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ABSTRACT

Starch and xanthan are viscosifying, film-forming polysaccharides obtained from renewable
sources. The main objective of this work was to assess the effects of the cassava starch/deacetylated
xanthan proportion and reaction time in the crosslinking performed with sodium trimetaphosphate
on the Physico-chemical, rheological, structural, thermal, mechanical and barrier properties of
resulting hybrid polymeric powder and films. Xanthan deacetylation, performed to improve
crosslinking, increased xanthan viscosity and pseudoplasticity. For further crosslinking, the
crosslinking agent (SMTP) and the alkalizing agent sodium sulfate (SS) concentration was set at 5%
and 3% respectively relative to the total polymeric mass (5%m/v); and according to the Central
Composite Rotatable Design (DCCR 2°) the starch/deacetylated xanthan proportion and reaction
time was varied, totalizing 11 treatments with 3 repetitions at the central point. Physical and
chemical features of the crosslinked polymers were checked, as well as films based on the crosslinked
hybrid polymers were prepared and tested. Treatments that showed best results were T1 (s/x:
4.5/0.5; 52 min.) and T4 (s/x: 3.5/1.5; 127 min). These resulted in low solubility, thickness and
permeability to water vapor, with high tensile strength.
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x. Biopolix Technological Materials.

l INTRODUCTION

Starch and xanthan are polysaccharides obtained from renewable sources, having a number of
applications in food products as thickening agents and for coatings, films, microspheres, nanoparticles
and matrices (Jain et al., 2008; Nsengiyumva & Alexandridis, 2022; Teng et al., 2025). Starch is one
of the most abundant natural materials and has already countless industrial applications (Lecorre et
al., 2012). In spite of the benefits of starch, as relates to biodegradability, biocompatibility,
non-toxicity and excellent cost-benefit ratio (Li et al., 2012), it does not meet totally the properties
required by food coatings and protecting films, with highlights for mechanical performance and poor
water barrier of the formed films. In order to improve or adapt these properties, starch can be
submitted to physical and chemical modification processes (Sandhu et al., 2008; Zavareze et al., 2012;
Wang & Copeland, 2015; Villela et al., 2024).

London Journal of Research in Science: Natural & Formal

Volume 25 | Issue 13 | Compilation 1.0



London Journal of Research in Science: Natural & Formal

Modified starch has been employed in the development of biodegradable films and coatings for food
packaging because they are endowed with improved physical, chemical, morphological and
mechanical properties as compared with those of native starch films (Zavareze et al., 2012; Fonseca et
al.,, 2015). A recent study showed that cross-linked cassava starch films had better easiness of
handling, continuity, and brightness than the control film. Generally, cross-linking reduced the water
solubility and tensile strength and increased thickness, elongation and the films’ yellowish color and
opacity (Karow et al., 2025).

Starch/hydrocolloids associations have also been studied aiming at new formulations for the
improvement of film features (Matta et al., 2011). Hydrocolloids can intervene in the gelatinization
and retrogradation of starches (Pongsawatmanit & Srijunthongsiri, 2008; Weber et al., 2009), these
properties being able to affect film features. Among the explanations for such are the association of
same with swollen starch or with amylose chains lixiviated in the paste and competition for water with
starch. Such associations are highly dependent on the hydrocolloid structure (Chaisawang, 2006).

Researches involving xanthan as polymeric matrix for preparing films and coatings are still limited.
However, its use in association with starch or other hydrocolloids is better known (Shalviri et al.,
2010). Xanthan is a polysaccharide produced by bacteria species of the Xanthomonas gender,
normally Xanthomonas campestris pv campestris. It is soluble in cold or hot water, being stable as
relates to temperature, pH and ionic strength variation. It has been used in foods as thickening agent
and stabilizer (Garcia-Ochoa et al., 2000) and as edible coating (Luvielmo & Scamparini, 2009;
Medeiros et al., 2012) on minimally processed papaya (Cortez-Veja et al., 2013), apple (Freitas et al.,
2013), peach (Pizato et al., 2013), strawberry (Borges et al., 2013) and pomegranate (El-Rhouttais et
al., 2025); however, results depend on the specific fruit as well as on the additives. Chemical
modifications have been applied to xanthan (Pinto et al., 2011; Erten et al., 2014; Klaic et al., 2016),
chiefly deacetylation and crosslinking. Polymer crosslinking is a process occurring when linear or
branched polymer chains are interconnected; it is known as crosslinking, that is, links among linear
molecules leading to high molar mass tridimensional polymers (Bejenariu et al., 2009).

The objective of this work was to assess the crosslinking effects of native manioc starch/deacetylated
xanthan with sodium trimetaphosphate and sodium phosphate mixture as a function of reaction time
on the filmogenic and rheological properties.

Il.  MATERIAL AND METHODS

2.1. Material

Native marketed manioc starch YOKI® was used, purchased at the local markets of the town of
Pelotas-RS, and chemically modified by crosslinking at the Biopolymers Laboratory - CDTec/UFPeL.
Commercial (Jungbonzlaver) xanthan was employed in the study; it was deacetylated at the
Biopolymers Laboratory - CDTec/UFPeL. Sodium trimetaphosphate p.a. (Synth®), anhydrous
sodium sulfate p.a. (Synth®), glycerol p.a. (Synth®), alcohol 96°GL and distilled water were
employed for the chemical modification.

2.2. Chemical Modification

At first natural xanthan was deacetylated in an alkaline homogeneous medium, in accordance with
Klaic et al (2016). Determination of the native manioc starch/deacetylated xanthan proportions and
reaction time was obtained with the aid of Central Composite Rotatable Design. The proportions of
native manioc starch/deacetylated xanthan 4.5/0.5; 3.5/1.5; 4.7/0.3; 3.3/1.7; 4.0/1.0 m/m; and the
reaction times 37; 52; 90; 127 and 142 minutes were assessed through 11 treatments with three
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repetitions at the central point. Crosslinking of the native manioc starch/deacetylated xanthan
mixtures was performed in accordance with Soares et al (2013), with modifications on the time of
chemical reaction and reagents’ concentration. The concentrations of the crosslinking agent sodium
trimetaphosphate and the alkalizing agent sodium sulfate, as well as the polymer mass, were
determined in a previous study, in which the crosslinking of cassava starch was performed (Karow et
al., 2025). In the present study, part of the initial concentration of cassava starch was replaced with
deacetylated xanthan. All the proportions used totalized 5% of polymer mass. The dispersion of the
different mixtures was performed in distilled water at ambient temperature and the suspensions were
placed in a water bath under agitation up to 65°C for 15 min. Then the pH was adjusted to 9.5 with a
0.5M NaOH solution and sodium trimetaphosphate (STMP) in the proportion of 5.0 % and sodium
sulfate (SS) in the proportion of 3.0% was added relative to the starch/xanthan (s/x) mass and
transferred to another water bath at 45°C. Whenever needed, the pH was again adjusted to 9.5. This
mixture was kept under magnetic agitation for 37; 52; 127; 142 minutes in accordance with DCCR 22.
When the reaction time was completed, the pH was adjusted to 6.0 with the aid of a 2M HCI solution.
The samples were washed with ethanol, filtered, oven-dried at 45°C and later on thoroughly milled.

