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value-added products using a new strain of Aureobasidium pullulans
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Abstract

Soybean meal (SBM) is a by-product of soybean oil production. It is a high-quality protein ORIGINAL SCIENTIFIC PAPER
supplement for animal feed. However, it is rich in anti-nutritive factors and indigestible
components, among which the special attention is focused on galacto-oligosaccharides, due
to the lack of a-galactosidase in monogastric animals. The main goal of this study was to
apply fermentation using a selected strain of black yeast-like fungus of the SBM to obtain a Hem. Ind. 79(3) 127-139 (2025)
high-protein, low-oligosaccharide soy-based product. Screening for an appropriate strain of
Aureobasidium spp. among natural isolates from grapes has been performed. The highest a-
galactosidase activity of 0.89 U cm3 was produced by the strain identified as A. pullulans P8.
It was applied in SBM submerged (SmF) and solid-state fermentations (SSF). Maximal crude
protein yield (~61 % based on dry weight) and the lowest galacto-oligosaccharides content
were obtained after 3 days of SmF at 30 °C and 10 % of dry matter. SSF produced ~58 %
crude protein after 7 days of incubation at 30 °C with substrate containing 30 % of dry
matter. Extracellular enzymatic activities of cellulase, pectinase, amylase, xylanase, and a-
galactosidase were detected in the supernatant after SmF, indicating its potential for
hydrolysis of various lignocellulosic biomass substrates.

UDC: 636.087:582.736.308:663.15
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1. INTRODUCTION

Soybean (Glycine max (L.) Merril) is an important oilseed crop with a global production of 389 million metric tons
estimated in 2026 [1]. Soybean meal (SBM) is a co-product of soybean oil production. It is rich in high-quality proteins thus
representing a cost-effective and vastly available food source for livestock, poultry, and fish [2-4]. SBM is also rich in
carbohydrates, which comprise about 35 to 40 % of its dry matter [5]. Nonstructural soybean carbohydrates are repre-
sented by low molecular weight sugars (among which the most abundant is sucrose), oligosaccharides, and starch. Struc-
tural polysaccharides include cellulose, pectin, and hemicellulose, together with mannans, galactans, and xyloglucans.

Although highly wholesome, consumption of soybeans is limited by various anti-nutritional factors, including
nondigestible oligosaccharides and polysaccharides. The most prevalent oligosaccharide in soybean is stachyose,
followed by raffinose, while only a trace amount of verbascose is found [3]. These are galacto-oligosaccharides (also
referred to as raffinose family oligosaccharides (RFOs)) sharing the common feature represented by 1, 2 or 3 galactose
residues in raffinose, stachyose and verbascose, respectively, linked to a sucrose unit. Terminal galactose moiety is
linked by an a-1-6 glycosidic bond that is cleaved by the enzyme a-galactosidase [6]. Due to the lack of a-galactosidase
these oligosaccharides are indigestible for monogastric animals. Although they are degraded by intestinal microbiota,
flatulence and diarrhea occur. Young animals are especially susceptible to anti-nutritional factors, as their digestive
system is not fully developed [7,8]. The effective removal of indigestible RFOs is achieved by adding exogenous a-
galactosidase into animal feed [6]. This treatment showed enhanced nutrient digestibility, improved average daily gain,
and reduced diarrhea rate in weaned piglets [9].
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The other approach to improve the nutritional quality of food and food ingredients is fermentation, which could be
applied as the only treatment, or together with enzymatic hydrolysis [10-13]. Importantly, fermentation eliminates not
only RFOs but also other anti-nutrition factors presented in soybeans [14]. Fermented SBM has lower contents of
oligosaccharides and higher crude protein (CP) than the unfermented SBM, so that it has been shown as highly nutritious
for weanling pigs [15]. However, not all microorganisms can use complex soybean carbohydrates, thus additional
treatments are required before soybean can be used as fermentation feedstock [16]. To overcome this issue different
microorganisms were applied to obtain double-fermented SBM [4]. Adding double-fermented SBM in broiler food
resulted in better feed efficiency, nutrient digestibility, and ultimately higher quality of breast meat. Additional health-
promoting effects could be obtained by choosing probiotic microorganisms for fermentation [8]. Nevertheless,
fermentation could also exert negative effects, depending on the microorganism used [17]. Therefore, exploring for
new adequate strains is of crucial importance.

Yeast-like black fungi are ubiquitous polymorphic microorganisms primarily recognized as pullulan producers [18-20].
Other biotechnological applications include also single cell protein, melanin source, siderophores, biosurfactants, and
different industrially important enzymes [21-23]. We hypothesized that microorganisms with such versatile properties
could be suitable candidates for fermented SBM production. To test this hypothesis, we have performed screening for an
appropriate strain of yeast-like black fungi among natural isolates from grapes. The highest a-galactosidase producer was
applied in solid-state (SSF) and submerged fermentation (SmF) of SBM with the final aim of obtaining a high-protein, low-
oligosaccharide product. Moreover, the extracellular hydrolytic enzyme potential of the new isolate Aureobasidium
pullulans P8 has been explored.

2. EXPERIMENTAL

2. 1. Materials

The working microorganism was isolated from grapes. The grapes of the autochthonous varieties were picked at the
moment of full ripeness from the organically certified vineyards of the sample estate "Sremski Karlovci", Faculty of
Agriculture in Novi Sad, Serbia. SBM was kindly obtained from Bankom doo., Belgrade, Serbia. Microbiological media
(malt extract broth, yeast extract, casein hydrolysate, and agar) were purchased from Torlak, Serbia. Raffinose was
purchased from Fluka (Germany), carboxymethyl cellulose (CMC), pectin, and xylan were purchased from Sigma-Aldrich
(USA), and soluble starch and microcrystalline cellulose (Avicel) were purchased from Merck (Germany). All other
chemicals were of analytical grade and purchased from Merck (Germany) and Lach-Ner (Czech Republic).

2. 2. Isolation and characterization of yeast-like black fungi from grapes

Three different organic grapes (Vitis vinifera L.) were used for isolation of black yeast-like fungi, two white varieties
(Panonija and Morava) and one black (Dionis). A few grapes of each variety were separately soaked in a sterile
physiological solution and vigorously vortexed for 5 min. Serial dilutions were made and plated on sterile malt extract
agar (MEA) plates. Seeded plates were incubated at 30 °C for 3 days. Afterward, a few colonies were picked from each
group, inoculated in malt extract broth (MEB), and incubated at 30 °C at 130 rpm for two days. To ensure that strains
are purified they were re-streaked on MEA plates.

2. 2. 1. Quantitative determination of a-galactosidase activity

Erlenmeyer flasks (100 cm3) containing 30 cm3 of malt extract broth supplemented with 20 g dm3 raffinose were
inoculated with 1.5 cm?® of black yeast-like fungi isolates fresh cultures and incubated in an orbital shaker (lkka,
Germany) at 30 °C and 130 rpm. After two days, the fermentation medium was centrifuged at 6000g for 15 min and
o-galactosidase activity was determined in the supernatant by using raffinose as substrate according to the
procedure described by Carevié et al. [24]. Concentration of released galactose was determined by the 3,5-dinitro-
salicylic acid (DNS) method [25]. Absorbance was read using a UV/visible spectrophotometer (Ultrospec 3300 pro,
Amersham Bioscience, Sweden). One unit (U) of a-galactosidase activity was defined as the amount of enzyme that
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released 1 umol of galactose equivalents per minute. The isolate with maximal determined a-galactosidase activity
was selected for further experiments.

