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Abstract

Flaxseed (Linum usitatissimum L.) is one of the oldest crops known by hu-
mans and it has been used in numerous applications, such as in the textile
industry, feed formulation, fertilizers, and paper industry. However, nowa-
days these seeds have won an important highlight for human consumption
due to their active ingredients that make them an excellent functional food.
Thus, this study aimed to extract flaxseed oil, an oil rich in omega 3 and 6,
characterize it by using nuclear magnetic resonance (NMR) and Fouri-
er-transform infrared spectroscopy (FTIR) and then encapsulate this oil in
polycaprolactone (PCL) on the micro scale, using the nanoprecipitation tech-
nique and subsequently freeze-drying. To determine the mean diameter, the
dynamic light scattering technique (DLS) was used, and to verify whether
there was encapsulation, the pulse sequence MSE-FID, an NMR sequence in
the time domain, was also used. In addition to the previously mentioned
techniques, X-ray diffraction (XRD) was also employed. Flaxseed flour was
also analyzed by time-domain NMR and FTIR. The results obtained by NMR
show that the oil consists of fatty acid esters in the form of triglycerides in
which there is the presence of esters of a-linolenic and linoleic acids, respec-
tively ALA and LA, according to the literature. Regarding the material after
encapsulation, it presented a mean diameter of 445.2 + 41 nm and PDI of
0.674 £ 0.064, therefore classified as microparticles. Finally, using the se-
quence MSE-FID and the FTIR, it can be concluded that there has been the
microencapsulation of flaxseed oil in the particles formed.

Keywords

Flaxseed, NMR, Functional Food, Encapsulation

1. Introduction

Flaxseed is considered an important functional food because it has numerous
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substances considered beneficial to health in addition to its nutritional value [1].
Flaxseeds are an excellent source of minerals, vitamins, proteins, and fatty acids,
but the main substances present are fiber, lignans, and unsaturated fatty acids
[1] [2].

Flaxseed oil is rich in essential fatty acids such as alpha-linolenic acid (ALA)
and linolenic acid (LA) [3], therefore is considered the richest source of this type
of oil, even presenting an excellent ratio of w—6/w-3 [2]. Fibers are made up of
insoluble fibers, cellulose, hemicellulose, and lignans, while mucilage gum forms
the soluble fiber fraction [1].

Flaxseeds are also known to contain the highest content of lignans [2]. Lig-
nans act as antioxidants and phytoestrogens, and the most predominant is the
secoisolariciresinol diglucoside (SDG) [4]. Due to the presence of these compo-
nents, flaxseed has been related to the prevention or control of numerous dis-
eases, such as cardiovascular diseases, cancer, obesity, diabetes, cholesterol con-
trol, blood glucose control, etc [5] [6] [7].

Another interesting study showed that the use of flaxseed enhanced the
growth of L. acidophilus and improved its bile tolerance, which is an in vitro test
that evaluates the ability of the strain to survive in a media with bile salts similar
to human small intestines, this test is an important criterion for probiotics for
incorporation into foods and beverages [8].

Thus, the frequent consumption of this functional food is important, whether
in its fresh form or even incorporated into other foods such as bread, cookies,
cakes, and dairy products [1]. Micro or nanoencapsulation can be used when it
comes to the incorporation of substances in other foods in order to preserve the
characteristics of the incorporated substance and mask the unpleasant taste in
the final product [9] [10].

Nano or microencapsulation consists of wrapping bioactive in capsules in the
micro or nano size range to protect them against deterioration caused by envi-
ronmental conditions, such as high temperatures, oxygen, light, pH variations,
and unwanted interactions with other substances, etc. [11]. In these formula-
tions, the actives are involved by a material, or a combination of materials, and a
series of techniques can be chosen depending on the desired system. Some tech-
niques reported in the literature are spray drying, freeze-drying, emulsification,
coacervation, and nanoprecipitation, among others [10] [12].

Nanoprecipitation was the technique used in this work, in this method, an
organic solution containing the polymer and the active is emulsified in an
aqueous solution (with or without surfactant). Then, the organic solvent is re-
moved by stirring (with or without vacuum) and this process allows the forma-
tion of nanoparticles [13]. The basis of this technique involves an organic phase
being added to the aqueous phase, the solvent phase tends to have a diffusion ef-
fect, while the polymer automatically tends to collapse forming the micro or
nanoparticles that can encapsulate an active ingredient [14].

