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Abstract: Among the most studied natural polymers, alginate, a natural polysaccharide extracted
from algae is well known due to its applications related to remarkable properties such as biocom-
patibility, biodegradability and low toxicity. In order to optimize the physicochemical properties of
alginate and starch-based biofilms reinforced by glycerol, we propose of different biofilms by Raman
spectroscopy according to the mass proportion of alginate in water: 1%, 2%, 3%, 4% and 5%. The first
vibrational study of alginate-based biofilms demonstrated a link between the mass proportion of algi-
nate in water with the contribution of hydrogen bonds through vibrational modes at 1570, 1500 and
1414 cm~! and with the vibrational contributions of gauche and trans conformational C-C stretching at
1098 and 1068 cm ™!, respectively. This link seems to persist in the case of biofilms based on alginate
reinforced by glycerol with a lower intensity. For the cases of alginate and starch-based biofilms and
glycerol-reinforced alginate—starch biofilms, the impact of the mass proportion of alginate in water
on the hydrogen bonds is evaluated by determining an area ratio T = Areay414/ Areajzsy between the
mode 1414 cm ™! assigned to the hydrogen bonds and 1340 cm~! assigned to d(O-H) in plane. The
vibrational results show interaction between the proportion of alginate and the hydrogen bonds.
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1. Introduction

In 20 years, the planet has produced more plastic than in the previous 50 years.
Thus, the use of non-biodegradable polymers in everyday life is one of the sources of
environmental problems. To overcome these problems, researchers have sought sustain-
able alternatives [1,2]. To replace non-renewable petrochemical materials, starch and its
modifications are good candidates [3,4]. As renewable source adhesives, chitosan [5,6],
cellulose, lignin [7] and alginate [8], polylactic acid (PLA), polyhydroxybutyrate (PHB) and
polycaprolactone (PCL) [9] have proved to be very effective.

Since these films are fragile in nature, they are not recommended for large-scale use in
packaging manufacturing [10]. To overcome this problem, plasticizers are interpenetrating
connections of polymers are developed to modify the interactions and/or the structure
of the polymer chain in order to optimize the mechanical and physicochemical properties
of biofilms and to have interesting functions for applications in the field of food packag-
ing [11,12]. Sorbitol, glycerol and polyethylene glycol (PEG) are now commonly used to
improve the plasticity of biopolymers [6]. Their actions are at the level of the flexibility of
biopolymers by decreasing the glass transition temperature (Tg) [13]. Having low molecu-
lar weights (between 300 and 600 kDa) and linear or cyclic carbon chains, these plasticizers
can intercalate between polymers by reducing the formation of hydrogen bonds between
the polymer chains [6]. Regarding the use of films based on biopolymers, Glycerol (GL) is a
very good candidate of natural plasticizer which improves their mechanical properties [14].
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Starch is a complex sugar with the molecular formula (C¢H19Os5)n. Being produced by
photosynthesis, it comes in the form of grains ranging in size from 1 to 200 um. Starch grains
also have different aspect of shapes like spherical or oval. Starch serves as a carbohydrate
reserve in plants like glycogen in animals [15]. This carbohydrate reserve is a mixture of two
polysaccharides, amylose and amylopectin. The proportions of these two polysaccharides
vary according to the types of starch. In the native form, it comes in the form of grains
which consist, on average, of 15 to 30% amylose and 70 to 100% amylopectin [16]. In
order to obtain a starch-based food film, it is necessary to transform the native starch
into thermoplastic starch. Indeed, in the native state, the melting temperature of starch is
higher than its degradation temperature (about 300 °C), due to the presence of numerous
intermolecular hydrogen interactions. These properties make native starch very malleable
and unsuitable for processing [15,16]. The plasticization of starch consists of incorporating
a plasticizer and applying hydro-thermal and/or thermomechanical treatments in order
to destructure the crystalline structure of the starch, and thus lower its melting and glass
transition temperatures. The added plasticizer will insert itself between the starch chains
and break the inter-starch chain hydrogen bonds. This will make it possible to create new
hydrogen bonds between the starch and the plasticizer and thus increase the mobility of
the chains. The effects of plasticization are reflected during the characterization of the films
by a reduction in the breaking stress and an increase in the elongation at break, which is
linked to a reduction in the Young’s modulus [15,16].