Table 1. Central Composite Rotational Design (CCRD 22) for crosslinking of the native manioc
starch/deacetylated xanthan mixture

Codified Levels Actual Levels
Treatment X Yb Starch + Xanthan (%o) Reaction Time (min)
T1 -1 -1 45+05 52
T2 +1 -1 35+15 52
T3 -1 +1 45+05 127
T4 +1 +1 35+15 127
T5 -1.41 0 47+0.3 90
T6 +1.41 0 3.3+1.7 90
T7 0 -1.41 40+1.0 37
T8 0 +1.41 40+1.0 142
T9 0 0 40+1.0 90
T10 0 0 40+1.0 90
T11 0 0 40+1.0 90

2 Starch + xanthan (%).
b Reaction Time (min).

2.3. Determination of acetyl and pyruvate content of the natural and deacetylated xanthan

The acetyl content of natural and modified xanthan gums was performed with the aid of the
hydroxamic acid colorimetric method as taught by McComb & McCready (1957) while the pyruvate
contents were determined by the 2,4-dinitrophenylhydrazine colorimetric method, according to
Sloneker & Orentas (1962). Acetyl and pyruvate contents were quantified with the aid of a standard
curve at the concentration of 0-450 ug/mL and 0 — 0.25 mg/mL, respectively.
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24. Characterization of native starch manioc, natural xanthan and native manioc
starch/deacetylated xanthan crosslinked mixtures

2.4.1. Humidity

In accordance with the AOAC (2012) method. Results were expressed in percentage.

2.4.2. Scanning Electronic Microscopy (SEM)

The morphology of native starch, of the natural and deacetylated xanthan gums and of the crosslinked
mixtures of native manioc starch/deacetylated xanthan was observed with a digital scanning
electronic microscope (Leo® model 440). The previously 40°C oven-dried samples were manually
dispersed on a carbon adhesive tape contained in an aluminum sample holder and recovered with
gold, the cover thickness being 20 nm. The beam current was 1 pA and the beam power, 10 KV.

2.4.3. Infrared Spectroscopy - IV

Native manioc starch, natural xanthan, deacetylated xanthan and crosslinked native manioc
starch/deacetylated xanthan mixtures infrared spectra were obtained by patching 2 mg of the samples,
milled (100 mesh) and dried, in 200 mg of spectroscopic grade potassium bromide. Analyses were
conducted in a (Model IR Prestige 21, Shimadzu®) spectrophotometer, in the wave number range
from 4,000 to 400 cm™under transmittance mode, with 60 scannings and 4 cm™resolution.

2.4.4. Rheometric Analyses

Native manioc starch, natural xanthan, deacetylated xanthan and crosslinked native manioc
starch/deacetylated xanthan mixtures were analyzed; as a control of the crosslinking process, the
physical mixtures of native manioc starch/deacetylated xanthan with the higher and lower xanthan
level were also analyzed. Rheometry was performed with a rheometer (Haake® Rheostress 600, model
RS150) with a temperature controller (Peltier, + 0.1 °C). The viscosity of the 3% aqueous solutions was
determined by shear stress curves versus deformation rate at 25°C, with the aid of cone and plate
geometry (C35/1° sensor; 0.052 mm gap) and shear rate 0.1-400 s™for 400 s. The index of consistency
K (Pa/s) and flow n (nondimensional) parameters of the Ostwald-de-Waele rheological model were
obtained from the viscosity curves (mPas) versus deformation rate (s*) at 25 °C, of the 3% (m/v)
aqueous solutions.

2.4.5. Thermal Properties - DSC

The thermal properties of the native manioc starch, natural and deacetylated xanthan and native
manioc starch/deacetylated xanthan mixtures were assessed in a scanning differential calorimeter
(ASTM, 2013). Approximately 5 mg of each sample were weighed in an aluminum capsule and closed
hermetically. The samples’ containing capsules were heated, together with an empty capsule as
reference, under a nitrogen atmosphere to secure an inert atmosphere during the analyses, under a
flow of 50 mL/min; the equipment was a DSC-60 Shimadzu, heating was performed between 25 °C
and 240 °C, under a heating rate of 10°C/min and cooling from 250 °C to 100 °C at a 10°C/min rate.

The samples start, peak and final melting temperatures were obtained, as well as the melting
enthalpy. The temperature variation was calculated by subtracting the final and starting melting
temperatures.
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2.5. Preparation and characterization of films

2.5.1. Preparation of films

Based on the native manioc starch and the 11 native manioc starch/xanthan deacetylated mixtures (T1
to T11) obtained by the crosslinking process, as stated in experimental design CCRD 22, 13 films were
produced by the casting method, being named as FC (Control Film) and F1 to F11, respectively. The
different filmogenic solutions were prepared by casting 3.0 g of the native manioc starch/deacetylated
xanthan crosslinked mixture and 0.9g glycerol in 100 mL water as solvent. This solution was kept for
30 min at 85°C under mechanical agitation and 20 mL aliquots were distributed in 9 cm diameter
Teflon plates and dried in an oven at 56°C for 24 h, being stored in a desiccator at 25 °C + 3 °C with
relative humidity of 55% + 3 (in the presence of a magnesium nitrate saturated solution).

2.5.2. Macroscopic Assessment

Films were assessed macroscopically by the general aspect, followed by the parameters described by
Gontard et al. (1992) to select the homogeneous films (absence of insoluble particles and bubbles,
uniform color), continuous (without the presence of cracks or brittle zones) and that make handling
possible (ease in withdrawing films from the support).

2.5.3. Scanning Electron Microscopy (SEM)

Films SEM was performed as described in 2.4.2 item, with a small fragment of each film, previously
40°C oven dried, being manually laid on the carbon adhesive tape.

2.5.4. Water Vapor Permeability (W/VP)

Permeability was assessed in accordance with Gontard and collaborators (1992). The film was placed
in a silica gel-containing cell (RU = 0%, 0 mm Hg vapor pressure), forming a membrane. The cell was
then placed in a desiccator with distilled water (RU = 100%; 32.23 mm Hg vapor pressure) under a
controlled temperature of 22°C. The cell was weighed in a semi-analytical scale on the sixth day. The
permeability was calculated by means of equation 2:

G XV
wvp = AXt(pl-p2) 2)

London Journal of Research in Science: Natural & Formal

Where: WVP = water vapor permeability (g.mm/m>.day.mm.Hg); G = weight acquired by the cell
during 24 hours (g); V = film average thickness (mm); A = film permeation surface (m?); t = time
(days); p1-p2 = vapor pressure gradient between the film surfaces (32.23 mmHg).

