of their mass. The second significant 512
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weight loss (calculated mass loss is about 15%) is related to the carrageenan decomposi-
tion that starts at about 250 °C and takes place up to 280 °C [69]. Finally, the last mass loss
(about 22%) occurred due to poloxamer thermal decomposition in the temperature range
of 380 to 400 °C [70]. Due to small concentrations of curcumin and diclofenac in the films,
their decomposition is not clearly noticeable in thermograms; as it coincides with decom-
position of carrageenan and alginate.

3.1.7. Differential scanning calorimetry

With the aim to investigate the drug physical state and polymers behavior in the
films, DSC analysis of prepared formulations and starting materials was carried out at a
temperature from -70 to 300 °C, as shown in Figure 5.
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Figure 5. DSC thermograms of (a) starting components, (b) prepared films.

The DSC thermograms show a complex thermal behavior of starting materials and
the film formulations. Carrageenan and alginate DSC thermograms didn’t show any
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thermal events at temperatures below 200 °C or sharp endothermic peaks above it, which ~ 529
confirms their predominantly amorphous nature. The presence of complex endothermic 530
peak at 208 °C and 202 °C for carrageenan and alginate, respectively, can be linked to the 531
thermal decomposition of the polymers. On the other side, on DSC thermogram of polox- 532
amer an endothermic (melting) peak is present at 54 °C in addition to an exothermic peak 533
at 163 °C which could be attributed to poloxamer recrystallization from the melt [23,70]. 534
Diclofenac, at higher temperatures, showed a significant exothermic peak, which was im- 535
mediately followed by two endothermic peaks, which are result of diclofenac melting and 536
its thermal decomposition [71,72]. The DSC thermogram of curcumin revealed a single 537
sharp peak at 179 °C, which corresponds to the melting point of crystalline curcumin [70]. 538

At higher temperatures, resemblance to the degradations processes in carrageenan 539
and alginate is evident in all prepared films, which can be seen in Figure 5b. Car/Alg/Pol 540
film showed an altered endothermic peak at 230 °C, suggesting that the thermal charac- 541
teristics of polymers changed during film production, which is caused by polymer inter- 542
action, similar to the results obtained by Boateng et al. [23]. In the DSC thermogram which 543
corresponds to Car/Alg/Pol-DIf film, only broad peaks can be observed, thus confirming 544
its amorphous structure. Due to the interaction of polymers and diclofenac, which led to 545
diclofenac transformation from crystalline to amorphous state, peaks attributed to its 546
melting and decomposition cannot be noticed. On the other side, endothermic peak which 547
corresponds to biopolymers thermal decomposition can be observed at 220 °C and 225 °C, 548
for Car/Alg/Pol-Cur and Car/Alg/Pol-Cur+DIf film, respectively. Additionally, curcumin- 549
containing films showed two small endothermic peaks at 167 °C, which can be attributed 550
to the melting point of curcumin polymorphs [66], similar to the results obtained by XRD 551

analysis (Section 3.1.5.). 552
553
3.1.8. Drug encapsulation efficiency 554

In the previous research propylene glycol nanoliposomes containing curcumin were 555
developed for burn wound healing with the encapsulation efficiency of 84.66% [73]. Also, 556
natural (chitosan), synthetic (poly-lactic co-glycolic acid) and semi-synthetic (carbox- 557
ymethylcellulose) polymer-based nanoparticles were used for curcumin delivery with 558
achieved high encapsulation efficiencies (higher than 90%) [74]. Previously published ar- 559
ticles also studied polymer-based (chitosan and alginate/carboxymethyl chitosan/ami- 560
nated chitosan) carriers with high diclofenac encapsulation efficiency (84 and 95%, respec- 561
tively) [75.76]. The percentage of drug encapsulation in our study was defined by deter- 562
mining the weight of drugs (diclofenac and the mixture of curcumin and diclofenac) in- 563
corporated into the films. Polysaccharide and poloxamer-based carriers easily interact 564
with the added drugs, forming a unique, homogeneous film. The encapsulation efficiency 565
of diclofenac in Car/Alg/Pol-DIf film is (92.65 + 3.20)%, while the encapsulation efficiency 566
of curcumin and diclofenac in Car/Alg/Pol-Cur+DIf is (90.49 + 3.90)% for Cur and (98.83+ 567
4.25)% for DIf. Results revealed that the tested drugs are incorporated within the films in 568
a high percentage, which further leads to an increase in their bioavailability. 569

