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The food nutritional content is reduced as result of vitamins degradation. In order to minimize such losses, the encapsulation technique
into polymeric nanoparticles (NPs) could offer an additional protection, extending the stability. The crosslinking formed by the ionic
gelation process of chitosan and tripolyphosphate (Chi-TPP) has been widely used as an encapsulating matrix for several chemical
compounds. In this way, Chi-TPP was used for encapsulation of C, B9 and B12 vitamins. The stability of the vitamins in NPs was

evaluated in aqueous suspension by UV-Visible spectroscopy under different conditions: stored in dark, light exposure and effect of
oxygen bubbling. The results indicated that encapsulation had a positive effect in preserving the vitamins, mainly vitamin C. The
encapsulation preserved 47% of the initial concentration of vitamin C by the tenth day and around 28% after 17 days. Conversely, in
non-encapsulated controls (neutral and acidic medium) the losses were higher, reaching 13% by the tenth day and almost 3% after
17 days of storage in both medium. When exposed to light and O, the protection provided by the encapsulation was even greater.
By thermogravimetric analysis, the pure and the encapsulated vitamins showed distinct thermal behavior confirming Chi-TPP as a

potential encapsulation material.
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INTRODUCTION

Most of food nutrients and in special the vitamins are susceptible
to fast degradation during processing, storage, and consumption.
According to literature, ascorbic acid (vitamin C) is chemically
stable in acid pH, but unstable when in alkaline or neutral aqueous
media. It also suffers intense action when subjected to oxygen, light
and temperature and may reach values close to 100% of Maximum
Cook Loose (MCL). In contrast, folic acid (vitamin B9) is quite stable
in alkaline media, but unstable in neutral or acidic pH and likewise
suffers degradation by oxygen, light and heat, also reaching a 100%
MCL. Cyanocobalamin (vitamin B12) is relatively more stable and
can withstand variations in pH, although is susceptible to oxygen and
light, presenting MCL near 10%.!

Van Bree e al.,> analyzing the degradation kinetics of ascorbic
acid in fruit juice, reported that in non-stressed conditions the vitamin
C degrades irreversibly according to a first order model. Even when
conserved under optimal conditions of temperature and filling, most
of natural juices lose 20 to 35% of their initial vitamin C content after
one year storage.® Attempts to fortify milk with vitamin C resulted in a
loss of 35-40% over 7 days when stored at 4 °C in the dark* and when
added to solid food as bread and cereals flakes, high rates of loss were
observed (approximately 80 and 40%, respectively).’ In the same way,
folic acid also showed variation in stability during storage, mainly
in enriched food.®” Exampling, powdered milk showed considerable
losses of folic acid (60% on average), after one year of storage. For
the sterilized milk and ready-to-drink milk chocolate beverage, the
losses of folic acid were 25 and 29%, respectively, during the four
months of storage. Concerning the vitamin B12, there is no data
regarding its stability in active food, but questions has been aroused
about the safe limit, degradation in the marketing process, efficacy
and bioavailability of vitamin B12 fortified food.®

The addition of vitamins to animal food is also a concern. Coelho’
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reviewed the stress factors that can influence the stability of several
added vitamins during processing and storage in premixes and feeds
for ruminant diets, pointing to the effects of pelleting and extrusion
over ingredients degradation. Guilherme ef al.,' in an interesting
work, evaluated the degradation of ascorbic acid when added to ration
for fish against several factors as thermal stability, photochemistry and
leaching, evidencing that vitamin content decreased approximately
60% after 30 days storage in an aqueous medium.

There are many ways of reducing the loss of bioactive and active
ingredients in nutraceutical products,”!""!* and, among them, the poly-
meric encapsulation has been used to protect susceptible vitamins
against environmental or external impacts.'>!* This polymeric encap-
sulation can be achieved by micro- or nanoencapsulation techniques. '
The nanoencapsulation to obtain NPs generally is made by ionic
gelation process that consists of setting an inter- and intramolecular
crosslinking between a polyelectrolyte, e.g., chitosan (Chi) or tri-
methylchitosan (TMC),'* and a poly-ion as sodium tripolyphosphate
(TPP).">*The driven force that maintain the stability of the system
is the elelctrostatic interaction between ions of opposite charges.
However, the characteristic of nanoparticle is highly dependent on
the polymer and crosslinking agent concentrations, pH and presence
of a third specie (specially, the encapsulated substance).