Although it is an easy-to-apply technique, a form of drying is needed after it is

carried out, such as lyophilization, and only polymeric materials can be used as a
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wall material [15].

In order to analyze the substances or materials obtained both in the extrac-
tions and after encapsulation, several techniques can be used, one of them is
NMR.

NMR spectroscopy is mainly used to characterize liquid state samples, how-
ever, recent developments such as magic angle rotation (MAS), high-resolution
magic angle rotation (HR-MAS), cross-polarization (CP), and cross-polarization
with magic angle spinning (CP-MAS) opened new horizons for solid-state NMR
experiments, so NMR can be used for both liquid and solid-state samples, in
one-dimensional, two-dimensional and multidimensional experiments, provid-
ing information on structure, composition, purity, molecular weight, dynamics,
and diffusion properties [16] using for this the magnetic properties of the ana-
lyzed nucleus.

In this way, the objective of this study was to extract, characterize and micro-
encapsulate flaxseed oil in PCL using the nanoprecipitation technique. Moreo-
ver, TD-NMR was used to analyze the flaxseed flour obtained as extraction resi-
due and the material after encapsulation, since it provides information on the
structure and properties of the material, in addition to allowing a detailed study

of the crystalline and amorphous domains [17].

2. Experimental
2.1. Materials

In this study, what were used are polycaprolactone (PCL) (Mn = 10,000 g/mol),
Pluronic® F-68 (Mn = 8400 g/mol), acetone, ethanol, chloroform, and ethyl ace-
tate P.A. All were obtained from Sigma-Aldrich®. Flaxseed oil was extracted in

the laboratory.

2.2. Extraction of Flaxseed Oil

For the extraction of flaxseed oil, the Soxhlet method was used. The seeds were
crushed with the aid of a blender, turning them into flour, and then 10 g of the
flour was weighed and stored in a paper filter to be subsequently placed inside
the Soxhlet extraction chamber. With the apparatus set up, the extractions were
made with 10 cycles using ethanol, chloroform, and ethyl acetate/ethanol (3:1) in

each extraction. In the end, the solvents were evaporated in a rotary evaporator.

2.3. Encapsulation of Flaxseed 0il

To carry out the encapsulation of flaxseed oil, it was necessary to prepare two
solutions in advance, one being the aqueous phase and the other the organic
phase. The aqueous phase contained 100 ml distilled water and 0.12 g Pluronic®,
and the organic phase contained 50 ml acetone, 0.20 g PCL polymer, and 0.10 g
of the previously extracted flaxseed oil.

The aqueous phase was immediately subjected to magnetic stirring. Regarding

the organic phase, the oil was initially solubilized in acetone using an ultrasonic
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tip sonicator for one minute with 40% power and a 4 mm micro tip. Then the
polymer was added, and the solution was kept under magnetic stirring until so-
lubilization of the PCL.

The next step is the nanoprecipitation, the organic solution was poured into
the aqueous solution using a glass funnel for liquid in a continuous way. In the
end, the emulsion was kept for three days under magnetic stirring at room tem-
perature to the solvent evaporation. After this period, the sample was taken to
the freezer for 6 hours at —62°C and finally to the lyophilizer under the pressure
of 2000 pHg and —47°C. The methodology used in this project was adapted from
the literature [18].

2.4. Characterization

2.4.1. Fourier-Transform Infrared Spectroscopy (FTIR)
FTRI was performed with a PerkinElmer Frontier FTIR/FIR spectrometer using
KBr pellets at room temperature. The spectra were collected from 4000 to 400

cm™! with a resolution of 4 cm™ and 20 scans.

2.4.2. Nuclear Magnetic Resonance Spectroscopy (NMR)
To obtain the NMR spectra, a Varian Mercury VX 300, 5 mm Universal probe
with gradient, operating at a frequency of 300 MHz (for the hydrogen nucleus)
was used; the samples were analyzed at a temperature of 30°C in deuterated
chloroform as solvent and reference.

