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ARTICLE INFO ABSTRACT

Keywords: The development of photoantimicrobial films for food and medical devices decontamination is a continuous
Chitosan challenge. In this work, chitosan/gelatin-based films containing curcumin and pomegranate peel extract in
Curcumin different concentrations (0.5-5.0 mg photosensitizer g~ solution) were prepared and characterized by ultra-
Pomegranate peel extract . - . . .

Films violet-visible spectroscopy, fluorescence spectroscopy, infrared spectroscopy and scanning electron microscope;

their structural morphology (thickness and moisture content, solubility and swelling degree, and opacity) was
also analyzed. The photobleaching results (up to 90%) demonstrated a potential application of the films in
antimicrobial photodynamic therapy (aPDT). In the antimicrobial tests, the films displayed a significant pho-
toantimicrobial effect reducing Staphylococcus aureus up to 4 log units, using a light source at 450 and 525 nm
(50 J em™~2) for curcumin and pomegranate peel extract films, respectively. The results of this work open way for
future development of photoantimicrobial films based on natural polymers, containing photosensitizers, for
medical devices (e.g.: endotracheal tubes and catheters) and food packaging.

Antimicrobial material
Antimicrobial photodynamic therapy

1. Introduction

Pathogenic microorganisms are a serious problem worldwide
specially in food industry and hospital environment [1,2]. Due to food
contamination, around one third of all food produced globally is dis-
carded annually [3,4], resulting in a waste of 1.3 billion tons of food and
thousands of hospitalization by ingestion of contaminated food [5-7].
Moreover, in the hospital environment, contaminations by microor-
ganisms are responsible for infections related to the use of medical de-
vices and implants, such as catheters and prosthetic joints, endotracheal
tubes and endoscopes [8,9].

Considering the threat that these contaminations can pose, there is
an urgent need to develop strategies to combat pathogenic microor-
ganisms. In this sense, antimicrobial photodynamic therapy (aPDT) has
gained scientific and pratical repercussion due to its high precision, non-
invasiveness, high efficiency, controllability, possibility of repeating the
treatment, low toxicity, in addition to its low cost [10,11]. Furthermore,

aPDT has also shown to be a promising strategy for the microbial control
of antibiotic and antifungal resistant microorganisms [12].

aPDT is based on the combined action of three essential elements: i)
light; ii) molecular oxygen (O2); and iii) a photosensitizing molecule
(PS) [13], resulting on formation of reactive oxygen species (ROS) such
as hydrogen peroxide (H203), superoxide ion (03), hydroxyl radical
(‘OH) and singlet oxygen (*05), which leads to microorganisms inacti-
vation [14,15]. In the recent years, some studies reported [16-18] the
development of photosensitizers-functionalized biopolymers as inno-
vative and efficient films to reduce food loss, such as strawberries, to-
matoes, apricots, [19] and also for decontamination of medical
materials. Among the biopolymers used, chitosan stands out due to its
great versatility and antimicrobial properties [20-22]. Different mole-
cules including gelatin can be incorporated into chitosan in order to
increase the solubility of hydrophobic photosensitizers added to the
polymeric network [23-27]; the improvement in the solubility allows
these molecules to reach the desired targets, in this case,
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microorganisms [28]. Therefore, active films incorporating natural
antibacterial agents have been lately developed, namely pomegranate
peel extract [29,30], lemongrass (Cymbopogon commutatus) essential
oil [31], and natamycin [32].

Herein, chitosan/gelatin films functionalized with curcumin and
pomegranate peel extract as photosensitizers in different concentrations
(0.5-5.0 mg photosensitizer g~* solution) were prepared and charac-
terized by scanning electron microscope (SEM), UV-vis, fluorescence,
and infrared spectroscopies. Photobleaching, photostability, in vitro
photosensitizers release, antioxidant properties, and antimicrobial
photodynamic tests with the developed films were conducted. The main
purpose of this work is to demonstrate that photosensitive chitosan/
gelatin films containing natural photosensitizing molecules like curcu-
min and pomegranate peel extract may be an efficient approach for the
bacterial photoinactivation opening ways for photodecontamination of
medical devices surfaces and food packaging.