The feasibility of entrapping vitamins C, B9, and B12 into Chi/
TPP and TMC/TPP nanoparticles has previously been confirmed in
our studies, in which structural and chemical changes were related
and discussed by means of spectroscopic analyses (solid state *C
NMR and Fourier Transformed Infrared). Atomic Force Microscopy
and Scanning Electron Microscopy were also used to characterize
nanoparticles shapes and size distribution.!” Release kinetics of
vitamins C, B9, and B12 from Chi/TPP nanoparticles in aqueous
medium were determined and related to specific vitamin properties
as molecular weight and solubility.'® A significant observation from
that study was to establish a quantitative relationship between the
concentration of vitamins and nanoparticle structural characteristics
such as size and zeta potential.
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In order to advance the understanding and the characterization
of the protective effect generated by Chi/TPP nanoparticles in the
vitamins encapsulation, the present work aims to analyze the vitamins
stability (C, B9, and B12) in nanoencapsulated condition under diffe-
rent temperatures, oxidative atmospheres (O,) and light conditions.

EXPERIMENTAL SECTION
Materials

Sodium tripolyphosphate (TPP) and medium molecular weight
chitosan (Chi), 80% deacetylated, were purchased from Aldrich
Chemical Company Inc. (St. Louis, USA), and used as supplied.
Other chemicals used were obtained from Synth (Rio de Janeiro,
Brazil). Ascorbic acid (vitamin C), folic acid (vitamin B9) and cyano-
cobalamin (vitamin B12) were also supplied from Aldrich Chemical
Company Inc. (St. Louis, USA).

Synthesis of the nanoparticles and encapsulation of vitamins

The nanoparticles were synthesized according to adopted metho-
dology as previously described.'” In summary, the process comprised
a continuous addition of 50.0 cm® of TPP solution at 0.7; 1.34 and
1.38 mg cm®, respectively for vitamins B9, C and B12, into 50.0 cm® of
3.0 mg cm™ of Chi solution. Chi was previously dissolved in an aqueous
solution of acetic acid at 1% (v/v). The system was magnetically stirred
atroom temperature during the addition of TPP drop wise solution to the
Chi/vitamin mixture at a rate of 1.0 cm min'. The stirring extended for
more 15 minutes after the total addition. The amount of vitamins was
kept at 15.0% (w/w), based on the chitosan weight. The final loaded
particles have an average size of around 320 nm. Physical-chemical
characteristics of these nanoparticles are reported elsewhere.'®

Vitamin stability in aqueous suspension

After encapsulation procedure, the degradation of vitamins was
evaluated in aqueous suspension during storage time and under
different conditions of oxidant medium (O,) and light exposure.
Evaluation of storage was performed by keeping samples of encap-
sulated vitamin C in an oven at a constant temperature of 30 °C, in
absence of light, for three weeks. Twice a week, 1.0 cm? aliquot was
taken and stabilized with 1.0 cm® of metaphosphoric acid solution at
6.0% (w/v). For encapsulated vitamins B9 and B12, the samples were
stored at room temperature (25 + 2 °C), in absence of light for three
weeks. For these, aqueous solution of 0.1 M KOH + 0.1 M KH,PO,
was used as a stabilizing agent.

Aqueous solutions of pure vitamins (non-encapsulated) were
prepared and underwent the same procedures as the encapsulated
ones to serve as a control for comparison. All vitamins (C, B9 and
B12) were dissolved in deionized water in a ratio of 0.255 mg cm.
Alkalinization of the solution with 0.1M of NaOH was necessary
to allow vitamin B9 solubilization. For vitamin C, an additional
comparative control was prepared at 0.255 mg cm™ in acetic acid
solution at 1.0% (w/v).

Because of its low stability, vitamin C was further investigated
regarding the influence of light and oxidant medium (O,). To assess
the influence of the light, the suspension of nanoencapsulated vi-
tamin C and its controls were exposed to natural and incandescent
light (Hg vapor, 20 W) on the laboratory bench along three weeks
at room temperature.

The influence of oxygen was determined by bubbling O, gas
(Perez Oxigénio, 99.9%) directly into the solutions (suspension of
encapsulated vitamin C and its control) for 1 hour in alternative days

Analysis of thermal and aqueous suspension stabilities of chitosan based nanoencapsulated vitamins 1127

with a moderate gas flux. The stability was expressed as the relative
concentration with respect to amount initially solubilized. Curves and
mathematical adjustment were performed using a Microcal Origin
9.0 software (OriginLab Co., Northampton, MA, USA).