3.2. In vitro release study 570

In vitro study of diclofenac release from the films Car/Alg/Pol-DIf (Figure 6) demon- 571
strate that a high percentage of release was achieved at the beginning (initial burst in the 572
first 15 minutes), and continues to grow gradually in a period of up to 3 hours. Subse- 573
quently, it begins to stabilize within 24 hours, with a final release percentage of (90.10 + 574
4.89)%. By comparing the results obtained in this study with the results of other studies 575
[23,24] where it was also monitored the release of diclofenac from polymer-based films, it 576
can be concluded that a higher release percentage in 24 hours is achieved in our work 577
compared to the results of other works where release percentage after 72 hours was 60% 578
[23,24]. 579
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Figure 6. In vitro release of diclofenac from Car/Alg/Pol-DIf film (n=3).

By studying the profiles of drug release from films containing a mixture of curcumin
and diclofenac (Figure 7), it can be noticed that a slightly higher percentage of diclofenac
release was obtained compared to the release results obtained from films of the same com-
position containing only diclofenac (Figure 6). Additionally, the final release percentage
of diclofenac (95.61+1.67)% after 24 hours is greater than the curcumin release rate (90.48
+ 0.30)% over 24 hours. The graphs that follow the drugs release process (Figure 7) are
similar to the previously obtained graph corresponding to the release of individual drugs:
diclofenac (Figure 6), or the graph obtained in the study monitoring the release of curcu-
min from films of the same composition [18]. Therefore, it can be concluded that curcumin
and diclofenac generally retain their individual characteristics during the release process
when mixed within the carrier, Car/Alg/Pol-Cur+DIf.

100

RS S

80 o
60 -

40

Release of drugs (%)

20

3 . cw

u P
o o— DIf

U‘OF'|'|'|'|"|'|'

I |
200 400 600 800 1000 1200 1400 1600

time (min)

Figure 7. Curcumin and diclofenac in vitro release from Car/Alg/Pol-Cur+DIf film (n=3).
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Comparing the results obtained in our paper with the percentage of diclofenac re-
lease in the presence of Curcuma longa plant extract from the transdermal gel [77] reveals
the advantages of prepared polysaccharide and poloxamer-based films. The percentage
of diclofenac release after 24 h was 84.19% [77], which is lower compared to the percentage
achieved in our study (95.61%). Additionally, a study by Mendes et al. [78] investigated
phospholipid nanofibers, based on polysaccharide chitosan, for transdermal delivery of
individual drugs diclofenac and curcumin. The percentages of curcumin and diclofenac
release after 24 hours were about 20% and 60%, respectively [78], while after 7 days, the
maximum release of 75% was achieved for curcumin and 80% for diclofenac [78]. There-
fore, it can be concluded that our investigation gave significantly better results in terms of
the efficiency of the prepared carriers.

Figure 7 shows that drug release is cumulative over 24 hours. It can also be seen that
curcumin is released from the carrier at a much slower rate in the initial hours compared
to diclofenac, which indicates stronger curcumin and carrier interactions. In addition to
drug interactions with the carrier, swelling of the carrier itself, diffusion of the solute, and
carrier degradation are crucial factors influencing the release of drugs from polymeric
carriers [79]. Since the solubility of curcumin in buffer is significantly lower than the sol-
ubility of diclofenac, its diffusion rate into buffer solution will also be lower. Therefore,
the solubility of curcumin directly causes its slower release compared to the release of
diclofenac.