Conditions to Acquire the 'H Spectra

The conditions used to obtain the 'H NMR spectrum were: spectral window
equal to 4800 Hz, acquisition time of 2.5; interval between pulses equal to 20 s;
number of transients equal to 16 and the pulse calibrated to 90 degrees.

Conditions to Acquire the *C Spectra

The conditions to obtain the »C NMR spectrum were: spectral window of
16,600 Hz was used, acquisition time equal to 0.9; interval between pulses equal
to 2; number of transients of 3600; pulse calibrated for 90 degrees at a frequency
of 75.4 Hz. For the APT (attached proton test), the parameters were similar, ex-
cept for the acquisition time equal to 0.8; interval between pulses equal to 1 and

number of transients equal to 4000.

2.4.3. Time-Domain Unclear Magnetic Resonance (TD-NMR)
After encapsulation, the solid samples were subjected to time-domain nuclear
magnetic resonance (TD-NMR) analysis. To determine the nuclear relaxation
measurements, a Maran Ultra 23 apparatus was used, operating at 0.54 T (23.4
MHz for ;H) and equipped with an 18 mm probe, at 30°C. Two pulse sequences
were applied as follows:

MSE-FID Pulse Sequence

To obtain hydrogen signals from the sample phases, the MSE-FID pulse sequence
(Magic-sandwich Echo with free induction decay) was applied, using the parameters:
90° pulse (duration 7.5 ps), number of 2048 points, interval between each point of 1

us, number of stacks equal to 32, recycle time of 1 s and receiver gain of 28%.
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Inversion-Recovery Pulse Sequence

The hydrogen spin-lattice relaxation time was directly determined by the in-
version-recovery pulse sequence (180°-t-90°), and the 90° pulse (duration 7.5 ps)
was automatically calibrated by the equipment’s software. The FID amplitude
was 40 points ranging from 0.1 to 5000 ms, with 4 measurements for each point

with a recycle interval of 1 second.

2.4.4. X-Ray Diffraction (XRD)
XRD analyzes were performed using a Shimadzu LabX XRD-6100 apparatus.
The samples were exposed to CuK a radiation (A = 1.5418 A) at room tempera-
ture and the data were collected from 10° to 60° degrees theta (26) at a scan rate
of 0.02°/s. The degree of crystallinity was calculated using Fityk software and
Equation (1), in which the total area is the sum of the crystalline phase and the
amorphous phase.

e — Cristalline phase area N

Total area

100 (1)

3. Results
3.1. Characterization of Flaxseed Oil from NMR

The magnetic resonance spectra for the extractions in the different solvents used
were obtained, however, they all presented the same signal profile. Thus, only
the results obtained for one of the extractions will be presented. Along with
NMR, FTIR and the study of the literature are going to be used [19] [20] [21].
Figure 1 presents the 'H spectrum for brown flaxseed oil extracted in ethyl
acetate/ethanol (3:1) and Table 1 lists each signal obtained in the spectrum with

its chemical shift.

Table 1. Chemical shift of every signals present in the 1H spectrum of flaxseed oil.

Signal J (ppm) Proton type Components?
A 0.86 - 0.91 CH; All acids except linolenic acid
B 0.95 - 1.00 CH; linolenic acid
C 1.26 - 1.31 -(CH2)n- All fatty acids
D 1.59 - 1.63 -CH.-CH,-OCO- All fatty acids
E 2.04 - 2.08 -CH,-CH=CH All unsaturated fatty acids
F 2.28 -2.34 -CH:-OCO- All fatty acids
G 2.75-2.82  -CH=CH-CH,-CH=CH- Linolenic acid and linoleic acid
H 4.12 - 4.33 -CH.OCOR Glycerol
I 5.20 - 5.26! >CHOCOR Glycerol
) 5.24 - 5.37 -CH=CH- All unsaturated fatty acids
1120]; 2[19].
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Figure 1. 'H solution NMR spectrum of flaxseed oil.

The data obtained from the hydrogen and carbon spectra as well as the litera-
ture data indicate that there is a mixture of fatty acid esters bonded to the three
carbons of glycerol [19] as shown in Figure 2. The carbons 1 and 3 of the glyce-
rol are linked to the same or very similar molecules, which keeps the symmetry
in the molecule.

