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Abstract: Annona muricata is a fruit species belonging to the Annonaceae family, which is native
to the warmer tropical areas of North and South America. A large amount of discarded residue
from A. muricata is of interest for obtaining new industrial inputs. To propose the applications
of the biopolymer from A. muricata residues (Biop_AmRs), this study aimed to characterize this
input chemically and functionally, as well as to evaluate its potential for hemocompatibility and
cytotoxicity activity in vitro. Biop_AmRs is an anionic heteropolysaccharide composed of glucose,
arabinose, xylose, galactose, mannose, uronic acid, and proteins. This biopolymer exhibited a
semicrystalline structure and good thermal stability. Biop_AmRs exhibited excellent water holding
capacity, emulsifying properties, and mucoadhesiviness and demonstrated hemocompatibility and
cytocompatibility on the L929 cell line. These results indicate possible applications for this biopolymer
as a potential environmentally friendly raw material in the food, pharmaceutical, biomedical, and
cosmetic industries.

Keywords: Annonaceae; polysaccharide; vegetable residues; industrial waste

1. Introduction

Soursop (Annona muricata L.) is an important tropical fruit of the Annonaceae family. It
is native to the Americas and the Caribbean [1]. The fruits have a sweet white pulp contain-
ing numerous small seeds. The majority of the fruit, approximately 80%, is composed of
water, carbohydrates, and non-reducing sugars [2,3]. A study conducted by Lopes Leivas
et al. (2023) [4] identified the presence of several polysaccharides, including homogalac-
turonan, type II arabinogalactan, arabinan-rich pectin, acid xylan, and a xylan-xyloglucan
complex, in the pulp of A. muricata fruits. This fruit also contains a variety of constituents,
including vitamins, amino acids, phenolic compounds, flavonoids, carotenoids, saponins,
and acetogenins [1]. Soursop is widely consumed and is commercially important in sev-
eral countries around the world, and its production and processing generate a significant
amount of waste [5].

Food waste can be generated at any level along the food production chain, including
harvesting, processing, and manufacturing [6]. Currently, many tropical fruits are traded
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around the world due to increasing demand. In 2018, 7.1 million tons of tropical fruits were
consumed globally, and the cultivation of fruits for commercialization has increased [7]. As
a result, this increase in food supply to meet the demands of a growing population has led
to an increase in these food residues [8].

Among these plant residues, we highlight the polysaccharides, natural polymers, or
biopolymers found in the components of plant cell walls [9]. These macromolecules are
versatile in their biological properties and technological applications [9,10]. These plant
derivatives have also attracted research interest due to their biocompatibility, biodegrad-
ability, and low toxicity [11].

Several studies have shown that plant polysaccharides possess unique physicochemi-
cal properties, such as high average water absorption capacity and the formation of viscous
colloidal dispersions [12,13]. These properties increase the potential use of these inputs.
Polysaccharides have a variety of applications in the food sector, in which they can be used
to make or coat foods or to create food packaging. In the biomedical and pharmaceuti-
cal sectors, they are employed in the obtention of nanoparticles, scaffolds, transdermal
patches, dressings, and different forms of drug carriers. Finally, in the cosmetics sector,
polysaccharides are used in gels, creams, and other similar products [13–16].

Therefore, there is a growing interest in using green chemistry principles and environ-
mentally friendly inputs to develop new materials and products using natural resources
that may be harmful to the environment [17]. Thus, this work aims to show the importance
of exploring an alternative and eco-friendly input derived from A. muricata fruit waste.
Numerous studies have investigated the chemical and physicochemical properties of the
soursop pulp; however, the residues have been relatively understudied.

In this context, this study aimed to evaluate the properties of the biopolymers from
A. muricata fruit residues (Biop_AmRs). The considerable quantity of A. muricata fruit
waste has great potential for industrial use, and in this work, we sought to investigate
the innovative properties of the biopolymer. The initial stage of this study evaluated the
chemical and functional characteristics of the biopolymer. The mucoadhesive potential
of the biopolymer was evaluated to ascertain its suitability for use in orodispersible drug
release forms. Finally, cyto- and hemocompatibility tests were conducted to assess the
safety of biopolymers in biomedical and pharmaceutical devices.