2.5.5. Water solubility

The films were assessed as for their water solubility according to the methodology described by
Zamudio-Flores and collaborators (2010) with modifications. Films’ samples were cut into 2 cm
squares and the initial dry matter percentage of each one was determined after drying in an oven at
105°C for 24 h. After weighing, the samples were placed in an Erlenmeyer flask with 50 mL of distilled
water and agitated at 200 rpm for 24 h.
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2.5.6. Thickness

Films’ thickness was assessed in accordance with ASTM F2251 - 13 (2013) Method by the arithmetic
average of ten aleatory measurements on their surface, with the aid of a digital micrometer (Insize,
model IP-54), and the results expressed in mm.

2.5.7. Mechanical properties

Tensile strength and films’ elongation percentage were assessed in a texture analyzer (TA.TX Plus,
Texture Analyzer) in accordance with the ATM D 882 - 12 (ASTM, 2012) Method. Three samples of
each treatment, with 80 mm length and 25 mm width were assessed, with initial claw separation of 40
mm and test velocity 0.8 mm/s. Tensile strength was calculated by dividing the maximum strength at
films failure by the cross-sectional area. Elongation was determined by dividing the final attained
distance at film failure by the initial separation distance (40 mm), multiplied by 100 (Jangchud &
Chinnan, 1999).

2.5.8. Opacity

Films opacity was assessed as the relationship between opacity of the film superimposed on the black
standard (Sblack) and white standard (Swhite) (Hunterlab, 1997).

2.6. Statistics

Results were submitted to variance analysis (ANOVA) and the comparison of averages by the Tukey
test at 5% significance with the aid of the statistix 9.0 program. Central Composite Rotatable Design
(DCCR 22) was used and the generated response surfaces, the statistica 8.0 program.

. RESULTS AND DISCUSSION

3.1. Chemical characterization of natural and deacetylated xanthan

Table 2 lists the figures obtained for the acetyl and pyruvate contents for natural xanthan and those
from the xanthan chemical modification.

Table 2: Contents for natural xanthan and from xanthan chemical modification Sample Contents (%)

Acetyl Pyruvate
Sample Contents (%)
Acetyl Pyruvate
Natural xanthan 2.76° 4.00°
Deacetylated xanthan 0.71° 5.092

Results represent the average of three determinations. Figures with different letters in the same
column are significantly different by the Tukey test (p<0.05). Standard curves: Acetyl: y = 0.0003x +
0.0002 (R?=0.999) / Pyruvate: y = 6.703x + 0.0479 (R*>= 0.957).

The deacetylation method was efficient for acetate groups removal from natural xanthan, according to
the chemical analysis of the acetyl content in Table 2. Infrared spectroscopy results confirm these data
(Fig. 2) by the absence of the band at 1710 to 1730 cm™, related to C=0 bond esters axial deformation.
The literature reports acetyl values varying from 1.9 and 6.0% for xanthan (Garcia Ochoa et al., 2000).
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According to Burdock (1997) the lower limit for pyruvate content in commercial xanthan is 1.5% and
Garcia-Ochoa and collaborators(2000) point to values from 1 to 5.7%, the findings of this study being
in conformity. Smith and collaborators (1981) established that commercial xanthan gums exhibited
variations in the degree of substitution of acetate and pyruvate groups and according to the
researches, these variations can be observed between different batches of the same source.

3.3 SEM

Fig. 1 illustrates the morphology of the neat polysaccharides and of the crosslinked mixtures of native
manioc starch/deacetylated xanthan.

Fig. 1: Scanning Electron Micrography 1500x magnification, for neat polysaccharides and for
crosslinked native manioc starch/deacetylated xanthan. (a) native manioc starch; (b) natural xanthan;
(c) deacetylated xanthan; (d) T1 (starch 4.5/xanthan 0.5 to 52 min); (e) T3 (starch 4.5/xanthan 0.5 at
127 min): (f) T4 (starch 3.5/xanthan 1.5 at 127 min); (g) T6 (starch 3.3/xanthan 1.7 at 90 min); (h) T12
(starch 4.0/xanthan 1.0 at 90 min).

For native manioc starch (Fig. 1, a) in a characteristic way, granules of varied size could be seen, of
predominantly oval shape. According to Rickard, Asaoka & Blashard (1991) native manioc starch has
5-35 um diameter round, oval, polygonal and cylindrical granules. For natural xanthan fiber remains
can be observed (Fig. 1, b) formed during recovery, when the polymer is made insoluble with a
non-solvent such as ethyl or isopropyl alcohol (Vendruscolo et al, 2000). Xanthan deacetylation
process involves solubilization, treatment and re-insolubilization, with further drying. The withdrawal
of acetyl ions caused reduction in repulsion among molecules (Klaic et al, 2016), enabling higher
material compaction (Fig. 1, c¢). As can be observed, crosslinking of the native manioc
starch/deacetylated xanthan caused breakage of granule structure (Fig. 1, b-h). For materials
originated from crosslinking of mixtures containing lower proportion of xanthan highly compact
polygonal structures could also be observed (Fig. 1, d, e, h), which are absent from treatments where
xanthan is in higher amount (Fig. 1, f, g). In some cases, it was possible to observe orifices, probably
caused by bubbles trapped in the material (Fig. 1, g).
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3.4. Infrared

Fig. 2 shows spectra for natural and deacetylated samples (Fig. 2, a), sodium trimetaphosphate (Fig.
2, b), native manioc starch and a few spectra of native manioc starch/deacetylated xanthan crosslinked
mixture (Fig. 2, ¢).
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Fig. 2. IR spectra for natural xanthan, deacetylated xanthan (a); SMTP (b); native manioc starch and
treatments T1 (starch 4.5/xanthan 0.5; t 52 min) and T4 (starch 3.5/xanthan 1.5; t 127 min) (c¢) in
accordance with the Central Composite Rotatable Design.

Infrared spectroscopy results strengthen those found in the acetyl content chemical analysis (Table 2).
The axial deformation of the C=0 linking esters is characterized by a band at 1710 to 1730 cm™(Faria,
2011), normally present in xanthan spectra. This band is however absent in deacetylated xanthan (Fig.
2, a) and in the crosslinked mixtures of native manioc starch/deacetylated xanthan (Fig. 2, c¢). This
result corroborates deacetylation effectiveness. Spectra of crosslinked mixtures of native manioc
starch/deacetylated xanthan samples exhibit a strong and large absorption band at 3200 to 3600 cm™,
related to hydroxyl groups (OH), both free and associated through hydrogen bonds, but having lower
intensity relative to the controls (native starch and deacetylated xanthan) and at 2931 cm™, related to
the asymmetric stretching of methylene group (CH.,).
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The main sign of modification as a function of sodium trimetaphosphate is the insertion of absorption
bands in the 1000 to 1200 cm™region, related to the axial deformation of the methyl esters C-O
linkage in the crosslinked mixtures. The accentuated intensities of the bands in the region of 516.92 to
687 cm™are attributed to the vibrational stretching of the phosphorus bridges (O-P-O) and/or (P=0),
from 756 to 776 cm™, related to the (P-O-P) symmetrical stretching. The band at 895 cm™is attributed
to the asymmetric vibrational stretching of the P-O-P group, and at the 1210 cm™region are the bands
related to the symmetrical -P=0 stretching (Silverstein et al., 2007). The band aspect at 1022 cm™,
related to changes in structural organization, shows that the formed materials are of amorphous
character (Li et al., 2009). Phosphate bonds characteristic bands (1210 cm™) which supposedly occur
through STMP insertion to the polymer do not appear in the crosslinked samples spectra, being
associated to low crosslinking levels (Li et al., 2009).

