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Abstract: (1) Background: Polysaccharide films are promising vehicles for the delivery of bioac-
tive agents such as collagenases, as they provide controlled release at the wound site, facilitating
tissue regeneration. This study aimed to investigate the physicochemical properties of Cassia gran-
dis polysaccharide films with immobilized collagenase from Streptomyces parvulus (DPUA /1573).
(2) Methods: Galactomannan was extracted from Cassia grandis seeds for film production with 0.8%
(w/v) galactomannan and 0.2% (v/v) glycerol with or without collagenases. The films underwent
physical-chemical analyses: Fourier-transform infrared spectroscopy (FTIR), scanning electron mi-
croscopy (SEM), thermogravimetric analysis (TGA), color and opacity (luminosity-L*, green to red-a*,
yellow to blue-b*, opacity-Y%), moisture content, water vapor permeability (WVP), thickness, con-
tact angle, and mechanical properties. (3) Results: The results showed similar FTIR spectra to the
literature, indicating carbonyl functional groups. Immobilizing bioactive compounds increased
surface roughness observed in SEM. TGA indicated a better viability for films with immobilized
S. parvulus enzymes. Both collagenase-containing and control films exhibited a bright-yellowish
color with slight opacity (Y%). Mechanical tests revealed decreased rigidity in PCF (—25%) and
SCF (—41%) and increased deformability in films with the immobilized bioactive compounds, PCF
(234%) and SCF (295%). (4) Conclusions: Polysaccharide-based films are promising biomaterials for
controlled composition, biocompatibility, biodegradability, and wound healing, with a potential in
pharmacological applications.
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1. Introduction

Recent years have witnessed a change in cosmetic research, focusing on improving
aesthetics and health benefits such as wound healing [1]. This change has sparked greater
interest in investigating natural ingredients with therapeutic properties for skincare, as
well as combining various compounds to promote tissue regeneration [2]. The healing
process involves dynamic tissue formation to repair damage, with phases determining scar
type. The inflammatory phase aims to remove devitalized tissues, the proliferative phase
focuses on tissue formation through fibroblast proliferation and collagen production, and
the maturation phase involves collagen type replacement, lasting from 6 months to 2 years.
Complications can affect scar characteristics [3-7]. Recognizing the vital importance of
biodiversity, the international community has established the Sustainable Development
Goals (SDGs), including SDG 15, which aims to protect, restore, and promote the sustainable
use of terrestrial ecosystems [8,9]. There is a growing demand for sustainable alternatives
across various sectors, including the materials industry. Among these alternatives is the
use of natural bioactive principles, involving the extraction and utilization of compounds
from natural sources such as plants and microorganisms to develop products with diverse
applications [10].

Over time, various dressings made from natural polymers have been employed to
mitigate the environmental impact of waste and minimize toxicity to patients. These
dressings demonstrate adequate permeability, offer antimicrobial protection, and promote
accelerated healing without causing cytotoxic effects [8,9]. Additionally, certain polymers
play a crucial role in tissue remodeling and re-epithelialization processes during the healing
process [8]. In this context, polysaccharides from natural sources have garnered attention
for their biocompatibility, biodegradability, and bioactive attributes. Cassia grandis, a
tropical leguminous plant species, is recognized for harboring polysaccharides that exhibit
medicinal promise [10,11]. Referred to as pink cassia, this plant is extensively utilized in
traditional medicine and pharmaceutical pursuits [12]. The seeds of Cassia grandis contain
a gummy endosperm rich in galactomannan, an ecologically sustainable, low-cost, and
non-toxic material known for its safety. Galactomannan can be used in solution or gel
forms, making it versatile for various applications and facilitating large-scale use. These
seeds have the capability to form polysaccharide films, which can encapsulate and release
bioactive compounds. Polymeric matrices are valued for their biocompatibility, structural
support, and wound-healing properties [13,14].

Polysaccharide films are promising vehicles in delivering bioactive agents such as
collagenases, enzymes capable of degrading collagen, which plays a crucial role in tissue
remodeling and skin regeneration [15-18]. By incorporating collagenase into the polysac-
charide film, it can be released in a controlled manner at the wound site, leading to the
degradation of excess collagen and facilitating tissue regeneration, thus minimizing the risk
of hypertrophic or keloid scars [19,20]. Therefore, there is an effort to create products and
techniques that thoroughly cater to the requirements of wound care while ensuring patient
comfort and possessing antimicrobial properties. By combining the benefits of polysaccha-
ride films with the therapeutic properties of collagenases, it is possible to advance towards
more effective and personalized therapies for wound treatment, thereby improving the
quality of life of patients and promoting safe and efficient healing.

Therefore, this study aimed to incorporate collagenases into polysaccharide films
derived from Cassia grandis seeds, evaluating their physicochemical and mechanical prop-
erties, like thickness, morphology, FTIR, TGA, color, and mechanical properties, and to
submit the results through analysis.

