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Abstract: C-phycocyanin (C-PC) represents a significant component of the
cyanobacteria Arthrospira platensis (Spirulina) biomass. Beyond its nutritional
value, this protein exhibits numerous beneficial biological activities. A
covalently attached chromophore, phycocyanobilin, gives C-PC a blue color,
enabling its use as a natural food colorant. Additionally, phycocyanobilin
exhibits various bioactive properties, including metal-binding activities. A key
drawback to the broader industrial application of C-PC is its poor stability.
Alternative food formulations using natural polymers as carriers and active
components have recently gained considerable scientific attention. This paper
describes optimized conditions for C-PC immobilization using alginate. The
structural stabilization of immobilized C-PC was analyzed under high
temperature (60°C) and high pressure (450 MPa). The storage stability of
immobilized C-PC in dried alginate beads was tested by keeping the samples at
4°C for one month. The potential application of immobilized C-PC for the
removal of mercury ions was also investigated. Alginate immobilization proved
effective in stabilizing C-PC, significantly preserving its structure during
prolonged storage, thermal treatment, and high-pressure exposure. Under the
tested conditions, 97% of Hg?" ions were removed by immobilized C-PC.
Overall, this study optimized the procedure for enhancing C-PC stability through
alginate immobilization and broadened its potential applications in food and
bioremediation industries.
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INTRODUCTION

Cyanobacteria Arthrospira platensis, commonly known as Spirulina, is a
popular alternative food source considered a "superfood"”. The annual production
of Spirulina reaches about 50,000 tons, with the majority produced in China.
Spirulina biomass is rich in proteins (over 50 %), lipids, vitamins, and minerals.?
The major protein of Spirulina is the intensively blue-colored C-phycocyanin (C-
PC).2 This protein is part of multi-protein complexes known as phycobilisomes,
which play a role in light-harvesting during photosynthesis.*

In its native state, C-PC is a hexamer with a a,sf3s structure. The building block
of this hexamer is the af monomer, consisting of two subunits with molecular
masses of 17.6 kDa for the o subunit and 18.1 kDa for the B subunit.> During
assembly, three monomers form a trimer, which then combines with another trimer
to form a hexamer in a face-to-face orientation.® The isolation of this protein yields
a mixture of monomers, trimers, and hexamers, depending on the applied
conditions and C-PC concentration.” The blue color of C-PC originates from the
covalently attached tetrapyrrole chromophore phycocyanobilin (PCB). Each
monomer of C-PC contains three PCB molecules, - one in the o subunit and two
in the B subunit - attached via thioether bond to cysteine (Cys) residues.® Besides
its direct role in light harvesting,® numerous beneficial biological activities of C-
PC are associated with PCB, including antioxidant, anticancer, and anti-
inflammatory properties.'® Additionally, due to the presence of PCB, C-PC is
capable of binding heavy metals, exhibiting dissociation constants in the nM range
for mercury (Hg*) ions.'t

The potential for industrial utilization of C-PC is significant. In addition to its
nutritional value, its blue color makes it an attractive natural food colorant,
especially as consumers increasingly seek natural ingredients in their diets.*2 Blue
colorants are rare in nature, and synthetic alternatives are primarily used.** Both
the Food and Drug Administration (FDA) and the European Union accept the
usage of C-PC as a food colorant. A limiting factor for the broader utilization of
C-PC lies in its poor stability.1* C-PC from Spirulina is most stable in a pH range
of 5.5 to 6. Its half-life rapidly decreases at temperatures between 47 and 64°C.*
Numerous approaches for C-PC stabilization have been reported so far in the
literature and are covered in several review papers. These include the addition of
stabilizers in the form of small molecules like sugars, the presence of proteins, and
encapsulation methods.*® Encapsulation methods not only stabilize C-PC, but they
are also potential approaches for creating novel, attractive types of food consisting
of hydrogels packed with higher concentrations of nutritive proteins. Due to its
vivid color, C-PC is particularly interesting in this regard.'” Controlled release of
proteins from encapsulating material is also an important benefit.
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Alginate immaobilization of C-PC has been reported to be cheap, efficient, and
easy to fabricate and manipulate, and it also enables controlled pH release. While
several papers on C-PC immobilization using alginate exist, they either involve
combinations with other components besides alginate'®%° or lack details about
immobilization optimization regarding pH, protein structure after immobilization,
and physical and chemical treatments, as well as the potential for prolonged storage
without prior lyophilization of the alginate beads.?°2* This paper aims to fill these
gaps by fabricating alginate beads containing a higher concentration of C-PC and
structurally characterized by absorption spectrometry after thermal and high-
pressure treatments and prolonged storage at 4°C. Their potential application in
bioremediation is also explored by testing their ability to bind mercury ions.