2. Materials and Methods
2.1. Chemicals and Reagents

Annona muricata residues (Biop_AmRs) were obtained from a local fruit pulp man-
ufacturer. Sodium alginate was purchased from Êxodo Científica (98.4%) (Sumaré, SP,
Brazil). Guar gum (Cyamopsis tetragonoloba) was obtained from SM Empreendimentos
Farmacêuticos Ltda (99.9%) (São Paulo, SP, Brazil). The RPMI 1640 medium, penicillin, and
streptomycin, all sterile and suitable for cell culture, were purchased from Gibco (Invitro-
gen, Carlsbad, CA, USA). Fetal bovine serum, sterile and for cell culture, was purchased
from Cultilab (Campinas, SP, Brazil). Sheep blood agar plates were bought at Laborclin (LB
Laborclin, Pinhais, PR, Brazil). Mueller–Hinton broth and casein soy broth were obtained
from Merck® (Merck & Co., Inc., Rahway, NJ, USA), and brain–heart infusion broth was
obtained from Kasvi (Kasvi®, São José do Pinhais, PR, Brazil). All other chemicals used
were analytical grade and used as indicated by their manufacturers.

2.2. Extraction of Biopolymer from A. muricata Residues

The polysaccharide was extracted from A. muricata residues (Biop_AmRs) without
seeds, according to previously published methods, with adaptations [18]. Initially, 20.0 g
of Biop_AmRs was homogenized in 300 mL of distilled water at 80 ◦C under constant
stirring (680 rpm) for 30 min. Subsequently, 300 mL of heated distilled water at 80 ◦C
was added to the mixture. The obtained ratio of Biop_AmRs and distilled water was 1:30
(w/v). The mixture was heated (80 ◦C) and subjected to constant stirring (1330 rpm) for
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30 min. Thereafter, the mixture was precipitated twice in absolute ethanol (1:2, v/v) and
vacuum-filtered. The residue was dried at 50 ◦C for 24 h.

2.3. Biop_AmRs Characterizations
2.3.1. pH, Conductivity, and Zeta Potential (ζ)

The pH and conductivity were determined at 25 ◦C in a PHS3BW BEL instrument (Bel
Engineering®, Monza, MB, Italy) using 1 wt% Biop_AmRs solution. The zeta potential (ζ)
was measured in a Zetasizer Nano-ZS90 (Malvern Instruments, Malvern, UK) at 25 ◦C, for
the dispersion of Biop_AmRs at a concentration of 0.1 wt% prepared in water obtained from
the Milli-Q water purification system (Millipore Corp., Bedford, MA, USA), and readings
were taken in triplicate after five minutes of equilibration.

2.3.2. Molecular Weight

The molecular weight of the Biop_AmRs was evaluated through a chromatographic
analysis in an Agilent 1260 Infinity II LC System chromatograph (Agilent Technologies
Inc., Santa Clara, CA, USA) equipped with an Agilent 1290 Infinity II Evaporative Light
Scattering Detector, PL aquagel-OH MIXED-M, and aquagel-OH 20 columns. Samples were
prepared in 10 mM of ammonium acetate and filtered. The system was calibrated with
Shodex standards Waters Chromatography (WatersTM, Madrid, Spain). All chromatograms
were analyzed using the Agilent OpenLAB CDS ChemStation software (1.12.3.1008).

2.3.3. Analysis of the Monosaccharide Composition

The method for the analysis of the monosaccharide composition of the Biop_AmRs
was described by Coelho et al. [19]. The biopolymer was prehydrolyzed in 0.2 mL of 72%
H2SO4 for 3 h at 25 ◦C, followed by hydrolysis for 2.5 h in 1 mol L−1 of H2SO4 at 100 ◦C.
An Agilent 7890B gas chromatograph (GC) system (Agilent Technologies Inc., Santa Clara,
CA, USA) with a split/splitless capillary inlet and flame ionization detector (FID) was used
in this study. A column DB-225 capillary column 30 m in length, 0.25 mm in diameter,
an 0.15 µm in thickness was utilized in the equipment. 2-deoxyglucose was used as an
internal standard.