3.5. Rheometrical Analyses

In Fig. 3 viscosity curves versus shear stress for native manioc starch, natural and deacetylated
xanthan gums and the crosslinked mixtures of native manioc starch and deacetylated xanthan gums
can be seen. As a control for the crosslinking process effect, the physical mixtures, without
crosslinking obtained by the proportions of starch/xanthan used in T5 and T6 respectively, with the
lower and the highest xanthan concentration, were also assessed.

Materials exhibited pronounced differences as regards viscosity and pseudoplasticity. Deacetylated
xanthan showed the higher viscosity, while natural xanthan did not correspond to the expectations;
native starch, however, was the least viscous material. All crosslinked samples were more viscous than
native starch. This is a quite significant result, since in a previous study on starch crosslinking it has
been identified that some treatments caused increase in viscosity, while other ones, reduction. The
condition used (S 5%; STMP 5%; SS 3%) was the same employed for T1 of the starch crosslinking
study, which resulted in a more viscous material than the native manioc starch (Fig. 3) of the previous
study.

- T1 -+~ T8

- T2 - T12

-+ T3 -©- Native starch

% T4 - Deacetylated xanthan

o T5  —» Natural xanthan

wes 1B Starch + non-crosslinked xanthan T5
- Starch + non-crosslinked xanthan T6

104

10°

Viscosity (mPa.s)

102

10" o . .
1 10 100

Deformation Rate (s™)

Fig. 3: Filmogenic solution for native and crosslinked manioc starches at 3%, according to the Central
Composite Rotational Design (CCRD 22).
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Table 4 contains the values obtained for parameters K and n through the Ostwald-de-Waele
rheological mathematical model.

Table 4. Effects of the treatments performed on the humidity and the parameters of the Ostwald-de
Waele rheological model of the polymers ® Flow index.

Humidity K2 n® (non- R2¢
Treatment ] ] . .
(%) (Pa.s™) dimensional)  (nondimensional)
Native starch 11.983+0.01°  0.69 + 0.02¢ 0.68 + 0.012 0.999
Natural Xanthan 12.63+0.02° 1.367 £ 0.02¢ 0.41 + 0.01b° 0.997
Deacetylated Xanthan ~ 12.010+0.01°  34.4 + 3.68" 0.12 + 0.05° 0.999
T1 9.880+0.019 3.15 + 0.03 0.41 +0.01b¢ 0.998
T2 11.027+0.01¢¢  9.12 +0.87¢% 0.20 + 0.08% 0.997
T3 11.333+0.01°  6.29 + 0.67¢f 0.28 + 0.01% 0.997
T4 9.343+0.01" 10.43 + 0.079 0.13 +0.02¢ 0.995
T5 10.553+0.02%"  1.83 + 0.19¢ 0.46 + 0.05° 0.997
T6 10.330+0.03¢  17.26 + 1.24° 0.16 + 0.07% 0.995
T7 10.740+0.05%  8.54 + 0.38¢% 0.31 + 0.01bcd 0.999
T8 12.893+0.03*  14.50 + 0.21°¢ 0.24 +0.01% 0.998
T11 10.103+0.01™®  9.16 + 0.16% 0.29 + 0.01% 0.997
Starch + non-
* **x **x **x
crosslinked xanthan T5
Starch + non-
* 45347 £+ 0.05¢  0.30 + 0.02« 0.997

crosslinked xanthan T6

& Index of Consistency

b Flow index.

¢ Coefficient of determination.

Equal letters on the same column mean that there is no significant difference between the treatments
for p < 0.0. *Not determined. **Negative Value, not Significant Values for humidity are in accordance
with the Regulatory Instruction MAPA n° 23 of December 14, 2005 (BRAZIL, 2005a) which states
that it could be up to 14%. ANVISA, according to RDC n° 263 of September 22, 2005 (BRAZIL,
2005b), allows a maximum of 18%. Leonel et al (2009) upon characterizing manioc starch for use in
producing extrudates obtained 12.2% humidity. In this study the humidity contents were 12.263% and
12.010% for the natural and deacetylated xanthan gums respectively, higher values than those
reported in the literature for commercial xanthan, which normally has a water content of nearly 10%
(Garcia-Ochoa et al., 2000), with from 8 to 15% being acceptable (Born et al., 2002; Garcia-Ochoa et
al., 2000). As for viscosity, deacetylated xanthan was the most viscous material, being higher than
that of natural xanthan. Studies by Khouryieh and collaborators (2007) reported that both the
viscosity and the viscoelasticity of the mixtures with deacetylated xanthan were higher than those with
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natural xanthan. Authors also attributed the increase in synergistic interaction to deacetylation, due
to its contribution to the destabilization of the helicoid structure and consequent disordering of the
xanthan molecule.

As relates to native starch, all the manioc native starch/deacetylated xanthan crosslinked mixtures
had higher viscosity and pseudoplasticity, corroborated by the higher K and n values, respectively.
Treatments T6 and T8, which combined the higher levels of xanthan and time, respectively, had the
higher viscosities, without differing statistically, showing the best results. The lower viscosity was
observed for T5, obtained with the lowest xanthan level and time at the central value.

The physical mixtures (without crosslinking) obtained by the starch/xanthan proportions used for T5
and T6, respectively with lower and higher xanthan concentration, presented relevant data. T5 did not
present significant data, and T6 had the highest viscosity of this study. This is an important
information which deserves to be examined; however, the goal of this study is the polymer mixtures
crosslinking, to obtain improved properties, such as WVP and solubility.

Figures for n (flow behavior indexes) were lower than the unity (1), which characterizes non newtonian
fluids of pseudoplastic behavior, that is, the farther it is from the unity, the higher the
pseudoplasticity, characterized by viscosity reduction with increased tensions. This same behavior was
observed by Lopez et al (2008) for flow curves of starch filmogenic suspensions.

Treatment T6, which combined the highest xanthan concentration (T6 - S 3.3% and X 1.7%, with 90
min reaction time), resulted in the starch xanthan mixture with the best rheological characterization,
higher viscosity.

3.6. Thermal Properties (DSC)

Table 5 shows that both the original polymers and those hybridized by crosslinking had endothermic
peaks, and that a huge difference in enthalpy variation could be observed among the samples.

Deacetylated xanthan showed lower melting range, indicating lower polydispersity (REF), and
occurred at a temperature (144.18°C) higher than that of the native manioc starch (75.99°C).
Therefore, it appears that deacetylation can have a positive effect on xanthan, since Ramasamy and
collaborators (2011) determined that commercial xanthan melting temperature is in the range of 9o to
120°C, with an endothermic peak observed at 108.9°C. The same value was found for commercial
xanthan by Ahuja et al. (2012). According to Horn et al. (2023), who obtained xanthan under different
conditions, xanthan degradation starts around 150°C and ends at 400°C. As for starch, the thermal
transition occurred at much lower temperatures, consistent with the lower structural stability of
native manioc starch and the absence of crosslinking interactions.