EXPERIMENTAL
Materials

All reagents were of analytical quality and were purchased from Sigma (Darmstadt,
Germany). Commercial Spirulina powder was obtained from Nutrex (Hawaii, USA). C-PC was
partially purified using the same procedure described in our previous paper.”> Absorbance
spectra of partially purified C-PC were recorded using LLG-uniSPEC 4 spectrophotometer
(LLG labware, Meckenheim, Germany). Based on the absorbance spectra, the concentration of
C-PC was determined to be 8.36 mg/mL using a published equation.? Its purity was measured
to be 1.04 by the absorbance ratio at 620 and 280 nm,?” indicating food-grade purity. Food-
grade sodium alginate was purchased from Health Leads (Llandysul, United Kingdom).

Alginate immobilization of C-PC

Alginate immobilization of C-PC followed similar published procedures,?? with slight
modifications. The final concentration of C-PC used for immobilization was 4.18 mg/mL. The
alginate concentrations tested were 0.5, 1, and 2%, while the concentration of CaCl; solution
was 2.5 %. CaCl, solution was prepared in distilled water. Equal volumes of alginate and protein
solutions were mixed and then added dropwise to the CaCl, solution using a syringe with an
18G needle: The resulting beads were kept in CaCl; solution for 5 hours, then washed with the
same CaCl; solution on a filter paper until no further blue color leached from the beads. The
beads were stored at 4°C overnight in CaCl; solutions of different pH values: pH 1.35 (45 mM
HCI), pH 2.75 (1.78 mM HCI), pH 4 and 5.5 (50 mM acetate buffer), and pH 7 (50 mM HEPES
buffer). Beads were photographed the next day, and those with minimal C-PC leakage and no
observable color change were selected for further analysis. For subsequent experiments, unless
otherwise stated, beads were prepared with 1% alginate, 4.18 mg/mL of C-PC, and 2.5% of
CaCl, in 50 mM acetate buffer, pH 4, except for Hg?* binding experiments, where 0.5% alginate
was used. The fabricated beads were stored in solution at 4°C for no longer than 7 days until all
experiments were conducted.

Temperature stability

For the temperature stability test, alginate beads were placed in four separate
microcentrifuge tubes with 1 ml of 50 mM acetate buffer, pH 4. Tubes were placed in a
thermoshaker and incubated at 60 °C under 200 rpm for 30 min. Every 10 min, one
microcentrifuge tube was removed. The control tube was incubated for 30 min at room
temperature. After incubation, beads were placed in 1 ml 50 mM phosphate buffer, pH 7, and
incubated at room temperature for 3 h, enabling swelling of alginate beads and C-PC leakage
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into the solution, with concomitant recording of absorbance spectra of obtained solutions from
300 to 750 nm.

High-pressure stability

Alginate beads were placed in a plastic tube filled with 50 mM acetate buffer, pH 4, and
sealed with parafilm to separate the sample from the water used as the pressure-transmitting
liquid. The sample was placed in a custom-built stainless steel high-pressure cell at the
Laboratoire Léon-Brillouin (Saclay, France) and connected to a pressure generator. The
pressure was increased to 4,500 bar at 200 bar/min. After reaching the desired pressure, the
sample was incubated for 30 min and then returned to atmospheric pressure. The beads were
transferred to 10 mL of 50 mM phosphate buffer, pH 7, and incubated at room temperature for
3 h. Absorbance spectra were obtained as described in the temperature stability section.

Storage stability

Alginate beads containing C-PC were removed from the 50 mM acetate buffer and placed
in a glass beaker without any solution. The beaker was covered with stretch film and stored in
a fridge at 4°C for one month. The beads were then swollen by adding 20 mL of 50 mM
phosphate buffer, pH 7, and after 3 h, absorbance spectra were recorded as in the temperature
stability section. A control sample was made by placing a portion of alginate beads containing
immobilized C-PC immediately into the same phosphate buffer for 3 h and recording the
absorbance spectra of leaked C-PC as described in the temperature stability section.