2. Experimental
2.1. Chemicals and solvents

Chitosan (poly-D-glucosamine, high molecular weight, 310 000-375
000 Da, obtained from deacetylated chitin, > 75% deacetylated) was
purchased from Sigma-Aldrich and used without any purification pro-
cess; gelatin was also obtained from Sigma-Aldrich, as a powder with gel
strength of ~300 g bloom, type A, from porcine skin. Curcumin (purity
>99%) was obtained from PDT Pharma (Cravinhos, Sao Paulo, Brazil).
Pomegranates fruits were obtained in local commerce in the city of Sao
Carlos, SP, Brazil. After washing, the fruits were manually peeled, and
the peels were dried in an Edwards Freeze Dryer - Modulyo model
(Edwards High Vacuum International, West Sussex, United Kingdom).

2.2. Pomegranate peel extraction

Pomegranate peel extract was obtained according to the procedure
described by Bertolo et al. (2021) [33]: the dried peels were crushed
with a blender to obtain a thin powder; then, the powder was extracted
with a hydroethanolic solution (60% EtOH, v/v), in the ratio of 1 g of
powder to 30 g of solvent, at 45 °C for 1 h, in an ultrasonic bath (Unique
USC-1400A, Indaiatuba, SP, Brazil). After extraction and ethanol evap-
oration for 48 h under air flow, the extract was lyophilized for 48 h to
obtain a thin, dry, and reddish powder, with a 54% yield. The extract
was stored at 4 °C and protected from light until its use.

2.3. Films preparation

For films preparation, the initial solutions of chitosan (CH) and
gelatin (G), both at 1% (w/w), were prepared as follows: chitosan was
solubilized in lactic acid 1% (w/w) for 24 h, at room temperature, and
gelatin was solubilized in water, at 60 °C for 30 min, followed by
gelation at 4 °C for 2 h [33]; the mixture of these solutions, in the
proportion of 80% of CH and 20% of G, led to CHG solution, i.e., without
any photosensitizing molecules.

For curcumin (C) and pomegranate peel extract (E) incorporation,
the photosensitizers were solubilized in ethanolic solutions (70% EtOH,
v/v) at the concentrations of 100 mg mL ™! and 250 mg mL ™}, respec-
tively. Then, the photosensitizers solutions were slowly dripped into CH
solution, under stirring at 45 °C, until homogeneous mixtures (i.e.,
without the presence of visible precipitates) were obtained. Finally, G
was added to the mixtures, to complete the film-forming solutions. The
proportion adopted between the polymers and the photosensitizers was
of 1 mL of C or E solution /50 g of CHG. In total, six film-forming so-
lutions were prepared, named: CHGCO0.5, CHGC1, CHGC2 (final con-
centrations of 0.5, 1 and 2 mg curcumin g_1 solution), CHGE1, CHGE2,
and CHGES5 (final concentrations of 1, 2 and 5 mg pomegranate peel
extract g~! solution). The solutions were used in the antioxidant tests
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described below and placed in Teflon® molds for the casting procedure
(room temperature, one week), to obtain films.

2.4. Structural morphology of films

2.4.1. Thickness and moisture content

Thickness of films was measured at 10 random positions with a
micrometer M110-25 (Mitutoyo Mfg. Co., Japan). Their moisture con-
tent was determined by the difference in weight before and after drying
at 80 °C for 24 h. All the analysis regarding films characterization were
carried out in triplicate for each sample.

2.4.2. Solubility and swelling degree

After drying at 80 °C for 24 h, the films were placed in a desiccator
with sodium hydroxide and weighed after stabilization (W1); then, the
films were placed in 10 mL of water and left stirring at room tempera-
ture, for 6 h. In specific time intervals (30 min, 1 h, 2 h, 4 h, and 6 h), the
swollen films were weighed (W2) and returned to the water. After 6 h,
the films were placed to dry again at 80 °C for 24 h, and their final
weight was measured (W3) [34]. The solubility and swelling degree (for
each time interval adopted) of the films were calculated according to Eq.
(1) and Eq. (2), respectively.

1—
Solubility (%) = w x 100 1
w1
2—-Wi1
Swelling  degree (%) = <¥>x 100 (2)
2.4.3. Opacity

To determine the light barrier property of the films, the absorbance
of rectangular film pieces was measured at 600 nm in a spectropho-
tometer test cell (U-300, HITACHI, Japan) [35]. The opacity (A mm™ )
was calculated with Eq. (3), where Absgpp nm is the measured absor-
bance, and L is the films thickness (in mm).

AbS600  nm

3 3

Opacity =

2.4.4. Scanning Electron Microscope (SEM)

SEM analysis were performed using a JSM-6510/GS scanning elec-
tron microscope (JEOL, Japan). To assess the cross-sectional surface, the
samples were fractured and fixed onto 90° specimen stubs. The films
were coated with a 5 nm layer of gold using a sputter coater and surfaces
and cross-sectional surfaces were investigated with an accelerating
voltage of 10 kV. The thickness and the roughness of the films were
measured from SEM images using ImageJ software.