In vitro release results are in accordance with the fact that the local reduction of the
inflammation response is advocated in burn management. Fast diclofenac release is pref-
erable because anti-inflammatory drugs suppress a persistent inflammatory response,
leading to improved wound healing [80,81]. Biphasic pattern of diclofenac release involv-
ing the two stages is targeted to control the local inflammation and pain associated with
a burn injury. Thus, the burst anti-inflammatory drug release effect ensures both a rapid
reduction of painful sensation and the management of the pro-inflammatory mediators’
cascade released at the burn level and is needed immediately after lesion occurrence [82].
After mentioned burst release, the gradual drug delivery phase offers an anti-inflamma-
tory and analgesic local effect over the longer period needed for burn healing. Diclofenac
release profile obtained in this work (especially from Car/Alg/Pol-Cur+DIf film) is desira-
ble for burn treatment as the first 12 hours are critical and correspond to the peak of the
inflammatory phase [83]. On the other side, release of curcumin, as a drug which acceler-
ate different phases of wound healing, should be in a sustained manner, similar to the
release profiles obtained in previous researches [46,73]. Release mechanism which in-
cludes a burst release of antibacterial drug diclofenac followed by a sustained release of
curcumin with stronger antibacterial activity is expected to be effective in controlling and
preventing infection in the very early stages of wound infliction. Prolonged curcumin re-
lease might indicate a long scale antimicrobial potency fabricated biocomposite dressings
[84].

3.3. Drug release kinetics

The equations corresponding to zero-order kinetics, first-order kinetics, as well as the
Higuchi, Hixon-Crowell and Korsmeyer-Peppas release model were applied to the results
obtained by in vitro diclofenac and curcumin release study to investigate the mechanism
of drug release from films. The correlation coefficient values obtained by fitting the results
in accordance with the equations corresponding to the models are shown in Table 3. Also,
the values of the release rate constants are shown and the value of n in the Korsmeyer-
Peppas model.

Table 3. Values of correlation coefficients, release rate constants and release exponent.
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Zero order kinetics First order kinetics Highuchi model
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ko R2 ki R2 kn R2
Car/Alg/Pol-DIf 0.0156 0.3896 0.0202 0.3357 0.1083 0.6372
Car/Alg/Pol-Cur+DlIf (Cur) 0.0483 0.8529 0.1567 0.6112 0.2716 0.9370
Car/Alg/Pol-Cur+DIf (DIf) 0.0182 0.5347 0.0241 0.4304 0.1159 0.7541

Hixon—Crowell model Korsmeyer—Peppas model

ke R?2 kxp n R2
Car/Alg/Pol-DIf 0.0328 0.7955 0.7412 0.1400 0.8466
Car/Alg/Pol-Cur+DlIf (Cur) 0.0431 0.9930 0.1427 0.6807 0.9213
Car/Alg/Pol-Cur+DIf (DIf) 0.0321 0.9283 0.6861 0.1529 0.9069

The release of curcumin, as well as diclofenac from Car/Alg/Pol-DIf and Car/Alg/Pol-
Cur+DIf films, is best described with the Hixon-Crowell model, which is otherwise char-
acteristic of systems in which the release rate is largely controlled by drug solubility in
buffer rather than by diffusion of particles through the matrix [48]. Still, it should be con-
sidered that curcumin solubility is significantly lower than that of diclofenac, which fur-
ther explains the slower curcumin release from the carrier. Curcumin release can also be
described with the Highuchi model, which is characteristic of drugs with particles dis-
persed within a uniform, solid matrix, which acts as a diffusion medium, where drug re-
lease is largely controlled by Fick's law of diffusion [48]. These mechanisms of drug release
from the tested formulations were further confirmed using the Korsmeyer-Peppas model,
which describes very well the release of curcumin and diclofenac from all tested films
(high correlation coefficient values were obtained).

The Korsmeyer-Peppas model is significant for estimating the mechanism of drug
release and is mainly used to determine the parameter that has the greatest impact on the
release rate (polymer swelling, diffusion of incorporated substance, polymer erosion) [48].
The value obtained for the release exponent n of 0.5 directly indicates the release con-
trolled by drug diffusion, while the value of #=1 indicates that drug release occurs primar-
ily due to polymer swelling [48]. If the values of n differ from the above, then the release
mechanism is influenced by several factors. In general, values of the release exponent be-
low 0.5 correspond to Fick's law-controlled diffusion, above 0.5 to diffusion that does not
obey this law, where release is also caused by polymers erosion, and values above 1 cor-
respond to the super-transport case [48].