Removal of Hg?* ions by alginate beads containing C-PC

The ability of C-PC in solution to bind Hg?* at pH 4 was first tested by determining the
affinity constant using a FluoroMax spectrofluorimeter (HORIBA Scientific, Japan). Increasing
concentrations of HgCly, from 50 to 700 nM, were added to 2.45 nM C-PC, and the emission
spectra of C-PC were recorded from 600 to 750 nm, with excitation at 590 nm (PCB
chromophore excitation). The buffer (50 mM acetate) spectrum was subtracted from the sample
spectra. In this setup, no inner filter effect was observed, and the affinity constant was calculated
using the following equation:

log (Fo—F/F)=nlog[L] +nlogK, @

where F, is the fluorescence of C-PC without Hg?*, F is the fluorescence of C-PC in the

presence of C-PC, [L] is the concentration of Hg?* in mol/dm3, n is the Hill coefficient, and K,
is the affinity constant in M.

The potential of mercury removal by C-PC immobilized into alginate beads was tested by
adding 40 alginate beads to 15 mL of 1.75 ppm HgCl, solution in ultrapure water at pH 4.
Control experiments were performed with the same number of alginate beads without C-PC,
and an additional control solution of HgCl, was incubated without beads. The incubation lasted
48 h at room temperature under constant shaking at 200 rpm. Hg?* concentration in the samples
was determined using an ICP-OES iCap 6500 Duo (Thermo Scientific, Waltham, USA).

Statistical analysis

All experimental results represent the averages of triplicates, with standard deviations not
exceeding 5%. Statistical significance for Hg?* binding was confirmed using one-way ANOVA
with Tukey's multiple comparison test, with p-value < 0.05 being considered statistically
significant. The test was performed by using OriginLab software (Northampton, Massachusetts,
USA), version 8.5.1. Absorbance spectra were first normalized to their maximum absorption
values and then to the baseline.
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RESULTS AND DISCUSSION
Optimization of C-PC immobilization into alginate beads
Using a straightforward procedure, alginate beads containing C-PC were
successfully created. The beads exhibited an intense blue color due to the presence
of native C-PC and maintained a spherical shape (Fig. 1).

Fig 1. Alginate beads with encapsulated C-PC.

By washing off unbound C-PC and calculating the concentration of both the
unbound C-PC and that released in the CaCl, solution, it was estimated that more
than 50% of the initial C-PC was successfully immobilized into alginate beads.
This level of efficiency aligns with previously published results, indicating that
alginate entrapment is an effective method for immobilizing substantial amounts
of C-PC.242%24 Interestingly, to the best of our knowledge, no published work has
provided a detailed analysis of the pH conditions necessary for fabricating stable
alginate/C-PC beads in solution.

When alginate/C-PC beads were incubated overnight at five different pH
values, significant C-PC leakage was observed at pH 5.5 and 7 (Fig. 2, D-E),
regardless of the alginate concentration. In contrast, no leakage occurred at acidic
pH wvalues of 1.35 and 2.75. However, the beads appeared green (Fig. 2, A-B),
suggesting that the immobilized C-PC underwent structural alterations and
protonation of the pyrrole ring in the PCB chromophore. At pH 4, the beads
retained their intense blue color, with no detectable C-PC leakage under any of the
tested alginate concentrations (Fig. 2C).

Fig 2. Alginate beads containing encapsulated C-PC incubated for 24 h at 4°C in 2.5% CaCl,
solutions at pH 1.35 (A), 2.75 (B), 4 (C), 5.5 (D), and 7 (E).
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It can be concluded that at pH 4, no significant structural alteration of the
immobilized C-PC within the alginate beads, if any, occurred at all. Additionally,
when these beads were transferred to a 50 mM phosphate buffer, pH 7, C-PC began
to leak, turning the solution an intense blue, with no precipitation observed. The
native state of C-PC was further confirmed through absorbance spectra (see Figure
4, for example). Interestingly, when alginate/C-PC beads incubated in solutions of
pH 1.35 and 2.75 were placed in a neutral buffer, the blue color appeared in a
solution containing beads made in pH 2.75, suggesting that structural alterations
of immobilized C-PC under these conditions are partially reversible (Fig. 3).