2.3.4. Protein Content

The protein content based on the determination of nitrogen was carried out according
to the Dumas method [20]. A total of 150 mg of Biop_AmRs was weighed in an aluminum
crucible and examined on the Dumatec™ 8000 equipment (Foss, Hillerød, Denmark). The
experimental conditions were as follows: the flow rate was 195.0 mL min−1, and the
oxygen flow rate was 400 mL min−1, with a pressure of 1200 mBar. The protein content was
calculated based on the total nitrogen content. This was multiplied by the conversion factor
of 6.25. Ethylenediaminetetraacetic acid (EDTA) was used as a standard for constructing
the nitrogen calibration curve (10.9–150.2 mg).

2.3.5. Fourier Transform Infrared Spectroscopy (FTIR)

The spectra were achieved on the Spectrum 400 spectrophotometer (PerkinElmer™,
Waltham, MA, USA) using potassium bromide (KBr) disks of 5 mm in diameter. KBr disks
with 500 mg of KBr powder and 5 mg of the sample were obtained using a bench punch
machine. The background spectrum was measured against a pure KBr disk. The spectra of
the polysaccharide sample were measured in the solid state and recorded in the range of
4000–500 cm−1, with 64 scans at a resolution of 4 cm−1.

2.3.6. X-ray Diffraction (XRD)

The analyses were carried out at room temperature in an XRD-6000 X-ray diffractome-
ter (Shimadzu™, Kyoto, Japan) using copper Kα radiation (1.5418 Å), with a scan voltage
of 40 kV and scan current of 30 mA. The Biop_AmRs sample was examined at a 2θ angle
ranging from 5.0 to 75.0 degrees at a speed of 2◦ min−1.
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2.3.7. Thermogravimetric Analysis (TGA) and Derivative Thermogravimetry (DTG)

The thermal profile by thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) was performed using a Shimadzu thermogravimetric analyzer (Shimadzu™,
Kyoto, Japan), model TGA-60, and DSC-60 under a nitrogen atmosphere (50 mL min−1). For
the scan, the samples were weighed in alumina pans (mass of 5 mg), and the temperature was
raised to 600 ◦C, with a heating rate of 10 ◦C min−1.

2.3.8. Scanning Electron Microscopy (SEM)

The Biop_AmRs sample was mounted on aluminum support and covered with Au
in a Q150R deposition equipment (Quorum Technologies Ltd., Lewes, UK) for 30 s at
20 mA using atmospheric argon plasma. Then, the morphological characteristics of the
sample were observed using scanning electron microscopy (SEM) through a Quanta FEG
250—FEI™ electron microscope (FEI Company, Hillsboro, OR, USA) with an acceleration
voltage from 1 to 30 kV. The images were recorded digitally in variable magnifications of
1000 to 50,000×.

2.3.9. Technological Properties

The analyses of the functional properties of the Biop_AmRs were carried out according
to methodologies described by Alpizar-Reyes et al. [21], with adaptations. The functional
properties determined were water holding capacity (WHC), emulsifying ability (EA),
emulsion stabilization (ES), foam index (FI), foam stability (FS), and film-forming ability.
All analyses were performed in triplicate.

Water Holding Capacity (WHC)

A colloidal dispersion of 3 wt% of Biop_AmRs was prepared in distilled water and
placed in previously weighed centrifuge tubes. Next, the dispersion was centrifuged for
15 min at 1600 rpm. The supernatant was discarded, and the sample was reweighed. The
WHC was determined using Equation (1), as follows:

WHC (%) =
Sample mass a f ter water absorption

Dry sample mass
× 100 (1)

Emulsifying Ability (EA) and Emulsifying Stability (ES)

The emulsions were formulated by homogenizing 10 mL of a 3 wt% Biop_AmRs
solution with 2.5 mL of soybean oil, maintaining the 1:4 ratio of oil: solution (v/v), in an
Ultra-Turrax homogenizer (Ultra-Turrax, T50, IKA®, Staufen, Germany) at 6600 rpm for
3 min. The EA was calculated using Equation (2), as follows:

EA (%) =
Initial emulsion volume

Total volume
× 100 (2)

After the homogenization step, the formulated emulsion remained at rest for 30 min.
Then, the emulsion was centrifuged for 10 min at 1600 rpm. The emulsified layer was
measured, and the ES was calculated using Equation (3), as follows:

ES (%) =
Final emulsion volume

Initial emulsion volume
× 100 (3)

Foaming Ability (FA) and Foam Stability (FS)