2. Materials and Methods
2.1. Materials
Cassia grandis seeds were collected in Recife (PE, Brazil, 8°02'50.0” S 34°57/00.1” W) in

April 2022. Ethanol (99.8%), acetone P.A. and sodium chloride were obtained from Vetec
Fine Chemicals (Rio de Janeiro, R], Brazil), while commercial collagenase (Collagenase
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type I) was purchased from Pan Biotech (Worthington, OH, USA), and azocoll from Sigma-
Aldrich (St. Louis, MO, USA). All other chemicals were of analytical grade.

2.2. Obtaining Galactomannan

Galactomannan was obtained from Cassia grandis seeds, according to Albuquerque
et al. [21]. The purification process involved experimenting with Cassia grandis pods in
distilled water at 25 °C for 18 h. Subsequently, the pods were separated in half, exposing
the seeds, which were then removed and dried until they reached a constant weight. The
dried seeds were boiled in distilled water in a ratio of 1:5 (w/v) at 100 °C for 1 h for enzyme
inactivation, and then kept in water for 18 h at 25 °C to facilitate the removal of the shell.
Then, the peel was removed and the waste was ground in a blender with 5% (w/v) 0.1 M
NaCl at 25 °C. The material was then filtered through a tissue and later through a screen
printing cloth and precipitated with 46% ethanol in a ratio of 1:3 (v/v) for 18 h. The resulting
white precipitate was washed with 100% ethanol in a ratio of 1:3 (w/v) for 30 min and then
twice with acetone in a ratio of 1:3 (w/v) for 30 min each and filtered. There was on-screen
printing between each wash. The precipitate was then dried until it reached a constant
weight, ground and called galactomannan.

2.3. Film Preparation

The film solutions were prepared in distilled water with 0.8% (w/v) galactomannan
and 0.2% (v/v) glycerol, and kept under magnetic stirring (500 rpm) for 18 h at room
temperature (20 &£ 2 °C). A total of 15 mL of film-forming solutions were deposited in
polystyrene Petri dishes with a diameter of 90 mm. The films were then dried in an oven
at 33 °C for 9 h and subsequently stored at 20 °C and 54% relative humidity (RH) until
further characterization [14].

2.4. Collagenase Produced by Streptomyces parvulus

Collagenase was obtained from Streptomyces parvulus, isolated from lichens from
the Amazon region and belonging to the DPUA 1573 culture collection (Department of
Parasitology at the Federal University of Amazonas). The isolated microorganism was
maintained in ISP-2 medium [22] with 10% glycerol at —20 °C.

For the production of collagenolytic protease, MS-2 medium [23], pH 7, was autoclaved
at 121 °C/1 atm for 20 min. Erlenmeyer flasks (250 mL) containing 100 mL of culture
medium were used, with the inoculum corresponding to 10 CFU/mL.

Collagenase activity was performed using the method described by Chavira [24]. The
reaction mixture consisted of 50 puL of sample and 950 pL of buffer with 5 mg (mg/L) of
Azocoll solution in a 1.0 mL reaction tube and incubated at 37 °C in a water bath for 60 min.

The absorbance of the supernatant was measured at A550 nm using a UV-VIS spec-
trophotometer (UV-1900i Shimadzu, Barueri, Brazil). One unit of enzymatic activity (U)
was defined as the amount of enzyme per ml of sample that when taken after 60 min of
incubation led to an increase in absorbance of 0.001 at A550 nm, due to the formation of
soluble peptides linked by azo dye. Specific activity was calculated as the ratio between
the enzymatic activity and the total protein content of the sample and expressed in U/mg.

2.5. Determination of Proteins
The protein content of the samples was determined using the methods of Smith [25],
using BCA Kit (Thermo Scientific, Waltham, MA, USA) with bovine serum albumin as a

standard. A spectroscopic analysis was conducted using a microplate reader at a wave-
length of 562 nm.

2.6. Collagenase Purification

The purification of the protease with collagenolytic activity was based on a two-
step procedure. The crude extract was initially precipitated with a 70% concentration of
acetone. A precipitated fraction was collected using centrifugation at 10,000 rpm, 4 °C for
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20 min. The supernatant was discarded and the pellet was collected and resuspended in
the minimum volume of 0.1 M Tris-HCl buffer pH 7.5.

To obtain the protease with collagenolytic activity, anion chromatography was used on
QAE-sephadex G-50 resin to separate the protein fractions eluted using Tris-HCl buffer pH
7.5 added with 0.15M NaCl in a 1.0 x 12 cm. The separation protein profile was evaluated
at 215 nm and 280 nm.