Fig 3. Alginate beads with encapsulated C-PC incubated at pH 1.35 (A) and 2.75 (B) and
subsequently placed in 50 mM phosphate buffer at pH 7.

These results demonstrate that alginate immobilization can provide partial
structural stabilization toC-PC under acidic conditions. This is noteworthy
because soluble C-PC is unstable at pH levels below 5 and tends to aggregate.?®

Interestingly, another study investigating C-PC encapsulation into alginate
beads reported stability at pH 7, which we could not replicate due to significant
leakage of C-PC.?2 The reason for this discrepancy remains unclear, especially
since the preparation of alginate beads in both studies was almost identical.
Possible factors could include differences in the starting materials (C-PC and
alginate) or variations in the initial pH encapsulation and buffer compositions,
which were not fully detailed in the other study.

The pH conditions for fabricating alginate beads play a critical role, as alginate
is a pH-sensitive polymer. At higher pH values, alginate swells due to the
numerous negatively charged carboxyl groups within its structure. Conversely, at
lower pH values, these groups become protonated, causing the alginate gels to
shrink. Since C-PC is physically entrapped within alginate gel formed by Ca®*
cross-linking, the porosity of the alginate gel significantly impacts the system's
stability. Additionally, C-PC’s structural characteristics are influenced by pH. At
higher pH, C-PC tends to dissociate from hexamers into trimers, while at lower
pH, it adopts higher oligomeric states and tends to aggregate.? The higher
oligomeric state of C-PC and the partial shrinkage of alginate likely prevented C-
PC leakage from beads formed at pH 4 and lower.
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Structural stabilization of C-PC by alginate immobilization

The stabilization of C-PC entrapped in alginate beads was tested under three
different experiments: increased temperature, high pressure, and prolonged
storage. Tested beads were incubated in 50 mM acetate buffer, pH 4.

The appearance of alginate beads with encapsulated C-PC ' remained
unchanged after thermal treatment (Fig. 4A). Moreover, spectral analysis of C-PC
released after incubating alginate beads at 60°C for 30 min showed a significant
increase in C-PC’s thermal stability under these conditions (Fig. 4B).

7 — Control
1.04_+=— 10 min
0.94 —— 20 min

4 -~ 30 min

0.0 T T T
300 350 400 450 500 550 600 650 700 750
Wavelength, nm

Fig 4. Alginate beads with encapsulated C-PC during thermal treatment at 60°C,
photographed at 10, 20, and 30 min and after 30 min without thermal treatment, control
sample (A), and absorbance spectra of control C-PC sample and C-PC samples after thermal
treatment (B).

The Aszo/Azso absorbance ratio remained nearly the same, and the spectral
shape showed minimal alteration compared to the non-heated control sample. The
slight increase in absorbance around 350 nm suggests that the chromophore’s
conformation remained virtually unchanged during the incubation. The melting
temperature (Tm) of C-PC is reported to range from 50 to 60°C, 331, and it depends
on several factors, some of which are the purity and pH of the solution. Increased
purity of C-PC reduces its thermal stability,3! while its stability is greater at pH 5
compared to neutral and alkaline conditions.®> At higher temperatures, C-PC
undergoes structural degradation, destabilizing the chromophore and altering its
color properties.®

Our findings suggest that the simple physical entrapment of C-PC within
alginate beads provides both pH and thermal stability, thus expanding the potential
industrial applications of C-PC. Two previous studies have also investigated the
stability of encapsulated C-PC in alginate beads. One study dried the beads at 4°C
and incubated them for three days at 35, 45, and 55°C. C-PC’s stability was
evaluated using the DPPH antioxidant test, concluding that alginate
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immobilization enhanced thermal stability.?* However, this study did not directly
assess C-PC’s structural characteristics, so its conclusions are limited. In another
study, the authors incubated alginate beads with encapsulated C-PC at different
temperatures, demonstrating similar stabilization at 60°C after 30 min by recording
absorbance spectra in the visible range.?? However, the pH conditions of their
experiment were unclear.