In the '"H NMR spectrum, two methyl signals can be highlighted, one referring
to the a-linolenic acid ester (signal B) and the other of the other esters including
linoleic acid (signal A), the methyl B signal is more deshielded due to its prox-
imity to a double bond which does not occur with signal A.

Another important sign is the doublet of doublets at the center (H sign) this
refers to the hydrogens of the CH, groups present in glycerol. The signs C, D, E,
F, and G refer to the CH, groups present in the chain of these esters, with F be-
ing the hydrogens closest to the carbonyl and G being those located between the
double bonds, the sign ] represents the hydrogens of the double bonds. The de-
scription of these signals is summarized in Table 1.

In addition to the 'H spectrum, the *C and APT spectra were obtained
(Figure 3 and Figure 4, respectively). The APT spectrum is an important tool to
distinguish the types of carbons present, it is possible to observe the methyl
groups and CH groups in an inverted way on the spectrum and thus discrimi-
nate them from the CH, groups and carbons that do not have hydrogen bonded.

In these spectra, it is possible to observe that there are two signals referring to

a glycerol molecule. The first at 62.62 ppm for CH, and the second at 69.68 ppm
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for CH, this can be explained by the symmetry of the molecule, causing the two
CH, signals to fall into the same chemical shift. This issue is reinforced by the
signs of the ester carbonyls at 173.36 ppm and 173.77 ppm, the methyls (CH) at
14.65 ppm and 14.81 ppm and the a CH; at 34.54 ppm and 34.71 ppm which

has, as can be seen in the enlargements, two signs each (Figure 3).
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In order to aid the characterization of the flaxseed oil, the HSQC (Single
Quantum Coherence Spectroscopy) and COSY (Correlation Spectroscopy) spec-
tra were also obtained, Figure 5 and Figure 6 show these spectra. The first spec-
trum correlates the hydrogen signals with the carbons which are directly bonded
and the second correlates 'H signals with other 'H signals up to three bonds,
therefore on adjacent carbons.

In the first part of the spectrum (signals from A to G in the 'H phase), it is
possible to observe that these are the hydrogens present in CH; and CH; corre-
lated with their respective carbons. The most notable of these correlations is be-
tween the hydrogens and carbons of the methyls (signals A and B in the 'H
spectrum) and the 'H a with o carbon (F signal) as shown in Figure 5.

In the second part of the spectrum, the doublet of doublets can be observed at
the center of the spectrum (signal H), in the hydrogen phase, these signals can be
correlated with the CH, carbons of glycerol. Signal I refers to the central hydro-
gen of glycerol and although it is overlap on sign J, it is possible to see its corre-
lation with the respective carbon. Guillén and Uriarte (2012) described this CH
hydrogen signal around 5.20 to 5.26 as shown in Table 1.

Finally, the third part of the spectrum shows the correlations between the un-

saturation hydrogens (signal J) with their carbons. The last signal that appears in
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the carbon phase, in which there is no correlation on the spectrum is the carbons
of the ester carbonyls, this signal is also doubled in the enlargement of the 13C
spectrum.

Regarding the COSY spectrum (Figure 6) in the first part, it is possible to
highlight the methyl A signals with the CH, groups that are not close to the un-
saturation (C signal), this last signal also correlates to the E signal that refers to
neighboring hydrogens of the double bonds (pink arrows on the spectrum). The
E signal correlates with the B in the case of the a-linolenic acid ester molecule
due to unsaturation near the chain ends.

It is also possible to observe the correlation between the F and D signals, re-
spectively, the a and f hydrogens of the esters chain. Then we have the correla-
tion between H and I (overlapped on the J signal), that is, the hydrogens of the
CH, groups of the glycerol with its central hydrogen. Finally, it is possible to
correlate the J signal ("H of the unsaturation) with the signals G and E CH, near

the unsaturation carbons. Table 2 summarizes all the signals handled so far.

3.2. Characterization of Flaxseed 0Oil by FTIR

The FTIR analysis confirms the presence of unsaturated fatty acid ester due to
the presence of bands of 3010 cm™, 1739 cm™, 1647 cm™ and 1242 cm™, these
and the other bands are also reported in other research such as in Baldnuca et al
(2014). The band at 1739 cm™ refers to the stretching of the ester carbonyl and
the band at 1242 cm™ to the stretching of the CO bond. Moreover, the bands at
3010 cm™ and 1647 cm™ are attributed to the double bonds present in the

chains as can be seen in Table 3 and Figure 7.