A colloidal dispersion of 3 wt% of the Biop_AmRs was prepared. Then, the solu-
tion was stirred in an ultra-high-speed homogenizer (Ultra-Turrax, T50, IKA®, DE) at
6600 rpm for 5 min. The FA was calculated immediately after stirring (∼=30 s), according to
Equation (4), as follows:

FA (%) =
Initial f oam volume

Total suspension volume
× 100 (4)
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Foam stability was calculated with the foam volume after 30 min of shaking using
Equation (5), as follows:

FS (%) =
Final f oam volume

Total dispension volume
× 100 (5)

Film-Forming Ability

This analysis was performed according to the protocol of Davidović et al. [22], with
adaptations. The film solution was prepared at 1 wt%, dissolving the powder of Biop_AmRs
in distilled water, which was subjected to stirring until the sample was completely dispersed.
Then, the glycerol plasticizer was added to a concentration of 3% (v/v), and the film-forming
solution was cast in a silicone mold and dried at 50 ◦C.

2.3.10. Texturometric Analyses

Firmness, consistency, cohesiveness, and viscosity index parameters were analyzed
using a TA-XT Plus texturometer (TA Instruments®, Surrey, UK). 100 g of the Biop_AmRs
sample at 1 wt% concentration was analyzed on the equipment, with the probe (P/35 mm)
introduced continuously at a velocity of 2.0 mm s−1. Data were processed using the
Exponent Lite 2009 software. The assay was performed in triplicate. Alginate and guar gum
(Cyamopsis tetragonoloba), commercial biopolymers, were used as a sample for comparison.

2.3.11. Biological Assays
Ex Vivo Mucoadhesiveness

The mucoadhesion of Biop_AmRs to porcine oral mucosa was performed according
to the method described by Ramos et al. [23]. All procedures were in accordance with the
ethical principles established by the National Council for the Control of Animal Experi-
ments (CONCEA) and the national legislation in force (Law No. 11,794 of 8 August 2008
and Law No. 9605 of 12 February 1998, Brazil). The ex vivo mucoadhesion method was
performed on a TA.XT 2 Plus texturometer (TA Instruments, Surrey, UK) equipped with a
load cell of 5 kg. The Biop_AmRs power was fixed in a probe (P/10). Prior to each new
test, the porcine mucosa was moistened with a simulated saliva solution maintained at
37 ◦C. A force of 0.2 N was applied to the mucosa for 30 s at speeds of 0.5 mm s−1 (pre-test
and test) and 5 mm s−1 (post-test). The result of the maximum detachment force (Fmax)
required to separate the sample of the mucosa and the total amount of force involved in
removing the sample of the mucosa (work of adhesion; Wad) were utilized to determine
the mucoadhesive properties of the sample [24,25]. The peak displacement force (PDF)
result was obtained using Equation (6).

PDF (N/cm2) =
F0

A0
(6)

where F0 is the force required to detach the sample from the mucosa and A0 is the area
filled by the sample.

Cytocompatibility Assay

The cytocompatibility of the Biop_AmRs sample was achieved using the 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium (MTT) test according to the ISO 10993-5
standard [26]. The mouse fibroblast (L-929) cell line was used in this test. The cells were
maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum, 100 U mL−1

of penicillin, and 100 µg mL−1 of streptomycin at 37 ◦C, with 5% CO2 and 95% atmospheric
air. Briefly, 1 × 104 cells/100 µL of medium were distributed in 96-well plates. Biop_AmRs
solutions, ranging from 62.5 to 500 µg mL−1, were incubated with the cells. Doxorubicin
(Doxo) was used as a positive control (0.1 µM). The absorbance of the samples was assessed
using a microplate spectrophotometer (DTX800 Multimode Detector, Beckman Coulter,
Brea, CA, USA) at 595 nm. The percentage of cell growth inhibition was calculated using
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the following formula: (GI%) = [100 × (Sample Abs)/(Negative Control Abs)]. The tests
were carried out in duplicates in three independent experiments. According to ISO 10993-5,
a cell growth inhibition or reduction of cell viability by more than 30% is regarded as a
cytotoxic effect.