In our study, we analyzed the structural characteristics of encapsulated C-PC
by recording absorbance spectra from 300 to 750 nm, offering more detailed
insights into C-PC and attached PCB behavior under specific treatments. During
C-PC denaturation, PCB undergoes a conformational shift from linear to cyclic,
evidenced by an increase in absorbance at 360 nm and a corresponding decrease at
620 nm.3*

High-pressure (HP) food treatment is an environmentally friendly alternative
to thermal treatment, offering superior preservation of nutritive components in
treated foods.* In this study, alginate beads containing C-PC were subjected to
high-pressure treatment at 4,500 bar for 30 min, resulting in a visible color change
from blue to turquoise. This suggests that the encapsulated C-PC underwent
structural alterations (Fig. 5A), a conclusion supported by the recorded absorbance
spectra (Fig. 5B).

A B

i 1.1
Before%’

1.0_: —— Before HP
HP

—— After HP
0.9

0.8
0.7
0.6"_
0.54
0.4
0.3'_
After 0.2—_
HP 0.1

" 0.0+———————————————1——
" 300 350 400 450 500 550 600 650 700 750
Wavelength, nm

Absorbance, a.u.

Fig 5. Alginate beads with encapsulated C-PC photographed before and after HP treatment
(A), and C-PC absorbance spectra recorded before and after HP treatment (B).

Absorbance at 620 nm slightly decreased, while there was a parallel increase
in absorbance around 350 nm. Additionally, the baseline of the post-treatment C-
PC spectra showed a continual increase from higher to lower wavelengths. These
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spectral changes indicate partial denaturation of C-PC, with the PCB chromophore
transitioning from a linear to a more cyclic conformation. Similar findings were
reported when HP treatment was used to extract C-PC from Spirulina biomass,
where C-PC absorbance at 620 nm significantly decreased under 4,000:and 6,000
bar after only 3.5 min.* Other studies indicate that, at pH 7, C-PC’s color is better
preserved during HP treatment than during thermal treatment, even when C-PC is
in solution.®"38

It is important to note that, in our study, HP treatment was conducted at pH 4,
as this pH prevents leakage of encapsulated C-PC. Given C-PC’s lower stability at
this pH and the prolonged duration of HP treatment, our results imply that alginate
encapsulation provides substantial stabilization for C-PC during HP processing.

Interestingly, after thermal treatment, the alginate beads appeared more
compact (less swollen) than after pressure treatment. This could be due to the
increased storage modulus of calcium-alginate gels at higher temperatures, which
suggests greater gel stiffness.®® In contrast, the electrostatic interactions that
dominate alginate gels made by Ca?" may be disrupted under HP conditions. The
pressure release could induce gel network restructuring, leading to a higher degree
of swelling compared to the beads before pressure treatment.
Storage stability of C-PC encapsulated in alginate beads

To test storage stability, alginate beads with encapsulated C-PC were placed
in a glass beaker without buffer and left to dry at 4°C for one month. After a month,
the beads appeared flattened and adhered to the bottom of the beaker, with a dark
blue appearance. Upon adding phosphate buffer (pH 7), the beads quickly swelled,
releasing the encapsulated C-PC. This rapid release may be due to structural
damage and surface cracks in the alginate caused by drying at low temperatures.?*

The absorbance spectrum of the released C-PC was nearly identical to that of
the control sample (Fig. 6), with only a minor increase in absorbance around 350
nm, indicating that the structure of the encapsulated C-PC remained largely intact
during prolonged storage. These results suggest that in addition to freeze-drying,?
alginate encapsulation is effective for stabilizing C-PC when dried at 4°C for at
least a month.

Mercury removal by alginate beads containing C-PC

C-PC has been shown to bind mercury ions with high affinity in the pH range
from 5 to 10.™ Considering that, in our study, alginate encapsulation of C-PC was
most efficient at pH 4, we tested the potential for mercury removal by immobilized
C-PC at this pH. The fluorescence intensity of free C-PC in solution decreased as
increasing concentrations of Hg?* were added, indicating an interaction between
C-PC and Hg?* (Fig. 7A). The affinity constant was calculated from the obtained
fluorescence spectra, yielding a value of 4 x 10 M1 (Fig. 7B), confirming that free
C-PC binds Hg?" with high affinity. When encapsulated C-PC was incubated with



GLIGORIEVIC et al.