2.5. Optical/spectroscopic characterization

UV-vis analysis was performed using a Cary 5000 UV-vis-NIR
spectrometer (Santa Clara, CA, United States). Fluorescence character-
ization was carried out using an Agilent Technologies Cary Eclipse
Fluorimeter Spectrometer (Victoria, Australia). FT-IR characterization
was carried out using an Agilent Cary 630 FTIR spectrometer (Santa
Clara, CAf United States) between 400 and 4000 cm ™, with a resolution
of 8cm™ .

2.6. Photobleaching study of the films

The photobleaching experiment was carried out using a Biotable®
apparatus (at 525 nm = 8.8 mW em ™2 and at 450 nm = 40 mW cm ™ 2)
and the fluorescence of the films samples containing the pomegranate
and curcumin extracts was measured with a Cary Eclipse fluorimeter
(Victoria, Australia). The films were submitted to lights dosages, which
started in 0 J cm ™2 (without any light being applied), and increased by
25 J em 2, until the maximum of 100 J ecm 2. After each light dosage
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the fluorescence was measured. For the photobleaching percentage, it
was considered the decrease of fluorescence peak at 540 nm for the
pomegranate and 420 for curcumin.

2.7. Photostability evaluation of the chitosan/gelatin matrix by FT-IR

The photostability experiment was performed under illumination
using a LED apparatus (Biotable®, Sao Carlos, SP, Brazil), at
525 nm = 8.8 mW cm ™2 and at 450 nm = 40 mW cm 2 for chitosan/
gelation matrix containing pomegranate and curcumin, respectively.
After irradiation (at 20 406 080 or 100 J cm’z), FT-IR spectra of the
films was obtained using an Agilent Cary 630 FTIR spectrometer with a
resolution of 8 cm™! between 400 and 4000 cm ™.

2.8. In vitro photosensitizers leaching

The in vitro photosensitizers release from the films was evaluated
placing them into an aqueous medium (pH = 7). At defined time in-
tervals (0 h, 6 h, 12 h, 18 h and 24 h), fractions of 2 mL were taken for
measurements by UV-vis spectrophotometry and replaced after the
analysis. The concentration of photosensitizers was determined at
430 nm and 540 nm for curcumin and pomegranate peel extract,
respectively. The amount of the photosensitizers released was calculated
using a calibration curve.

2.9. Antioxidant evaluation of the films

2.9.1. Total phenolics content (TPC)

Curcumin and pomegranate peel extract, as well as the film-forming
solutions of chitosan, gelatin, and the active compounds, were charac-
terized regarding their total phenolic content (TPC), according to the
Folin-Ciocalteu colorimetric method [36,37]. Ethanolic solutions (60%,
v/v) of C and E were diluted in water at 100 ug mL’l, and the
film-forming solutions were diluted in water at 100 mg mL~'. Each
sample was placed to react with Folin’s reagent (Sigma-Aldrich®), in the
proportion of 1:1; the addition of 7% sodium carbonate (w/w) stopped
the reaction after 5 min, and the absorbance was measured at 725 nm
after 15 min, in a Thermo ScientificTM Multiskan GO UV-Vis spectro-
photometer. The blank used was water, and a gallic acid calibration
curve (y = 0,019x — 0065, R? = 0.9997) was applied to determine the
TPC of the samples. The results were expressed in mg gallic acid
equivalent (mg GAE) g’1 curcumin/extract or mg’1 film-forming
solution.

2.9.2. DPPH scavenging activity

The antioxidant activity against the DPPH radical (2,2-diphenyl-1-
picrylhydrazyl) was determined for C, E, and the chitosan/gelatin film-
forming solutions [38]. The samples, at the same concentrations used in
TPC analysis, were placed to react with a 0.01 mmol L™ radical solu-
tion; the absorbance was measured after 30 min of reaction in a Thermo
ScientificTM Multiskan GO UV-Vis spectrophotometer. The radical
scavenging activity (RSA) percentage of each sample was determined
with Eq. (4), where: Abssqmpie is the final absorbance for each sample and
Abspiank is the DPPH absorbance, without any antioxidant specie, after
30 min