Hemocompatibility Assay

Biop_AmRs was evaluated in a hemolytic activity test on sheep blood agar using the
disk technique according to the methodology described by Kalegari et al. [27]. The sterile
paper disks of 7 mm were impregnated with 50 µL of the sterile Biop_AmRs solution at
a concentration of 1%, and, after drying, they were placed in the Petri dishes containing
the blood agar. For the positive and negative controls, the disks were impregnated with
50 µL of Triton® X-100 (Merck & Co., Inc., Rahway, NJ, USA) and 50 µL of phosphate buffer,
respectively. After applying the disks, the plates were incubated at 35 ± 2 ◦C for 24 h. After
incubation, the hemolytic halos (mm) formed were evaluated.

2.3.12. Statistical Analysis

Data were expressed as mean ± standard deviation. A comparison of results from
independent tests was analyzed using ANOVA, followed by Student’s t-test, using the
OriginPRO® Program. The cytocompatibility test was analyzed using ANOVA, followed
by Dunnet’s test to assess significance. In this study, we used a significance level of 5%
(p < 0.05).

3. Results and Discussion

In the industrial processing of soursop, a large amount of waste is generated. The
large amount of pulp residues aroused the interest of our research group in extracting and
characterizing the biopolymer from A. muricata fruit residues (Biop_AmRs) contained in
this sample.

3.1. Obtaining and Purification of Biop_AmRs

The Biop_AmRs obtained in the extraction can be seen in Figure 1. The biopolymer
powder presented a yellowish color, no odor, and a fibrous appearance. A yield of 7.5% of
Biop_AmRs was obtained after the extraction process. Ren et al. [28] extracted the crude
polysaccharide from the fruit pulp of Annona squamosa and obtained a yield of 4.86%.
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Figure 1. Soursop fruit (Annona muricata L.) (a); hydrated biopolymer from A. muricata residues
(Biop_AmRs) (b); Biop_AmRs after purification and drying (c); and (d) Film of Biop_AmRs
with glycerol.

In this study, ethanol, an environmentally friendly solvent, was used to purify the
Biop_AmRs. Ethanol is a low-cost solvent, with lower toxicity in comparison to fossil
solvents. Ethanol is classified as a green solvent due to its availability through the fermen-
tation of renewable sources [29]. In the food industry, the use of toxic organic solvents
has been replaced by the use of green solvents. Green solvents are in agreement with
environmental, safety, and health characteristics [30]. Thus, the green extraction of the
Biop_AmRs adds value to the obtained input.
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3.2. Characterization of Biop_AmRs

The Biop_AmRs presents a pH of 5.14 ± 0.06 and a conductivity of 331.23 ± 0.83 µS cm−1.
These results are related to the ionizable acid moieties present within the polymer chains.
The industrial polysaccharides gum arabic, pectin, and alginate demonstrate analogous
behavior due to their composition of sugar acids [31].

According to Cano-Sarmiento et al. [32], zeta potential is an important indicator
to evaluate electrical interactions in food systems, which has been used to characterize
food waste. The zeta potential value for the Biop_AmRs was −33.50 ± 0.05 mV, indicat-
ing that this material has an anionic character, which may be related to the presence of
anionic functional groups, such as hydroxyl and carboxyl, on the structure of the sam-
ple [33,34]. Very similar negative zeta potentials were obtained in natural biopolymers,
such as pectin (−31.30 ± 0.14 mV), xanthan gum (−33.20 ± 0.10 mV) [35], and alginate
(−29.94 ± 1.45 mV) [31]. Zeta potential has been used to determine the ionic nature and
colloidal properties of polysaccharides, and almost all natural polysaccharides have nega-
tive charges [35,36]. Zeta potential is one of the most important parameters indicating the
stability of colloidal dispersions. Dispersions with values around ±30 mV have high repul-
sive force to prevent aggregation or flocculation, indicating the formation of highly stable
colloidal dispersions [32,37]. Thus, this result indicates the formation of a stable colloidal
system that can be attractive to pharmaceutical, cosmetic, and food applications [38].

Three peaks corresponding to molecular weights (Mw) of 183.14 kDa, 27.52 kDa, and
0.16 KDa were detected in the crude polysaccharide of A. muricata residues (Biop_AmRs).
The extraction process can affect the molecular mass of polysaccharides, as shown by Lopes
Leivas et al. [4] in their work on the extraction and characterization of polysaccharides
from the soluble and insoluble fibers of soursop fruit.