2. 2. 2. Identification of the selected strain

DNA extraction was carried out from a 4-day-old yeast culture grown in a liquid ISP1 (5.0 g L™ of casen hydrolysate, 3.0
g L of yeast extract) medium. Detailed procedure of DNA extraction and molecular identification of yeast by PCR method
using ITS1/ITS4 primer pair (ITS1: 5’-TCC GTA GGTGAA CCT GCG G-3’, ITS4: 5’-TCC TCC GCT TAT TGA TAT GC-3’), is described
in our previous study [26]. Macrogen double-sequenced amplified PCR products, quality verified and aligned them. The
obtained sequences, which represented a partial sequence of the ITS region were deposited in the NCBI GenBank database.

2. 2. 3. Examination of the enzymatic potential of the selected yeast-like black fungi strain

To explore the enzymatic potential of the selected strain, a qualitative test on a selective agar medium was
performed as described earlier [26]. The activity of a-galactosidase was detected on MEA with added raffinose by the
same procedure.

2. 2. 4. Determination of optimal growth conditions for the selected strain

To determine the optimal temperature for growth, the selected strain of yeast-like black fungus was incubated in MEB at
different temperatures in the range of 4 to 37 °C for 48 h. To determine the optimal acidity for growth, the selected strain of
yeast-like black fungus was incubated in MEB, whose pH value was previously adjusted in the range from 3 to 10. The number
of viable cells was determined for each tested condition on MEA plates after incubation for 48 h at 30 °C

2. 3. Solid-state fermentation of soybean meal

The SBM was weighed in 300 cm® Erlenmeyer flasks and wetted with distilled water or ammonium sulfate solution
(2.4 mg g* of SBM dry matter) to obtain a final moisture content of 70 %. After autoclaving (121 °C, 30 min) and cooling,
the flasks were inoculated with a selected strain of yeast-like black fungus fresh culture (approximately 10 % of
inoculum). Incubation was carried out at 30 °C for 1 to 7 days. For each sampling day, three Erlenmeyer flasks were
prepared and analysed. Additional three Erlenmeyer flasks were prepared for control, which underwent all the steps as
samples except for inoculation. For the biomass analysis, 1 g of the sample was aseptically transferred to 9 cm? saline
and vigorously vortexed for 5 min. Afterward, serial dilutions were made and plated on sterile MEA plates. Colonies
were counted after 3 days of incubation at 30 °C. The rest of the fermentation medium was analysed for carbohydrate
and protein contents. The same procedure was performed with the control samples.

2. 4. Submerged fermentation of soybean meal

For SmF 10 % SBM in water was prepared in Erlenmeyer flasks of 300 cm?, autoclaved (121 °C, 20 min), and after
cooling seeded with a selected strain of yeast-like black fungus fresh culture and incubated at 30 °C and 130 rpm for
3 days. For each sampling day, three Erlenmeyer flasks were prepared and analysed. An additional three Erlenmeyer
flasks were prepared for control, which underwent all the steps as samples except for inoculation. For the biomass
analysis, an aliquot of 1 cm?® was aseptically transferred to 9 cm? saline and the rest of the fermentation medium was
centrifuged for 15 min at 6000g. Pellets were subjected to protein and carbohydrate analyses and supernatants were
analysed for hydrolytic enzyme activities.

2. 5. Protein analysis

Fermented soybean samples (and unfermented controls) were dried at 45 °C overnight and CP content was
determined by the Kjeldahl method [27].
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2. 6. Carbohydrate analysis

To analyse the carbohydrate content the dried SBM samples (fermented and unfermented controls) were extracted
with 50 cm? of 40 % ethanol per gram of dry mass at 40 °C and 120 rpm for 2 h. The procedure was repeated three times
and collected extracts were combined and then evaporated using a rotary evaporator (Blichi, Switzerland). The
evaporated residue (from 3 g of dry product) was dissolved in 10 cm? of HPLC-grade water, and the resulting solution
was analysed by using high-performance liquid chromatography (HPLC). Analyses were performed using a Dionex
Ultimate 3000 HPLC device (Thermo Scientific, USA) with a Hi-Plex Ca?* column (Agilent, USA) for carbohydrates (300 x
7.7 mm, 8 um) at 80 °C. HPLC-grade water at a flow rate of 0.6 cm® min"t was used as the mobile phase. Product detection
was performed using an Rl detector RefractoMax 520 (ERC, Germany) set at 40 °C. Data collection and further processing
were performed using Chromeleon 7.2. software [28].

2. 7. Determination of hydrolytic enzyme activities

The supernatant obtained after SmF was used as a source of extracellular hydrolytic enzymes, i.e. a-galactosidase,
amylase, xylanase, pectinase, and cellulase. The enzymatic activities were determined as previously described [24,26].

2. 8. Statistical analysis

All results are presented as mean values of three replicates + standard deviation. Statistical analysis was performed
by Origin Lab software (OriginPro 9.0) [29]. The significance of difference of experimental data was analysed by analysis
of variance (ANOVA), followed by Tukey’s test, and a confidence level of 95 % was chosen.

3. RESULTS AND DISCUSSION

3. 1. Isolation of yeast-like black fungi from grapes and screening for a high a-galactosidase producer

In this study over 30 microorganisms, natural inhabitants of grapes, have been isolated and preliminary character-
rized. The isolates were designated as P, M or D, followed by a number, based on the grape variety from which the
strain was isolated, i.e. Panonija, Morava and Dionis. After first screening based on the morphology of their cells on MEA

and microscopic observation (Fig. 1), ten isolates with an appearance typical for Aureobasidium spp. [30], were selected
for further work.

i 3 '.:;n '.
ated at 25 °C: strain M12 (A), strain P8 (B), and strain D3 (C), and

‘ —— N ;
Figure 1. Appearance of black yeast isolates on an MEA plate incub
optical micrograph of P8 cells (D)

(1)
130 &
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The macroscopic morphology of isolates was characterized by pale yellow to pinkish colonies with smooth surfaces
and aerial mycelium (Fig. 1a). Individual colonies increased in size over time reaching 5 to 20 mm diameter (Fig. 1b).
Over time the colony surface became slimy and turned black due to melanin synthesis (Fig. 1c). Microscopic observation
of the cultures from MEA plates revealed typical spherical yeast-like cells as well as conidiogenous cells and
blastoconidia (Fig. 1d). These properties indicated that isolated strains belonged to black yeast-like fungi, and they were
screened for a-galactosidase activity.

The a-galactosidase activity was detected in all tested strains and was in the range of 0.13 to 0.89 U cm3, significantly
(p <0.05) differing among isolates (data not shown). However, the isolate P8 was selected as the most potent producer
for further work.

3. 2. Identification and characterization of the new yeast-like black fungus strain

Based on morphological properties, the strain P8 was classified under the phylum Ascomycota. It was anticipated
that the new isolate belongs to the genus Aureobasidium. Through the examination of a sequence that contained the
internal transcribed spacer region (ITS), the novel strain P8 was specifically identified as Aureobasidium pullulans P8.
The obtained sequence has been deposited in the NCBI-GenBank database and assigned the following accession
number: OR921445.