Absblank - Abssamplr

% RSA = ( T

) x 100 @

2.10. Antimicrobial photodynamic tests

Methicillin-sensitive Staphylococcus aureus (from American Type
Culture Collection, number 25 923) stored at — 20 °C in tubes containing
Tryptic Soy Broth (TSB, KASVI, Sao José dos Pinhais, PR, Brazil) with
50% glycerol was reactivated in Brain Heart Infusion (BHI) (KASVI, Sao
José dos Pinhais, PR, Brazil) agar plates in incubator at 37 °C for 24 h.
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After reactivation, 5-10 colonies were suspended in a tube with 10 mL
of TSB and the S. aureus was incubated at 37 °C for 16 h. An aliquot of
500 pL of the suspension was diluted in 9.5 mL of fresh TSB and incu-
bated until the mid-log growth phase. The suspension was standardized
at optical density of 0.2 arbitrary units (a.u.) (equivalent to 10® cells/
mL), determined by UV-vis spectroscopy.

For the antimicrobial evaluation of the films, aliquots of 1 mL of the
standardized bacteria suspension were transferred into a 24-wells plate.
Then, samples of the films (5 mm x 5 mm) were immersed in the bac-
teria suspension during 10 min, for the bacteria adhesion onto the films.
After this, the films were transferred to another 24-wells plate for the
irradiation. Samples were illuminated in the LED device (450 or
525 nm) at the dose of 50 J cm™. After treatments, the viability assay
was performed. For this, films were removed from the plate and inserted
into tubes containing 1 mL of sterile saline. Then, tubes were vigorously
vortexed for 30 s allowing the detachment of the cells. To determine
bacteria survival, aliquots of the contents of each sample were serially
diluted 10-fold in sterile saline. Duplicate 16.6 pL aliquots (total =
33.2 pL) were spread over the surfaces of BHI agar plates. All plates were
aerobically incubated at 37 °C for 24 h. Then, the colony forming units
(CFU/mL) were calculated. All values are represented as average + SEM
(standard error of the mean), which shows the standard deviation of the
sample mean. All experiments presented were repeated at least six times
with comparable results.

3. Results and discussion

3.1. Preparation of curcumin and pomegranate chitosan/gelatin-based
films

The curcumin and pomegranate chitosan/gelatin-based films
(CHGCO.5, CHGC1, CHGC2, CHGE1, CHGE2 and CHGE5) were prepared
according to Section 2.3 using six film-forming solutions (Table 1) [33].
To obtain films (Fig. 1), the solutions were placed on Teflon® molds for
the casting procedure.

3.2. Appearance, thickness, and moisture content

Table 2 summarizes the physicochemical properties of the chitosan
and gelatin films containing pomegranate peel extract and curcumin, at
different concentrations; film thickness ranged from 0.039 + 0.008 mm
(CHGE1) t0 0.0515 + 0.008 mm (CHGC1). In general, the incorporation
of active compounds and the increase in their concentration led to
thicker and more intensely colored films; such tendency was expected,
due to the intense coloration of the photosensitizers solutions before
their incorporation into the polymeric matrix. In the case of films con-
taining curcumin, a greater heterogeneity was observed, probably
associated with the higher hydrophobicity of curcumin and with its
lower solubilization in the ethanolic solution, when compared to the
pomegranate peel extract (Fig. 1). Factors such as stirring, temperature
and speed of incorporation (dripping) of curcumin to the polymeric
matrix, as well as the way in which the photosensitizer is incorporated
(powder, in solution, nanostructured, in more concentrated or diluted
solutions), will affect the final homogeneity of the films, and can be
better evaluated and improved in future works. In the case of the films

Table 1

Composition of curcumin and pomegranate chitosan/gelatin-based films.
Samples Composition
CHGCO.5 0.5 mg curcumin g~ ! solution
CHGC1 1 mg curcumin g~ solution
CHGC2 2 mg curcumin g~ solution
CHGE1 1 mg promegranate peel extract g~ ! solution
CHGE2 2 mg promegranate peel extract g~ solution
CHGES 5 mg promegranate peel extract g~* solution
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Fig. 1. Images of curcumin and pomegranate chitosan/gelatin-based films.

Table 2

Thickness, moisture content, solubility, swelling and opacity of chitosan and
gelatin films containing pomegranate peel extract and curcumin at different
concentrations.