Alginate is an edible heteropolysaccharide abundantly available in brown algae [17].
The two major molecules that compose it are D-mannuronic acid (M) and L-glucuronic
acid (G) [17]. Alginate, and more particularly sodium alginate, have many properties that
seem to make them interesting materials for forming films. These algae could improve
food safety and extend the shelf life of packaged foods. Indeed, these films are non-toxic,
biodegradable, transparent and uniform and have antimicrobial properties. Alginate-
based films and coatings also have lower permeability to fats, oils and oxygen. This
low permeability may retard lipid oxidation of various vegetables and fruits and may
help reduce weight loss and growth in microflora [18,19]. However, alginate films have
drawbacks: they constitute weak barriers against moisture because they are hydrophilic
films [20]. Thus, to overcome this, various mixtures of biopolymers can be made in order
to form more efficient films.

Raman spectroscopy is a non-destructive vibrational spectroscopy technique which
gives sensitive information about molecular structure in solid and liquid
biopolymers [21-26]. The most sensitive Raman active features include the v(C-H) stretch-
ing region (30002800 cm '), the carboxylate stretching vibration in spectral region
(1650-1400 cm 1), the §(CH,) deformation region (1500-1400 cm 1), the O-H deformation
in the spectral region (1450-1300 cm~! and 800-500 cm ') with the existence of possi-
ble hydrogen bonds, the v(C-C) skeletal modes (1200-1000 cm ') and v(C-O) stretching
region (1000-500 cm~1!). These regions provide insight into intramolecular motion, the
relative population of gauche (distorted) and trans conformers as well as the existence of
hydrogen bonds.

In this work, the aim is to assess the impact of the mass proportion of alginate in the
production of different biofilms: water-alginate, water—alginate—glycerol, water-alginate—
starch and water-alginate-starch—glycerol. For these biofilms, we will use five possible
percentages of alginate in the mixture: 1%, 2%, 3%, 4% and 5%. The physicochemical
characterizations of these biofilms by Raman spectroscopy should reveal markers of differ-
entiation, particularly with regard to the predominance or absence of hydrogen bonds in
the biofilm.

2. Materials and Methods
2.1. Mixtures Preparation

Cornstarch (Maizena®, Unilever, France), glycerol (Louis Francois, France), alginic
acid sodium salt from brown algae (Louis Frangois, France).
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Formulation of alginate films:

Sodium alginate was dissolved in distilled water while continuously stirred at 60 °C
at different concentrations of 1%, 2%, 3%, 4% and 5% (w/v). All the solutions were prepared
with and without glycerol. In the case of glycerol-containing mixture, 50% (w/w) of glycerol
was added as a plasticizer. Once the solution was homogeneous, 10 mL of each solution
was placed in a petri dish and then dehydrated in a preheated oven at 30 °C for 24 h. The
dried films were then stored at room temperature for further analysis.

Formulation of starch films:

The film-forming solutions were prepared by dissolving 5% (w/v) of corn starch in
distilled water under constant mechanical stirring. The mixture was heated and maintained
at 75 °C for 10 min. Two solutions were prepared: one with glycerol and one without
glycerol. For the solution containing glycerol, 50% (w/w) of glycerol was added to the
mixture as a plasticizer. Then, 10 mL of each solution was transferred to a petri dish and
dried at 30 °C for 24 h in an oven. The dried films were stored at room temperature for
further analysis.

Preparation of composite films:

Alginate solutions were prepared by dissolving alginate at different concentrations
(1%, 2%, 3%, 4% and 5%) in distilled water at 60 °C. Five percent of corn starch was added
to the alginate solution. The mixture was heated and stirred constantly at 75 °C for 10 min.
Both glycerol-containing and glycerol-free solutions were prepared. In the case of glycerol-
containing mixture, 50% (w/w) of glycerol was added. Then, 10 mL of each solution was
poured in a petri dish and then dehydrated in an oven at 30 °C for 24 h. The resulting dried
films were then stored at room temperature for further analysis. The thickness of obtained
films is of the order of 0.1 mm.