Table 1 shows the biopolymer’s monosaccharide and uronic acid composition. This
result demonstrates that the material consists of a heteropolysaccharide, which is composed
of the following five neutral monosaccharides: arabinose (Ara, 10.0 mol %), xylose (Xyl,
10.0 mol %), mannose (Man, 3.0 mol %), galactose (Gal, 6.0 mol %), and glucose (Glc,
42.0 mol %). The results also indicated the presence of uronic acid (UA, 28.0 mol %).

Table 1. Chemical composition of biopolymer from A. muricata residues (Biop_AmRs).

Sample

Composition

Monosaccharides (Mol %) U.A. Total
(mg g−1)Ara Xyl Man Gal Glc

Bio_AmRs 10.0 10.0 3.0 6.0 42.0 28.0 505.88
Bio_AmRs: biopolymer from A. mirucata fruit residues. Ara: arabinose. Xyl: xylose. Man: mannose. Gal: galactose.
Glc: glucose. U.A.: uronic acid.

The predominant monomers identified in this simple were arabinose, xylose, and
glucose. According to Berumen-Varela et al. [3], the white pulp of soursop predominantly
consists of water and carbohydrates. Several studies with fruit pulps have shown a
varied monosaccharide profile [28,39]. This carbohydrate profile may be related to the
polysaccharides in the fruit pulp, such as the pectins. Pectins are abundant in the waste
of fruits and can be separated from most of the other components through precipitation
in ethanol [40,41]. A complex study conducted by Lopes Leivas and collaborators [4] of
fractions obtained from the aqueous and alkaline extracts of pulp from soursop fruits
(A. muricata) detected the presence of arabinose, xylose, galactose, glucose, rhamnose,
fucose, and uronic acids. The polysaccharides in the obtained fractions were characterized
as homogalacturonan, type II arabinogalactan, pectic arabinan, xylan-xyloglucan, and acid
xylan [4].

Fruit wastes contain variable amounts of proteins [42]. The protein content of the
Biop_AmRs sample in this study was 19.77 ± 0.66%. Agu and Okolie [43] determined the
proximal composition of the Annona muricata fruit and recorded 10.9% of crude protein.
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The higher concentration of proteins found in the Biop_AmRs may be attributed to the
extraction technique and concentration with drying.

Figure 2 presents the FTIR spectrum of the Biop_AmRs. The FTIR spectrum displayed
bands ranging from 1031 to 3350 cm−1, which is typical of scaffold vibrations for polysac-
charides. The absorption peak at 3350 cm−1 indicates an O–H group stretching vibration.
The bands at 2925 cm−1 and 2854 cm−1 are related to C–H stretching vibrations [44]. Ab-
sorption was observed at the peak of 1743 cm−1 derived from the stretching vibration of
the C=O carbonyl groups [45]. The absorption peak around 1740 cm−1, corresponds to
the presence of uronic acid in the polysaccharide structure [46]. The band at 1636 cm−1

is characteristic of the structure of a protein [47]. The 1031 cm−1 peak is associated with
a region that is considered the fingerprint of all polysaccharides [48]. The presence of
absorption bands in the range of 1400 cm−1 to 987 cm−1 seen in the sample indicates the
presence of pectin polysaccharide rich in uronic acids and xylans [49].
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Figure 2. (a) Fourier transform infrared spectrum (FTIR) of Biop_AmRs; (b) X-ray diffractogram
of Biop_AmRs.

The X-ray diffraction patterns of the Biop_AmRs are presented in Figure 2. The
Biop_AmRs diffractogram exhibited a characteristic amorphous halo and peaks at 2θ = 11.5◦,
24.75◦, and 40.94◦. According to the pectin analysis performed by Wahid et al. [50], the
peak around 24.6◦ and 43.7◦ corresponds to the 002 and 100 plane of carbon, respectively.
This result characterizes this polysaccharide as semicrystalline [51]. It is possible to observe
a semicrystalline profile similar to that of the pectin sample, which reinforces the results
obtained using FTIR and chemical analyses [52].