3.3. Dynamic Light Scattering (DLS)

DLS technique was performed aiming to determine particle size and polydisper-
sity (PDI) after the oil encapsulation. Table 4 shows the mean diameter size and
PDI values for the analysis performed at the end of lyophilization.

The mean diameter obtained in the analysis indicates that the particles formed

are microparticles. The PDI indicates the homogeneity of the system in relation

Table 2. Summary of correlations presented in the solution spectra.

Correlations Signals
DeF P CHze aCH;
EeC CH.-CH=CH e CH: (others)
JeG CH=CH e CH=CH-CH.-CH=CH
JeE CH=CH e CH,-CH=CH
BeE CHs e CH,-CH=CH
AeC CH3; e CH; (others)
IeH CH (Glycerol) e CH2 (Glycerol)
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Figure 7. FTIR spectrum of flaxseed oil.

Table 3. Wavelength of functional groups present in flaxseed (in cm™).

Flaxseeid oil Groups Flaxsee_d oil Groups
(cm™) (cm™)
3010 v=CH- 1371 0 CH;
2918 v C-H assimétrica 1242 vC-O
2855 v C-H simétrica 1159 vC-O
1739 vC=0 1095 vC-O
1647 yC=C 717 pCH,
1454 J CH: - -
Table 4. Mean diameter and PDI of the sample.
Time Mean diameter (nm) PDI
Initial sample 4452 + 41 0.674 + 0.064

to the particle size distribution. Thus, the smaller the PDI value, the more mo-
nodisperse the sample (this value varies between 0 and 1).

In this way, for the analysis in question, it is possible to observe that the ma-
terial after encapsulation has a wider size distribution, which may be due to the
collapse of the sample during the solidification and lyophilization processes [18].

During the freeze-drying process, also called lyophilization, there was an os-
cillation of pressure and temperature during the sublimation of the solvent,
causing the sample to be solidified again in the freezer. Furthermore, a cryopro-
tectant was not used, so some particles may have agglomerated and reorganized,
generating a mean diameter with a high standard deviation and a polydispersity

around 0.674 indicating a greater polydispersion, however for this methodology
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there are cases in the literature with better results such as Tavares ef al. (2017).
Thus, even with the problems faced, the project obtained PCL microparticles
through the nanoprecipitation process, but it is important to have greater con-

trol over the parameters, especially in the freeze-drying step.

3.4. X-Ray Diffraction Analysis of the Encapsulated Material

The X-ray diffraction analyses for the analyzed materials were obtained in the 28
range between 10° and 60°, as outside this range, no significant diffraction
maxima were observed for the analyzed polymers or for the sample after encap-
sulation. Table 5 shows the angles obtained in the analyses performed.

Figure 8 shows the diffractogram of pure PCL, it is possible to observe the
diffraction maxima of this polymer at 26 = 21.7° and 23.9°, this is due to the
semi-crystalline structure of this polymer and corresponds to the diffraction
maxima described in the literature, corresponding to the planes (110) and (200)
of the orthorhombic crystal structure, respectively [22]. Other diffraction max-
ima can also be observed above 28 = 30°, these correspond to less important
crystalline domains of the polymer used in the analysis.

In relation to Pluronic® F-68 (Figure 9), diffraction maxima at 26 = 19.4" and

23.4° were observed, also similar to those observed in the literature [23].

PCL

10000+ 217

8000+

6000 -
23.9

4000+

2000+ ‘

0 T 1 1 1
10 20 30 40 50 60

2Theta (degree)

Intensity (a.u.)

Figure 8. PCL diffractogram.

Table 5. Diffraction maxima and crystalinity of the analyzed materials.

Materials Diffractioun maxima Crystalinity
) (%)
PCL 21.7 - 23.9 30%
Pluronic® F-68 19.4 - 23.4 18%
Encapsulated material 20.4 22.6 24.8 27%
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Figure 9. Pluronic® diffractogram.