2.2. Raman Spectroscopy

Raman spectra of biofilms were obtained using a Raman imaging microscope (DRX2xi,
Thermo Scientific Corp, Walsham, MA, USA) equipped with DXR 785 nm laser (Thermo
Scientific Corp, Walsham, MA, USA). All spectra were an average of 30 scans with a2 cm ™!
resolution during an acquisition time of 5 s in the range of 3200-50 cm~!. The laser power
was maintained at 15 mW. The magnification and NA of optical objective used in the Raman
spectroscopy measurements were 50 and 25 pm, respectively. The Raman spectra have
undergone special processing, in order to be able to compare the intensity ratios between
the samples. Before normalizing the spectra on the peak at 1415 cm ™! for the vibrational
study of alginate films relative the proportion of alginate in the water or on the peak at
1085 cm ™! for alginate—glycerol, alginate-starch and alginate-starch—glycerol films, we
subtracted the baseline for each spectrum.

2.3. Statistical Analysis

Regarding the determination of the Raman spectra, we have chosen as a research
protocol to make 5 different spectra for each sample in order to observe the reproducibility
of the results. In Micro Raman, we proceeded to the determination of 5 spectra on 5 different
positions of the incident laser for each sample. Whether with Raman spectra, we observed
no difference between the spectra for the same sample confirming the reproducibility of
our results.

In order to refine our study, we can perform models by Lorentzian functions of Raman
spectra to determine the values of the wavenumbers as well as the areas of the associated
peaks. The values in frequencies of the modes are obtained by the modelizations carried
out by the software ORIGIN 5.0 professional. The modeling method is proposed by Bresson
et al. [27]. We use as peak function the following Lorentz function:

PO N | S 1)
YR 4(x —x ) + w2
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where x. represents the value of the fit mode wavenumber, A the area of the peak and w
the width at mid-height. We take an iteration number equal to 100. The error was estimated
tobe £0.5 cm L.

3. Results and Discussion
3.1. Alginate Films

Raman spectra at room temperature for the five alginate films relative the proportion
by mass of alginate in the water from 1% to 5% are represented in Figure 1 in the spectral
range 1700-700 cm 1. In this spectral region, we observe numerous vibrational modes
corresponding to the carboxylate stretching, the O-H deformation with the existence of
possible hydrogen bonds, the v(C-C) skeletal and v(C-O) stretching modes [24,25,28]. We
report in Table 1 the values of the wavenumbers by pointing or by fitting for each vibrational
mode. The frequency values indexed by * are fitted values (Curve fitting was performed as
per Bresson et al. [29]).

5% Alginate

: 4% Alginate

% Alginae

2% Alginate

Raman intensity
1

1% Alginate

T T T T T T T T T T T T T 1
1700 1600 1500 1400 1300 1200 1100 1000 900 800 700
A
Wavenumber {cm )

Figure 1. The 1700-700 cm~! Raman spectral range of the five alginate films: 1%, 2%, 3%, 4% and 5%
alginate in proportion by mass in water.

Table 1. Assignments of Raman modes of alginate films at room temperature; 6 = bending,
v = stretching; s = symmetric; as = asymmetric; T = trans; G = gauche; * = fitted value [22,25,28,30].

Alginate 1% Alginate 2% Alginate 3% Alginate 4% Alginate 5% Assignments
345 345 345 345 343 3(C-O) out of plane
430 431 431 430 428 5(C-0) in plane
497 496 496 498 491 8(C-0) in plane
733 730 730 731 710 5(O-H) out of plane
806 806 806 806 805 v(C-0-C)

889 889 889 889 885 v(C-0-C)

920 * 920 * 921* 920 * 922 v(C-0-C)

955 954 954 953 954 v(C-0-C)

982 983 983 982 980 v(C-0-C)
1034 1034 1035 1034 1032 v(C-0-Q))
1067 1068 1068 1069 1067 Vas(C-O)1
1096 1097 1096 1096 1094 v(C-C)g
1130 1129 1130 1128 1127 vs(C-O)1, v(C-O)r
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Alginate 1% Alginate 2% Alginate 3% Alginate 4% Alginate 5% Assignments
1162 * 1165 * 1164 * 1162 * 1160 * vs(C-O)1, v(C-O)g
1270 * 1291 * 1271 * 1291 * 1275* vs(C-C)g