Considering the results obtained using the Korsmeyer-Peppas model, and following
the values of #, it can be concluded that the diclofenac mechanism of release is the same
during its release from the film containing only diclofenac (#=0.14) and from the film con-
taining a mixture of curcumin and diclofenac (1#=0.15). The obtained low value of the re-
lease exponent indicates that diclofenac release is primarily controlled by its diffusion
from the carrier into the buffer, explaining the high release rate. Also, this result is in
agreement with the Hixon-Crowell model, which describes the release of diclofenac from
these formulations. The value of the curcumin release exponent from the film containing
a mixture of curcumin and diclofenac is 0.68, which indicates that the release mechanism
is influenced by the diffusion rate and swelling of the polymer. The obtained results are
in agreement with the description of curcumin release using Higuchi and Hixon-Crowell
models.

3.4. Theoretical study of component interaction in developed films

In this section, the experimentally obtained results were further rationalized by
means of quantum chemical computations. The optimized, most stable structures of the
complexes formed between the diclofenac and curcumin molecules and the
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corresponding drug carriers are displayed in Figures 8 and 9. The most stable structures 683
of the complexes were obtained by curcumin binding to carrageenan, as well as diclofenac 684
binding to alginate from drug carrier. It should be noted that the curcumin-based struc- 685
ture presented in Figure 9 is somewhat different from that found in our previous study 686
[18]. In the present work a more stable aggregate structure was obtained in which the 687
curcumin molecule better adopts the shape of the drug carrier, thus maximizing bonding 688
interactions. 689

690

Figure 8. Optimized structure of diclofenac-carrier complexes. Hydrogen bonds are denoted by red 691
dashed lines (1 and 2). For the sake of clarity, the ball-and-stick and licorice visualization models 692
were used for molecular structures of the drugs are drug carriers, respectively. 693
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Figure 9. Optimized structure of curcumin-carrier complexes. Hydrogen bonds are denoted by red 695
dashed lines (1 and 2). For the sake of clarity, the ball-and-stick and licorice visualization models 696
were used for molecular structures of the drugs are drug carriers, respectively. 697

It was found that the bonding interactions between carboxylate anion of diclofenac 698
and hydroxyl groups of alginate from carrier are dominated by two hydrogen bonds, of 699
which the hydrogen bond 1 is found to be very strong. Based on Equation 11 the binding 700
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energies of hydrogen bonds 1 and 2 in the diclofenac containing complex are found to be 701
-38.9 and -9.5 kcal/mol, respectively. These results are also in concordance with results 702
obtained by FTIR analysis (Section 3.1.2.) and wavenumber shift of carboxylate anion in 703
films containing diclofenac, as a consequence of formation of hydrogen bonds between 704
diclofenac carboxylate anion and alginate. On the other hand, in the case of curcumin 705
there are two rather weak hydrogen bonds (formed between phenolic group/oxygen from 706
ether group of the drug and carrageenan from carrier). According to Equation 10 the 707
HBBE for bonds 1 and 2 in the curcumin-based complex are -7.3 and -1.7 kcal/mol, respec- 708
tively. 709

The BEs calculated at the B3LYP/def2-SVP level of theory are given in Table 4. The 710
obtained BEs predict that the bonding interactions between diclofenac and the drug car- 711
rier are more pronounced than curcumin-carrier interactions. From the optimized aggre- 712
gate structures shown in Figure 8, it can be anticipated that bonding interactions between 713
diclofenac and the drug carrier are manly determined by the strength of the formed hy- 714
drogen bonds, whereas curcumin binds through much more pronounced dipol-dipol and 715
van der Waals interactions (Figure 9). Relevance of the van der Waals interactions in the 716
case of curcumin comes from the fact that this molecule, in comparison with diclofenac, 717
has much wider molecular surface and much more flexible geometry which enables an 718
efficient adsorption on the drug carrier surface. 719

Table 4. Binding energies (BEs in kcal/mol) for diclofenac and curcumin in the respective complexes 720

calculated the B3LYP/def2-SVP and B3LYP-D3/def2-SVP levels of theory. 721
Method Diclofenac Curcumin
B3LYP/def2-SVP -36.5 -28.5
B3LYP-D3/def2-SVP -44.9 -56.9
722

The BEs calculated with a more appropriate theoretical treatment, which accounts 723
dispersion interactions (characteristic for curcumin) through Grimme’s D3 method, show 724
that curcumin is much stronger bonded to the carrier than diclofenac (Table 4). It should 725
be pointed out that these results are in agreement with the experimentally obtained in 726
vitro release data which shows that diclofenac can be easier released from carrageenan/al- 727
ginate/poloxamer carrier than curcumin. 728