2.7. Immobilization of Collagenase in Polysaccharide Film

Commercial collagenase (Collagenase type I—PAN Biotech®) and collagenase ob-
tained from Streptomyces parvulus were added to the film-forming solutions (w/v) and left
under magnetic stirring (500 rpm) for 5 h, at room temperature (20 £ 2 °C). A constant
amount (15 mL) of each of the film-forming solutions obtained was molded into a 90 mm
diameter polystyrene Petri dish. The films were conditioned in an oven at 33 °C for 9 h and
maintained at 20 °C and 54% relative humidity (RH) until further characterization [17].

2.8. Characterization of the Polysaccharide Film and the Film Incorporated with Collagenases

The galactomannan film without the addition of collagenase was called polysaccharide
film (PF) and was used as a reference in all analyses. Films with incorporated collagenase
were named the following: polysaccharide film with commercial collagenase enzyme (PCF)
and polysaccharide film with collagenase obtained from Streptomyces parvulus (SCF).

2.8.1. Film Thickness

The film thickness was determined using a digital micrometer (Mitutoyo, Kanagawa,
Japan). Five different points were selected at random in each film and the measurement was
carried out. The average values obtained from the measurements were used in calculations
related to water vapor permeability (WVP) and mechanical properties.

2.8.2. Scanning Electron Microscopy (SEM)

The examination of film surfaces was conducted via scanning electron microscopy
(SEM) utilizing a transmission electron microscope (TEM, Hitachi, HT7700, Tokyo, Japan).
Each film was affixed to a coverslip with a thin layer of chromium and carbon to prevent
the buildup of static charge during electron exposure, thus ensuring accurate scanning
without distortions or artifacts. For enhanced visualization, samples underwent sputtering
with colloidal gold particles and subsequent drying prior to scanning.

2.8.3. Fourier-Transform Infrared Spectroscopy (FTIR)

Film characterization employed Fourier-transform infrared spectroscopy (FTIR) using
a Bruker FT-IR VERTEX 80/80 v spectrometer (Boston, MA, USA) in Attenuated Total
Reflectance (ATR) mode, employing a platinum crystal accessory. Analyses covered the
frequency range of 400 to 4000 cm !, with 16 scans and a resolution of 4 cm~!. Before mea-
surement, a background spectrum was obtained from a clean surface. The PF served as the
reference, with spectra obtained from films containing incorporated bioactive compounds
(PCF and SCF) being subtracted from the PF spectrum. Additionally, a 30 min ultraviolet
radiation exposure test was conducted to assess structural changes post-sterilization.

2.8.4. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed using a Mettler Toledo TGA /DSC
1, model Star System. Samples underwent heating from 20 °C to 450 °C at a rate of 10 °C
min~! under a nitrogen atmosphere.

2.8.5. Color and Opacity

Color and opacity were evaluated utilizing a digital colorimeter (Konica Minolta,
model Chroma Meter CR-400, Osaka, Japan) calibrated at illuminant C with a white
standard. Parameters measured included L* (L* = 0 [black] and L* = 100 [white]), a*
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(—a* = greenness and +a* = redness), and b* (—b* = blueness and +b* = yellowness), as
recommended by the International Commission on Illumination. Opacity was determined
as the ratio of sample opacity on the black standard (Yb) to its opacity on the white standard
(Yw). Five random measurements each of Yb and Yw were averaged for calculation.
The experiment was conducted in triplicate, and results were expressed as a percentage:
Y (%) = (Yb/Yw) x 100.

2.8.6. Moisture Content

Moisture content (MC) represented the percentage of water removed from the initial
sample mass. MC was determined gravimetrically through drying films at 105 °C in an
oven with forced air circulation for 24 h. Experiments were performed in triplicate.

2.8.7. Water Vapor Permeability (WVP)

The assessment of water vapor permeability (WVP) was determined gravimetrically
based on the ASTM E96-92 method [26,27]. For analysis, it was necessary to seal the film
in the upper part of a permeation cell containing distilled water (100% RH; 2337 Pa vapor
pressure 20 °C), which was then placed in a desiccator at 20 °C and 0% RH (0 Pa pressure
water vapor) containing silica. The cells were weighed at intervals of 2 h for 10 h. Steady-
state and uniform water pressure conditions were assumed through maintaining the air
circulation constant outside the test cell by using a miniature fan inside the desiccator [28].
The slope of weight loss versus time was obtained using linear regression. Three replicates
were obtained for each sample.

2.8.8. Contact Angle

The contact angle was measured on a facial contact angle meter (OCA 20, Data-
physics, Filderstadt, Germany). Film samples were taken using a 500 uL syringe (Hamilton,
Bonaduz, Switzerland) with a 0.75 mm diameter needle. Pure water was used to measure
the layer between the surface and the liquid. The contact angle on the film surfaces was
measured using the sessile drop method [29]. Measurements were taken for 15 s.