Utilization of complex polysaccharides prevailing in soybeans is possible only for microorganisms capable of pro-
ducing enzymes for their degradation. Therefore, the new isolate was cultivated with different polysaccharides as a sole
carbon source under qualitative test for enzymatic potential examination. Besides already determined a-galactosidase
activity, extracellular activities of amylase, pectinase, cellulase (degradation of CMC and avicel), and xylanase were
detected (Fig. 2). Namely, halo zones appeared on selective agar plates around growth regions indicating the area of
the substrate hydrolysis [26]. This result was expected since Aureobasidium spp. are well recognized for producing
versatile enzymes [21]. However, not all strains produced cellulase [31,32], while the others lacked xylanase [33],

suggesting that the ability for the desired enzyme synthesis is strain-specific.

Fig. 2. Qualitative detection of extracellular enzymatic activities (a-galactosidase, pectinase, xylanase, amylase, exoglucanase, and
endoglucanase, respectively) of novel strain A. pullulans P8 on selective agar medium plates containing: raffinose (R), pectin (P),
xylan (X), starch (S), avicel (A) and carboxymethyl cellulose (CMC), respectively

Testing the growth possibility under different conditions (temperatures in the range of 4 to 37 °C and pH values
ranging from 3 to 10) showed that A. pullulans P8 can grow under all examined conditions (Fig. 3). However, the
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temperature optimum was found to be in the range of 25 to 30 °C. Temperatures lower than the optimal supported
growth more than those higher than the optimal ones. These results are in accordance with the literature data reporting
mesophilic nature of Aureobasidium spp. [23,34]. Considering the medium acidity, neither one of pH values could be
chosen as optimal as high growth was observed at all tested pH values. Aureobasidium spp. are ubiquitous organisms
resistant to various stress conditions [23]. It has been reported that different cell forms are prevalent at specific pH
values, enabling its survival. However, growth inhibition was observed for A. pullulans Cau 19 at pH 9.5 [32]. From the
aspect of technological application, the ability of A. pullulans P8 to grow at a wide range of pH values is a very favorable
feature, enabling its application for fermentation utilizing versatile substrates.

9 -
b b

8 - 74 +

74 4 a 8

Viable cell number, log CFU cm’®
'S
1
Viable cell number, CFU cm®

0
A 4 18 25 30 37 B 2 3 4 5 6 7 8 9 10 11

Temperature, °C pH
Figure 3. Effects of temperature (A) and pH (B) on A. pullulans P8 growth. The results are presented as mean values of three
independent experiments + standard deviations. Values having the same letters are not significantly different from each other.

3. 3. Fermentation of soybean meal

3. 3. 1 Crude protein content analysis

SBM is an attractive component of animal feed primarily due to its high protein content that can be additionally
improved by fermentation. During fermentation microorganisms use carbohydrates and lipids remaining after oil
extraction from soybean as carbon sources to enlarge the biomass, thus an increase in the proportion of CP in fermented
SBM occurs [4]. In this study, the potential of new isolate A. pullulans P8 for high protein SBM production was exploited
under two types of fermentation. The CP content had an increasing trend during both SSF and SmF (Tables 1 and 2,
respectively). The lowest increment in the CP content was observed after 24 h of SSF when the least viable cells were
detected as well. After 72 h of SSF, the microorganism entered the stationary growth phase. However, prolonged
fermentation time resulted in higher CP content, finally reaching 57.78+0.49 % based on dry matter (dm) after 168 h.
Compared to unfermented control an increase in the CP content by 20.8 % was achieved.

Table 1. Crude protein content and viable cell number in SBM fermented by A. pullulans P8 during SSF

. Crude protein content, % dm Viable cell number, log CFU g1 dm
Fermentation time, h

Water AS Water AS
0 (unfermented control) 47.83+0.25 0 0

24 48.94+0.70* 48.48+0.43* 6.92+0.13 6.44+0.31

72 52.42+0.60 48.59+0.48 8.65+0.17 7.58+0.30

120 55.59+0.86 51.39+0.83 8.58+0.32 8.03+0.11

168 57.78+0.49 56.42+0.43 8.69+0.23 7.95+0.27

The results are presented as mean values of three independent experiments + standard deviations
Water -fermented control; AS - ammonium-sulfate supplemented. *Values within rows that do not differ from each other (p >0.05)
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The slow growth rate observed during SSF on SBM may have been caused by low availability of free nitrogen.
Namely, nonprotein nitrogen content in SBM is usually less than 1 % [35]. To enhance the metabolic activity of A. pul-
lulans P8, SBM was supplemented with ammonium sulfate (AS) as the preferable source of inorganic N among Aureo-
basidium spp. [20,36,37]. However, the addition of AS to SBM significantly slowed down the fungal growth and
negatively influenced the CP content (Table 3). This result might have been a consequence of the already low C:N ratio
in SBM [16] that was further lowered by the addition of the inorganic N source and ultimately became unfavorable for
A. pullulans P8 growth. Therefore, the inorganic N source was not added to SBM during SmF.

Table 2. Protein content and viable cell number in SBM fermented by A. pullulans P8 during SmF

Fermentation time, h Crude protein content, % dm Viable cell number, log CFU cm-3
0 (unfermented control) 49.02+0.19 0
24 54.98+0.25 6.45+0.20
48 60.03x0.25 8.0810.71
72 61.11+0.11 8.3840.53

The results are presented as mean values of three independent experiments + standard deviations

Contrary to SSF, the increase in the CP content during SmF was accompanied by the fungal growth (Table 2). After
48 h of incubation the CP content reached 60 % (dm basis) and significantly increased up to 61 %, observed after 72 h
of incubation. Compared to the unfermented control, an increase in the CP content of 24.7% was achieved.

The crude protein content in fermented SBM obtained in this study was higher than those reported in the literature.
For example, SBM with 55.71 % CP (9.8 % enhancement) was obtained by solid-state fermentation using Bacillus subtilis
natto [38]. Although this value is achieved in a shorter time (62.3 h compared to 168 h in this study) it was obtained
after optimization, while optimization has not been performed during our study. In another study the protein content
increased by 16.6 % in SBM fermented by Bacillus subtilis E20 after 96 h of SSF [2]. When two-stage fermentation of
SBM was applied with Aspergillus oryzae and Bacillus subtilis an increase in the CP content by only 3.7 % was
obtained [4], while simultaneous fermentation with Lactobacillus plantarum, B. subtilis, and Saccharomyces cerevisiae
raised the CP content by 13.3 % [8].

By comparing the highest protein yields obtained by SSF and SmF using A. pullulans P8, it is evident that ~5.8 % more
protein is produced in the latter case. Moreover, it was obtained after 3 days of fermentation, while SSF lasted for 7
days. The prolonged time of fermentation required for SSF is probably a consequence of slow aeration and reduced
mass transfer that are generally recognized and reported as drawbacks of this type of fermentation [39]. During SmF,
water-soluble sugars are readily available, while mixing enables their uniform distribution enhancing microbial growth.
However, submerged processes are generally unfavorable for industrial applications since they require more equipment
and higher energy consumption than SSF. To make SmF more economically acceptable, but also following circular
economy principles, the liquid obtained after centrifugation could be further applied as a source of industrially
important enzymes.