3.5. Antibacterial activity of films 729

All tested bacteria showed sensitivity to the tested antibiotic disks (amoxicillin, tet- 730
racycline, streptomycin) prescribed in the manufacturer's instructions and the valid EU- 731
CAST standard [56]. Gram-negative bacteria: Pseudomonas aeruginosa ATCC 27853 and 732
Escherichia coli ATCC 25922 did not show sensitivity to any of the tested films. The re- 733
sistance of gram-negative bacteria to the effect of films containing components with anti- 734
microbial potential can be explained by the carrier's structure. Carrageenan is an anionic 735
polysaccharide, and since it is present in a large percentage in the carrier, it can be as- 736
sumed that the carrier also will carry a negative charge. In addition, gram-negative bacte- 737
ria contain an additional outer layer composed of negatively charged lipopolysaccharides. 738
Therefore, it is believed that more positively charged carriers will have a greater antimi- 739
crobial effect against these bacteria strains because they can achieve more favorable elec- 740
trostatic interactions. On the other hand, films prepared in our work are expected to have 741
a more pronounced tendency against gram-positive bacteria. 742

Car/Alg/Pol carrier and Car/Alg/Pol-Cur film did not show antibacterial activity 743
against the tested bacterial strains. In contrast, Car/Alg/Pol-DIf and Car/Alg/Pol-Cur+DIf 744
films were active against the gram-positive bacteria strains. Table 5 shows the zones of 745
bacterial inhibition obtained by the effect of the prepared films Car/Alg/Pol-DIf and 746
Car/Alg/Pol-Cur+DlIf, as well as antibiotics (amoxicillin, tetracycline and streptomycin) as =~ 747
controls, on strains of Bacillus subtilis ATCC 6633 and Staphylococcus aureus ATCC 25923. 748
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Table 5. Results of susceptibility of tested gram-positive bacteria to films and antibiotics discs. 749
Bacteria Bacillus subtilis Staphylococcus aureus
ATCC 6633 ATCC 25923
Tested films Inhibition zone (mm) Y,
Car/Alg/Pol-DIf 9.33 6.33
Car/Alg/Pol-Cur+DIf 16.67 13.67
Antibiotic disks Inhibition zone (mm) }, and sensitivity category (S?)
A 16.67-S 26.67 - S
T 29.67 - S 23.33-S
S 18.33-S 16.67 - S
1S — sensitive 750
751

As can be seen from the presented results, films containing a mixture of curcumin 752
and diclofenac give significantly better results compared to films containing only diclo- 753
fenac as the active substance. In the case of Car/Alg/Pol-Cur+DIf film, the antibacterial 754
activity of both diclofenac and curcumin is pronounced. The obtained results can be re- 755
lated to the results achieved by monitoring the in vitro release of the mixture of drugs. 756
Films containing only curcumin did not exhibit antimicrobial activity against the tested 757
bacteria, despite curcumin's favorable antibacterial properties. This can be explained by 758
the fact that the present bacteria reproduce much faster compared to the rate of antibacte- 759
rial agent curcumin release from the carrier. Experimental results indicate that diclofenac 760
is rapidly released from formulations, about 50% in the first 30 minutes, while only 2% of 761
curcumin is released during this time [18]. Even though diclofenac shows low antibacte- 762
rial activity (compared to commercially available and used antibiotics - amoxicillin, tetra- 763
cycline, and streptomycin), its concentration in the initial phase of release is high enough 764
to slow the growth of bacteria. Thanks to the fast action of diclofenac, conditions for the 765
further antibacterial action of curcumin were created despite its slow release. As can be 766
seen from the attached results (Table 5), the inhibition zone of the Car/Alg/Pol-Cur+DIf 767
film for bacteria Bacillus subtilis ATCC 6633 corresponds to the inhibition zone induced by 768
the antibiotic amoxicillin and is similar to the inhibition zone provided by the antibiotic = 769
streptomycin. For strain Staphylococcus aureus ATCC 25923, the zone of inhibition of the 770
applied film is only slightly smaller than the zone of inhibition caused by the antibiotic 771
streptomycin. 772