2.8.9. Mechanical Properties

The mechanical properties were verified using a TA-HD plus texture analyzer (Serial
RS232, Stable Micro Systems, Surrey, UK) according to ASTM D 882-02 (2010) guidelines.
According to the ASTM standard, film strips with a length of 100 mm and a width of 20 mm
were used and the average film thickness was measured beforehand. The initial gripper

separation was set at 100 mm and the crosshead speed was set at 5 mm min .

2.8.10. Statistical Analysis

Statistical analyses were performed using standard deviation of triplicate assays.
Data were analyzed using one-way analysis of variants (ANOVA or Kruskal-Wallis test)
using the free software RStudio (version 2023.12.1+402). Significant differences were
verified using Tukey’s test or Dunn’s test based on post hoc multiple comparisons, with a
significance level defined at a p value < 0.05.

3. Results
3.1. Scanning Electron Microscopy (SEM)

Figure 1 compares the surface morphology of the galactomannan-based film without
the incorporation of the bioactive compound (al-a3), with the galactomannan-based film
with commercial collagenase enzyme at 0.1% incorporated (b1-b3) and the galactomannan-
based film with collagenolytic enzyme for Streptomyces parvulus (c1-c3). The images
obtained were magnified at 100x, 250 and 1000x.
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(al)

(c2) (c3)

Figure 1. SEM images showing the surface structure of galactomannan film with and without bioac-
tive compound incorporations. (al-a3) 100x magnitude; (b1-b3) 250 x magnitude; (c1-c3) 1000 x
magnitude.

3.2. Thickness and Moisture Content

The film thickness was not affected by the incorporation of enzymes, as shown in
Table 1. Regarding MC, the samples were similar. There was no significant difference
(p value = 0.0729) between the moisture content of the galactomannan-based film with
0.1% commercial collagenase enzyme incorporated and the galactomannan-based film with
collagenolytic enzyme for Streptomyces parvulus. But both films with collagenase had a higher
moisture content than the polymer film without the incorporation of bioactive compounds.

Table 1. Thickness and moisture content for the polysaccharide films before and after immobilization
(values expressed as average + standard deviation).

Films Thickness (nm) Moisture Content (%)
PE 0.0718 + 0.0325 2 54 +5x 107°2
PCF 0.0528 + 0.0104 @ 23.56 + 0.0009 b<
SCF 0.0698 + 0.0123 2 13.15 + 0.0009 ©

3¢ Mean values in the same column indicated with different letters are significantly different (p value < 0.05).
Those that have the same letter in the same column are not significantly different (p value > 0.05).
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3.3. Water Vapor Permeability (WVP)

The analysis of water vapor permeability in polysaccharide films involves studying
the interaction of water vapor with these films to understand their properties. In Figure 2,
the water vapor permeability in PF, PCF, and SCF is observed.

1.0 4
—=—PF
1|—*—PCF
— 084 [~ SCF
©
a
< 06-
€
2
2 04l
e
X
o
2 02-
0.0 -
T T T T T T T T T T 1
0 2 4 6 8 10

Hours
Figure 2. Variation in effective coefficients for WVP in polysaccharide films related to relative
humidity at 20 °C.
3.4. Contact Angle before and after Ultraviolet Radiation

The contact angle pre- and post-ultraviolet irradiation can be observed in Table 2. It is
derived from the film’s surface and serves as a straightforward and efficient method for
assessing the films” hydrophobicity level.

Table 2. Contact angle for the polysaccharide films before and after immobilization with enzymes
(values expressed as average + standard deviation).

Films Water Contact Angle (°)
Without Exposure to UV After Exposure to UV
PF 779 £1.562 91.1+1.252
PCF 58.0 +2.55° 64.8 +£2.49P
SCF 9277 £1.83°¢ 136.1 £243°¢

27¢ Mean values in the same column indicated with different letters are significantly different (p value < 0.05).
Those that have the same letter in the same column are not significantly different (p value > 0.05).

3.5. Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) is a technique used to obtain informa-
tion about chemical composition and molecular structure, based on the interaction between
molecules with infrared radiation. FTIR was used to investigate possible chemical inter-
actions between the galactomannan-based film and collagenases, in both the commercial
(PCF) and the collagenase produced using Streptomyces parvulus (SCF).

Figure 3 shows the spectra of the polysaccharide films after the incorporation of com-
mercial collagenase and collagenase produced using Streptomyces parvulus. A wide range
of band stretching was observed in the FTIR spectra of the galactomannan film, ranging
from 3324 cm~! to 687 cm ™. Stretching in the region of 3030-3600 cm ™! is attributed to
OH™! groups, indicating the presence of carbohydrates and a small amount of moisture.
Furthermore, bands at 2904 cm ! and 1024 cm ! suggest C-H stretching and a C-O bond
from the alcohol group, respectively. The stretching observed at 2904 cm ™! and in the range
of 1000-1200 cm ! suggests characteristic features of carbohydrate polymers. Additionally,
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the presence of amides at 1634 cm ™! confirms the existence of proteins in the galactoman-
nan sample. In the IR spectra of galactomannan, bands were observed at 808 cm~! and
874 cm~!, which are associated with the occurrence of anomeric configurations (CH os-
cillations of « and 3 conformers) and glycosidic linkages. These bands are attributed to
x-D-galactopyranose units and 3-D-mannopyranose units, respectively.

