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Abstract: In this research, amphiphilic derivatives of kappa carrageenan (KC) were synthesized by
hydrophobic modification with an alkyl halide (1-Octyl chloride). Three hydrophobic polymers with
different degrees of substitution (DS) were obtained by the Williamson etherification reaction in an
alkaline medium. The effect of the molar ratio (R = reagent/polymer) on the DS was investigated at
different ratios (1, 2, and 3). The KC derivatives (KCRs) were characterized by different techniques
such as FT-IR, '"H-NMR, X-ray Diffraction, Scanning electron microscopy, and a rheological assess-
ment. The FT-IR and 'HNMR analyses confirmed the binding of the hydrophobic groups onto the KC
molecule. The degrees of substitution calculated by 'H-NMR demonstrated that the derivative KCR3
(0.68) presented a higher degree of substitution compared to KCR1(0.45) and KCR2 (0.53). The XRD
and SEM analyses revealed that the alkaline etherification conditions did not alter the morphological
and crystallographic properties, as well as the rheological behavior of the obtained derivatives. The
amphiphilic character of the KCRs was investigated using a conductivity method which revealed that
the molecular aggregation occurred above the critical aggregation concentration (CAC). Decreasing
CAC values of 0.15% (KCR1), 0.11% (KCR2) and 0.08% (KCR3)with the degree of substitution (DS)
were found. Furthermore, KCR’s derivatives greatly improved the stability of oil/water emulsions
as the droplet size decreased with increasing DS. The derivative (KCR3) with higher DS, showed a
greater amphiphilic character, and improved emulsifying power.

Keywords: k-carrageenan; hydrophobic modification; critical aggregation concentration; emulsion
Copyright: © 2023 by the authors.
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1. Introduction

Polysaccharides are currently used in food and pharmaceutical technology, serving
40/). as crucial components for thickening, binding, texturing, and stabilizing, and also as
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emulsifying, suspending, and gelling agents [1-3]. The specific functional properties of
these polysaccharides depend on their molecular characteristics, including their molecular
weight, conformation, hydrophobicity, and electrical charge [4]. Polysaccharides are abun-
dant in marine microorganisms such as bacteria, microalgae, and algae. In addition, the
carbohydrate polymers most commonly found in commercially exploited marine species
are alginates, agar, and carrageenan.

Carrageenans, from carrageenophyte red seaweed sources, feature a repeating disac-
charide sequence consisting of 3-D-galactopyranose residues linked glycosidically through
positions 1 and 3 (G-units), and o-galactopyranose residues linked glycosidically through
positions 1 and 4 (DA-units) [3,4]. As versatile food additives, red seaweed polysaccha-
rides can bind water, promote gel formation, and serve as thickening agents [5], further
advantages lie in the improvement of palatability and appearance [3].

In recent years, carrageenans have gained particularly high attention in the pharma-
ceutical industry due to their ability to inhibit virus attachment, including the human pa-
pillomavirus, dengue virus, and herpes virus [6,7]. Furthermore, carrageenans are utilized
in various drug delivery systems, including as matrixes for controlling drug release [7,8],
microcapsules [7], and microspheres [7,9].

The most commonly utilized type of carrageenan in the food and pharmaceutical
industry as a thickening or gelling agent is k-carrageenan, which is extracted from Kappa-
phycus alvarezii, also known as Eucheuma cottonii [10]. Despite its widespread use, native
K-carrageenan presents several drawbacks and limitations that restrict its use in various in-
dustries [5]. Indeed, the k-Carrageenan gels are hard and brittle [11], and exhibit significant
syneresis, or separation of liquid from the gel, when subjected to mechanical deformation
or stored for extended periods, leading to instability and altered rheological and mechanical
properties [12]. Moreover, the hydrophilic character of kappa carrageenan (KC) makes KC
challenging to utilize in dispersed systems such as emulsions and suspensions [13].

To overcome this limitation, it is essential to understand the relationship between the
functional and molecular properties of KC to modify its chemical structure and obtain
new desired structural properties. Molecular modifications of k-Carrageenan chains, such
as carboxymethylation [14], phosphorylation [15], thiolation [16], oversulfation [15,17]
acetylation [15], oxidation [18,19], and cationisation [20], are reportedly related to changes,
enhancements, or development in the physicochemical and rheological properties of KC.
For example, Ellis, Mills, and Norton (2019) [21] reported that in-situ interaction improves
the surface activity of kappa carrageenan.