1307 1317 1307 1315 1310 5(O-H) in plane
1344 1341 1344 1340 1340 3(O-H) in plane
1361 * 1361 * 1364 * 1360 * 1360 * 5(O-H) in plane
1414 1414 1413 1414 1412 vs(COO™), H- bond
1500 hydrogen bond
1570 hydrogen bond
1611 1612 1613 1612 vas(COO™)
1630 vas(COO™)
2935 2935 2935 2935 2934 v(CH-OH)

From Figure 1 and Table 1, it appears that in the spectral range 1650-1500 cm™?,
the proportion of alginate in the water is a marker of differentiation: for 5% alginate,
we observe three peaks (1630, 1570 and 1500 cm '), whereas for the others samples we
observe only one at 1612 cm~!. The modes at 1570 and 1500 cm~! should be assigned for
a hydrogen bond [28]. We note that the last peak at 1612 cm ™! assigned to asymmetric
COO~ stretching vibration shifts to 1630 cm~! for alginate 5% films. The shift of this band
to 1630 cm~! can be attributed to hydrogen bond [22]. It seems that the hydrogen bonds are
more important for the 5% alginate films which is consistent with an increase in the mass
proportion of alginate in the water. To assess the impact of the mass proportion of alginate
on the existence of hydrogen bonding, we studied the area ratio T = Area414/ Areaysa
between the mode 1414 cm ™! assigned to the hydrogen bonds and 1340 cm ! assigned to
5(O-H) in plane. The areas of these vibrational modes are obtained from an adjustment
by Lorentzian functions with Origin 5.0 software in the spectral range 1450-1300 cm!.
In Figure 2, we present the evolution of the ratio T according to the mass proportion of
alginate in the water.

—_—A
—_— A

/A
/A

1414340

1096 1068

] Aera(Hydrogen bond) / Aera(3(O-H) in plane)

1\

ratios of aera

Ll
1 h —_— Aera(v(C-C),,,,.) / Aera(v(C-C),,..)
T T T T T T T T 1
1 2 3 4 5
Alginate %

Figure 2. Area ratios of four vibrational modes: T = Areay414/ Areajzag and pu = Areaqgog/ Areajpgs.

From Figure 2, it appears that T remains more or less equal to 4 up to 3% of alginate
in the water before it suddenly increases to 4% and 5% to reach a value close to 11. Thus,
it would seem that the vibrational contribution of hydrogen bonds has been multiplied
by almost 3 between 1% and 5% alginate films. This development should be compared
with the appearance of additional peaks in the spectral region 1650-1500 cm ™! for 5%
alginate films.

The region of Raman spectrum for alginate films covering the C-C stretching range
revealed a large band centered at 1098 cm ™! characteristic of conformational disordered C-
C stretching with gauche defects with a peak at 1068 cm ™! representing trans conformational
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C-C stretching. In liquid phase, all C-C stretching are in trans conformational. With the
liquid-solid transition, the characteristic bands associated with the trans and gauche C-C
stretching appeared. Thus, gauche/trans area ratio (u = Areaigog/ Areaygeg) provided a
measure of alginate intermolecular mobility [31]. In Figure 2, we present the evolution of
this ratio according to the mass proportion of alginate in the water. From this figure, we
can note that # remains more or less equal to 1.5 up to 3% of alginate in the water before a
gradual increase to 4% and 5% to reach a value close to 5.4. Thus, it would seem that the
stiffness of the biofilms increases with the mass proportion of alginate.

3.2. Alginate-Glycerol Films

In Figure 3, we present Raman spectra at room temperature for the 5% alginate films,
glycerol and 5% alginate—glycerol films in the spectral range 1700700 cm~!. We report
in Table 2 the values of each of the observed or adjusted peaks. Subtraction spectra are
helpful to determine the contributions of each of the elements in the 5% alginate and
glycerol mixture. The difference spectrum between 5% alginate—glycerol films and glycerol
is shown in Figure 4 (spectral data from the sample scans were baseline-corrected and
normalized against band at 1085 cm~! using Origin 5.0). From Figures 3 and 4, we can
observe that the Raman spectrum of 5% alginate—glycerol films seems to be superposition
of the Raman spectra of two elements taken separately. In Figure 4, the subtraction Raman
spectrum highlights the vibrational modes exclusively linked to glycerol (peaks at 1463 and
845 cm ! assigned to CH; bending deformation and CH»-OH twisting mode, respectively)
and to 5% alginate (peaks at 1414 and 956 cm ™! assigned to hydrogen bond and C-O-C
stretching mode, respectively.