The antimicrobial activity of the film with a mixture of drugs against gram-positive 773
bacteria can also be related to the results of the study by Adamczak ef al. [85] that investi- 774
gated the antimicrobial activity of curcumin on more than 100 strains of pathogens. The 775
results indicated that the susceptibility of gram-positive bacteria was significantly higher 776
than that of gram-negative bacteria. The susceptibility of the species was not related toits 777
genus. It was concluded that curcumin has great potential as a very selective antibacterial 778
agent [85]. Other studies [86-89] confirmed the synergistic antibacterial activity of curcu- 779
min with different antibiotics (cefaclor, cefodizime, cefotaxime, gentamicin, amikacin, and 780
ciprofloxacin) against different strains of bacteria. The antimicrobial effect of diclofenacin 781
the presence of antibiotics was also examined [23]. Films with incorporated streptomycin 782
(30%, v/v) and diclofenac (10%, v/v) were prepared to be used for faster healing of chronic 783
wounds. The application of films enabled the controlled release of streptomycin and di- 784
clofenac for 72 h. Films with incorporated drugs gave higher inhibition zones against 785
Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli compared to zones of 786
inhibition provided by pure drugs. Still, the concentration of drugs used in the films was 787
very high [23]. 788

Our work studied the synergistic effect that occurs in the combination of curcumin 789
with the non-steroidal anti-inflammatory drug diclofenac. Based on all the above, it can 790
be concluded that the film Car/Alg/Pol-Cur+DIf has great potential for treating infections 791
caused by strains of Bacillus subtilis ATCC 6633 and Staphylococcus aureus ATCC 25923 as 792



Polymers 2022, 14, x FOR PEER REVIEW 22 of 28

its action is similar to the effect of antibiotics (amoxicillin, streptomycin). Also, the side 793
effects of Car/Alg/Pol-Cur+DIf film (resistance and undesired effects in the gastrointesti- 794
nal tract) are expected to be significantly lower compared to that of commercially availa- 795
ble antibiotics. 796

3.6. Cell viability assay and in vivo wound healing study 797

The effect of Car/Alg/Pol, Car/Alg/Pol-DIf, and Car/Alg/Pol-Cur+DIf on MRC-5 cell 798
line viability was examined by MTT test after cultivation for 24 and 48 hours (Figure 10). 799
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Figure 10. Influence of Car/Alg/Pol, Car/Alg/Pol-DIf i Car/Alg/Pol-Cur+DIf films on MRC-5 cell vi- 804
ability after (a) 24 h and (b) 48 h. 805



Polymers 2022, 14, x FOR PEER REVIEW 23 of 28

The obtained results indicate that the film Car/Alg/Pol has no effect on the healing 806
process as the percentage of examined cells viability is the same as in the control sample. 807
Also, after 24 hours of incubation, in the presence of films containing diclofenac, it is ob- 808
served that the viability of MRC-5 cells is higher compared to the control, but withouta 809
statistically significant difference. However, cell viability is significantly higher in the 810
presence of films containing a mixture of curcumin and diclofenac during the incubation 811
period of 24 and 48 hours. Comparing the obtained results with the results obtained in the 812
study of curcumin films [18], it can be concluded that the increase in cell viability occurs 813
exclusively due to the presence of curcumin in films since similar viability percentages 814
were obtained for films containing only curcumin and a mixture of diclofenac and curcu- 815
min. Based on the percentage of viable cells, it can also be concluded that a film containing 816
a mixture of curcumin and diclofenac may have a potential for application in the wound 817
healing process. The presence of diclofenac, although it does not contribute to the healing 818
process, does not interfere with the positive effect of curcumin. On the other hand, the 819
film containing a mixture of drugs shows significant antibacterial activity. This addition- 820
ally demonstrates its suitability for use since, besides affecting the inflammation and pro- 821
liferation phases in the wound healing process, it also prevents infections. The obtained 822
positive results of in vitro assay have directed further research, and the prepared films 823
were tested as formulations potentially applicable for wound healing of the skin of rats. 824

Histopathological analysis. A representative photomicrograph of rats' skin sections 825
from all groups (control, treated, and non-treated) stained with H&E is shown in Figure 826
11. 827
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(e)