0.30 PF 1022
— PCF
— SCF
0.25
9
o 0-20-
o
c
i)
=  0.15 4
€
[72)
c
S 0.104
|_
0.05
0.00 + 1626

= T " T B T L T d T * T = T ¥ T % 1
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™)

Figure 3. FTIR Spectra of the polysaccharide films after the incorporation of commercial collagenase
enzymes and collagenase produced using Streptomyces parvulus.

The absence of the band above 3000 cm ™! suggests an interaction of the OH groups
with the glycine of collagen. Other signals indicative of the incorporation of collagenase
into the polysaccharide film are observed. Notably, bands at 1626 cm ™!, characteristic
of C=0 stretching typical of amide I, and at 1546 cm ! and 1294 cm !, typical of N-H
bending and C-N stretching of amide II, respectively, are identified. Additionally, signals
at 1459 cm !, characteristic of pyrrolidine rings, amide III, which were not present in the
galactomannan film previously, are observed.

Figure 4 shows the spectra of the polysaccharide films after exposure to ultraviolet
radiation, so that it would be possible to observe whether there are differences in the
composition and structure of the film if subjected to radiation.

0.40 4
——PF

0.35 4 |[— PF after UV

1028
\

0.30

0.25

0.20

0.15

Transmittance (%)

0.10 o

0.05

0.00

_005 T T T T T T T T 1
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

(@)
Figure 4. Cont.
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Figure 4. FTIR Spectra (before and after UV exposure) of the polysaccharide films (a) polysaccharide
film with commercial collagenase enzyme (b) and polysaccharide film with collagenase produced
using Streptomyces parvulus (c).

3.6. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a technique used to measure weight changes
in a sample material due to time or temperature. TGA can be used to analyze the thermal
stability of films and determine the presence of moisture and composition-related details.
The thermal degradation results for the films are shown in Figure 5.

In the PF (Figure 5a), this event corresponds to a mass loss of 13%. A second event is
observed with the onset around 188 °C (band at 292 °C), with a mass loss of about 60%. This
event is related to the film’s decomposition process. The width of the peak in the TGA curve
suggests that the decomposition process is complex. The glycerol used in the film should
initiate its decomposition before the polysaccharide chain (shoulders at a temperature close
to 240 °C), while the peak at 292 °C is related to the polysaccharide decomposition. In the
film incorporated with commercial enzymes (PCF, Figure 5b), this initial event corresponds
to a mass loss of 8%. A second event is observed starting at 185 °C (peak at 294 °C) and is
related to the decomposition process of the polysaccharide chain of the film. Once again, the
width of the peak suggests the occurrence of simultaneous events, with the decomposition
of glycerol occurring at a lower temperature than the polysaccharide chain. The mass loss
throughout the entire event is 58.5%.
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Figure 5. Thermogravimetric analysis of the polysaccharide films (a), polysaccharide film with com-
mercial collagenase enzyme (b) and polysaccharide film with collagenase produced using Streptomyces
parvulus (c).

As for the film with enzymes obtained from Streptomyces parvulus (SCFE, Figure 5c¢),
the mass loss corresponding to the first event is about 14%, a value consistent with the
previous samples. The second event, starting at 173 °C, is related to the onset of the thermal
decomposition process of the film. The total mass loss throughout the second event is 55.8%.
The TGA curve shows two distinct peaks, the first with a maximum of 237 °C and the
second with a maximum of 273 °C. The first peak should be related to the decomposition
process of glycerol, while the second peak is related to the decomposition process of the
polysaccharide chain of the film.
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3.7. Color and Opacity

In pharmaceutical products, color and transparency play pivotal roles in consumer
acceptance. Table 3 illustrates the color characteristics and transparency of the films.
Notably, all examined films displayed distinct luminosity, primarily reflected in their L*
coordinate values, alongside a discernible hint of yellowness denoted by the b* coordinate.
Furthermore, all films exhibited slight opacity with no significant discrepancies observed
among them (Figure 6).

Table 3. Color parameters L* (luminosity), a* (—a* = greenness and +a* = redness), b* (—b* = blueness
and +b* = yellowness) and Y (opacity) for the polysaccharide films before and after immobilization
(values expressed as average =+ standard deviation).