1 / \" 5% Alginawm-glycero
1610 e

Raman intensity

T T T T T T T
1200 1600 1400 1200 1000 200 ECO 400

Wavenumber {em™)
Figure 3. The 1700-700 cm~! Raman spectral range of the 5% alginate, glycerol and 5% alginate—
glycerol films.

- (5% Alginate-glycerol films) - (glycerol) subtraction
956 cm”’

1124 cm” ! ¥
o em” 1084 cm / 890 cm
i \ 1340 cm”' \ /
e
(\u’/ 1 ‘S%Alginate /
>
=
|7
2 i
L
£
c 0
©
€
i | \
glycerol / \
1463 cm'” 845 cm”
T T T T T T T T
1700 1600 1500 1400 1300 1200 1100 1000 900

Wavenumber (cm™)

Figure 4. Raman subtraction spectrum between 5% alginate—glycerol and glycerol films.
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Table 2. Assignments of Raman modes of 5% alginate, glycerol, starch, 5% alginate-glycerol, 5%

alginate-starch and 5% alginate—starch—glycerol films at room temperature; 5 = bending, v = stretch-

ing; T = twisting, s = symmetric; as = asymmetric; T = trans; G = gauche; * = fitted value [].

. 5% 5% 5% Alginate— .
5% Alginate Glycerol Starch Alginate-Glycerol Alginate-Starch Glycero?—Starch Assignments
343 346 348 343 5(C-0) out of plane
376 5(C-O) in plane
414 409 413 415 5(C-0) in plane
428 425 5(C-0O) in plane
441 440 440 5(C-O) in plane
483 480 480 480 5(C-0) in plane
491 494 488 5(C-0O) in plane
520 521 521 v(C-O-C)
546 550 v(C-0O-C), 8(O-H)
577 577 576 5(O-H) out of plane
710 711 720 720 720 5(O-H) out of plane
765 762 763 5(O-H) out of plane
805 795 v(C-O-C)
818 814 814 v(C-O-C)
845 848 847 850 850 1(CH,-OH)
865 861 867 866 T(CH,-OH)
885 890 890 889 v(C-O-C)
904 v(C-O-C)
922 920 921 922 923 923 v(C-0O-C)
940 941 941 v(C-O-C)
954 956 956 v(C-O-C)
971 v(C-0O-C)
980 980 976 976 v(C-O-C)
1002 v(C-O-C)
1025 1020 v(C-O-C)
1032 1040 1041 1032 * v(C-O-C)
1055 1052 1051 1052 v(C-O-C)
1067 1062 Vas(C-C)r
1094 1088 1083 1096 1082 1084 v(C-CO)g
1112 1112 1108 1109 v(C-C)¢g
1127 1132 1124 1130 1127 vs(C-O)t, v(C-O)r
1160 * 1155 1154 1154 vs(C-CO)t, v(C-O)g
1202 * 1203 1203 1203 vs(C-C)
1252 1258 1256 1259 T(CHy)

1275 * 1275* vs(C-C)g
1310 1315 1303 * 1315 1311 1308 3(O-H) in plane
1340 1344 1340 1340 1340 1340 5(O-H) in plane