Film Thickness Moisture Solubility Swelling* Opacity (A
(mm) (%) (%) (%) mm™")
CHG 0.045 8.41 33.00 2307 7.95
+0.006%°  +1.79° +5.90 + 465 ° +1.00°
CHGE1 0.039 7.73 12.62 857 15.98
+0.008° + 1.40° +1.23° +184° +1.26%
CHGE2 0.041 9.79 13.76 704 14.14
+0.006%°  +£1.95° +1.57%° +187° +2.00%°
CHGE3 0.045 10.87 13.57 553 13.74
+0.012%°  +1.68° +2.36%° +145° +0.83% "
CHGC0.5  0.040 10.70 16.55 17 257 10.60
+0.008° +2.24° +6.51%° + 87782 +0.85> ¢
CHGC1 0.051 10.02 20.80 9061 13.57
+0.008? +1.33% +3.20% P +4848%°  +151%°
CHGC2 0.050 11.49 26.24 4439 16.70
+0.006%°  +4.00° +9.03% ° + 723° +1.16%

In the same column, values with the same superscript letter (a-c) indicate
significantly equal samples (p > 0.05). *Values obtained after 1 h in water for
CHGCO.5 and CHGC1, after 2 h in water for CHG and CHGC2, and after 6 h in
water for CHGE1, CHGE2 and CHGES.

containing pomegranate peel extract, only CHGE5 presented a more
heterogeneous structure, which is related to the possible aggregation or
saturation of the polyphenols at this high concentration. Regarding
moisture content, all films had significantly equal water contents and
not higher than 11.49%; moisture ranged from 7.73 + 1.40% (CHGE1)
to 11.49 + 4.00% (CHGC2).

3.3. Solubility and swelling degree

The high solubility of polymeric films is one of their main obstacles
when their application in food matrices and for medical devices is
aimed; it is desirable that the films maintain their defined structure and
integrity when in contact with water, without the release or loss of their
active compounds. The incorporation of pomegranate peel extract was
able to decrease the solubility of chitosan and gelatin films by approx-
imately 20% (from 33.00 + 5.90% in CHG to 12.62 + 1.23% in CHGE1)
(Table 1). This result is an indication of a greater interaction of the

phenolic compounds in the extract with the polymeric chains of chitosan
and gelatin, which makes the system more resistant to the solubility
promoted by water [39]; the effect of the increase in the extract con-
centration, however, was not significant on the solubility of the films,
which may be related to the stability of the polymeric matrix once the
phenolic compounds started to interact with groups of both polymers.

The inclusion of curcumin also led to lower solubility values when
compared to the CHG control film, but in this case the films were more
susceptible to disintegration and loss of their defined structure after 2 h
in water. The increase in curcumin concentration from CHGCO.5 to
CHGC2 led to a tendency towards a gradual increase in the solubility of
the films (from 16.55 + 6.51% in CHGCO0.5 to 26.24 4 9.03% in
CHGC2). This opposite effect to that observed for the pomegranate peel
extract is related to the greater hydrophobicity of the curcumin mole-
cule, which led to more heterogeneous films and, consequently, less
stable in solution [31]. Thus, the polymers have greater freedom to
interact with water and, consequently, the solubility of the films
increased.

Regarding swelling, the films showed a water absorption profile after
30 min; CHGCO.5 and CHGC1 films lost their defined film integrity after
1 h in water, due to their high swelling capacity. CHGC2 swelled less,
probably due to the higher concentration of curcumin, which led to a
greater number of interactions between the photosensitizer and the
polymers and, consequently, to a lower diffusion capacity of water
molecules though the polymeric matrix. The same happened for CHG
film, which swelled around 2307 + 465% after 2 h. The films containing
pomegranate peel extract remained intact throughout the analysis,
without loss of structure, and with %’s of swelling significantly lower
than those observed for the CHG and CHGC films; again, the poor sta-
bility of the films containing curcumin can explain this result, since they
lost their defined structure during swelling, unlike the films containing
the extract. Finally, the increase in extract concentration led to a gradual
decrease in the swelling capacity of the films, with CHGES5 being the film
with the lowest % of swelling at the end of the 6 h of analysis (553
+ 145%) (Table 1).

3.4. Opacity

Opacity is one of the light barrier properties that must be carefully
evaluated when dealing with active films with potential application as
coatings; it is expected that the presence of phenolic compounds from
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pomegranate peel and curcumin leads to greater opacity of polymeric
films, related to greater absorption of UV-vis radiation due to the un-
saturated bonds in their structures (C=C, C=0, C=N). Thus, the films
can act as a barrier to the passage of light, reducing or delaying light-
induced oxidative processes [40].

There was a significant increase in the opacity of the CHG film (7.95
4+ 1.00 A mm ) after the addition of the active compounds (Table 2);
the nature of the active compound did not affect the opacity of the films,
as the films containing pomegranate peel extract and films containing
curcumin showed significantly equal opacity values. Regarding the
concentration of the photosensitizers in the films containing curcumin,
the increase in pigment concentration from CHGCO.5 to CHGC2 led to a
tendency towards an increase in opacity values (from 10.60
+0.85-16.70 + 1.16 Amm ™).