This investigation focuses on the study of the effect of the degree of substitution
on the physicochemical and surface-active proprieties of k-carrageenan, which can be
utilized to create and stabilize oil-in-water emulsions. This study is complementary to our
previous work which reported the study of the influence of heating method (conventional
against microwave) on the proprieties of alkylated k-carrageenan derivatives at a constant
reagent/polymer ratio (R) [22]. However, in the present work, three reagent/polymer
ratios (R) were varied, namely 1.2 and 3. Amphiphilic derivatives of k-carrageenan were
generated via an etherification reaction between the hydroxyl groups of k-carrageenan
and octyl chloride using conventional heating, as depicted in Figure 1. The hydrophobic
modification was carried out using a Williamson synthesis, which is an organic reaction
occurring between an alkoxide and an alkyl halide conducing to the formation of ethers.
Three derivatives were obtained and subjected to major techniques of physicochemical
analysis to demonstrate the effect of the increased degree of substitution on the structural,
rheological, and emulsifying properties. The obtained derivatives are intended to be used
as polymeric surfactants, mainly in the pharmaceutical and food industry, but also in many
other fields.
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Figure 1. The alkylation reaction of kappa carrageenan with 1-Octyl Chloride.

2. Materials and Methods
2.1. Materials

k-Carrageenan (KC) extracted from red seaweed (Rhodophyceae) was purchased from
Azelis (Algiers, Algeria); Black seed oil (BSO) was supplied by Abu El Kassim industries
(Algiers, Algeria); 1-Octyl Chloride (CgH;7Cl), Sodium Hydroxide (NaOH), Acetone, and
Acetic Acid (CH3COOH) were procured from Sigma Aldrich (Hamburg, Germany).

2.2. Hydrophobic Modification of Kappa Carrageenan (KC)

The etherification reaction of kappa carrageenan (KC) was similar to that described
by Toumi et al. [22], and Lefnaoui and Moulai-Mostefa 2014 [8], with minor modifications.
Initially, 5 g of native KC powder was dispersed in 100 mL of distilled water and stirred
for 40 min at room temperature. Subsequently, 5 mL of 16 N sodium hydroxide solution
(NaOH) was added gradually, with constant stirring, at a rate of 1 mL per 15 min at room
temperature. Dropwise addition of 1-octyl chloride was made to the reaction medium,
followed by stirring at 60 & 0.5 °C for 3 h to obtain the alkylated kappa carrageenan (KCR)
derivatives. The neutralization of KCRs was carried out using acetic acid and the product
was poured into acetone. Finally, the product was recovered through filtration and dried
in an oven at 70 °C overnight, followed by powdering in a glass mortar. Three alkylated
kappa carrageenan (KCR) derivatives KCR1, KCR2, and KCR3 correspond, respectively, to
the reagent/polymer ratios (R) equal to 1.2 and 3.

2.3. Physicochemical Characterization
2.3.1. Fourier Transform Infrared Spectroscopy (FI-IR)

The FT-IR spectra of kappa carrageenan and its KCR derivatives were obtained using
a Bruker Tensor II spectrometer equipped with a single reflection diamond ATR accessory.
A small quantity of each sample (approximately 10 mg) was placed onto the diamond mea-
suring device of the spectrometer and the spectra of the samples were recorded (10 scans,
at a resolution of 4 cm~!) within the 4000 to 400 cm~! range.

2.3.2. 'TH-NMR Analysis and Degree of Substitution (DS)

A 400 Hz Bruker 'H NMR spectrometer was utilized to obtain the proton nuclear
magnetic resonance (\H NMR) spectra at 65 °C. The powder biopolymer was dissolved in
D,0 (deuterium oxide) at 25 °C. Subsequently, MestReNova software (Version 2.9) was
used to analyze the 'H-NMR spectra of all samples.
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The calculation of the degree of substitution (DS) for the derivatives was conducted
using 'H-NMR analysis, according to the following Equation (1) [22].