1360 * 1361 * 1362 * 5(O-H) in plane

1374 1380 1379 1381 3(O-H) in plane
1412 1414 1404 * 1412 1414 1418 vs(COO™), H-
bond
1463 1461 1465 1460 1460 d(CHy)
1500 hydrogen bond
1570 hydrogen bond
1612 v4s(COH)
1630 Vas(COO™)
2882 vs(CHy)
2905 2902 2905 2903 Vas(CHp)
v(CH-OH),
2934 2935 Ve (CHy)
2945 2946 2946 2946 vas(CHp)
2961 v(CH-OH)
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The study of the two area ratios T and p defined above seems relevant to describe
these phenomena. In Figure 5, we present the evolution of these ratios according to the
mass proportion of alginate in the water. From this figure, it is noted that between alginate
and alginate—-glycerol films the area ratio T seems to have the same evolution according
to mass proportion of alginate in the water but with lower values: a reduction with a
factor of four for the small percentages (1%, 2% and 3%), then by a factor neighbor of
two for 4% and 5%. These results are consistent with what we expected: a decrease in the
vibrational contribution of hydrogen bonds. For area ratio u, we remark that the ratio u
of alginate—glycerol films is very slightly lower for the 1%, 2% and 3% mass proportion
of alginate in the water compared to alginate films. It is only for a rate above 3% that a
significant drop is observed: for 5% alginate this area ratio goes from about 5.0 to 2.5, i.e., a
division by 2. If the vibrational contribution of the gauche C-C stretching mode is divided by
2, it means that the intermolecular mobility within the alginate—glycerol-water mixture is
multiplied by 2. However, it is the role of glycerol to increase this intermolecular mobility.

—=— A, 1/A 3, (Alginate)
—o— A, 0s/A s, (Alginate)

. A As0(Alg.-glycerol)
11 —v—A (Alg.-glycerol)

1096/A1062

9 Aera(Hydrogen bond) / Aera(8(O-H) in plane)
7]
6 -
b ]

2—- 4.///' v

v

ratios of area
w A~ O
1 1 1

04 Aera(v(C-C),,,.,..) | Aera(v(C-C), )
-1 r r r r
i 2 3 4 5
Alginate %

Figure 5. Area ratios of four vibrational modes:.T = Areay414/ Areaqzq0 and p = Areaqgog/ Areapes
for the alginate and alginate—glycerol films.

3.3. Alginate—Starch Films

In Figure 6, we present Raman spectra at room temperature for the 5% alginate films,
starch and 5% alginate-starch films in the spectral range 1700700 cm~!. We report in
Table 2 the values of each of the observed or adjusted peaks. The difference spectrum
between 5% alginate-starch and 5% alginate films is shown in Figure 7.

480 cm’

‘,,.-”

1483 am’

12680 am’
5% Alg inahe\ /

- starch

5% Alginats

Raman intens ity

Starch

1 T T T T T T T T T T
1800 1650 1500 1350 1200 1050 Q00 750 (ki) 450 300

Wavenumber (cm"}

Figure 6. The 1700-700 cm~! Raman spectral range of the 5% alginate, starch and 5% alginate—
starch films.
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\/

0.0

1630 o’ { r

955 om’

Raman intensity (a.u)

~ : 5 adginae
1570 om

1500 em’ i N
1414 o 1305 ern” BlSam — g
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1600 1500 1400 1300 1200 1100 1000 00 &00

W avenumber (em I:l

Figure 7. Raman subtraction spectrum between 5% alginate-starch and 5% alginate films.

In Figure 6, it is observed that the vibrational modes of starch seem to dominate the
Raman spectra of 5% alginate-starch films. We find the specific modes of starch linked
to CH, vibrations: 1463 and 865 cm ™! assigned, respectively, by 6(CHj;) and t(CH;,-OH)
deformations. However, the Raman subtraction spectrum in Figure 7 better reveals the
particularities of the two elements making up 5% alginate—starch showing that the Raman
spectrum of the 5% alginate—starch films is indeed the superposition of those of 5% alginate
and starch films taken separately. Thus, we observe in the Raman spectrum of 5% alginate—
starch-water mixture the predominance of the vibrational modes linked to 5% alginate:
1630, 1570, 1500, 1414, 1305, 955 and 805 cm ! assigned to v,5(COO™), hydrogen bonds,
d(O-H) in plane, v(C-O-C) vibrations, respectively.