Thermoanalytical analyses are widely used to test raw materials, demonstrate the
stability and compatibility of ingredients, and obtain new formulations. In this study, the
thermal stability and the decomposition of the Biop_AmRs were examined using TGA,
DTG, and DSC, and the results are shown in Figure 3. It is noted that there is a three-step
degradation pattern for the sample. The first mass loss stage starts around 50 ◦C and
corresponds to about a 10% mass loss of water in the sample. This loss may be related
to hygroscopic moisture and the condensation of hydroxyl groups on the surface of the
sample [53,54]. The second mass loss event starts at about 250 ◦C to 300 ◦C and corresponds
to the main mass loss in a total of 50% of the sample; this stage involves the alteration
of functional groups and depolymerization of polymeric structures [55]. The third stage,
between 450 ◦C and 500 ◦C, corresponds to the oxidation range. The DTG curve (Figure 3a)
shows that the Biop_AmRs has a temperature of maximum weight loss rate (Tmwl) of
approximately 493 ◦C. The temperature of maximum weight loss rate (Tmwl) determines
the thermal stability of a material. A higher Tmwl indicates greater thermal stability [56]. A
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similar thermal profile has been observed for other polysaccharides, including pectin [52,57].
The Biop_AmRs demonstrated favorable thermal stability and potential for use in the food
and pharmaceutical industries.
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10 ◦C min−1.

In Figure 4, it is possible to observe the electron micrograph of the Biop_AmRs powder.
The Biop_AmRs micrographs showed a spongy, rough, and irregular material. According
to Joulak et al. [58], the morphology of polysaccharides can influence their functional,
sensory, and physical properties. It is important to note that fibrous aggregates of non-
uniform size and distribution affect the intrinsic viscosity and molecular weight of the
polymer. Furthermore, as the size of the surface area of a particle increases, consequently,
its hydration capacity increases [59]. Polymers that hydrate and swell are important
pharmaceutical excipients in controlled drug release matrices [60].
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Films with the Biop_AmRs were obtained using the casting method (Figure 1d). These
films presented homogeneity, transparency, and flexibility. Casting is the most common
technique for obtaining pectin films (2–3 wt%) containing mainly glycerol as a plasticizer.
Films made from biopolymers have several advantages compared to synthetic polymers,
including biodegradability, non-toxicity, renewability, waste reduction, environmental
friendliness, and others [16]. Film-forming polymers present versatile industrial applica-
tions. These polymeric films may be applicable in tablet coatings, transdermal patches,
wound dressings, and different drug deliveries [60,61]. In the food industry, films or
coatings, including carriers of active compounds, have been widely used [62].

The functional properties of polysaccharides are influenced by the structure, molecular
weight, chemical composition, and type of glycosidic bonds [63]. Table 2 shows the results
of the technological properties of the Biop_AmRs.

Table 2. Technological properties of the biopolymer from A. muricata residues (Biop_AmRs).

Functional Properties Results (%)

Water holding capacity 47.50 ± 0.33
Emulsifying capacity 97.33 ± 4.62

Emulsifying stabilization 40.00 ± 0.00
Foaming ability Absence

The Biop_AmRs has a water holding capacity (WHC) of 47.50%. This high water
uptake is proportional to the unfolding of the polysaccharide chains [64]. WHC is one
of the most important functional properties and represents the amount of water retained
by 1 g of dry sample [65,66]. This property is also related to the texture of the polymer,
as it depends on the interaction of water with it [67]. This is an attractive property for
the food industry, as the polymer can be applied as a stabilizer and texture modifier [68].
Interesting results of the emulsifying properties of the Biop_AmRs are shown in Table 1.
An interesting property of natural polysaccharides is their emulsifying capacity (EC). The
EC of the biopolymer was 97.33%, showing that the sample has a high emulsifying activity.
Jeddou et al. [69] obtained values greater than 90% of the emulsifying capacity of the potato
polysaccharide. The emulsifying stabilization (ES) of the biopolymer was 40%. Spinel and
Oroian [66] presented similar ES results for citrus pectin (40.22%) and grape pomace pectin
(40.02%). Emulsions are formulations that are considered thermodynamically unstable and
require additives to prevent the loss of system stability. The ability to form and stabilize
emulsions is a major attraction in the use of new ingredients with industrial potential,
including polysaccharides and proteins, which are important components involved in
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emulsifying properties [66,70]. Therefore, emulsifiers increase the viscosity and improve
the stability and texture of food and pharmaceutical products [53,71]. Gheribi et al. [72]
define foam as gas bubbles dispersed in an aqueous phase. This property imparts flexibility
to the biopolymer and is related to the composition of the polysaccharide, which in this
case, did not exhibit foam formation [21]. These results indicate that the Biop_AmRs has a
promising potential as emulsifiers and stabilizers in food, cosmetic, and pharmaceutical
formulations but are not able to form foam.