3. 3. 2 Carbohydrate content analysis

Besides high protein content, another important goal of the present study was to reduce RFOs content in SBM.
Fermented SBM samples with the highest CP contents were analysed for carbohydrate content using HPLC. Comparing
chromatograms of the control sample and fermented samples (solid-state), two main features could be observed
(Fig. 4a). Peaks corresponding to sucrose, raffinose, and stachyose have decreased, while peaks of galactose and higher
oligosaccharides have increased. That indicated the activity of a-galactosidase. Namely, during its growth, A. pullulans
P8 synthesized a-galactosidase that cleaved terminal galactose residues from galacto-oligosaccharides and
galactomananas present in SBM. Raffinose was formed as a product of stachyose hydrolysis. It was further hydrolysed
to sucrose and galactose that were consumed by microorganism, supporting its growth. However, more sugars were
produced than consumed. On the other hand, released galactose served also as a substrate for a-galactosidase in
transglycosylation reaction [6] that increased the content of higher oligosaccharides, compared to the control.
Moreover, differences among samples were detected as well. More stachyose and raffinose were noticed in the sample
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obtained after 7 days of SSF when AS was added to SBM, than in SBM wetted with water. There was a negligible
difference in galactose contents among these two samples, while the content of higher oligosaccharides was lower in
AS-supplemented SBM, implying that the addition of AS had a negative effect on a-galactosidase production and/or
activity. This result corresponds well with already discussed results obtained in this study i.e., the protein content was
significantly lower, and weaker growth was observed in samples with AS. Finally, analysis of the chromatogram of the
sample obtained after 3 days of submerged fermentation (Fig. 4b) shows the absence of peaks corresponding to
raffinose and stachyose. Also, the galactose content was lower than that in the control, while the content of higher
oligosaccharides was the same as in the control. According to results obtained by the HPLC analysis, it could be
concluded that SBM obtained after 3 days of submerged fermentation has the lowest content of indigestible
carbohydrates, which makes it the most suitable for animal feed.
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Figure 4. Residual sugars of SBM: (A) after 7 days of SSF with A. pullulans P8 in unfermented control, fermented control (water), and
ammonium-sulfate supplemented SBM (AS); (B) after 3 days of SmF with A. pullulans P8 in unfermented control and precipitate
obtained after centrifugation

3. 4. Determination of extracellular hydrolytic enzyme activities produced by A. pullulans P8 during SmF of SBM

In recent years production of many different enzymes using biomass and by-products from the food industry has
been intensively studied [26,40-43]. In the current study, we showed that the new isolate A. pullulans P8 could produce
amylase, cellulase, xylanase, pectinase, and a-galactosidase during SmF using SBM as a sole nutrient source.
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The common feature for all extracellular enzymes examined during the current study is the lowest activity observed
in the supernatant obtained after 24 h of SmF (Fig. 5). During the first 24 h of incubation, A. pullulans P8 used readily
available monosaccharides to increase its biomass. When this source is depleted, extracellular enzymatic activities are
required to hydrolyse complex carbohydrates. Significantly higher activities of all examined enzymes were detected
after 48 h of incubation, which further increased for cellulase, pectinase, and xylanase, or stayed at the same level to
the end of fermentation in the case of amylase and a-galactosidase.

Investigations of genomes of Aureobasidium spp. have shown an abundance of genes encoding most of the enzyme
families involved in carbohydrate degradation [44]. For a high level of desired enzyme biosynthesis, however, selection
of the appropriate substrate is crucial [43,45]. Another approach for obtaining enhanced enzymatic activities is
optimization of the substrate concentration, but also of other factors that affect enzyme synthesis by microorganisms,
such as the C:N ratio, temperature, aeration, pH, incubation time, etc. [40,41,43].
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Figure 5. Extracellular enzymatic activities in supernatant obtained during SmF of SBM using A. pullulans P8. The results are
presented as mean values of three independent experiments * standard deviations. *Values within the same group that do not
differ from each other (p >0.05)

Testing the possibility of different waste substrates to induce the production of xylanase in A. pullulans has shown
the activity of 0.51 U cm™ on hazelnut skin [45], which was lower than the maximal xylanase activity observed in our
study (0.67 U cm™3). However, ten times higher xylanase activity than in our study (67.44 U cm™) was obtained by the
same fungal strain on wheat bran as substrate.

Unexpectedly, high amylase activity of 0.78 U cm™ was determined in the supernatant after 48 h of SmF by A.
pullulans P8, although the starch content in SBM is very low compared to other polysaccharides [3]. A. pullulans Cau 19
produced 0.456 U cm after 5 days of growth in medium containing 1 % of starch [32]. After optimization, the amylase
activity reached 0.8 U cm3, a level comparable to the result obtained in our study. This implies that A. pullulans P8 is a
high amylase producer.

The activity of a-galactosidase obtained after 48 h of SmF using SBM exceeded that obtained in raffinose-
supplemented MEB (1.18 vs. 0.89 U cm3), suggesting the potency of SBM to support a-galactosidase biosynthesis by A.
pullulans P8. This effect could be explained by the ability of different SBM constituents to stimulate a-galactosidase
production. Namely, besides RFOs, galactose, glucose, pectin, and galactomannans have been reported as potent
carbon sources for the induction of a-galactosidase production by different microorganisms [6].

In our previous study [26], SBM has been shown as the best substrate for inducing pectinase production by Bjerkan-
dera adusta TMF1 and Schizophillum commune TMF3. In the current study pectinase activity produced by A. pullulans
P8 was 0.69+0.04 U cm™. A higher activity (3.8 U cm™) was reported in the study conducted by Bennamoun et al. [46]
for a high pectinase-producing strain of A. pullulans, using 4 % tomato pomace as substrate.

135
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Both endo and exoglucanase activities were detected in the supernatant after SmF by A. pullulans P8. Higher activities,
by approximately 3 to 10-fold, for Aureobasidium spp. endoglucanase were reported in the literature than those obtained
in the present study (0.73+0.07 U cm™3). For example, A. pullulans NRRL-Y-2311-1 endoglucanase activity obtained after
120 h of SmF using differently processed canola meal was in the range of 2.27 to 3.17 U cm [47]. A. pullulans LB83
produced 6.86 U cm™ on SBM during 60 h of SmF [48], while the same strain produced 7.42 U cm™ on sugarcane bagasse.
On the other hand, in the study of Leite et al. [34] exoglucanase activity was not detected regardless of the substrate used
for fermentation. In the current study, exoglucanase activity of 0.52+0.06 U cm was obtained, and it was the lowest among
all the tested enzyme activities.

Relatively low endoglucanase activities obtained in our study compared to literature data could be a result of
activities of proteases produced by A. pullulans P8 during fermentation [47]. Although proteases were not the focus of
this research, it is reasonable to expect they had been secreted. The effect of protease activity was more pronounced
when complex substrates were used as nitrogen sources compared to ammonium sulfate [49]. Likewise, it was observed
that different nitrogen sources significantly influenced amylase activity [32]. Since SBM was the only nutrient source in
the current study, future experimental work will consider the effect of its supplementation with different inorganic
nitrogen sources.