Films L* a* b* Y (%)
PF 96.20 + 0.1426 2 0.68 £+ 0.0262 2 6.63 +0.24122 13.41 £0.1988 2
PCF 94.11 4+ 0.2217 2P 0.85 + 0.0355 P 9.94 + 0.2687 2 13.53 £0.2992 2
SCF 93.71 +0.2490 ® 1.08 £ 0.0852 € 6.54 +0.2638 2 13.63 £ 0.2343 @

47¢ Mean values in the same column indicated with different letters are significantly different (p value < 0.05).
Those that have the same letter in the same column are not significantly different (p value > 0.05).

(b)

Figure 6. Representative image of the galactomannan film with immobilized collagenase obtained
Streptomyces parvulus on black (a) and white (b) background.

3.8. Mechanical Properties

Table 4 shows the mechanical properties (Young’s modulus—YM, tensile strength—TS
and elongation at break—EB) of the galactomannan films without and with immobilized
bioactive compounds (Table 4).

Table 4. Effect of concentration on Young’s modulus (YM), tensile strength (TS) and elongation
at break (EB) of the films (w/v) films before and after immobilization of collagenases in the film-
forming mixture.

Films YM (Mpa) TS (Mpa) EB (%)
PF 3.76 +0.1452 229 4 0.505 2 0.855 =+ 0.095 2
PCF 47 +0.12b< 7.65 + 0.450 b< 1.015 + 0.195 2
SCF 5.335 £ 0.145 9.05 4 0.850 © 1.010 + 0.200 2

47¢ Mean values in the same column indicated with different letters are significantly different (p value < 0.05).
Those that have the same letter in the same column are not significantly different (p value > 0.05).

4. Discussion
4.1. Scanning Electron Microscopy (SEM)

The scanning electron microscopy (SEM) results provide valuable insights into the
surface morphology of galactomannan-based films under different conditions. It is possible
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to observe in the images generated using SEM some residual granules from the extraction
of galactomannan. According to Arruda et al. [30] NaCl is used to enhance the solubility
of free proteins and ethanol and acetone are used to wash out contaminants and proteins.
Despite these steps in the present study, the film still had visible deformities. Deformities in
polymeric films after the incorporation of biomolecules can vary based on the specific tech-
niques and materials used. Research has shown that polymer films can exhibit significant
changes in physical and mechanical properties when doped with biological molecules [31].
For example, the adsorption of proteins such as fibronectin can be influenced by the type of
dopant used, affecting the binding to proteins on the film surface [32]. Furthermore, studies
have demonstrated that polymer films can be deformed through the adsorption/desorption
of molecules, leading to rapid and substantial changes in elasticity [33].

It is noted that the film containing commercial collagenase presented a smaller number
of granules when compared to the film containing collagenase produced using Streptomyces
parvulus. Enzymes designed for commercial use are often optimized for specific appli-
cations and may exhibit a high degree of substrate specificity. This could influence the
enzymatic activity on the galactomannan matrix, affecting the formation and distribution
of granules [34]; in parallel, the collagenases from Streptomyces parvulus interact with a
wider range of components in the galactomannan matrix, leading to a more diverse and
perhaps uneven distribution of granules [8].

As stated by Cerqueira et al. [35], when carrying out a study with and without the
incorporation of extracts into galactomannan films, it was evident in the films with extract
incorporation that there are some granular, spherical vesicles apparently free of visible
fissures and pores. It is possible to observe in the results that the films with the incorporation
of the enzymes present an inhomogeneous distribution in the film matrix. In the study
by Albuquerque et al. [17], the presence of granules was observed depending on the
type of biomolecule that was incorporated. Therefore, the distribution and characteristics
of granules in films appear to be influenced by the nature of the incorporated enzymes
and biomolecules.

4.2. Thickness and Moisture Content

The thickness of polysaccharide films with incorporated compounds can be influenced
by several factors. Beloglazova et al. [36] observed that the concentration of polysaccharides
influenced the appearance and thickness of the films. Cado et al. [37] reported that the
simultaneous spraying of chitosan, hyaluronic acid and alginate resulted in a linear increase
in thickness with spraying time.

Ramudu et al. [38] states in their study that the grain size increases the film thickness,
which differs from the present study. The thickness of galactomannan films with enzymes
varies depending on the specific enzyme and the conditions of the immobilization process;
however, there was no significant difference between the incorporated and free films.