Regarding the material after encapsulation, in Figure 10, the sample showed
three diffraction maxima, at 260 = 20.4°, 22.6°, and 24.8°. The first may be asso-
ciated with Pluronic® F-68, the second with PCL polymer, and the third with an
overlap of the PCL and Pluronic® F-68 diffraction maxima.

Another factor to be considered is that during the analyses, it was necessary to
press the material into the sample holder, which caused it to change its visual
appearance, that is, it was no longer a white powder and became a more compact
mass that is difficult to be worked on and with slightly different coloration, this
suggests that at that time there was an oil release and this, as well as Pluronic®
F-68, affected the crystallinity of the PCL. This can be highlighted when calcu-
lating the degree of crystallinity of the polymers and the sample, the PCL had
30% crystallinity, the Pluronic® F-68 18%, and the sample 27%. Thus, the oil re-
duced the crystallinity of the PCL in the sample.

3.5. MSE-FID Analysis

In order to confirm whether or not the oil was encapsulated, pulse sequences
MSE-FID (Magic-sandwich echo-Free induction decay) were used. The data of
the material after encapsulation, PCL, and Pluronic® F-68 can be analyzed in
Table 6.

In the MSE-FID sequence, a longer T,* time indicates greater mobility of the
phase in question. Then, using the data in Table 6, it can be stated that the flax-
seed oil was encapsulated since the sample presented an increase in time T,*
compared to the PCL values, this means that there was an increase in the mobil-
ity of the phases, an indication that the oil was encapsulated. This increase can
also be observed when comparing the T>* of the intermediary and rigid phases of

Pluronic® and the material after encapsulation.
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Figure 10. Diffractogram of encapsulated material.

Table 6. Spin-spin relaxation time (T.H) attributed to rigid (T>H), intermediary (T»H)
and mobile (T2mH) domains for polymer, Pluronic®, and Encapsulated material (in ps).

Sample TxH TxH TomH
PCL 14 94 230
Pluronic® 33 124 307
Encapsulated material 17 141 358

3.6. FTIR Analysis of Encapsulated Material

Besides the MSE-FID sequence, the FTIR technique was also used to confirm
that the oil was encapsulated. Figure 11 shows the FTIR spectrum of the materi-
al after encapsulation, in this spectrum, there are bands similar to those of the
PCL polymer. Nevertheless, the bands of Pluronic® F-68 and the characteristic
bands of the oil are not observed thus being another indication that the flaxseed
oil was encapsulated.

In the microencapsulate, the band at 3444 cm™ is observed, similar to that
present in the PCL spectrum. Moreover, the ester band at 1730 cm™ is characte-
ristic of the polymer, remembering that in the oil spectrum there is also a band
of the same type, but in 1739 cm™.

In addition to these bands those that occur in 1288 cm™, 1242 cm™, and 1177
cm™ stand out, these are also polymer bands, since they do not resemble the
flaxseed oil ones that occur in the same region, but with those that are present in
the PCL spectrum.

3.7. Analyses of Flaxseed Flour from TD-NMR

3.7.1. Inversion-Recovery
Figure 12 shows the distribution graphs of longitudinal relaxation domains (T)
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Figure 11. FTIR spectrum of material after encapsulation.
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M1: Brown flaxseed in ethanol; D1: Golden flaxseed in ethanol; M2: Brown flaxseed in

chloroform; D2: golden flaxseed in chloroform; M3: Brown flaxseed in ethyl ace-
tate/ethanol; D3: Golden flaxseed in ethyl acetate/ethanol; PM4: Brown flaxseedstandard;

PD4: Golden flaxseed standard.

Figure 12. Distribution curves of domain relaxation times for flaxseed flour.

obtained by inversion-recovery for brown and golden flaxseed flour after extrac-

tion in the solvents ethanol, chloroform, and ethyl acetate/ethanol (3:1), and

flaxseed flours before the extraction.
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In these graphs and in Table 7 and Table 8, it is possible to observe that the
solvents had a significant effect on the extractions, influencing the composition
of the residual material since there are differences in the T, relaxation time val-
ues of the standard materials (PM4 and PD4) and materials after extractions
(M1, D1, M2, D2, M3, D3). These variations may be due to the interactions that
these bioactive make with other components of the rigid phase. It is important to
emphasize that the shorter the T, relaxation time, the greater the molecular mo-
bility of the chains and the weaker the interactions between the components of
this phase.