3.5. Scanning electronic microscopy (SEM)
SEM images of surface and fractures of films are shown in Fig. 2(a-g)

and Fig. 2(h-n), respectively, while their thickness values are shown in
Table S1 and the roughness profiles obtained by SEM images analysis are

-

e AR e
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shown in Fig. S5. Although atomic force microscopy is a more appro-
priate technique to measure the roughness of samples, the analysis of
uniformity in SEM surface images aims to clarify the differences in
smoothness between the samples according to the incorporation of
different contents of extracts. CHG film presented a flat and smooth
surface (Fig. 2a and S5a) and a compact structure without aggregates or
phase separation (Fig. 2h). The inclusion of curcumin or pomegranate
peel extracts affected differently films morphology. While curcumin
extract incorporation resulted in aggregates that increased with curcu-
min contents (Fig. 2(b-d and i-k and S5 (b, d, f)), pomegranate peel
extract addition affected mainly films surfaces (Fig. S6), as shown in
highlights of (Fig. 2(e-g)), with the increase in pomegranate extract
content resulted in less smooth films surfaces, similar to the results re-
ported by Soltanzadeh et al. [29]. Due to the high hydrophobicity of
curcumin extract [41], when incorporated in the aqueous polymer so-
lutions this extract tends to agglomerate, resulting in particles apparent
in both surface and cross-sectional images, as previously reported for
chitosan films incorporated with different contents of curcumin grafted
cellulose nanofiber [42]. Aggregates of pomegranate extract, however,
are only visible in CHGES fracture image (Fig. 2n) and the greater

Fig. 2. SEM images of surface and cross-sectional surfaces for CHG (a and h), CHGCO.5 (b and i), CHGC1 (c and j), CHGC2 (d and k), CHGE1, (e and 1), CHGE2 (f and
m) and CHGES (g and n) at 100 and 1000-2000 X magnifications, respectively. Highlighted in images e-g are surface images with 1000X magnification.
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miscibility of this extract in comparison to the curcumin can be
explained by the hydrophilic nature of many of the polyphenolic com-
pounds that compose it [43].

The increase in both extracts content resulted in thicker films, except
for CHGE1, that probably became thinner due to an increase in the in-
teractions between the polyphenol compounds and polymers at this
concentration, compacting this film.

3.6. Optical/spectroscopic characterization

Figs. S1 and S2 present the UV-vis spectra of curcumin and pome-
granate peel extract showing typical maximum absorptions at 430 and
545 nm, respectively. In Fig. 3, the fluorescence emission spectra of CHG
(black line), CHGCO.5 (red line), CHGC1 (blue line), and CHGC2 (green
line) are presented, with excitation at 430 nm. The fluorescence spectra
of CHGCO0.5, CHGC1, and CHGC2 are similar to that of the curcumin
with an emission wavelength range (510-600 nm) while the spectrum of
the CHG does not show any fluorescence emission. Thus, qualitative
analysis of the fluorescence emission spectra of the photosensitizers-
functionalized films (CHGCO0.5, CHGC1, and CHGC2) evidence that
the energy of the excited state of curcumin is not changed by the pres-
ence of the biopolymer matrix.

Figs. 4a and 4b show the FT-IR spectra of the curcumin and pome-
granate chitosan/gelatin-based films, respectively. Due to the similar
functional groups present in chitosan and gelatin molecular structure,
there are numerous similar peaks observed in FTIR spectra. From the
analysis of spectra of the curcumin-chitosan/gelatin films (Fig. 4a), all
spectra show the following bands: 2924 cm™! (CH antisymmetric and
symmetric stretching, presented in chitosan and gelatin), 2857 cm™!
(CH antisymmetric and symmetric stretching), 1732 cm ' (C=0
stretch/hydrogen bond coupled COO™ (amide carbonyl group (amide I),
observed in chitosan), 1564 cm ! (NH bend coupled with CN stretch
(amide group - amide II), observed in chitosan), 1462 em™! (CH,
bending (scissors) vibration), 1375 em! (CHy wag of proline and
glycine), 1252 cm ! (NH bend stretch coupled C-N stretch), 1027 cm!
(C-O skeletal stretch), and C-H deformation vibration (carbohydrate).
These bands observed are according to those described in the literature
[25]. The FT-IR spectra of pomegranate chitosan/gelatin-based films
(Fig. 4b) showed similar peaks as those observed for curcumin films
(Fig. 4a). There was not observed typical peaks from curcumin and
pomegranate peel extract, because of the low percentage of them (up to
2 mg and 5 mg g™, respectively) added to chitosan/gelatin matrix, as
also observed by Ghaee [44]. Moreover, due to FT-IR customized the
surface of the material, the existence of these peaks for chitosan and
gelatin present a perfect combination of these two polymers and ionic
interaction between chitosan (NH3) and gelatin (COO"), as described in
the literature [45].