Entrapment capacity and thermal analysis

The suspension of encapsulated vitamins was centrifuged at
14500 rpm for 10 minutes (MiniSpin Plus, Eppendorf) before analy-
ses. The amount of vitamins in each sample was determined using a
UV-Visible spectroscopy model UV-1601PC (Shimadzu Corporation,
Japan), in the spectral wavenumbers of 244, 283, 362 nm for vita-
mins C, B9 and B12, respectively. For the calculation, calibration
curves were done for each vitamin from serial dilution of a stock
vitamin solution at 0.225 mg cm. The solvents used to prepare the
stock solutions were aqueous metaphosphoric acid at 3.0% (w/v) for
vitamin C, and aqueous solution of 0.1 M KOH + 0.1 M KH,PO, for
vitamins B9 and B12.

The thermogravimetric analysis was performed in a TGA-500
(TA Instruments, Brussels, Belgium), using 5.0 mg of sample under
nitrogen atmosphere (gas flow of 60 cm?® min™). The samples were
heated from room temperature to 500 °C at heating rate of 10 °C min’".

RESULTS AND DISCUSSION
Stability of encapsulated vitamin in aqueous suspension

After synthesis was completed, the suspension acquires opaque
appearance with characteristic color of each vitamin. No precipitation
of nanoparticles was observed during the experiment, indicating that
Chi/TPP/vitamin forms a stable system without visual perception of
particles agglomeration.

Analyses demonstrated that vitamins B9 and B12 under both
conditions are reasonably stable in aqueous media, not degrading
extensively at room temperature (~ 25 °C) over a period of 15 days
storage (Figure 1). The variation in concentration can adequately be
adjusted to a linear fit (y = a + bx), in which b means the slope (incli-
nation of the line), physically interpreted as the rate of concentration
loss. For all adjusted data, the measured b is very low, in the order
of 10, indicating satisfactory stability with a tendency of minimal
reduction in the concentration over time.

It is important to note that the measured concentrations for vita-
min B12 are very similar in both conditions (diluted and encapsulated)
indicating good interaction between polymer and this vitamin. Also
depicted from the figure is that the amount of vitamin B9 into Chi-TPP
matrix is slightly lower and is estimated in approximately 72% of the
initial diluted concentration. The acid solvent used in chitosan gel
formation (acetic acid) may have influenced the vitamin B9 stability,
since it is known that this vitamin is sensitive to acidity."

The vitamin C behaves differently in aqueous media. The analy-
ses indicate an inferior stability with a pronounced variation in the
concentration over time as shown in Figure 2. The loss follows almost
the same behavior either in neutral or acid medium in an evident
exponential degradation. The adjusted curves for the vitamins pro-
vides an acceptable approximation to a non-linear regression fitting
an exponential decay, with general equation:

Y=y, +Ae™ (H

where A is the interception with the ordination axis, reflecting the
number of total molecules having sufficient energy to react, and -(x/t)
express, in module, the rate of reaction, i.e., how fast the concentration
curve drops with time.?



1128 de Britto et al.

0.30 -

0.24 _I\Q—.\Lg.
T - oo o3 5 3
 0.18
o E -

E
S b e ® .
S 0.12- B
S o
(&)
c
]
O 0.06 -
0~00 T L T T L T T % T 2 1

. . —_—
0 2 4 6 8 10 12 14 16
Time (days)

Figure 1. Variation of concentration of nanoencapsulated vitamins B9 (@)
and B12 (M) in comparison with non-encapsulated vitamins B9 (O) and

B12 (O), during 15 days of storage in deionized water (pH 6.8) at room
temperature and darkness

The encapsulated vitamin C also follows an exponential decay
model, however, with less pronounced losses. By comparing with
respect to initial value, the encapsulated condition maintains 47%
of the initial concentration by the tenth day and around 28% after
17 days. These are high figures compared with non-encapsulated
control (in neutral and acidic medium) in which the proportional
concentration reaches 13% by the tenth day and drops to approxi-
mately 3% in the 17" day. From the adjusted curves of Figure 2, the
exponential power related to the speed of vitamin degradation along
the 17 days storage can be determined as 0.066 for encapsulated
samples and 0.334 for non-encapsulated vitamin, both in water. In
a simple numerical comparison, these values indicate that vitamin
C deteriorated 80% faster in diluted condition when compared to
Chi/TPP encapsulation. When dissolved in 1% acetic acid solution
the power is 0.230, i.e., the degradation rate is approximately 70%
faster than the encapsulated ones. This confirms that vitamin C has a
different stability depending on its solubilizing medium. In this case,