Although the activity of neither enzyme was optimized during the present study, it was shown that A. pullulans P8
has the potential to produce carbohydrate-degrading enzymes. Further research will focus on isolating, purifying, and
applying these enzymes. Importantly, the crude enzyme mixture obtained in the present study could be used for
bioethanol production without the need for time-consuming and expensive purification steps [26]. Additionally, it could
be used for SBM hydrolysis for animal food production, as well as other complex lignocellulosic substrates that require
the use of various enzymes to be degraded [17,26,43].

4. CONCLUSION

This study has shown the immense potential of a new strain of A. pullulans P8 isolated from grapes for producing
high protein, low oligosaccharide soybean-based feed. The CP content in fermented SBM was increased by 20.8 and
24.7 % compared to control during SSF and SmF, respectively. The highest CP content of ~~61 % (dry matter basis) was
achieved after three days of submerged fermentation using A. pullulans P8. This sample also exhibited the lowest
galacto-oligosaccharide content, making it the most suitable for animal feed. Furthermore, the study revealed
extracellular activities of different carbohydrate degrading enzymes in supernatant obtained after submerged
fermentation. It is important to note that this study is only the first screening that elucidated the wide application
potential of new strain A. pullulans P8. Therefore, subsequent research endeavors will focus on optimization of the
fermentation process aiming to further enhance the content of crude protein and hydrolytic enzyme activities and to
shorten the incubation time. Scaling-up experiments also need to be conducted. Finally, an animal feeding trial should
be performed to verify the real beneficial effect of the new fermented soybean-based product in vivo.
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Valorizacija sojine saCme za proizvodnju visokoproteinske stocne hrane i
proizvoda sa dodatom vrednoscu koris¢enjem novog soja Aureobasidium

pullulans

Sladana Z. Davidovié¢!, Miona G. Miljkovi¢', Nevena Ili¢?, Milica Veljkovié? i
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(Nauéni rad)

Izvod

Sojina saéma je nusproizvod koji nastaje nakon ekstrakcije ulja iz zrna soje. S obzirom na to
da je bogata visokokvalitetnim proteinima, sojina sa¢ma se koristi kao dodatak za sto¢nu
hranu. Medutim, bogata je takode i antinutritivnim faktorima i nesvarljivim komponentama,
medu kojima je posebna paznja usmerena na galaktooligosaharide, zbog nedostatka a-
galaktozidaze kod monogastricnih Zivotinja. Osnovni cilj ovog istrazivanja bio je da se
odabere pogodan soj crne gljivice nalik kvascu (Aureobasidium spp.) medu deset prirodnih
izolata iz grozda, koji bi tokom fermentacije sojine sa¢me dao proizvod sa velikim sadrZzajem
proteina i malim sadrZajem oligosaharida. Sa tim ciljem odabran je izolat P8 koji je pokazao
najvecu aktivnost a-galaktozidaze od 0,89 U cm3. Odabrani soj je identifikovan kao A. pul-
lulans P8. Maksimalni prinos sirovih proteina u fermentisanoj sojinoj sa¢mi (61 % rac¢unato
na suvu materiju) i najmanji sadrzaj galaktooligosaharida dobijeni su nakon 3 dana inkubacije
na 30 °C potopnom fermentacijom pri sadrzaju 10 % suve materije sojine sacme. Fermen-
tacijom na ¢vrstom supstratu dobijeno je ~58 % sirovih proteina nakon 7 dana inkubacije na
30 °C pri sadrzZaju suve materije od 30 %. U supernatantu dobijenom nakon potopne fermen-
tacije izmerene su aktivnosti ekstracelularnih enzima (celulaze, pektinaze, amilaze, ksilanaze
i a-galaktozidaze), sto ukazuje na potencijal ovog pomoénog proizvoda za hidrolizu razli¢itih
lignoceluloznih supstrata.

Kljucne reci: crna gljivica nalik kvascu;
fermentacija na ¢vrstoj podlozi; potop-
na fermentacija; a-galaktozidaza; eks-
tracelularni hidroliti¢ki enzimi; grozde
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Abstract
Extensive consumption of energy drinks (ED) and alcohol mixed with energy drinks (AmED) has ORIGINAL SCIENTIFIC PAPER
become a prevalent practice among young people. Marked as enhancers of physical and
mental performance due to their high levels of stimulant ingredients, such as caffeine and
taurine, ED and AmED consumption can potentially cause adverse effects on the central
nervous system (CNS) and cardiovascular system. Despite the role of stem cells in development Hem. Ind. 79(3) 141-155 (2025)
and tissue renewal, studies examining the potential effects of consumption on these cells are
lacking. In this study, we established a 3D system based on alginate microfibers to test the
effects of bioactive compounds on human NT2/D1 embryonal carcinoma cells, a widely used
malignant counterpart of human stem cells. We also assessed the effects of simulated acute
ED and AmED consumption on the viability of pluripotent cells and evaluated the efficiency of
mass transport to the cells using mathematical modeling. The obtained results show that the
3D system enables undisturbed growth and proliferation of NT2/D1 cells and uniform
distribution of the tested compounds to all cells within the microfiber. Simulated acute ED and
AmED consumption in the 3D culture did not affect the viability of NT2/D1 cells, compared to
a 2D culture, where caffeine induced a significant, yet small, decrease in cell viability.

UDC: 616-089.22:677.469:576.5

Keywords: Human embryonal carcinoma cells; alginate hydrogels; cell viability; mass
transport; energy drinks; caffeine.
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1. INTRODUCTION

Energy drinks (ED) are non-alcoholic beverages widely consumed by children, adolescents, and young people [1,2]. The
major constituents of ED, caffeine and taurine, present in high concentrations, have been shown to enhance mental and
physical performance [1]. On the other hand, excessive consumption of ED can cause significant health issues, primarily in
the cardiovascular and neurological systems, raising health concerns and the necessity for regulatory guidelines addressing
the safe consumption of ED [3,4]. Consumption of ED in combination with alcohol (alcohol mixed with energy drinks -
AmED), an increasingly popular trend among adolescents, leads to altered and risk-taking behavior and makes them more
prone to intoxication than consuming ED alone [5]. Studies addressing this issue were mainly focused on the effects of ED
on mature cells of neural and cardiovascular origins [6-8]. Research, which analyzed the impact of ED constituents on
human induced pluripotent stem cell (iPSC)-derived cardiomyocytes, shed light on the potential adverse effects these
components may exert on the cardiovascular system [6]. The negative effect of caffeine and taurine, used in concentrations
labeled on ED, was also confirmed in immature oligodendrocytes and hippocampal neurons derived from PO-P1 Wistar
rats, causing a disturbance in the development capacity of oligodendrocytes and in the morphology of neurons [7]. In
addition, research on human neuronal cell line SH-SY5Y showed that major ED constituents, caffeine, taurine, and guarana,
caused the excessive removal of antioxidant species in cells, thus causing antioxidative stress, which disrupts cellular
homeostasis [8]. Despite the importance of stem cells and progenitor cells in both embryonal and adult development,
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research regarding the effects of ED on these cell types is missing. Therefore, there is a need for the development of
adequate and relevant models based on stem cells and progenitor cells.