The moisture content in a film can affect the physical and chemical properties, being a
key parameter when choosing a film for specific applications [39,40]. Enzymes can interact
with the chemical structure of the film once incorporated, which can lead to changes in
its hydrophilic/hydrophobic balance [41]. In the present study, a decrease in MC values
was observed in the films with collagenolytic enzymes, especially those obtained from
Streptomyces parvulus. Antoniou et al. [42] claimed that films with compounds such as
enzymes have a more compact structure, which allows them to occupy more volume in the
polymer matrix, reducing MC values. Slade et al. [43] highlights that the incorporation of
enzymes into films can lead to a decrease in moisture content. It has also been observed that
the enzymatic degradation of cellulose films results in a thinner and more diluted interfacial
film, leading to a decrease in interfacial mass over time [44]. Ahmadi et al. [45], Cerqueira
et al. [46], Ghasemlou et al. [47], and Albuquerque et al. [17] report that the distribution
and proportion of galactose units along the mannan chain may play a fundamental role in
the water content of galactomannans.
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4.3. Water Vapor Permeability (WVP)

The water vapor permeability of polysaccharide films can be influenced by the irreg-
ular surface of the film, as visualized in the SEM (Figure 1), which could act as a site for
water binding during moisture absorption, thus allowing water vapor to pass through the
film [48,49]. Salgado et al. [50], in their study, observed that the addition of micro/nano
clays or Cloisite 30B to polysaccharide-based films can affect their mechanical and barrier
properties, influencing both WVP and tensile strength. Cerqueira et al. [51] reported that
the hydrophobicity induced through incorporating corn oil into films can alter the film
matrix’s affinity with water, subsequently affecting WVP and mechanical properties.

These findings collectively suggest that the surface characteristics of polysaccharide
films play a crucial role in determining their WVP and overall barrier performance, high-
lighting the importance of surface modifications to control moisture absorption and vapor
transmission through the film. Regarding the differences between PF and PCF films, it
was observed that there were few, suggesting that the permeability of the film is not sig-
nificantly affected by commercial collagenase. It is believed that the SCF film presents a
greater difference due to its purification condition; as can be seen in Figure 1, there is still
the presence of several granules indicating that the PCF presents greater purity.

The values reported in our study demonstrated that the SCF, in addition to interacting
with the galactomannan film, affected the WVP. Water vapor permeability in a film contain-
ing Cassia grandis polysaccharide with immobilized enzymes can be influenced by various
factors. Polysaccharide films from the Cassia fistula seed present that increasing glycerol
concentration in the film increased water vapor permeability [43]. Moreover, enzymes are
immobilized in carriers with water-soluble polymeric substances, forming thin films on
the carrier’s surface, which involves removing water from the polymer during immobiliza-
tion. [51]. In addition, porous polysaccharide-based biopolymers can be designed to have
high porosity, allowing water vapor to pass through their pores or matrix and increasing
the bioavailability of the bioactive compound [52]; the incorporation of biomolecules into
these films can further increase their porosity and consequently their WVP. These findings
suggest that the water vapor permeability of a film with Cassia grandis polysaccharide and
immobilized enzyme are modulated via the film’s composition and structure, impacting its
suitability for different applications.

4.4. Contact Angle before and after Ultraviolet Radiation

As the angular values increase, they indicate the presence of a higher hydrophobic
surface [48,49]. Surfaces with contact angles below 90° are considered hydrophilic. From
the static sessile drop method with ultrapure water, the observed contact angles appear
to be more hydrophilic in PF and PCF, while SCF is more hydrophobic than the others
(p > 0.05) with a contact angle > 90°. Streptomyces parvulus collagenase may have higher
hydrophobicity than commercial collagenases due to differences in composition and pu-
rification. Despite these variations, it still shows sufficient activity and does not affect the
usability of the polysaccharide film. Hence, it is a reliable option for making films with
healing properties, providing a promising alternative in producing biodegradable and
bioactive materials for different uses.

The contact angle of polysaccharide films containing enzymes can be significantly
influenced by various factors, such as ultraviolet (UV) radiation. UV irradiation can alter
the contact angle and surface properties of biopolymeric films, leading to changes in
surface roughness and polarity [53]. Furthermore, Zimoch-Korzycka et al. [54] reported
that the presence of enzymes such as cellulase in polysaccharide films can impact their
physicochemical stability over time, affecting parameters such as water vapor permeability
and tensile strength. Xu et al. [53] found that UV irradiation exposure decreases water
contact angles in certain polymer films, attributed to the formation and release of surfactants
from irradiated surfaces.

The polarity characteristics of the polymeric surface can modulate the interaction with
proteins and the cell surface at the time of its application [55]. Therefore, the contact angle
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of polysaccharide films with enzymes can vary before and after UV radiation, influenced
by the specific enzymes present and the effects of UV radiation on the film surfaces [56].

4.5. Fourier-Transform Infrared Spectroscopy (FTIR)

The free galactomannan film presented a similar spectrum as obtained by Albu-
querque et al. [21], corroborating that the film originates from polysaccharide from Cassia
grandis seeds.

Exposure to UV rays leads to various effects like breaking bonds [57], oxidizing
groups, and altering polysaccharide and enzyme structures [58]. Research has shown that
the exposure to UV radiation has the potential to induce alterations in the FTIR of collagen-
derived films through a decrease in the concentration of amino acids within the collagen
structure, thereby influencing the overall composition of the film [59]. Despite showing
differences in intensity, Figure 4 shows few differences perceived in the bands presented,
indicating a reasonable resistance of the film to degradation caused by UV radiation.