0.22 1

Concentration (mg cm'a)

g ° o ° e
o o o - -

@ > © N} o
| 1 1 1 1

000 +——F———T——T 71—
o 2 4 6 8 10 12 14 16 18

Time (days)

Figure 2. Variation of concentration of nanoencapsulated vitamins C (B) in
comparison with non-encapsulated vitamins C in deionized water (®) and 1%
acetic acid solution (A ) during 15 days at 30 °C and darkness. The points were
adjusted to exponential decay model (eq. 1), with R? values > 0.90 for all fits

Quim. Nova

acetic acid is largely used for chitosan dissolution and has a negative
effect on the vitamin C stability.

This model of degradation kinetic represents a pseudo-first-
-order irreversible approach (dependent only on one variable, in our
case the time) and it is widely applied and cited in the literature.?'?
Considering that initially all concentrations are the same (~0.19 mg
cm?), it is evident by the curves parameters that the polymeric Chi-
TPP matrix provides protection, thereby reducing the degradation
rates. Additionally, it is reported that the stability of vitamin C within
biopolymeric nanoparticles is also better preserved when the system
was subjected to different heat conditions.?

The loss of chemical agents initially retained inside polymeric
matrix can involve two different mechanisms. According to Zhou
et al.,” structural changes of the polymeric matrix may occur, si-
multaneously or not, to the diffusion of the agent to the medium.
It is important to note that the vitamins achieved strong bonds with
the polymeric matrix, as previous characterized,'® which reduces
the diffusion to the medium before polymeric degradation starts.
Accordingly, the use of chitosan derivative as encapsulation matrix
(for example the N, N, N-trimethylchitosan, which presents permanent
charged groups) can promote improved ionic interactions between
vitamins and nanoparticles making the retention more stable.*

Vitamin C was further investigated regarding O, and light expo-
sure (Figures 3 and 4). The degradation of vitamin C, when associa-
ted with light incidence, was found to follow the same exponential
model, with kinetics parameters closer to those measured for time
(Figure 2), and having a slightly better stability in acetic acid medium.
Comparing to the initial concentration, the encapsulated samples by
15 days storage displayed a concentration equivalent of 37% of the
initial amount, while the vitamin content was measured as 12% in
acidic medium and as low as 7% in water.
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Figure 3. Variation of concentration of nanoencapsulated vitamins C (H)
in aqueous suspension in comparison with non-encapsulated vitamins C in
deionized water (®) and 1% acetic acid (A ) solutions, along storage time at
room temperature, in constant presence of light. The points were adjusted to
exponential decay model (eq. 1), with R? values > 0.90 for all fits

The protective benefits of encapsulation become more evident
when examining the effect of oxygen on degradation as depicted by
the curves in Figure 4. The use of Chi-TPP as encapsulation matrix
proved to be very effective as a barrier to O, allowing, after 20 days,
the maintenance of values close to 50% with respect to initial vitamin
amount. For non-encapsulated vitamin, the loss at this time reaches
80%, with rapid degradation in the first week, approaching to zero
after 10 days.
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The degradation of vitamin C is a complex catabolic mechanism
that involves a number of oxidative and reductive reactions, breaking
down the molecule into smaller units. The formation of intermediates
products is determined by several factors, mainly the aerobic or anaero-
bic pathway. According to model proposed by Yuan and Chen,? under
aerobic conditions the ascorbic acid is easily oxidized, transforming in
dehydroascorbic acid and further hydrolyzed to furfural (2-furoic acid,
3-hydroxy-2-pyrone), whereas, under anaerobic conditions, it degrades
directly to furfural. Additionally, humidity and water presence have to
be taken into account since vitamin C is very sensible to water effect
(Figure 2) and studies have shown that the rates of degradation increase
with increasing water activity (w,).® That is a concern for processing
vitamin C enriched products which involve liquid and intermediate
moisture foods. According to Laing et al.,”” w, is 0.69 in the presence
of 20% of water (w/w) and reaches 0.90 when the water is 32% in mass.
When encapsulated into chitosan, the vitamin C half-life is around 31
days when w, is 0.31 and falls to 4.3 days as w, is increased to 0.74.'2
Vitamin leaching into water is also an important consideration when
dealing with animal food, especially fish food, which may result in
losses of up to 71% of the initial vitamin C added by diffusion to the
water prior to fish consumption.'® In such cases, polymeric encapsu-
lation can be an important technology in promoting a better retention
and vitamin stability.
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Figure 4. Variation of concentration of nanoencapsulated vitamins C (B) in
comparison with non-encapsulated vitamins C in deionized water (®) and
1% acetic acid (A) solutions with bubbling of O, gas at room temperature.
The points were adjusted to exponential decay model (eq. 1), with R? values
> 0.90 for all fits