ACH; + ACH,

DS =
(2(1’1 - 1) + 3) X AHanomeric

@

In the given formula, A represents the area under the picks corresponding to CHjs,
CH, groups, and the anomeric proton (H). Meanwhile, n refers to the carbon atom number
in the alkyl chain, which in this case is 8.

2.3.3. Scanning Electron Microscopy (SEM)

Scanning electron micrographs (SEM) of KC and KCRs were taken using scanning
electron microscopy (FEI Quanta 250) at 25 °C. The accelerating voltage used ranged from
10 kV to 12.5 kV, with SEM images taken at various magnification levels including 1000,
6000, and 16,000 x. The analysis was carried out using XT microscopy software (Version
4.1.0.1864).

2.3.4. X-ray Diffraction Analysis

X-ray diffraction analysis of KC and its hydrophobically modified derivatives was
realized in a (Bruker D2 PHASER) diffractometer using copper radiation at the differential
angle ranging from 15° to 80° (26). The DOC (degree of crystallinity) was determined using
Match3 software (version 3.12, 2021).

2.3.5. Viscosity Analysis

Viscosity analyses were performed using an Anton Paar rheometer. Aqueous solutions
of k-Carrageenan (KC) and its KCRs derivatives at the concentrations of 0.75 and 1%,
(w/v) were prepared and subjected to rheological measurements at a temperature of 25 °C
using a plate-plate measurement device (60 mm diameter, 1 mm gap). Flow curves were
determined by the variation in the apparent viscosity as a function of shear rate over the
range of 0.001 to 1000 (1/s). The kappa carrageenan (KC) and its derivatives” average
molecular weights (MW) were determined by measuring the intrinsic viscosity using an
Anton Paar rheometer according to the procedure described by Toumi et al. [22].

2.3.6. Critical Aggregation Concentration (CAC)

The Critical Aggregation Concentration (CAC) of KCR’s derivatives was determined
by the conductimetric method. First, solutions of kappa carrageenan and its KCR deriva-
tives were prepared and the conductivity was measured using a J.P. Selecta conductivity
meter. These measurements were performed three times. The CAC was determined from
the point where there was a break in the slope of the plot.

2.3.7. Emulsifying Study

Surfactant-free direct emulsions (O/W) were prepared with the addition of kappa
carrageenan (KC) and its hydrophobically modified derivatives (KCRs) as stabilizers fol-
lowing the protocol outlined by Shahin et al. [23]. To begin the emulsification process, 1%
(w/v) aqueous solutions of KC native and KCRs were prepared by dissolving a specific
quantity of the biopolymer (KC and KCRs) (Table 1) in distilled water. Next, the aqueous
and oil phases were heated separately to 60 °C, where the oil phase was composed of
black seed oil (BSO). The pre-emulsion was created by gradually adding the oil phase to
the aqueous phase while stirring until a homogenous mixture was formed. The resulting
oil-in-water emulsions were homogenized for 5 min using an ultra-turrax at 22,000 rpm,
and then left at room temperature for 24 h.
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Table 1. Composition of the formulated emulsions.

Composition (%) F1 F2 F3 F4
BSO 20 20 20 20

KC 1 - - -

KCR1 - 1 - -
KCR2 - - 1 -
KCR3 - - - 1
Water 79 79 79 79

The O/W emulsions obtained were subjected to an accelerated stability test performed
by centrifugation method [23], where a sample of 10 mL of each emulsion was submitted to
centrifugation at 2000, 4000, and then 6000 rpm for 10 min using a Hettich EBA 20 centrifuge.
The creaming index (H) was determined using the Equation (2) below:

oy _ Hs
H (%) = o 100 )

The value of H, which represents the creaming index, was obtained by dividing the
height of the transparent serum formed at the bottom of the tube (Hs) by the total height of
the emulsion (He).

Thereafter, a long-term stability test was conducted to observe the emulsions” macro-
scopic appearance immediately after preparation, and then again after 24 h up to 30 days
later. The color, homogeneity, and consistency of the emulsions were visually assessed.
The emulsion microstructures were studied using an optical microscope (Micros MCX 100)
equipped with a camera (Infinity lite). Photomicrographs of various emulsions were
recorded and the droplet size distribution was measured using Image]J 152 software (Ver-
sion 1.52a).