In general terms crosslinking increased melting temperature, comparing to deacetylated xanthan and
native manioc starch, but the effect on enthalpy variation was dependent on the time variable. The
highest melting temperature was observed for sample T4, submitted to a longer reaction time (127
min), while sample Ti, crosslinked under milder conditions (52 min) exhibited lower melting
temperature as compared to sample T4.
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Table 5. Differential Scanning Calorimetry for deacetylated xanthan, native manioc starch, and a few
crosslinked treatments; heating from 30 to 205 °C at a 10 °C/min rate; and cooling from 250 °C to
100 °C at a 10 °C/min rate.

Parameters Deacetylated Native manioc T1 T4
X. starch
Onset - T° (°C) 141.22 33.93 143.74 182.74
Peak-Tp (°C) 144.18 75.99 146.40 185.41
Endset Tf (°C) 150.08 106.27 155.33 185.35
AT (T£-TO) (°C) 8.86 72.34 11.59 2.61
Enthalpy variation AH (J.g?) 110.35 316.86 86.00 0.67

3.7. Characterization of the films
3.7.1. Macroscopic Properties

Fig. 4 illustrates the aspect of the produced films from crosslinked mixtures of native manioc
starch/deacetylated xanthan.

Fig. 4: Films obtained by casting based on a filmogenic solution containing 3% (m/m) of the
crosslinked mixture of native manioc starch/deacetylated xanthan and 0.9% glycerol (a) F1 (T1); (b)
F4 (T4); (c) F6 (T6).

Films based on the crosslinked mixture of native manioc starch/deacetylated xanthan were excellent
as regards homogeneity, handling and continuity. For films of higher xanthan concentration bubbles
were formed, since the higher viscosity provides the imprisonment of same.

Thickeners are commonly used as stabilizers for aerated systems (Damodaran et al., 2010). Films had
also fair transparency and gloss.
3.72. SEM

Fig. 5 illustrates the aspect of films prepared with the crosslinked mixture of native manioc
starch/deacetylated xanthan.
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Fig. 5. Films prepared with the native manioc starch/deacetylated xanthan mixture of treatments 1 (a)
and 4 (b).

Aiming at observing and analyzing possible roughness and flaws SEM measurements were performed.
Fig. 5 illustrates the micrographs for different films of the crosslinked mixture of native manioc
starch/deacetylated xanthan. In comparison with films obtained from crosslinked starches, as
reported in the previous study, addition of xanthan to starch previously to crosslinking provided more
homogeneous films. The surfaces of the crosslinked films do not have pores nor cracks. Xanthan or
starch granules were not observed, those being completely solubilized. The films were continuous and
homogeneous. Similar results were reported by Henrique et al. (2008), who compared the
micrographs of commercial crosslinked starch films to other three different kinds of modified
starches.

3.7.3. Physical and chemical properties

Table 6 lists the results of the experiment, for the two assessment periods, obtained by applying the
second order Central Composite Rotational Design (CCRD 22) based on the response surface
methodology (RSM) employed to assess the effect of crosslinking on the mixture of native manioc
starch/deacetylated xanthan, and of the reaction time on the physical and chemical properties of the
edible films obtained.

Table 6: Experimental CCRD 22 planning matrix, with codified and actual levels, and values of the
variable responses obtained for the films Independent Variables Dependent Variables

Independent Variables Dependent Variables
Treatments Starch + Xanthan Time Solubility e : Fensite Elongation
% {imin) % WVP Thickness Opacity strength %)
(Mpa)

1 -1(4.5+0.3) -1(52) 17.96 7.16 0.099 10.69 12.33 2908
2 +1(35+1.5) -1(52) 19.05 9.50 0.104 10.7 10.67 73

3 -1{45+0.35) +1 (127) 12.21 11.52 0.125 10.95 7.58 25.08
4 +1(35+1.3) +1(127) 12.13 8.42 0.099 10,52 13.04 10.08
5 - (4.7+03) 0 (90) 16.19 8.13 0.114 10.66 5.62 34.42
6 +a (3.3+1.7) 0(90) 14.70 8.66 0.097 10.47 10.33 4.58
7 0(40+1.0) -a (37) 1586 9.89 0.137 991 5.92 13.58
8 0(4.0+1.0) ba (142) 17.78 10.11 0.126 13.54 6.54 3.17
9 0(4.0+1.0) 0 {90) 18.67 7.22 0.107 12.45 857 12.67
10 0(4.0+1.0) 0 (90} 18.60 8.02 0.107 11.54 7.34 9.83
1 0(4.0+1.0) 0 (90) 18.44 7.90 0.109 11.27 7.86 14.58
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For the dependent variables, solubility, opacity and tensile strength, the effects were not so
statistically significant within the studied ranges, as well as it has not been possible to generate
predictive models for these analyses, as well as demonstrate the respective response surfaces.

The best solubility results were obtained at F1 (T1 — 4.5 starch + 0.5 xanthan) and F4 (T4 — 3.5 starch
+ 1.5 xanthan), where F1 combined the lower WVP value (7.16%) and low solubility (17.96%), poor
thickness (0.099mm) and low xanthan concentration (0.5%), which would imply in lower process cost
for the industrial application. F4 also revealed itself as efficient, since it had the lowest solubility value
(12.13%) and one of the lowest WVP values (8.42%) and thickness (0.099 mm), this set of properties
being very positive for obtaining edible packaging films.

For the tensile strength analysis, the proportion of native manioc starch/deacetylated xanthan, its
interaction with time influenced the results, however time per se did not show effect in this response.
For the opacity results, independent variables did not produce any effects.

For the dependent variables, WVP, thickness and elongation, significant and predictive mathematical
models were generated, with 95% confidence and coefficients of determination (R?) 0.90, 0.72 and
0.93, respectively. Based on statistical analysis, the significant regression coefficients at 95% were
considered in the mathematical models proposed to represent Equations 1 (WVP), 2 (Thickness) and 3
(Elongation) for the films, as a function of the percentage of xanthan and starch (XS) and reaction
time (T). See below Equations 3, 4 and 5:

WVP =7.71 — 0.003%xXS + 0.66xXS?+ 0.90xT + 2.27xT?— 2,72xXSxT (3)
Espessura = 0.11 — 0.01xXS — 0.008xXS?*+ 0.001xT + 0.018xT?— 0.016xXSxT (4)
Elongacdo = 12.34 — 19.68xXS + 9.23xXS?*— 4.08xT — 1.97xT?+ 3.20xXSxT (5)

The response surfaces and contour plots for the analyses of films based on the model generated by
Equations 3, 4 and 5 are respectively illustrated in Figures 8, 9 and 10.
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Fig. 8: Response surfaces and contour plots as a function of starch and xanthan proportion and time,
related to the WVP analysis.
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No significant effect of the native manioc starch/deacetylated xanthan crosslinked mixture related to
water vapor permeability (WVP) could be observed, it being evidenced only when combined with time.
However, reaction time had significant effect per se. Increased xanthan concentration in the
treatments provides superior WVP results as can be observed for the contour plot (Fig. 8).