Thermogravimetric analysis

Although the degradation mechanism in aqueous phase is com-
pletely different than in solid state, the thermogravimetric analysis of
nanoencapsulated vitamins is important in providing additional infor-
mation about vitamin stability when complexed with the polymeric
matrix. The evolution of decomposition under temperature differs for
each tested samples as shown in Figure 5. Additionally, the degree
of mass loss also differs for the same vitamin in encapsulated and
non-encapsulated conditions. It is observed from DTG thermograms
(Figure 6) that both pure vitamins B12 and B9 showed mass loss
with events starting near 40 and 92 °C respectively, corresponding
to the desorption of physical and chemical bounded water. Hence, no
dehydration can be identified for pure vitamin C in agreement to ther-
mal analysis as presented in the literature.?®3' According to Jingyan
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et al.,*” for ascorbic acid decomposition, the main thermal event
simultaneously yields H,O, CO,, CO, HCOOH and CH,, forming
furfural which will be degraded in the following step. In addition, it
should be noted that all the vitamins have multiple stages of thermal
degradation after water loss.
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Figure 5. Thermogravimetric curve for pure vitamins C (—), B9 (—) and B12
(—) and nanoencapsulated vitamins NEC (....), NEB9 (....) and NEB12 {(....)
at N, atmosphere and heating rate of 10 °C min’’

For vitamin B9, the thermal degradation occurs by the cleavage
of the folate molecules due to the loosing of glutamic acid moieties.
In this process, the folates (a mixture of polyglutamyl tetrahydro-
folates and glutamate residues) are split between the C-9 and N-10
bond, yielding a pteridine and p-aminobenzoylglutamate compounds
which have no biological activity.** For B12, the thermal loss of mass
is associated to the removal of cyanide group and ammonia, both
acting as a strong stabilizer of vitamin structure. Chemical details of
these vitamins structures were presented and discussed in a previous
publication.'” For encapsulated samples, despite the evidence of wa-
ter desorption (around 40-50 °C) mainly due to water bonded to the
polymer, no additional events (characteristics to vitamin degradations)
were observed (Figure 6).

The absence of the peaks can be explained by the low amount of
vitamin retained in comparison to the polymeric nanoparticles mass
and a strong crosslinking between vitamin, Chi and TPP. As a result,
only one event is recorded corresponding to degradation undergone
by the entire system. Any analytical comparisons by TG analysis
are unfeasible, owing to the stability of vitamin in encapsulated and
non-encapsulated conditions. However, it is worth observing that
there is an appreciable difference in peaks obtained by DTG for each
encapsulated sample: nanoencapsulated vitamin C, B9 and B12 have
maximum in the DTG curve at 236, 243 and 222 °C, respectively
(Figure 6 and Table 1). For pure nanoparticle made of chitosan and
TPP (without any encapsulated molecule) the literature presents a
DTG degradation peak at 294 °C,* being indicative of the effective
presence and interaction between vitamins into nanoparticles. The
identified peaks and main thermal results are summarized in Table 1.

CONCLUSION

The results indicate that the nanoencapsulation with chitosan and
TPP offers good stabilization for vitamin C in aqueous solution, even
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Table 1. Thermal parameters from TGA curves
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o Dehydration Thermal events: Maximum decomposition temperature (°C) Residual mass
Vitamin
range (°C) Td, Td, Td, Td, at 500 °C (%)
B9 40 - 239 396 - - 43
BI2 92 - 226 244 265 323 41
C NO#** 215 290 - - 31
NEBY9* 135 243 - - - 56
NEBI12 100 222 - - - 54
NEC 85 236 - - - 54
*NE = nanoencapsulated; **NO = not observed.
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