Hg?* solution for two days at room temperature with constant shaking, more than
97 % of the mercury was removed from the solution (Fig. 7C). Control samples
consisting of empty alginate beads had almost no effect on mercury binding,
demonstrating that the presence of C-PC is crucial for mercury removal.

1 — Control
7 — After storage at 4 °C

0.8
0.7
0.6
0.5]
0.4
0.3
0.2
0.1

Absorbance, a.u.

0.0 T ‘ T ‘ ——T F=—r—
300 350 400 450 500 550 600 650 700 750
Wavelength, nm

Fig 6. Absorbance spectra of encapsulated C-PC obtained before (control sample) and after
incubation of dried alginate beads at 4°C for one month.
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Fig 7. Fluorescence spectra of C-PC in the presence of increasing concentrations of Hg?* (A).
Plot used to calculate the affinity constant (Ks) from Eq. 1 (B). Concentration of Hg?" in
solution without alginate beads (Control), after incubation with empty alginate beads, and
with alginate beads containing encapsulated C-PC (C). Statistically significant differences
between groups, p < 0.05, are marked with the ‘** symbol.

In a previous study, C-PC immobilized onto the surface of chitosan was also
effective for mercury removal, with binding occurring within 1 h.? Since alginate
encapsulation entraps C-PC inside the alginate matrix, without direct exposure to
metal ions, Hg?* must diffuse into the alginate beads for binding to occur, which
prolonged the process. This is why we chose a 2 day-incubation period in this
study. Additionally, we tested beads made with 0.5% alginate, which created a
more porous structure and sped up the diffusion process.
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Adsorption as a method for heavy metals removal is widely studied due to its
operational simplicity, reusability potential, and efficiency.*® Choosing an
efficient, low-cost system is critical. Thus, only partial purification of C-PC was
performed in this study. Further purification of C-PC could enhance the system’s
mercury removal efficiency, though it would also significantly increase the cost of
the encapsulated material. While using encapsulated C-PC in alginate for heavy
metal removal shows promise, further research is needed to optimize this approach.

CONCLUSION

In this study, the immobilization of C-PC through alginate entrapment was
optimized. The primary factor controlling C-PC leakage from alginate beads was
pH, with pH of 4 being the most favorable, showing almost no C-PC leakage.
Under these conditions, the beads retained an intense blue color, indicating that the
structure of C-PC is preserved, as confirmed by absorption spectroscopy. Alginate
immobilization provided significant stabilization for C-PC during both high-
temperature and high-pressure treatments. Additionally, stabilization at low pH
was observed, as beads prepared in acidic conditions released blue C-PC when
placed in a neutral buffer, suggesting the preservation of C-PC structure to some
extent. The shelf life of immobilized C-PC was also enhanced, and alginate/C-PC
beads demonstrated efficient mercury ion removal at pH 4, achieving a 97%
removal rate under tested conditions. The results suggest that alginate is an
effective medium for immobilizing C-PC at pH 4, enhancing its stability and
expanding its' potential applications in the food industry and bioremediation
efforts.

Acknowledgments: This work was supported by the Ministry of Science, Technological
Development, and Innovation of the Republic of Serbia, under contract numbers 451-03-
66/2024-03/200168 (Faculty of Chemistry) and 451-03-66/2024-03/200026 (Institute of
Chemistry; Technology, and Metallurgy). This study was also partially supported (high-
pressure experiments) by the Alliance of International Science Organizations (ANSO), Project
No: ANSO-CR-PP-2021-01.

H3BOJ

OIITUMHU3ALIUIJA AITUHATHE UMOBWIN3ALIHNJE LI-OUKOLIMJAHUHA JOBUJEHOT
N3 XPAHE: CTPYKTYPHA U ®YHKIIMOHAJIHA KAPAKTEPHU3ALIUJA

HUKOJIA TTIMTOPUJEBUR ™, HUKOJIA CBP3UR? BU/bAHA JOJUMHOBUR!, IATUEOP CTAHKOBUR?, CO®U
KOMBE*, CHMEOH MUHWR®, MUJIAH HUKOJIUR®