4.6. Thermogravimetric Analysis (TGA)

All films demonstrated mass loss due to thermal degradation. Mass loss occurs due
to the loss of moisture, the evaporation of water and glycerol, and finally, the decomposi-
tion of the polysaccharide, similar to the results obtained by Albuquerque et al. [17]. The
experiments carried out in this study are in accordance with those reported in the litera-
ture [30,45], indicating specific interactions between film components and enzymes [60],
especially between the enzyme obtained from Streptomyces parvulus (SCF) which demon-
strated slightly better performance compared to the commercial enzyme (PCF) and pure
polysaccharide film (PF) in terms of thermal behavior. Panda, Park and Seo [61] highlight
the ability to incorporate materials of organic origin to provide greater thermal stability,
which corroborates the current study.

4.7. Color and Opacity

The color and opacity of polysaccharide films can be crucial for various applications,
especially when incorporating enzymes. Cerclier et al. [62] introduced a method using
cellulose nanocrystals and xyloglucan to detect enzymatic activity through color changes
in thin films. Kim et al. [63] focused on increasing the opacity of laccase-based time-
temperature integrators by incorporating TiO, and xanthan gum, while maintaining the
color change kinetics.

By strategically combining different components, polysaccharide films can achieve
improvements in opacity and color stability for various applications. According to Diaz-
Montes [64], the utilization of natural polysaccharides, plasticizers, metallic ions and
bioactive compounds may result in enhanced mechanical, barrier, and optical characteristics.
Moreover, concerning Figure 6, it is emphasized that at a macroscopic level, the SPC film
exhibits robust structural integrity, thus indicating its suitability for industrial utilization
and commercial viability.

4.8. Mechanical Properties

YM is a measure of sample stiffness and a decrease in this value indicates a reduction
in film rigidity, leading to increased film deformability [65]. PF was significantly different
from PCF (p = 0.034) and SCF (p = 0.008), but there was no significant difference between
PCF and SCF; in other words, the immobilization of bioactive compounds improves the
film’s resistance. TS refers to the maximum tensile stress that the film can withstand. This
parameter is closely linked to the chemical structure of the film and is strongly influenced
by its composition, including water, plasticizers, surfactants, and bioactive compounds
immobilized in the film matrix [66]. PF was significantly different from PCF (p = 0.018) and
SCEF (p = 0.009), but there was no significant difference between PCF and SCF regarding TS.
EB, which refers to the film’s flexibility, did not show any significant difference between
any of the films (p > 0.05).



Cosmetics 2024, 11, 86

15 of 18

The mechanical properties of polysaccharide films can be significantly influenced by
various factors, such as manufacturing techniques, composition, and additives [67]. Zhang
et al. [68] observed that the incorporation of phenolic acids into soluble soy polysaccharide
films increased antioxidant and antibacterial properties while also affecting mechanical
strength and water vapor barrier properties. Fu et al. [69], in their study with films made
from corn starch and Tremella fuciformis polysaccharide, demonstrated varied mechanical
properties based on the proportion of components. Lazo et al. [70] observed that polysaccha-
ride films derived from chafiar fruit polysaccharides showed good mechanical properties,
thermal stability, and biodegradability, making them suitable for various applications.

5. Conclusions

The outcomes elucidated in this investigation support the conclusion that the use of
polysaccharide films derived from the Cassia grandis plant, whether in their pure form
or combined with bioactive enzymes, represents a promising approach for application in
wound management and tissue rejuvenation, with potential implications reaching into
the realms of healthcare and the cosmetic industry. The analysis using scanning electron
microscopy unveiled variations in the surface morphology of the films, thus verifying
the presence of specific interactions between polysaccharides and enzymes, potentially
impacting the distribution and development of granules. Furthermore, the films exhibited
uniform thickness and moisture content attributes, with the permeability to water vapor
being dependent on both the film composition and the characteristics of the enzymes
incorporated within. Films containing enzymes derived from Streptomyces parvulus (SCF)
and films with commercial enzymes showed no significant difference, but it is highlighted
that the collagenase obtained from SP is easier to obtain using fermentation methods,
underscoring the significance of the enzyme origin in the formulation of these films. The
findings also revealed variations in contact angles, indicating differing hydrophobicity
levels among the films with potential implications for surface properties and interactions.
Moreover, the Fourier-transform infrared spectroscopy (FTIR) analysis provided insights
into chemical interactions between the films and enzymes, with UV radiation demonstrating
minimal effects on the film composition. Additionally, thermogravimetric analysis (TGA)
highlighted differences in thermal behavior, suggesting variations in the degradation
process influenced by enzyme incorporation. The authors highlight the significance of this
research as a crucial milestone in the analysis of the film, with promising implications for
future experiments in different scenarios.
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