2.3.8. Statistical Assessment

The mean =+ standard deviation error (SD) values were used to present the obtained
results. The statistical analysis was performed using Tukey’s one-way comparison tests
(ANOVA) at a 95% confidence interval (p < 0.05) with the aid of OriginPro 9 software
(Version 9.00.00 SR2 b87).

3. Results and Discussion
3.1. FTIR Analysis

The infrared spectra of kappa carrageenan (KC) and its modified derivatives are
presented in Figure 2. The KC spectrum showed bands at 1224.12 cm ™! and 844.14 cm ™!,
corresponding to ester sulfate groups (O=5=0 symmetric vibration) and C4-O-S stretching
vibration, respectively [24]. In addition, the 3,6-anhydro-D-galactose residue’s C-O-C band
at 924.38 cm ! and the C-O bridge stretching pick at 1148.70 cm~! were observed [24].

Signals at 1036.50 cm~1,2917.34 em~1, and 3387.56 cm ™!, respectively, were assigned
to C-O stretching, C-H bands, and O-H stretching; these results are similar to those found
by Fan et al. [24]. The structural water deformation band was associated with the strong
pick at 1628.14 cm ™! [25]. The FT-IR spectra of KCR’s samples showed a reduction in the
intensity of hydroxyl groups (-OH) at 3362.99 cm~!, confirming that the -OH groups of
kappa carrageenan were successfully replaced by octyl chains [26].
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Figure 2. FTIR spectra of kappa carrageenan and its derivative KCRs.

Additionally, new peaks were also found at 1414.73 cm ! corresponding to the sym-
metric vibration of -CH banding of alkyl chains, as well as other peaks at 2857.87 and
2925.54 cm ™~ ! that were attributable to the methyl (-CH3) and methylene (-CH,-) stretching,
respectively [27]. For the ether function (-C-O-C), at 1043.69 cm 1 [22], it was noted that
this peak was stronger in the KCRs spectra. It was also observed that the derivative KCR3
displayed a greater intensity than KCR2 and KCR1. Finally, these findings confirmed the
successful grafting of the alkyl chains onto the backbone of native kappa carrageenan and
that KCR3 is the most hydrophobically substituted derivative.

3.2. 'TH-NMR Analysis

The effectiveness of hydrophobic modification of kappa carrageenan was confirmed
by the 'H-NMR spectroscopy method. The 'H-NMR spectra of native and modified kappa
carrageenan dissolved in deuterium oxide are illustrated in Figure 3. The anomeric proton
of kappa carrageenan was identified at 5.09 ppm, while the significant peak detected at
4.7 ppm corresponds to the anomeric proton that was overlapped by the deuterium oxide
(D,0) solvent [28].
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Figure 3. 'THNMR spectra of kappa carrageenan (a), KCR1 (b), KCR2 (c), and (c) KCR3 (d).
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The spectrum depicted in Figure 3a represents the unmodified kappa carrageenan
and showed the presence of peaks referring to the (G-units) and (DA-units), which are the
repeated and alternated units of 3-linked 3-D-galactopyranose and 4-linked 3,6-anhydro-«-
D-galactopyranose, respectively. The chemical shifts of kappa carrageenans are listed in
Table 2.

In the spectra of KCRs, including KCR1 (Figure 3b), KCR2 (Figure 3c), and KCR3
(Figure 3d), new signals were observed. The peaks at 0.88 ppm and 1.29 ppm were assigned
to the terminal methyl (CH3) group [22] and methylene (CH;) protons of the octyl chain,
respectively [27]. In addition, a new apparent peak was detected at 3.78 ppm in the three
'H-NMR spectra of the KC derivatives, which were attributed to the methylene protons
linked to the ether function (-CH,-O-R), indicating that the native kappa carrageenan was
successfully etherified [22,29,30].

Finally, the degree of substitution (DS) values are presented in Figure 4, indicating that
KCRS3 had a higher DS value (0.68) compared to KCR2 (DS = 0.53) and KCR1 (DS = 0.45).
These results support the findings obtained from the FTIR analysis.

Table 2. Chemical shifts (6 ppm) of kappa-carrageenan (KC).