Matta et al. (2011), assessed biofilms obtained from pea starch associated with xanthan gum and
glycerol, and found solubility values between 3.14 and 18.19%. In this study the values obtained were
between 12.13 and 17.96%.
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Fig. 9. Response surfaces and contour plots as a function of the starch and xanthan percentage and
time, related to thickness analysis.

For thickness all the variables had a significant effect, with values between 0.097 and 0.137 mm.
According to Embuscado & Huber (2009) in general biodegradable films thickness is lower than
0.300 mm, this being a main physical feature, since in their use as packaging the type, volume and
weight of the food to be stored should be considered. According to the contour plot (Fig. 9) increase in
film thickness can be seen as far as xanthan concentration is increased and starch concentration in the
mixture is reduced. Silva (2011) found thickness values lower to those obtained in this study for
biofilms produced with native pine nuts starch (0.11 mm). Biofilms produced by Matta et al. (2011)
with pea starch and xanthan showed thickness variation from 0.055 and 0.098 mm.
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Fig. 10. Response surfaces and contour plots as a function of starch and xanthan percentages, related
to elongation analysis.
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For elongation analysis time did not show any effect on the results, only the starch/xanthan
concentration, with values between 3.17 to 34,42%. It could be seen that the increase in xanthan
concentration, combined with reduction in starch concentration caused reduced film elongation.

V. CONCLUSIONS

Deacetylation resulted in significant increase in xanthan viscosity. Deacetylation and crosslinking
were corroborated by absence of the band at 1710 to 1730 c¢cm™, related to C=0O bond esters axial
deformation and appearance of bands in the 1000 to 1200 cm™region, related to the axial deformation
of the methyl esters C-O linkage in the crosslinked mixtures, respectively.

Crosslinking variables polymers starch/xanthan proportion and reaction time influenced the hybrid
materials — powders and films - properties, which was corroborated by rheological, thermal, SEM and
IR analyses. Favorably, crosslinking increased viscosity and melting temperature. Higher proportions
of xanthan and reaction time caused increase in melting temperature and reduction in enthalpy
variation.

Films prepared from native manioc starch crosslinked with deacetylated xanthan hybrid polymers
exhibited excellent results as for macroscopic characteristics, low opacity, low humidity, WVP and
solubility. T1, obtained at level -1 of reaction time, combined the lower WVP with low solubility, small
thickness and the second higher tensile strength with, favorably, low amount of xanthan, which lowers
the industrial application process cost. T4 was also efficient, since it had the lowest solubility and one
of the lowest WVP value and thickness and higher tensile strength, this set of properties being very
positive for preparing edible packaging films.

4.1 CRediT authorship contribution statement

Marisa Karow: Writing — original draft, Visualization, Validation, Methodology, Investigation. Karine
Macagnan: Writing — original draft, Visualization, Data curation. Mariane Alves: Writing — original
draft, Visualization. Patricia Diaz: Project administration, Conceptualization. Ligia Furlan: Writing —
review & editing. Claire Vendrucolo: Project administration, Funding acquisition, Conceptualization.
Angelita Moreira: Writing — review & editing, Funding acquisition, Conceptualization, Supervision.

4.2 Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

ACKNOWLEDGEMENTS
The authors also thank the CAPES and CNPq funding agencies for financial support.

REFERENCES

1. Ahuja, M., Kumar, A., & Singh, K. (2012). Synthesis, characterization and in vitro release behavior
of carboxymethyl xanthan. International Journal of Biological Macromolecules, 51(5), 1086 -
1090.

2. AOAC- Association of Official Analytical Chemists. (2012). Official methods of analysis of
Association of Official Analytical Chemists International. (19 ed.) Gaithersburg. ASTM D 882-12.
(2012) Standard Test Method for Tensile Properties of Thin Plastic Sheeting. ASTM International,
West Conshohocken, PA.

3. ASTM F2251-13. (2013). Standard Test Method for Thickness Measurement of Flexible Packaging
Material. ASTM International, West Conshohocken, PA.

Physico-Chemical, Rheological, Structural, Thermal, Mechanical and Barrier Properties of Hybrid Powder and Films from Cassava

o Starch Crosslinked with Xanthan Gum L
28 \olume 25 | Issue 13 | Compilation 1.0 © 2025 Great Britain Journals Press



10.

11.

12.

13.

14.

15.

16.

17.

© 2025 Great Britain Journals Press

Bejenariu, A., Popa, M., Dulong, V., Picton, L., & Cerf, D. (2009). Trisodium trimetaphosphate
cross-linked xanthan networks: synthesis, swelling, loading and releasing behavior. Polymer
Bulletin, 62, 525—538.

Borges, C. D., Mendonga, C. R. B., Zambiazi, R. C., Nogueira, D., Pinto, E. M., Paiva, F. F. (2013).
Strawberries conservation with coatings based on xanthan gum and sage essential oil. Bioscience
Journal, 29(05), 1071-1083.

Born, K., Langendorff, V., & Boulenguer, P. Xanthan. In: Steinbiichel, A., Vandamme, E. J., & de
Baets, S. (2002). Biopolymers. (5 ed.) Weinheim: Wiley-VCH, (p. 259-291). Brasil. (2005a).
Ministério da Agricultura, Pecuaria e abastecimento. MAPA. Instrucao Normativa n° 23 de 14 de
dezembro de 2005, aprova o regulamento técnico de identidade e qualidade dos produtos
amilaceos derivados da raiz de mandioca. Available at: http://www.e legis.anvisa.gov.br. Accessed
on: August 25, 2015.

Brasil. (2005b). Ministério da Satude. Agéncia Nacional de Vigilancia Sanitaria (ANVISA).
Resolucdao RDC n. 263, de 22 de setembro de 2005. Aprova o regulamento técnico para produtos
de cereais, amidos, farinhas e farelos. Available at: http://www.e-legis.anvisa.gov.br. Accessed on:
August 25, 2015.

Burdock, G. A. (1997). Encyclopedia of Food and Color Additives. (3 ed.) New York: CRC Press, (p.
3153).

Chaisawang, M., & Suphantharika, M. (2006). Pasting and rheological properties of native and
anionic tapioca starches as modified by guar gum and xanthan gum. Food Hydrocolloids, 20(5),
641-649.

Cortez-Veja, W. R., Piotrowicz, I. B. B., Prentice, C., & Borges C. D. (2013). Conservacao de mamao
minimamente processado com uso de revestimento comestivel a base de goma xantana. Semina:
Ciéncias Agrarias, 34(4), 1753-1764.