The photobleaching profile of the photosensitizers-functionalized
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Fig. 3. Fluorescence spectra of: CHG, CHGC0.5, CHGC1, and CHGC2 with
excitation at 430 nm.
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Fig. 4. FT-IR spectra of: a) CHG, CHGCO0.5, CHGC1, CHGC2; b) CHG, CHGEI1,
CHGE2, and CHGES.

chitosan/gelatin films was evaluated and described in Figs. 5a and 5b.
Photobleaching is characterized by the loss of absorption or fluorescence
of the photosensitizer under illumination. This photodegradation in-
dicates the formation of reactive oxygen species (*0,, Hy0,, 03, "OH)
opening perspectives for the use of the photosensitive materials in PDI
[46,47]. The photosensitizers-functionalized films were submitted to
irradiations at different light doses (255 075 and 100 J cm~2) and
fluorescence decay were analyzed at 420 and 540 nm for curcumin and
pomegranate peel extract, respectively. Curcumin films (Fig. 5a) showed
that photobleaching rate is light dose and concentration-dependent
presenting a maximum photobleaching rate using 100 J cm 2 and a
curcumin concentration at 2mg g~ ! of film (CHGC2). On the other
hand, photobleaching analysis of the pomegranate peel extract films
presented as light dose-dependent but a concentration-dependency was
not observed (Fig. 5b). The CHGE5S (highest concentration for pome-
granate peel extract) presented the lowest photobleaching profile
compared to CHGE1 and CHGE2, which may be due to aggregation of
the pomegranate peel extract on the biopolymer matrix (as observed in
SEM images); such aggregation may have hampered the photobleaching
profile of the extract, not making it so available in the polymeric matrix
so that its irradiation was complete, regardless the dose tested.

Moreover, the physical structural of the films after illumination was
evaluated by FT-IR. This technique has been used to detect structural
changes on polymers surfaces by analyzing functional groups. From the
analysis of FT-IR spectra (Figs. S3 a-g), it was not observed any modi-
fication of the spectra compared to the initial condition (before illumi-
nation), indicating that there was no structural modification with
respect to functional groups on the polymer surface after irradiation
with different light doses (0-100 J cm~2).

3.6.1. In vitro photosensitizers leaching
Photosensitizers leaching of films (CHGCO0.5, CHGC1, CHGC2,
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Fig. 5. Photobleaching profile of: a) CHG, CHGCO0.5, CHGC1, CHGC2; b) CHG,
CHGE1, CHGE2, and CHGES. These experiments were performed using a light
source at 450 and 525 nm for curcumin and pomegranate peel extract,
respectively.

CHGE1, CHGE2 and CHGES) was determined placing them into aqueous
medium (pH = 7) and analyzed by UV-Vis at different times (O h, 6 h,
12 h, 18 h and 24 h). The UV-vis spectra of CHGCO0.5, CHGC1, CHGC2,
CHGE1, CHGE2, and CHGES5 films are shown in Fig. S4. From the
analysis of the UV-vis spectra (Fig. S4), curcumin and pomegranate peel
extract leaching from functionalized-films was not observed displaying a
great stability for future applications.

3.7. Antioxidant analysis

Fig. 6a shows the TPC determined for the pomegranate peel extract
and for curcumin by the Folin-Ciocalteu method: while the extract
presented an average TPC of 215.17 + 5.27 mg GAE g™, curcumin had
alower phenolic content of around 4.82 + 1.21 mg GAE g .. This result
was already expected, since the chemical structure of synthetic curcu-
min has phenolic groups only at its extremities; pomegranate peel
extract, in turn, is a mixture of several phenolic compounds, like gallic
acid, caffeic acid, and punicalagin. The addition of these photosensi-
tizers to chitosan and gelatin mixtures, as well as the increase in their
concentration, led to a significant increase in the phenolic content of the
film-forming solutions for CHGE1, CHGE2, and CHGES (Fig. 6b). All the
film-forming solutions containing curcumin were significantly equal to
CHG control solution.