Peaks Chemical Shifts (6 ppm) References
G45-1 5.20 [31,32]
G4S-2 3.69 [31,32]
G4S-3 3.85 [31,32]
G454 412 [31,32]
G4S-5 3.75 [31,33]
G4S-6 3.44 [31,33]
DA-1 5.20 [22,31-33]
DA-2 3.58 [22,31-33]
DA-3 3.98 [22,31-33]
DA-4 412 [22,31-33]
DA-5 3.69 [22,31-33]
DA-6 3.71 [22,31-33]
0.7
o~
[7.2]
e 0.6
=
8 05
=
=
% 04
o=
=
wn
i (3
=}
@
E 0.2
=11}
=
0.1
0.0
KCR1 KCR2 KCR3
Biopolymers

Figure 4. Variation of the degree of substitution (DS) of kappa carrageenan derivatives.
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3.3. Scanning Electron Microscopy (SEM)

The SEM images of native kappa carrageenan and its etherified derivatives are dis-
played in Figure 5. Before grafting hydrophobic moieties on the KC’s backbone, the surface
morphology of native kappa carrageenan (Figure 5(al-a3)) exhibits a granular and lami-
nated structure with smaller granule size compared to the KCR derivatives [22,34-36]. On
the other hand, the SEM image of KCRs in Figure 5 showed a few alveolate holes on the
granules’ surfaces, with a slight difference between the three derivatives. Additionally,
KCR microstructures showed a smoother, less porous, and crystalline appearance when
compared to k-carrageenan.

F— 50 pm —{‘(az) :

'_

Figure 5. SEM micrographs of KC (al-a3), KCR1 (b1-b3), KCR2 (c1-¢3), and KCR3 (d1-d3) at
different magnifications. From left to right: 50 um, 10 um, 5 pm, and 1000, 6000, 16,000

However, compared to the KCR2 (Figure 5(c1-c3)) and KCR1 (Figure 5(b1-b3)), the
KCRS3 presented slightly higher grain size (Figure 5(d1-d3)). Moreover, the photomicro-
graphs indicated that there were no significant changes between the native KC structure
and the granular structure of KCRs. It was also confirmed that the grafting of hydrophobic
fragments onto the kappa carrageenan skeleton by etherification did not lead to any de-
naturation of the KC molecule’s morphology. Similar results were found by other authors,
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who reported that the hydrophobic modification did not affect the morphological structure
of the modified polysaccharide [29].

3.4. X-ray Diffraction Analysis (XRD)

The XRD results presented in Figure 6 indicate that both native KC and modified
KC samples possessed a semi-crystalline structure, with diffraction peaks appearing at
20 = 18.41° and 28.26° being present in all samples [36]. However, the KCRs diffractogram
showed less intense peaks compared to the KC sample diffractogram, indicating that they
had different degrees of crystallinity (DOC). The DOC values of KC, KCR1, KCR2, and
KCR3 were 8.01%, 3.50%, 4.63%, and 5.49%, respectively. These findings demonstrated that
the physical state of the samples was not significantly altered after alkylation and that the
molecular structure of KC did not undergo a denaturation effect since the grafting of the
new hydrophobic alkyl moieties occurred primarily in the amorphous regions [37]. This
result is in complete agreement with Jacquier et al. [38], who reported that the etherification
of kappa carrageenan with octyl chloride did not cause any degradation of the polymer.
Similar findings have been asserted by different authors, such as Sara et al. [29] for hy-
drophobically modified xanthan gum, and also by Chen et al. [39], who reported that the
hydroxybutylation reaction took place in the amorphous area and had very little effect on
the crystallinity of waxy corn starch. However, Sav et al. [40] affirmed that hydrophobic
modification slightly influenced the crystalline nature of the octenyl succinate anhydride

derivative of fenugreek gum.
KC KCR1 KCR2 KCR3

Figure 6. X-ray diffractograms and degree of crystallinity (DOC) of kappa carrageenan and its KCRs

DOC [%]

-

=}

20 30 60 70

40 50
2-theta [°]

derivatives.

3.5. Viscosity Analysis

The flow behavior of kappa carrageenan (KC) and its derivatives at 0.75 and 1%
concentrations was examined and plotted in Figure 7. The results demonstrated that
the biopolymers exhibited non-Newtonian properties, with shear-thinning pseudoplastic
behavior, which meant that the viscosity decreased with an increase in the shear rate [22].