Damodaran, S., Parkin, K. L., & Fennema, O. R. (2010). Quimica de Alimentos de Fennema. (4 ed.)
Porto Alegre: Artmed, (p. 900).

Demiate, I. M., Dupuy, N., Huvenne, J. P., CEREDA, M. P., & WOSIACKI, G. (2000). Relationship
between baking behavior of modified cassava starches and starch chemical structure determined by
FTIR spectroscopy. Carbohydrate Polymers, 42(2), 149-158. El-Rhouttais, C., Elfazazi, K., Kettabi,
Z. E., Laaraj, S., Elgoulli, M., Al-Zharani, M., Nasr, F. A., Qurtam, A. A., Bouslihim, Y., & Salmaoui,
S. (2025). Effect of Xanthan gum-based edible coating enriched with cloves and cinnamon for
extending the shelf-life of pomegranate fruit during cold storage. Scientific Reports, 15(1), 31518.
Embuscado, M. E., & Huber, K. C. (2009). Edible films and coatings for food applications. Nova
Yorque: Springer, (p. 403).

Erten, T., Adams, G. G., Foster, T. J., & Harding, S. E. (2014). Comparative heterogeneity,
molecular weights and viscosities of xanthans of different pyruvate and acetate contente. Food
Hydrocolloids, 42(3), 335-341.

FAO - Food and Agriculture Organization Of The United Nations. FAOSTAT. (2014). Production.
Available at: http:// www.faostat.fao.org. Accessed on: July 28, 2015. Faria, S., Petkowicz, C. L. O.,
Morais, S. A. L. M., Terrones, G. H., Resende, M. M., Franca, F. P., & Cardoso, V. L. (2011).
Characterization of xanthan gum produced from sugar cane broth. Carbohydrate Polymers, 86,
469 - 476.

FDA - Food And Drug Administration. (2007). Food starch modified: code of federal regulation.
Washington, 3.

Fonseca, L. M., Gongalves, J. R., Halal, S. L. M., Pinto, V. Z., Dias, A. R. G., Jacques, A. C., &
Zavareze, E. R. (2015). Oxidation of potato starch with different sodium hypochlorite
concentrations and its effect on biodegradable films. LWT- Food Science and Technology, 60,

714-720.

Physico-Chemical, Rheological, Structural, Thermal, Mechanical and Barrier Properties of Hybrid Powder and Films from Cassava
Starch Crosslinked with Xanthan Gum

London Journal of Research in Science: Natural & Formal

Volume 25 | Issue 13 | Compilation 1.0



London Journal of Research in Science: Natural & Formal

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33-

34.

Freitas, I. R., Cortez-Veja, W. R., Pizato, S., Prentice-Hernandez, C., & Borges, C. D. (2013).
Xanthan gum as a carrier of preservative agentes and calcium chloride applied on fresh-cut apple.
Journal Food Safety, 33(3), 229-238.

Garcia-Ochoa, F., Santos, V. E., Casas, J. A., & Gomez, E. (2000). Xanthan gum: production,
recovery and properties. Biotechnology Advances, 18(7), 549-579.

Gontard, N., Guilbert, S., & Cuq, J. L. (1992). Edible wheat gluten films: influence of the main
process variables on film properties using response surface methodology. Journal of Food Science,
57(1), 190-199.

Henrique, C. M., Cereda, M. P., & Sarmento, S. B. S. (2008). Caracteristicas fisicas de filmes
biodegradaveis produzidos a partir de amidos modificados de mandioca. Ciéncia e Tecnologia de
Alimentos, 28(1), 231-240.

Horn, M. M., Martins, V. C. A., & Plepis, A. M. G. (2023). Effect of Amylopectin Content on
Mechanical, Barrier and Thermal Properties of Plasticized Starch/Chitosan Films. Polysaccharides,
4,208-218.

Hunterlab. (1997). The color management company. Universal software, version 3.2. Reston. Jain,
A. K., Khar, R. K., Ahmed, F. J., & Diwan, P. V. (2008). Effective insulin delivery using starch
nanoparticles as a potential trans-nasal mucoadhesive carrier. European Journal of Pharmaceutics
and Biopharmaceutics, 69(2), 426-435.

Jangchud, A., & Chinnan, M. S. (1999). Peanut protein film as affected by drying temperature and
ph of film forming solution. Journal of Food Science, 64, 153—157.

Karow, M. F., Macagnan, K. L., Alves, M. 1., Fioravante, J. B., Rodrigues, R. S., Furlan, L., de Souza,
J. F. C,, Vendruscolo, C. T., & Moreira, A. da S. (2025). Investigations on the effect of sodium
trimetaphosphate and sodium sulfate concentrations on the properties of cross-linked cassava
starch films. Quimica Nova, 48(5).

Khouryieh, H. A., Herald, T. J., Aramouni, F., Bean, S., & Alavi, S. (2007). Influence of
deacetylation on the rheological properties of xanthan—guar interactions in dilute aqueous
solutions. Journal of Food Science, 72(3), 173-181.

Klaic, P. M. A., Nunes, A. M., Moreira, A. S., Vendruscolo, C.T., & Ribeiro, A. S. (2011).
Determination of Na, K, Ca and Mg in xanthan gum: Sample treatment by acid digestion.
Carbohydrate Polymers, 83, 1895—1900.

Lecorre, D., Bras, J., & Dufresne, A. (2012). Influence of native starch’s properties on starch
nanocrystals thermal properties. Carbohydrate Polymers, 87(1), 658— 666. Leonel, M., Freitas, T.
S., & Mischan, M. M. (2009). Physical characteristics of extruded cassava starch. Scientia Agricola,
66, 486-493.

Li, B.,, Wang, L., Li, D., Adhikari, B., & Mao, Z. (2012). Preparation and characterization of
crosslinked starch microspheres using a two-starge water-in-water emulsion method.
Carbohydrate Polymers, 88, 912-196.

Li, B.,, Wang, L., Li, D., Chiu, Y.L., Zhang, Z., Shi, J., Chen, X.D., & Mao, Z. (2009). Physical
properties and loading capacity of starch-based microparticles crosslinked with trisodium
trimetaphosphate. Journal of Food Engineering, 92, 255-260.

Limberger, V. M., Silva, L. P., Emanuelli, T., Comarela, C. G., & Patias, L. D. (2008). Modificacao
quimica e fisica do amido de quirera de arroz para aproveitamento na industria de alimentos.
Quimica Nova, 31(1), 84-88.

Lopez, O. V., Garcia M. A., & Zaritzky, N. E. (2008). Film forming capacity of chemically modified
corn starches. Carbohydrate Polymers, 73, 573-581.

Luvielmo, M. M., & Scamparini, A. R. P. (2009). Goma xantana: producdo, recuperacao,
propriedades e aplicacdo. Estudos Tecnologicos, 5(1), 50—67.

Matta JR, M. D., Sarmento, S. B. S., Sarantopoulos, C. I. G. L., & Zocchi, S. S. (2011). Propriedades

de barreira e solubilidade de filmes de amido de ervilha associado com goma xantana e glicerol.
Polimeros, 21(1), 67-72.