The same tendency was observed in the % RSA results against the
DPPH radical: Fig. 6¢ shows that the pomegranate peel extract, at the
concentration of 100 ug mL ™!, was able to inhibit about 70.43 + 1.25%
of the radical in contact with it; curcumin, in turn, inhibited 17.61
+ 4.15%, at the same concentration. The addition of the extract, at all
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gelatin; in C and D, the percentages of radical scavenging activity (%RSA)
presented by the extract, curcumin, and solutions against the DPPH radical.



L.D. Dias et al.

concentrations tested, led to a significant increase in the antioxidant
activity of the film-forming solutions, compared to CHG (1.00
+ 0.29%); RSA ranged from 27.74 + 2.17% in CHGE1 to 56.90 + 3.17%
in CHGES (Fig. 6d). The solutions containing curcumin, on the other
hand, did not reach 10% RSA even at the highest concentration (CHGC2:
9.30 + 0.01%). Despite the low percentages of inhibition for these so-
lutions, in general all film-forming solutions containing extract and
curcumin were able to inhibit more radical than the CHG solution,
which shows that the addition of these compounds provided antioxidant
activity to the mixture of chitosan and gelatin, improving its active
properties.

3.8. Antimicrobial photodynamic tests

The ability of the curcumin- and pomegranate peel extract
derivative-films (functionalized on chitosan/gelatin matrix) to inactive
bacteria was studied in comparison to chitosan/gelatin films (free of
photosensitizers), in light and dark conditions. For that, PDI of plank-
tonic S. aureus ATCC 25 923 was performed after immersion of the
curcumin- and pomegranate peel extract-functionalized films the bac-
teria suspension for 10 min. Different photosensitizer concentrations
were evaluated using a light source at 450 nm (50 J cm™~2) and 525 nm
(50 J cm™2), respectively. Fig. 7a shows that curcumin-functionalized
films reduce the survival fractions of S. aureus up to 4 log units. More-
over, CHG group (chitosan/gelatin) also presented a reduction on
S. aureus survival due to the intrinsic antimicrobial activity of the chi-
tosan. Fig. 7b presents that solution of pomegranate peel extract
(15 mg mL™!) reduces bacterial survival up to 0.7 log unit whereas the
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Fig. 7. S. aureus survival (log unit): a) curcumin-functionalized films: b)
pomegranate peel extract-functionalized films. Each experimental group was
performed in duplicate on three separated occasions and the data expressed as
mean value (n = 6).
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pomegranate-functionalized films showed a S. aureus reduction up to
3.5 log units under illumination (50 J cm™2, 525 nm). As previously
observed for curcumin-films, pomegranate-functionalized films also
presented an antimicrobial effect under dark condition through chitosan
antimicrobial action. In addition, the CHGES5 group (the highest con-
centration of pomegranate) had a lower photoantimicrobial action than
the other groups with the lowest concentration of pomegranate,
corroborating the results obtained in the photobleaching analysis, which
also showed the lowest photodegradation in the presence of light. These
experiments demonstrate that the photosensitizers-functionalized films
can promote the reduction of adherence/proliferation of bacteria
(S. aureus) on the chitosan/gelatin matrix by producing ROS. Addi-
tionally, the in vitro cytotoxicity towards human cells of the components
used (chitosan, gelatin, curcumin, and pomegranate peel extract) on the
preparation of the films were evaluated and described in the literature
[48-51]. These components presented a good biocompatibility, low
cytotoxicity (human fibroblast), and no reduction of human cell growth
was observed [48-51].

4. Conclusion

We demonstrated that the physical incorporation of photosensitizing
molecules (curcumin and pomegranate peel extract) is an efficient
approach to prepare photo- antimicrobial films. The curcumin and
pomegranate peel extract chitosan/gelatin-based films characterization
by UV-vis, fluorescence, IR spectroscopy, SEM and morphologic anal-
ysis (thickness and moisture content, solubility and swelling degree, and
opacity) corroborated the effective functionalization of curcumin and
pomegranate peel extract onto chitosan/gelation polymer matrix. Our
study also revealed that the photosensizers-functionalized chitosan/
gelatin-based films show a great photostability/compatibility and a
potential use in photoantimicrobial inactivation protocols by photo-
bleaching analysis. Furthermore, these curcumin and pomegranate peel
extract chitosan/gelatin-based films presented a significant antimicro-
bial action reducing S. aureus up to 4 log units, using a light dose of
50 J cm 2. The results described herein allow us to foresee the impor-
tance of these films as antimicrobial materials, and their potential
application for food and medical devices decontamination.
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