In addition, the viscosity of KC derivatives was lower than that of KC due to the
lower molecular weight of the derivatives compared to native kappa carrageenan. The
average molecular weights of KC, KCR1, KCR2, and KCR3 were 2.23 x 10° g-mol~!,
0.94 x 10° g'mol 1, 1.13 x 10° g-mol~!, and 1.21 x 10° g-mol~!, respectively. The decrease
in molecular weight was attributed to the slight depolymerization of the kappa carrageenan
polymeric chains under the alkaline treatment of the etherification process. Previous studies
also reported that chemical modification in alkaline conditions caused a decrease in the
molecular weight of kappa carrageenan [8,31,41].
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Figure 7. Flow curves of native kappa carrageenan, and its derivative KCRs at concentrations of
0.75% (a) and 1% (b).

Thus, the 1% (w/v) biopolymer (KC and KCRs) solutions showed higher viscosity
values than the 0.75% (w/v) solutions. Moreover, the viscosity of KC derivatives increases
with increasing DS, which can be attributed to the increase in hydrophobic associations
through the attraction between the grafted chains, which can be intramolecular and inter-
molecular [21].

3.6. Critical Aggregation Concentration (CAC)

Figure 8 presents the electrical conductivity variation of KC derivatives at various
concentrations, at a temperature of 25 °C. The results indicated that electrical conductivity
increased as the concentration of KCRs increased due to the presence of free counter-ions
in the solutions. The graphs showed two linear regions with different slopes. These two
regions are separated by a point corresponding to the critical aggregation concentration
(CACQ). At lower concentrations, the conductivity increased linearly until the critical aggre-
gation concentration (CAC) was reached, which marked the beginning of micelle formation.
Beyond this concentration, the conductivity continued to increase, but at a slower rate.
The CAC values for KCR1, KCR2, and KCR3 samples were 0.15%, 0.11%, and 0.08% w /v,
respectively. As the degree of substitution (DS) increased, the CAC values decreased [42],
suggesting the amphiphilic character of the hydrophobically modified KCRs. This behavior
can be explained by the surfactant-like action of KCRs in aqueous solutions [43].
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Figure 8. Variation of conductivity of KCRs in aqueous solutions.

3.7. Emulsifying Properties
3.7.1. Accelerated and Long-Term Stability Testing (Creaming Index)

The visual properties of the formulations were assessed after preparation (first day),
and during 30 days of storage for the stability test (Figure 9). All the emulsions exhibited a
uniform creamy appearance and exhibited a yellow (KC stabilized formulations) to pale-
yellow color (KCR stabilized emulsions). The stability test results after one day and one
month of storage are illustrated in Figure 9. It was observed that F1, which was based
on KC, showed oily droplets present on the surface which is a result of phase separation
that became even more evident after 30 days, by the appearance of a well-distinguished
layer of oil on the surface of the emulsion. In contrast, the emulsions containing KCRs
demonstrated better stability, as they maintained a homogeneous and viscous consistency
with a pale-yellow color even after 30 days of storage.

Figure 10 displays the results of the centrifugation accelerated stability tests at the
varied centrifugation speeds of 2000 rpm, 4000, and 6000 rpm, immediately after emulsions
preparation (Figure 10a), and after 30 days of storage (Figure 10b), where it is observed that
the maximal creaming index values Hmax are obtained at 6000 rpm. The results indicate
that the emulsions stabilized by KCRs present the lowest values of Hmax compared to
those based on kappa-carrageenan (KC). The formula F4, stabilized with KCR3 derivative,
showed lower Hmax values both on the 1st day (5 & 0.25%) or after 30 days (18 & 0.9%)
of storage, indicating higher stability compared to KCR2 that presents Hmax values of
(19 £ 0.95)% and (25 £ 1.25)% respectively on 1st and 30th day of storage and KCR1
derivative which the Hmax values were found (42 £ 2.1)% at 1st day and (51 £ 2.55)% after
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one month. These results confirmed the amphiphilic character of the KCR derivatives and
also demonstrated that their emulsion stabilizing capacity is improved with an increased
degree of substitution.