NT2/D1 cell line, a pluripotent embryonal carcinoma (EC) cells [9], could be used to create such models since it is
considered the malignant counterpart of human embryonic stem (ES) cells [10]. Previous studies demonstrated that human
EC cells and human ES cells share significant genetic similarities. Microarray analysis identified 330 genes as highly
expressed in both cell types, particularly pluripotency-related genes such as POU5F1 (Oct4), suggesting a common
molecular basis underlying their pluripotent phenotype [11]. Additionally, it was shown that EC cells and ES cells exhibit
genetic similarities in the expression of pluripotency markers such as SSEA3, SSEA4, and Oct4, also in class 1 MHC antigens
and Thy1, reflecting their common embryonic origins [9]. EC cells, such as NT2/D1 cell line, despite originating from tumors,
offer a simplified model compared to ES cells, thus facilitating the study of the effect of diverse compounds on the deve-
lopmental mechanisms of humans without ethical concerns and providing complementary insights alongside ES cells [9].

2D cell culture is the most suitable, cost-effective, and widely used approach for in vitro monitoring of cell growth and
analyzing the cell response upon drug treatment [12,13]. Despite being the effective approach for the first step in drug
screening, it has many limitations due to the absence or changed cell morphology, polarity, cell-to-cell, and cell-to-ECM
interactions present in native tissues in the human body, important for maintaining a physiologically relevant
microenvironment [13,14]. These limitations could be addressed using experimental animals as in vivo models. Although
widely used in research, significant differences between animals and humans prevent the extrapolation of results obtained
in animal models to clinical trials [15]. Studies also showed large differences between human and mouse embryonic stem
cells in morphology, tempo of differentiation, expression profiles of genes involved in the regulation of cell cycle, cell death,
differentiation, etc [15-18]. Consequently, certain stimuli, e.g, signaling molecules, compounds, that affect some biological
processes in mouse cells could have either negligible effect or the opposite effect in human cells. Therefore, 3D cell culture
models emerged as necessary to bridge the gap between two widely used approaches for drug screening - 2D cell culture
and animal models [13].These challenges are recognised by EU Directive 2010/63, which encourages the 3Rs principle
(refine, reduce and replace) to develop alternative three-dimensional (3D) models that can mimic human tissues and
disease complexity for research and drug testing [19]. NT2/D1 cells were successfully differentiated into mature neurons
in a 3D model of sphere formation [20] and alginate hydrogels [21]. Cell immobilization in alginate hydrogels shows great
potential due to the natural origin of alginate, enabling cells to grow and interact within, and allowing the exchange of
metabolites, oxygen, and stimuli between cells in fibers and the surrounding medium [22,23].

The aim of this research was to establish a 3D model system of pluripotent NT2/D1 cells immobilized in alginate
microfibers and analyze the potential effects of ED and AmED consumption on the viability of human pluripotent cells.

2. EXPERIMENTAL

2. 1. Cell culture

NT2/D1 cells, a kind gift from Prof. Peter W. Andrews (University of Sheffield, UK), were grown in Dulbecco's Modified
Eagle Medium (DMEM) High Glucose (4.5 g dm™ glucose) supplemented with 10 % Fetal Bovine Serum (FBS) and Antibiotic-
Antimycotic solution (10,000 units cm™ of penicillin, 10,000 pg cm™ of streptomycin, and 25 pg cm of Amphotericin B), all
purchased from Thermo Fisher Scientific (MA, USD). Cells were maintained in cell incubators at 37 °C, 10 % CO: and high
humidity atmosphere. A 2D model system of NT2/D1 cells was maintained by propagating cells in standard adherent
culture dishes where these cells grow in a monolayer. A 3D culture system was obtained by immobilization of NT2/D1 cells
in alginate microfibers as previously described [22]. Briefly, sodium alginate (A3249, low viscosity, AppliChem, Germany)
solution (1.5 wt.%) with cells (5x10° cells cm™ alginate) was manually extruded through a blunt edge stainless steel needle
(25 gauge, Small Parts Inc., USA) into a gelling bath containing 0.18 M Ca?* ions (CaCl,-2H,0, Sigma-Aldrich, USA). After
complete gelling (15 min incubation in the gelling bath), microfibers were washed in a cell culture medium without FBS
and finally maintained in the cell culture conditions described above. Alginate microfibers were visualized by light
microscopy and diameters were measured using Leica LAS v4.12 Software. Measurements were performed in three
biological replicates, with three independent average diameter calculations for each alginate microfiber.
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2. 2. Cell recovery

Immobilized NT2/D1 cells were released by dissolving alginate microfibers in 2 % w/v sodium citrate (Na3CsHs07:2H.0,
Sigma-Aldrich, USA) solution (0.1 g of microfibers in 1 cm? of the solution) for 10 min at 37 °C. Cell suspension was pelleted
by centrifugation at 1300 rpm for 5 min. The supernatant was discarded and the cell pellet was washed two times with the
cell culture medium. Cell number was determined using the Trypan blue exclusion test of cell viability. Retrieved cells were
cultivated in adherent culture dishes for 72 h and analyzed for viability, adhesion, and proliferative capacity.

2. 3. Cell treatments

NT2/D1 cells in 2D and 3D cell cultures were treated with the main components of energy drinks, caffeine (CAF) and
taurine (TAU), individually, together (CAF+TAU) and in combination with alcohol (CAF+TAU+EtOH); energy drink
alone (ED) or in combination with alcohol (ED+EtOH). Components were dissolved in a cell culture medium in
concentrations corresponding to their actual amounts in the energy drink, i.e. 0.32 mg cm™ caffeine and 4 mg cm?3
taurine. Energy drink samples (500 mm? each) were dried in a vacuum concentrator (Concentrator 5301, Eppendorf).
Then, dry pellets were dissolved in initial volumes (500 mm3) of cell culture medium to preserve the original
concentrations of all components and pH was adjusted to 7.4 using 0.1 N NaOH/HCI [6]. Final concentrations of all
components in the cell culture medium during treatments were ten times lower than the original concentrations in
energy drinks to simulate the real consumption in vivo [6].

Ethanol, in a concentration of 20 mM, was used with caffeine and taurine or ED to simulate AmED consumption.
This concentration corresponds to the physiologically relevant blood alcohol content in adults after quick consumption
of a few drinks [24]. For treatments, NT2/D1 cells were cultured in 96-well plates, either seeded in 2D monolayer culture
(10* cells per well) or in 3D culture immobilized in alginate microfibers (cut to 1 cm in length per well). Treatment was
initiated 24 h after cell seeding in both cell culture conditions - 2D monolayer and 3D microfiber culture, and it lasted
for 24 h to simulate acute consumption, as described previously [7,25]. Untreated NT2/D1 cells were used as a control
since all components were dissolved in the cell culture medium.

2. 4. Fixation of NT2/D1 cells immobilized in alginate microfibers

NT2/D1 cells immobilized and propagated within alginate microfibers for 7 days were washed once in Phosphate
Buffered Saline (PBS) and incubated in Fixative Solution (Cell Signaling Technology, Inc., Danvers, MA, USA) for 15 min
at room temperature. After incubation, cells were rinsed two times in PBS and visually inspected using a Leica DM IL
LED Inverted Microscope (Leica Microsystems, Leica Microsystems GmbH, Germany). During fixation and washing in
PBS, alginate microfibers were disintegrated, but cell clusters remained intact.