In this study, the texturometric parameters (firmness, consistency, cohesiveness, and
viscosity index) of the Biop_AmRs were compared with two biopolymers that are popularly
used in the food, cosmetic, and pharmaceutical industries. The results of the texturometric
analysis can be seen in Figure 5.
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It was possible to observe that the parameters of firmness, consistency, cohesiveness,
and viscosity index of the Biop_AmRs were comparable to alginate, an anionic biopolymer
derived from algae with excellent physicochemical properties [73]. The similar firmness
and consistency values for the biopolymer and alginate samples may represent similar
viscosity and spreadability characteristics of cosmetic or pharmaceutical products [74,75].
Texture testing can help guide the development of new products with more attractive
mechanical properties [76,77].

The results of the mucoadhesiveness are shown in Figure 6. The Biop_AmRs powder
presented an adhesion force (Fmax) of 0.093 ± 0.005 N and work of adhesion (Wad) of
0.030 ± 0.005 N.s. Mucoadhesion is a complex process that involves intimate contact
between two surfaces, one of which must be a mucosal tissue or membrane and the other
a mucoadhesive material [78,79]. This process occurs in two stages, the first related to
the first contact between the mucoadhesive material and the mucosa and the second,
the consolidation phase, involving secondary physical and chemical interactions such as
hydrogen bonds, van der Waals forces, and electrical attractions [80]. In general, polymers
that have many hydrophilic groups have a higher mucoadhesive potential; this ability
is strongly impacted by a variety of variables, including chain flexibility, molar mass,
molecular charge, crosslinking density, ionic strength, and moisture level [81].
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Figure 6. Mucoadhesive properties of the Biop_AmRs sample.

The Biop_AmRs showed an Fmax of 0.093 ± 0.005 N (93.33 mN), which was higher than
that observed by Freitas et al. [82] in natural and modified chichá gum (74.78 ± 1.09 mN
and 81.85 ± 0.17 mN, respectively). The mucoadhesive properties of the Biop_AmRs are
important for their application in the biomedical and pharmaceutical fields. It allows the
development of mucoadhesive drug delivery devices, including films and tablets.

The results obtained for the cytocompatibility analysis of the Biop_AmRs are in
Figure 7a. A survival rate above 95% was observed for all concentrations tested, indicating
that the Biop_AmRs did not present cytotoxicity for the concentrations tested in the used
strains. Cytotoxicity is described as the toxic effects of materials on biological tissues. In
this context, cell viability assays are important to assess cell damage from potentially toxic
substances [83]. According to ISO (ISO, 2009), a compound with a cell viability inhibition
percentage above 30% is cytotoxic. Moreover, a compound with a cell viability inhibition
percentage above 70% is considered a cytocompatible material. New raw materials for
applications in healthcare devices should not be toxic or present adverse responses in
the site and surrounding the applications. Due to this, before the preclinical or clinical
evaluation stages of new medical biomaterials, the cytocompatibility of the inputs must be
known [84].

The Biop_AmRs did not form a hemolytic halo in the blood agar, which indicates
that this biomaterial is hemocompatible (Figure 7b). Polymeric materials with promising
properties for use in medical devices or drug delivery systems are evaluated for hemocom-
patibility. Materials that may cause blood-related adverse events have limited biomedical
applications; therefore, the hemolysis test is essential for assessing the hemocompatibility
of materials intended to be applied in biological systems [85,86]. Moreover, it may come
into contact with blood since damage to erythrocytes resulting in the release of hemoglobin
is considered the first evidence of cytotoxicity in human cells [87]. This result corroborates
the results obtained in the cytotoxicity analysis.
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4. Conclusions

In this study, it was possible to observe promising properties of the biopolymer from
A. muricata fruit residues (Biop_AmRs). The Biop_AmRs is an anionic heteropolysaccha-
ride with semicrystalline characteristics, an excellent water holding capacity, and good
emulsifying and mucoadhesive properties. The biopolymer also showed cytocompatibility
on the L929 cell line, as well as hemocompatibility. These findings identify the Biop_AmRs
as a potential environmentally friendly raw material for use in the food, pharmaceutical,
biomedical, and cosmetic industries.
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