Among these seven vibrational modes only the modes at 1414 and 1305 cm ™! are
common to 5% alginate and starch. If we observe in Figure 7 that the mode at 1414 cm !
is more dominant on the 5% alginate side, it means that the vibrational contribution of
hydrogen bonds is more important from 5% alginate compared to starch in the 5% alginate—
starch films. A comparison of the value of the area ratio T between 5% alginate and starch
films prepared in water could confirm this phenomenon. From the Raman spectra of 5%
alginate and starch films, we obtain for T the following values: 10.8 for 5% alginate films
against 0.6 for starch films. So, it seems clear that the hydrogen bonds with water are
made primarily with alginate. But hydrogen bonds between 5% alginate and starch can be
existed. A study of the area ratio T for 5% alginate—starch films could give an indication on
this point.

In Figure 8, we present the evolution of the area ratio T according to the mass pro-
portion of alginate in the water. From this figure, it is noted that between alginate and
alginate—starch films the area ratio T seems to have the same evolution according to the
mass proportion of alginate in the water but with lower values: a reduction with a factor
of 4 for the small percentages (1%, 2% and 3%), then by a factor between 2 and 3 for 4%
and 5%. These results are consistent with what we expected: a decrease in the vibrational
contribution of hydrogen bonds. Compared to 5% alginate—glycerol films, this ratio T is
even lower: we go from 7.0 to 4.4. The starch molecule being larger than that of glycerol, the
intercalation of starch within the alginate matrix has the consequence of further reducing
the number of hydrogen bonds of the alginate with water. Nevertheless, there may exist in
this biopolymer structure different types of hydrogen bonds: between alginate with water,
starch with water and starch with alginate. From our Raman study, it seems difficult to
distinguish these different types of hydrogen bonds.
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Figure 8. Area ratio T = Areay414/ Areajzqg for % alginate, % alginate-glycerol, % alginate—starch
and % alginate—starch—glycerol films according to the mass proportion of alginate in the mixture.

3.4. Alginate-Starch—Glycerol Films

In Figure 9, we present Raman spectra at room temperature for the 5% alginate films,
starch, glycerol and 5% alginate—starch—-glycerol films in the spectral range
1700-700 cm~!. We report in Table 2 the values of each of the observed or adjusted
peaks. Once again, the Raman spectrum of the starch seems to dominate the spectrum of
5% alginate—starch—glycerol films. In Figure 8, we present the evolution of the area ratio T
for 5% alginate-starch—glycerol films according to the mass proportion of alginate in water.
We remark that whatever the percentage this area ratio is very low of the order of 0.3. There
seems to remain in this alginate-water—glycerol-starch mixture very few hydrogen bonds;
the double intercalation of glycerol and starch in the alginate matrix considerably reduced
the secondary forces in the mixture.

851 cm’

1 5% Alginate-Starch T
] -glycerol

1 ghycerol

Raman intensity

Starch

T T
1800 1600 1400 1200 1000 a00 GO0 400
Wavenumber (cm™)

Figure 9. The 1700-700 cm~! Raman spectral range of the 5% alginate, starch, glycerol and 5%
alginate—starch films.

4. Conclusions

The purpose of this work was to try to understand the physicochemical properties
of different biofilms based on two polymers: alginate and starch reinforced by glycerol
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according to the mass proportion of alginate in water. The vibrational study of alginate
biofilms showed by the study of a hydrogen bonds area ratio T = Areay414/ Areajssy and
a gauche/trans area ratio y = Areaygog/ Areajpes that the impact of the mass proportion
of alginate was significant from 3% with a very significant increase at 5%. In the case of
glycerol-reinforced alginate biofilms, the area ratio T decreases in a homogeneous way
between the 5 percentages of mass proportion, whereas for the area ratio y the fall in the
rate is especially significant from 3%. The first result shows a significant decrease in the
vibrational contribution of hydrogen bonds linked to the presence in the mixture of glycerol
and the second result highlights the role of glycerol to increase this intermolecular mobility.

For the cases of alginate and starch-based biofilms and glycerol-reinforced alginate—
starch biofilms, only the measurement of the hydrogen bonds area ratio T could be exploited.
For alginate and starch-based films, we observe an impact of the mass proportion of alginate
on the vibrational contribution of hydrogen bonds always decreasing from 3%. For glycerol-
reinforced alginate-starch biofilms, the impact is almost non-existent.

For all samples, the Raman spectroscopy studies show a superposition of the individ-
ual spectra of the constituents of the mixture without there being any transformation of the
constituent elements: we observe intercalations.
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