2. 5. MTT assay

Viability of NT2/D1 cells was assessed using a colorimetric MTT test. This assay measures cell viability by assessment of
the mitochondrial ability to metabolize MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) (Merck &
Co., Inc., USA). In viable, metabolically active cells, MTT is reduced into purple formazan crystals, which can be visually
confirmed by light microscopy or spectrophotometrically measured upon solubilization in DMSO (dimethyl sulfoxide) [26].
For the visual inspection of NT2/D1 cells during the 7 day propagation in alginate microfibers, cells in 3D culture were
incubated with MTT solution (MTT dissolved in cell culture medium at a concentration 0.5 mg cm3) for 24 h, at four time
points — after 1, 2, 3 and 7 days at 37°C in cell incubator. Images were taken using a Leica DM IL LED Inverted Microscope
(Leica Microsystems, Leica Microsystems GmbH, Germany). Colorimetric measurements were performed as previously
described [26,27]. NT2/D1 cells grown in 96-well plates, in 2D and 3D cell cultures, were incubated with MTT solution (MTT
dissolved in cell culture medium at a concentration of 0.5 mg cm™) for 4 h at 37 °C in a cell incubator. After incubation, the
MTT solution was discarded, and water-insoluble formazan crystals were dissolved by incubation in DMSO for 5 min with
agitation at room temperature. Solubilization of formazan was monitored by visual inspection of the alginate microfibers
using light microscopy. Absorbances of the dissolved formazan solutions were measured at 570 nm using a microplate
reader, Tecan Infinite 200 PRO (Tecan Group Ltd., Switzerland). Statistical analysis was performed with SPSS statistical
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software package (SPSS Inc. Released 1999. SPSS for Windows, Version 10.0., USA). Cell viability was calculated and
presented as a percentage of the corresponding untreated control NT2/D1 cells (either 2D or 3D) expressed as 100 %. Data
were expressed as means + SEM (Standard Error of the Means).

2. 6. Live/dead assay

Effects of ED and AmED treatments on the viability of NT2/D1 cells in alginate microfibers were evaluated using
LIVE/DEAD™ Cell Imaging Kit (488/570) (Invitrogen, ThermoFisher Scientific, USA). Live/dead assay is based on two
distinctive characteristics of live cells - membrane integrity and intracellular esterase activity. In this two-color assay,
cells are simultaneously stained with green-fluorescent calcein-AM (indicating live cells with intracellular esterase
activity) and red-fluorescent BOBO-3 lodide (indicating dead cells that lost membrane integrity). NT2/D1 cells
immobilized in alginate microfibers were propagated for 48 h in the cell culture (24 h without treatment and 24 h
with/without treatment) and stained according to the manufacturer's instructions. Images of the stained NT2/D1 cells
immobilized in alginate microfibers were taken using a Leica TCS SP7 confocal laser-scanning microscope (Leica
Microsystems CMS GmbH, Wetzlar, Germany). Sequence of 40 cross section images (5 um each) of alginate microfibers
were analyzed. Z stacks were overlapped by Maximal intensity processing tool of LAS AF software (Leica Microsystems,
Leica Microsystems GmbH, Germany).

3. RESULTS AND DISCUSSION

3. 1. Immobilization of NT2/D1 cells in alginate microfibers

NT2/D1 cells were successfully immobilized in alginate microfibers with consistent and uniform size (average

diameter of 190 + 10 um, Fig. 1) using manual extrusion of cell/alginate suspension (5x10° cells cm3, 1.5 % w/w alginate)
into the gelling bath containing Ca?* ions. The obtained alginate microfibers with immobilized cells were further
cultivated in standard cell culture conditions for up to 7 days.

— P— ,'.‘,I3‘ a ‘»—" ?i’;\ : :‘.v I g
Figure 1. Representative optical micrographs of alginate microfibers with immobilized NT2/D1 cells showing diameter
measurements. Scale bar: 100um

Morphology of NT2/D1 cells and their growth in alginate microfibers were analyzed by light microscopy (Fig. 2, Panel
A). Representative images of cells captured during the propagation have shown uniform cell distribution in microfibers,
as well as a continuous increase in cell number during the 7-day course of cultivation (Fig. 2, Panel A). In addition, cells
spontaneously form cellular aggregates and clusters of cells (large cellular aggregates) (Fig. 2, Panel A). At the first time
point, day 1, we observed a high density of single cells within microfibers (Fig. 2, Panel A, day1), while increased number
of cells during prolonged growth in alginate microfibers resulted in cell aggregation (Fig. 2, Panel A, days 2 and 3) and
the formation of cell clusters at day 7 (Fig. 2, Panel A). To confirm cellular aggregation and clustering, we performed
chemical fixation of the NT2/D1 cells after 7 days of propagation in alginate microfibers (Fig. 2, Panel B). Cell fixation
ensured the preservation of the original state, shape and structures of cellular aggregates and clusters (Fig. 2, Panel B)
and corroborate previous observation that NT2/D1 cells in alginate microfibers proliferate and establish cell-to-cell
contacts to enhance cell viability and functionality within cellular aggregates [28].

These results were also confirmed using MTT assay for visualization of viable cells within alginate fibers. As presented
in Figure 2, Panel C, the intensity of formazan dye, indicator of the presence of live cells, markedly increased during
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7 days of propagation. MTT assay also showed cell aggregations at day 2 and 3 and cell cluster formation at day 7 (Fig.
2, Panel C, Images g-i).

A Cc

day1

day2

day3

day7

Figure 2. NT2/D1 cells during a 7-day course of cells growing in alginate microfibers. Light microscopy of A) NT2/D1 cells in alginate
microfibers at indicated time points. Black arrows indicate cell aggregates at days 2 and 3 and cell clusters at day 7. Scale bar: 100 um.
B) Fixation of NT2/D1 cells after 7 day propagation showing cellular clusters (black arrowheads) in alginate microfibers. Scale bar-
50um. C) Formazan dyed NT2/D1 cells in alginate microfibers at indicated time points. Scale bar: 100 um.

We also wanted to investigate the effect of cell retrieving procedure on the viability, proliferation capacity and
adhesion potential of immobilized cells. Immobilized NT2/D1, cells were retrieved from microfibers 24 h after
immobilization, counted and seeded in adherent culture dishes for growth in 2D culture, Figure 3. Concentration of
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retrieved NT2/D1 cells was 1.5x10° cells per cm3. Compared to 5x10° cells per cm3, initially immobilized in alginate

microfibers, the observed cell loss was significant (~3 fold).

- i 5 O - s N e 5
Figure 3. Light microscopy of NT2/D1 cells retrieved from alginate microfibers and propagated in 2D cell culture for the indicated
periods of time. Scale bar-100 um

The observed result is comparable to the cell number reduction during retrieval from alginate microfiber previously
described in similar studies [29,30] and it is due to cytotoxicity of Na-citrate [31]. Sodium citrate inhibits proliferation
and induces apoptosis of hepatocellular carcinoma cells [31,32]. In addition, increased sensitivity of NT2/D1 cells to
cytotoxic agents was previously established [33]. Nevertheless, retrieved NT2/D1 cells seeded in monolayer 2D culture
retained viability, ability to attach to a culture dish surface and capacity to proliferate (compare images at day 0, day 1,
and day 2 in Figure 3).