Physico-Chemical, Rheological, Structural, Thermal, Mechanical and Barrier Properties of Hybrid Powder and Films from Cassava
Starch Crosslinked with Xanthan Gum

Volume 25 | Issue 13 | Compilation 1.0 © 2025 Great Britain Journals Press



35-

36.

37-

38.

39-

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

© 2025 Great Britain Journals Press

McComb, E. A., & McCready, R. M. (1957). Determination of acetyl in pectin and in acetylated
carbohydrate polymers. Analytical Chemistry, 29(5), 819-821.

Medeiros, B. G. S., Pinheiro, A. C., Teixeira, J. A., Vicente, A. A., & Cunha, M. G. C. (2012).
Polysaccharide/protein nanomultilayer coatings: Construction, characterization and evaluation

of their effect on “rocha” pear (Pyrus communis L.) Shelf-life. Food and Bioprocess Technology,
2(5), 2435-2445.

Nsengiyumva, E. M., & Alexandridis, P. (2022). Xanthan gum in aqueous solutions: Fundamentals
and applications. International Journal of Biological Macromolecules, 216, 583- 604.

Pinto, E. P., Furlan, L., & Vendruscolo, C. T. (2011). Chemical Deacetylation Natural Xanthan
(Jungbunzlauer®). Polimeros, 21(1), 47-52.

Pizato, S., Cortez-Vega, W. R., de Souza, J. T. A., Prentice-Hernandez, C., & Borges, C. D. (2013).
Effects of different edible coatings in physical, chemical and microbiological characteristics of
minimally processed peaches (Prunus persica (L.) Batsch). Journal of Food Safety, 33(1), 30-39.
Pongsawatmanit, R., & Srijunthongsiri, S. (2008). Influence of xanthan gum on rheological
properties and freeze—thawstability of tapioca starch. Journal of Food Engineering, 88, 137-143.
Ramasamy, T., Kandhasami, U. D. S., Ruttala, H., & Shanmugam, S. (2011). Formulation and
evaluation of xanthan gum based aceclofenac tablets for colon targeted drug delivery. Brazilian
Journal of Pharmaceutical Sciences, 47(2), 301-311.

Rickard, J. E., Asaoka, M., & Blashard, J. M. V. (1991). The physicochemical properties of cassava
starch. Tropical Science, 31, 189-207.

Sandhu, K. S., Kaur, M., Singh, N., & Lim, S. T. A. (2008). Comparison of native and oxidized
normal and waxy corn starches: Physicochemical, thermal, morphological and pasting properties.
LWT - Food Science and Technology, 41(6), 1000—1010.

Shalviri, A., Liu, Q., Abdekhodaie, M. J., & Wua, X. Y. (2010). Novel modified starch—xanthan gum
hydrogels for controlled drug delivery: Synthesis and characterization. Carbohydrate Polymers,
79(4), 898-907.

Silva, E. M. (2011). Producao e caracterizacdo de filmes biodegradaveis de amido de pinhao.
Undergraduate thesis. Department of Chemical Engineering, Federal University of Rio Grande do
Sul, Porto Alegre. Available at: https://lume.ufrgs.br/bitstream/handle/10183/38562/
000823833.pdf?sequence=1. Accessed on: August 15, 2025.

Silverstein, R. M., Webster, F. X., & Kiemle, D. J. (2007). Identificacdo Espectrométrica de
compostos organicos. Rio de Janeiro, RJ. LTC.

Sloneker, J. H., & Orentas, D. G. (1962). Pyruvic acid, a unique component of an exocellular
bacterial polysaccharide. Nature, 194, 478-479.

Smith, I. H., Symes, K. C., Lawson, C. J., & Morris, E. R. (1981). Influence of the pyruvate content
of xanthan on macromolecular association in solution. International Journal of Biological
Macromolecules, 3(2), 129-134.

Soares, G. A., Castro, A. D., Cury, B. S. F., & Evangelista, R. C. (2013). Blends of cross-linked high
amylose starch/pectin loaded with diclofenac. Carbohydrate Polymers, 91, 135-142. Teng, Z.,
Huang, X., Zhang, C., Liu, X., Li, Y., Wang, C. S., Liu, X., & Xie, F. (2025). Xanthan gum
modulation of octenyl succinic anhydrate starch-based high internal phase emulsions:
Characterization, rheological behavior, and 3D printing applications. Food Chemistry, 464(3),
141813.

Vendruscolo, C. T., Moreira, A. S., Souza, A. S., Zambiazi, R., & Scamparini, A. R. P. (2000).
Heteropolysaccharide produced by Xanthomonas campestris pv pruni C24. In: Nishinari, K.
Hydrocolloids, 1, 187-191.

Villela, K. S. V., Araujo, K. V. A, Casillas, P. E. G., & Gonzalez, C. C. (2024). Protective
Encapsulation of a Bioactive Compound in Starch-Polyethylene Glycol-Modified Microparticles:

Physico-Chemical, Rheological, Structural, Thermal, Mechanical and Barrier Properties of Hybrid Powder and Films from Cassava
Starch Crosslinked with Xanthan Gum

London Journal of Research in Science: Natural & Formal

Volume 25 | Issue 13 | Compilation 1.0



London Journal of Research in Science: Natural & Formal

52.

53-

54.

55-

Degradation Analysis with Enzymes. Polymers (Basel), 16(14), 2075. Wang, S., & Copeland, L.
(2015). Effect of Acid Hydrolysis on Starch Structure and Functionality: A Review. Critical Reviews
in Food Science and Nutrition, 55(8), 1081-1097. Weber, F. H., Clerici, M. T. P. S., Collares-Queiroz,
F. P., & Chang, Y. K. (2009). Interaction of guar and xanthan gums with starch in the gels obtained
from normal, waxy and high-amylose corn starches. Starch/Stdrke, 61, 28-34.

Wurzburg, O. B. (1986). In: Modified Starches: Properties and Uses. Wurzburg, O. B., CRC Press:
Boca Raton, (p. 97-103).

Zamudio-Flores, P. B., Torres, A. V., Salgado-Delgado, L., & Bello-Péres, L. A. (2010). Influence of
the oxidation and acetylation of banana starch on the mechanical and water barrier properties of
modifies starch and modified starch/chitosan blend films. Journal of Applied Polymer Science, 115,
991-998.

Zavareze, E. D. R,, Pinto, V. Z., Klein, B., Halal, S. L. M., Elias, M. C., Prentice-Hernandez, C., &
Dias, A. R. G. (2012). Development of oxidised and heat—moisture treated potato starch film. Food
Chemistry, 132(1), 344—350.

Zbia, D. (2011). Dossié gomas: As gomas exudadas de plantas. Revista Food Ingredients Brasil,
1(17), 28-46.

Physico-Chemical, Rheological, Structural, Thermal, Mechanical and Barrier Properties of Hybrid Powder and Films from Cassava
Starch Crosslinked with Xanthan Gum

Volume 25 | Issue 13 | Compilation 1.0 © 2025 Great Britain Journals Press