Thus, it can be emphasized that some samples of brown flaxseed flour showed
a smaller variation in the T, relaxation time values compared to the values of the
golden flaxseed. In Table 7 and Figure 12, it is possible to notice that the most
efficient extractions of brown flaxseed are M2 and M3 due to a greater reduction
in T, when compared to the standard.

With regard to the golden flaxseed (Table 8), this showed better efficiency in
the D3 extraction, because, as it can be seen, in addition to the significant reduc-
tion in T, in relation to its standard, there was also a reduction in the curve of
the graph (third curve in the graph).

The width of the relaxation domain curves is an important point, as the wider
the more heterogeneous the phase is. The phase has hydrogen nuclei with dis-
tinct molecular mobility and interactions. Thus, the greater decrease in the
width of the curves of the golden flaxseed indicates a greater structural reorgan-

ization of the phases after the extraction of the bioactive, making the phase more

Table 7. Spin-lattice relaxation time (T:H) for brown flaxseed flour (in ms). PM4: Stan-
dard; M1: flaxseed in ethanol; M2: flaxseed in chloroform; M3: flaxseed in ethyl ace-
tate/ethanol.

Sample TiH of Brown Flaxseed (ms)

PM4 1.4 - 143 1490
M1 2 - 102 886
M2 2 12 98 914
M3 1 7 92 2791

Table 8. Spin-lattice relaxation time (T1H) for golden flaxseed flour (in ms). PD4: Stan-
dard; DI1: flaxseed in ethanol; D2: flaxseed in chloroform; D3: flaxseed in ethyl ace-
tate/ethanol.

Sample T:H of Golden Flaxseed (ms)

PD4 1.6 7 129 1018
D1 2 - 91 1018
D2 2 5 73 822
D3 0.9 6 68 535
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homogeneous in the more rigid phase (the one with the highest T), especially
when the extraction was carried out with the ethyl acetate/ethanol mixture (D3)
and the solvent chloroform (D2). The same happened in relation to brown flax-
seed, which presented a more prominent curve variation in chloroform (M2)
and ethyl acetate/ethanol (M3).

Therefore, the extraction of golden flaxseed using ethyl acetate/ethanol (D3)
was the one with the highest extraction power, since there was a significant de-
crease in the relaxation time (T,) and a decrease in the width of the curves, indi-
cating that after extraction the phase became a little more homogeneous com-
pared to standard flaxseed (PD4). The extractions of brown flaxseed were a little
less efficient compared to golden flaxseed, but the efficiency of the ethyl ace-
tate/ethanol system (3:1) can be highlighted again.

3.7.2. MSE-FID Analyses of Flaxseed Flour

Regarding the MSE-FID analysis, this measures the relaxation time T,* (trans-
verse relaxation time), the behavior of T,* is the opposite of T, that is, a phase or
domain with a high T,* value is a phase with less molecular mobility.

Through Table 9, it can be seen that the T,* of the rigid phase varied ran-
domly, for the brown flaxseed, which may be due to the strength of solvent inte-
raction. Regarding the mobile phase, this showed a noticeable difference for
samples M2 and M3, respectively 281 ps and 283 us (Table 9) compared to the
standard value (PM4) of 712 ps that is, the mobility of the phase decreased.

The M1 sample, with T,* of 612 us for the mobile phase, showed the least var-
iation compared to the standard (PM4) which may indicate and corroborate the
effect of the solvent action in the extraction, being similar to samples M2 and
M3 and different from sample M1. The same behavior was observed for the in-
termediary domain. These results agree with the results presented by the inver-
sion-recovery pulse sequence in which the M2 and M3 samples had a shorter
T,H time compared to the M1 extraction and the standard.

Thus, it can be stated that the mixture of ethyl acetate/ethanol (3:1) and the
solvent chloroform were the most efficient for the extraction of brown flaxseed
flour.

For golden flaxseed flour, the rigid domain showed little or no variation when
compared to the standard of 16 ps. For the mobile and intermediary phases,
there was a reduction in the relaxation time in the D1 and D3 extractions indi-
cating that these phases lost mobility after the extraction. On the other hand, the
D2 extraction (chloroform extraction) presented an increase in the T,* time
which means that the hydrogens in this phase have even more mobility after the
procedure which is indicative of a system reorganization (Table 10).