30" Day

Figure 9. Photography of the emulsions F1, F2, F3, and F4 based on 1% of KC, KCR1, KCR2, and
KCR3, respectively, on the first and the thirtieth days of the formulation.
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Figure 10. Variation of the creaming index of the emulsions as a function of centrifugation speed at
the 1st (a) and 30th (b) day of storage.
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3.7.2. Microscopic Aspect

Optical microscopy was employed to investigate the microstructure of the emulsions
one day after preparation and 30 days after storage. The photomicrographs and particle
size distribution of the emulsions stabilized by KC and KCRs are shown in Figure 11.
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Figure 11. Photomicrographs and particle size distribution of the prepared formulations on the
1st day and the 30th day. Micrographs with a magnification of 10x: Emulsions F1, F2, F3, and F4
stabilized by KC, KCR1, KCR2, and KCR3 derivatives, respectively, at 1%.

The results indicate that the formula F1 based on kappa carrageenan shows no stabiliz-
ing power. The oil droplets in these emulsions showed an irregular evolution, resulting in
complete coalescence after 30 days, which leads to phase separation. This can be attributed
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to the fact that KC lacks surface activity and therefore cannot adsorb at the oil-water
interface. Moreover, the average size of the globules in these emulsions increased consid-
erably from 43.6 & 0.47 um to 72.42 £ 0.83 um after one month due to the coalescence
phenomenon.

During the storage period, the emulsions based on KCRs, namely F2, F3, and F4,
retained their homogeneous appearance without any signs of instability or phase separation.
The KCRs derivatives demonstrated superior stabilization ability by forming micellar
aggregates at the oil/water interface and creating a three-dimensional network around the
globules due to the intermolecular associations between the hydrophobic groups. These
intermolecular associations enhanced the stabilizing capacity of the derivatives, preventing
coalescence and improving the stability of the emulsions.

After one month (30 days) of the storage period, the stability of F2 formulation, based
on the KCR1 derivative, was inferior compared to F3 formulation based on KCR2 and F4
emulsion stabilized with KCR3. The larger oil droplets and aggregated globules found in
F2 formulation could be attributed to the lower degree of substitution of KCR1, where the
average particle size of F2 varied from 23.52 £ 0.29 pum to 31.13 = 0.38 um for the first and
30th day of storage, respectively.

On the other hand, F3 and F4 emulsions exhibited the creation of uniformly distributed,
round oil droplets with a consistent particle size distribution. F3 exhibited an average
globule size ranging from 21.54 £ 0.62 pum to 28.69 + 0.18 pm during the first and 30th
day of storage, while F4 presented an average droplet size of 12.51 & 0.05 um that slightly
increased to 22.58 £ 0.10 um after 30 days. These findings are due to the higher degree of
substitution of KCR2 and KCR3, which imparted them with better emulsifying properties

Finally, the grafting of hydrophobic fragments onto the kappa carrageenan backbone
resulted in the development of amphiphilic properties in the obtained derivatives (KCRs).
The amphiphilic character of these derivatives was observed to be effective in stabilizing
direct emulsions, as a substitute for synthetic surfactants. The findings indicated that these
biopolymers possess emulsifying power, which is improved with an increase in the degree
of substitution. This suggests that by reducing the average size of dispersed oil droplets,
increasingly stable emulsions can be obtained [44].

4. Conclusions

In this work, the hydrophobic functionalization of kappa carrageenan (KC) was
successfully achieved with the grafting of alkyl chains onto its hydrophilic backbone.
The resultant derivatives (KCRs) were evaluated for their physicochemical features and
amphiphilic character. The integration of octyl groups into the native kappa carrageenan
structure was verified using FT-IR and 'H-NMR analyses.

The findings from the physicochemical analysis showed that the hydrophobic mod-
ification of k-carrageenan did not cause any significant changes in its morphological or
rheological properties. Moreover, the emulsifying study demonstrated the amphiphilic
character of the new derivatives and the increased stabilizing effect with the degree of
the substitution where the KCR3 derivative with the higher degree of substitution (DS),
displayed superior emulsifying power and greater amphiphilic character.

Therefore, this present work has led to the development of new amphiphilic deriva-
tives endowed with very interesting properties allowing them to be used as excipients in
the pharmaceutical field but also as an alternative material to synthetic surfactants in the
cosmetics and food industry.
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