828

Figure 11. Histopathological observation of H&E stained skin sections (200x) of (a) healthy skin, (b) 829
burned skin, (c) burned skin treated with Car/Alg/Pol film, (d) burned skin treated with 830
Car/Alg/Pol-DIf film, and (e) burned skin treated with Car/Alg/Pol-Cur+DIf film. 831

Analysis of paraffin sections of skin tissue of untreated animals, stained by hematox- 832
ylin-eosin technique, showed a healthy skin structure. Epidermis, dermis, and subcutane- 833
ous adipose tissue had normal histological structure, with intact sweat and sebaceous 834
glands. In addition, the structure of hair follicles is preserved. A sample of burned skin 835
tissue showed clear signs of epidermis and dermis damage compared to the untreated 836
group of animals. The analysis showed damage to all epidermis layers - infiltration of 837
inflammatory cells is observed in the dermis, indicating inflammatory skin changes. Also, 838
heavy bleeding in the dermis was recorded. In the group treated with Car/Alg/Pol films, 839
disorganization of all epidermis layers and infiltration of inflammatory cells with minimal 840
signs of reepithelialization were observed. Histopathological analysis of burned skin tis- 841
sue showed minimal tissue regeneration signs in animals treated with Car/Alg/Pol-DIf 842
films, including reduced infiltration of inflammatory cells compared to the group treated 843
with only Car/Alg/Pol films. In contrast to the above films, a notable degree of skin regen- 844
eration was observed in the group treated with Car/Alg/Pol-Cur+DIf films. On the sections 845



Polymers 2022, 14, x FOR PEER REVIEW 25 of 28

of burned skin tissue treated with Car/Alg/Pol-Cur+DIf films, significant regeneration of 846
the epidermis is observed, with well-organized layers and minimal infiltration of inflam- 847
matory cells. Results of histopathological analysis can be related to the cell viability study 848
because the obtained results indicated that Car/Alg/Pol-Cur+DIf film enhance cell prolif- 849
eration. Considering both in vitro and in vivo data, our findings clearly demonstrate that 850
the application of films, containing both curcumin and diclofenac, improves the healing 851
of burns remarkably. Available data from the literature related to the dermatological ef- 852
fects of curcumin, mentioned above, indicate its anti-inflammatory and antioxidant effect 853
achieved through enhanced synthesis of hyaluronic acid and the effect of increasing skin 854
moisture [35-38,44], along with the known anti-inflammatory effect of diclofenac [19]. The 855
presented drug characteristics and the results obtained through our in vivo study led toa 856
conclusion that the use of curcumin and diclofenac films achieves effective healing of 857
burn-caused dermal wounds. 858

5. Conclusions 859

In biocompatible films based on polymers k-carrageenan, alginate and poloxamer, 860
diclofenac (an anti-inflammatory drug that has antibacterial properties), as well as a 861
mixture of curcumin (a drug that exhibits antioxidant, anti-inflammatory and 862
antibacterial properties) and diclofenac is incorporated. The characterization of the films 863
showed that prepared films have a smooth, homogeneous surface, while XRD analysis 864
indicated decrease of crystallinity degree of curcumin and diclofenac after their incorpo- 865
ration into the films, while diclofenac transforms to an amorphous state. The in vitro re- 866
lease study showed that the bioavailability of curcumin and diclofenac was significantly 867
improved by using developed carriers. Based on the results obtained by drug release ki- 868
netics, it was concluded that polymer swelling degree has the greatest influence on cur- 869
cumin release, while the release of diclofenac is largely controlled by the diffusion. Theo- 870
retical examination of interactions that carriers establish with curcumin and diclofenac 871
indicated that diclofenac formed strong hydrogen bonds with alginate from the carrier, 872
while curcumin established stronger, primarily dispersion interactions with carrageenan. 873
Antibacterial study of the prepared films showed that films with diclofenac and a mixture 874
of curcumin and diclofenac, inhibit the growth and development of gram-positive bacte- 875
ria Bacillus subtilis and Staphylococcus aureus. Also, it was determined that drug- loaded 876
films are not cytotoxic, whereas films containing a mixture of curcumin and diclofenac 877
can increase cell viability and thus have a favorable effect on cell proliferation, which is 878
one of the phases during wound healing. Based on the results of in vivo study, it can be 879
concluded that the produced films have a great potential for healing wounds caused by 880
burns. 881
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