These results are in part in agreement with the results presented by the inver-
sion-recovery pulse sequence, as this showed better extraction efficiency for the
ethyl acetate/ethanol (3:1) mixture. The same occurs for the MSE-FID pulse se-
quence since the D3 extraction was the one with the smallest T,*. The golden
flaxseed D1 (ethanol) also showed a good result, but even so the most efficient is
D3.
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Table 9. Spin-spin relaxation time (T.H) attributed to rigid (T2H), intermediary (TzH)
and mobile (T>mH) domains for brown flaxseed flour (in us). PM4: Standard; M1: flaxseed
in ethanol; M2: flaxseed in chloroform; M3: flaxseed in ethyl acetate/ethanol.

Sample T»H TaH TomH
pPM4 24 162 712
M1 13 167 612
M2 21 119 281
M3 15 114 283

Table 10. Spin-spin relaxation time (T.H) attributed to rigid (T>-H), intermediary (TxH),
high mobile (T2nmH), and mobile (T2mH) domains for brown flaxseed flour (in ps). PD4:
Standard; D1: flaxseed in ethanol; D2: flaxseed in chloroform; D3: flaxseed in ethyl ace-
tate/ethanol.

Sample TxH TxH TomH TamH
PD4 16 158 458 993
D1 16 144 414 -
D2 14 174 489 -
D3 15 128 367 -

Another important point is that the golden flaxseed without extraction pre-
sented a domain with high mobility hydrogens (993 us), this phase was not ob-
served in the other analyses of the golden or brown flaxseed. The disappearance
of this phase after the extraction is an indication that the extractions were effi-
cient, removing the highly mobile hydrogens and that the system reorganized
and the remaining molecules started to interact more with each other in this

phase, making it less mobile.

4. Conclusions

In this project, the flaxseed oil was extracted and characterized using FTIR and
NMR and the results compared with the literature, it can be concluded that the
oil contains fatty acid esters in the form of triglycerides, in which there is the
presence of ALA and LA, respectively, the a-linolenic and linoleic acid esters an
omega 3 and 6.

After the characterization, the encapsulation of the oil was carried out using
the nanoprecipitation technique followed by lyophilization to obtain PCL mi-
crocapsules. The DLS results showed that there was the formation of micropar-
ticles with a mean diameter of 445.2 + 41 nm and PDI of 0.674 + 0.064. During
freeze-drying, there were some problems that affected the formation of these
microparticles, which highlights the importance of controlling the temperature
and the pressure during this step.

The XRD analyses of the encapsulated material showed a sightly change in the

DOI: 10.4236/msa.2022.135015

296 Materials Sciences and Applications


https://doi.org/10.4236/msa.2022.135015

K. D. S. Santana, M. I. B. Tavares

diffraction maxima. Nonetheless, the diffraction maxima of the sample can be
associated with the Pluronic® F68 and the PCL. Moreover, its crystallinity is
lower than the polymer which may be due to the oil released during the prepara-
tion of the analysis.

In order to confirm that the oil was encapsulated, the pulse sequence MSE-FID
and the FTIR were used, the first one showed that there was an increase in the
T,* time of the sample in relation to the polymer and the surfactant used, which
indicates high molecular mobility of the phases provided by the oil, an indicative
of encapsulation. The second technique used also reinforces this issue since it is
not possible to observe characteristic bands of the oil in the FTIR spectrum of
the sample.

This project also analyzed the flaxseed flour obtained as residue from the ex-
tractions. The results of TD-NMR using two types of pulse sequence: inver-
sion-recovery and MSE-FID agree with each other showing that the most effi-
cient solvent was the mixture of ethyl acetate/ethanol (3:1) for both types of
flaxseed.

Therefore, it can be concluded that flaxseed oil was encapsulated in PCL, a
biodegradable and biocompatible polymer. The particles are in the micrometric
scale, making it ideal for application in the food and nutraceuticals area due to
the documented benefits of flaxseed oil for human health. The nanoprecipitation
technique can also be used in other areas such as cosmetics and pharmacology

encapsulating different types of materials.
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