"eninap 3a xemujy, Ynusepsuinew y Beoipagy — UHCIUUTLY T 30 XeMUJy, TeXHOTOTU]Y U Meanypiujy,
Hayuonannu uncmuiym Peitydnuxe Cpduje, Ciiygeniticku wipt 12-16, Beoipag, Cpouja, *Kaiegpa 3a
ouoxemujy, Ynusepsutie y beotpagy — Xemujcxu axyniiem, Cimygenitcku wpt 12-16, Beoipag, Cpouja,’
Kattegpa 3a ananuitiuuxy xemujy, Ynusepsuiteii y beoipagy — Xemujcku paxynitet, Ciiygentuicku wipl 12-
16, Beoipayg, Cpduja, */labopamopuja Léon-Brillouin (LLB), UMR12 CEA, CNRS, Ynusepsuimew [Tapus-
Caxnej, CEA-Caxnej, F-91191 Xug-cup-Heeiu, CEDEX, Xup-cup-Heeinr, @panuycka, u *Lleninap
u3y3elHUX 8pegHOCTIU 30 MOJIEKYApHe Hayke 0 xpanu u Kattiegpa 3a duoxemujy, Ynusep3uitiewi y Beoipagy
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— Xemujcxu Gaxynimei, Ciygeniticku wpi 12-16, beoipag, Cpouja.

II-dukonujanun (II-T11]) mpexcraBdba 3Ha4yajHy KOMIIOHEHTY OHOMace LMjaHODAKTEpHje
Arthrospira platensis (Cnupynusa). OCuM CBOje HyTPUTHUBHE BPEIHOCTH, OBaj IPOTEUH UCIIO/baBa
OpojHe KOpHCHE duonollke akTUBHOCTH. KoBaJeHTHO Be3aHa xpomodopa, (puKoLujaHoOUInH,
naje LI-T1LI-y niaBy 6ojy, uro omoryhasa weroBy ynorpedy kao mpupoznHe doje 3a xpaHy. [lopen
Tora, UKOIIMjaHOOMIMH HUCII0/haBa Pa3inyKuTa DMOAKTHBHA CBOjCTBA, YK/BYUyjyhHu akTHBHOCTH
Be3WBama MeTana. KibyyHu HemocTaTak wupe uHmycrpujcke npumene 11-I111-a je merosa somra
cradunHoct. HeaBHo cy anTepHaTUBHE (popMyialivje XpaHe koje KOpUCTe IPUPOAHE IoIUMepe
Kao Hocaue M aKTUBHE KOMIIOHEHTe NPHUBYKIe 3HayajHy HayuHy naxiby. OBaj paj omucyje
ONTHMH30BaHe ycCnoBe 3a umodwnusanyjy LI-TIll-a xopumwhemem anruHata. CTpyKTypHa
cradunuszanuja umodmnusosaror 1I-I111-a je ucrnurana mox BUCOKOM Temreparypom (60°C) u
BUCOKUM TpUTUCKOM (450 MPa). CradunHocT ciiapuiutema umobunuzoBaHor 1I-ITI-a y
OCYLIEHHUM KyIJIMlJama aTrMHaTa je TecTUpaHa ApkameM y3opaka Ha 4°C TOKOM jemHor Mecena.
Taxohe je ucnuTaHa NOTeHIKjaTHa TPUMeHa UMOOWIK30BaHOr 11-TT1]-a 3a yK/Iamambe joHa XKUBeE.
Himodunusanvja anruHata ce Mokasana edukacHoOM y crtadwnusauuju LI-TIII-a, 3Ha4ajHO
yyBajyhu BEroBy CTPYKTypy TOKOM Iy>Ker CKIafuIiTeha, TEpMUUKe 00pajie U U3jaramba BUCOKOM
IIPUTHCKY. Y TECTHPAHUM yCI0BHUMA, 97% Hg?* joHa je ykiomeHo uMobmnu3oBanum LI-T111-om.
CBeodyxBaTHO, OBa CTyIHja je ONTUMH30BajIa Mpouenypy 3a modoswiiawe cradumnocty LI-T111-a
QITMHATHOM HMOOWIM3alMjOM M TPOIIHPHIIA HEroBy MOTEHUUjaJHy MPUMEHY Y WHAYCTPHjU
XpaHe ¥ Ouopemenujauyje.

(ITpumbeno 25. oxrodpa 2024; pesuaupaHo 7. janyapa 2025; npuxsaheno 27. janyapa 2025.)
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