NT2/D1 cells were previously maintained in both 2D (adherent monolayer culture) and 3D model systems
(cultivation in non-adherent conditions that promote spheres formation) [34]. That study showed remarkable
differences in NT2/D1 cells growth under 2D and 3D culturing conditions [34]. Cells in the 2D culture had 5 times higher
proliferative capacity then spheroid culture that was limited by the gradual decrease in oxygen concentration from the
periphery to the center of spheroid [34]. Hypoxic condition in the center of spheroid induced very low cell proliferation
rate in that zone [34]. Limitations in oxygen and nutrients diffusion, accumulation of metabolic waste and consequent
cell necrosis in spheroids [35,36] could be overcome using alginate 3D cell culture models. As a matter of fact, NT2/D1
cells were successfully encapsulated in alginate beads [21]. In order to create a 3D model for efficient differentiation of
NT2/D1 cells in dopaminergic neurons authors tested optimal conditions (cell density and permeability of the beads)
for encapsulation of cells in alginate beads [21].They showed that 1.0x10° cells cm™ encapsulated in the highly
permeable alginate beads (obtained by 0.1 M CaClz in the gelling bath) promoted high exchange between cells and
medium and consequently increased viability, proliferation, and metabolic activity of NT2/D1 cells [21]. Presented
results confirm that biocompatible, immunogenic, and non-toxic alginate hydrogels are highly suitable for supporting
the growth and propagation of human pluripotent NT2/D1 cells in a 3D environment.

We also detected differences in morphology of NT2/D1 cells grown in alginate microfibers and 2D monolayer
cultures, which is in concordance with previous observations [37-39]. This result could be explained by the fact that cells
in the 3D cell culture gained a round shape, due to a single growth direction and the absence of cell attachment to the
cultureware. This is in contrast to the flattened shape of cells in a 2D monolayer, which is in agreement with results
from previous studies. [40]

3. 2. The effects of ED and AmED treatments on the viability of NT2/D1 cells in 2D and 3D model systems

In order to assess the effects of treatments on cells in 2D and 3D cell cultures, the cells were exposed for 24 h to
treatments that simulated the consumption of energy drinks and their major components (caffeine and taurine) alone
or in combination with alcohol. Experimental settings, duration and concentrations of tested compounds were in
concordance with the previously conducted studies [7,25]. Accordingly, the following treatments were applied: caffeine
(CAF); taurine (TAU); the combination of caffeine and taurine (CAF+TAU); caffeine and taurine in combination with
alcohol (CAF+TAU+EtOH); energy drink (ED); ED in combination with alcohol (ED+EtOH).
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After 24 h of treatment, microfibers in all treated groups preserved their integrity, while NT2/D1 cells preserved
their morphology compared to the untreated control (Fig. 4, Panel A). To assess the potential effects of ED and AmED
treatments on the viability of NT2/D1 cells in 2D and 3D cell cultures MTT assay was used (Fig. 4, Panel B).

_NT2 CAF TAU CAF+TAU

B
140
2 H2D
3.’120 13D
5 100 — *{‘ 11
>
= 80 1 IL
o
N 60
pd
o 40
=
& 20
(0]
o
o~ L o ) o [m] L
= <
E § B F £z 9 8
P &g Y
Py < + o
%) o w

Experimental conditions

Figure 4: NT2/D1 cells immobilized in alginate microfibers cultivated for 24 h and then treated for 24 h with the indicated
treatments. A) Light microscopy of treated NT2/D1 cells in alginate microfibers. NT2-control untreated cells. Scale bar: 100 um. B)
Viability of NT2/D1 cells assessed by MTT assay. NT2/D1 cells were cultivated for 24 h in monolayer cultures (2D) or immobilized in
alginate microfibers (3D) and then exposed for 24 h to the treatments listed above. Values are normalized to the values of
corresponding controls, either 2D NT2/D1 or 3D NT2/D1, untreated cells expressed as 100 %. Data are represented as means + SEM
of three independent experiments performed in triplicate.* indicates p < 0.05. NT2-control untreated cells.

SEM - standard error of the means.

The obtained results indicate a slight difference in cell viability between 2D and 3D cell cultures in response to
treatments. The slight reduction in cell viability, although statistically nonsignificant, in response to all treatments in the
2D model system can be observed, except for caffeine, where a statistically significant but low decrease (12 %) in cell
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viability is observed (Fig. 4, Panel B). On the other hand, none of the treatments significantly affect NT2/D1 cell viability
in a 3D model system (Fig. 4, Panel B). Noticeable, although statistically insignificant, decrease in cell viability after
treatments with caffeine/taurine and ED/EtOH in 3D probably reflects the fact that the 3D cell culture had higher
deviations than 2D cultures (Fig. 4, Panel B). This is one of the well-established properties of 3D cultures, caused by the
variation in the initial culture conditions, such as cell density and distribution in the 3D matrix [41-43].

In addition, cell viability after treatments with ED and AmED was evaluated by LIVE/DEAD assay (Fig. 5).
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Experimental conditions
Figure 5. Live/dead cell viability assay of NT2/D1 cells in alginate microfibers after ED and AmED treatments. A) Representative
images of NT2/D1 cells in alginate microfibers after 24 h of indicated treatments. A representative Z stack of bright-field (BF), green
fluorescence (LIVE), and merged fluorescence (LIVE/DEAD) that was overlapped (40 cross-sections, 5 um each) by the Maximal
intensity processing tool of LAS AF Software. Scale bar: 200 um. B) Quantification of viable cells from the LIVE/DEAD assay using

Imagel software. Values are presented as a cell viability compared to control cells, which is set to 100 %. Data are presented as
mean * SEM, * indicates p < 0.05. SEM - standard error of the means
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This assay discriminates viable and non-viable cells using a green fluorescent dye, calcein-AM for live cells and red
fluorescent BOBO-3 lodide dye to visualize dead cells. As presented in Figure 5, Panel A, vast majority of cells entrapped
in alginate microfibers retained viability with respect to the limited and moderate mortality. Viable cells maintained
equal and uniform distribution within the microfiber (Fig. 5, Panel A). Apparently, the differences in distributions
between central and peripheral regions of the microfibers could not be distinguished (Fig. 5, Panel A). Quantification of
the LIVE/DEAD assay showed that indicated treatments did not significantly affect the NT2/D1 cell viability (Fig. 5, Panel
B). Statistically insignificant but detectable decrease in cell viability after CAF/TAU and ED treatments is probably due
to high deviations caused by the repeatability and reproducibility issues of 3D cultures [41-43].

The obtained results suggest that 24 h treatments that simulate ED and AmED consumption in both 2D and 3D cell
culture models did not affect the viability of pluripotent NT2/D1 cells. In the case of treatments with ED components,
caffeine induced a 12 % decrease in cell viability in the 2D model, while in the 3D model, the effect on NT2/D1 viability
was non-detectable. We speculate that the alginate 3D system may provide a protective microenvironment for pluripo-
tent cells with respect to the 2D monolayer culture. It has been shown previously that alginate oligosaccharides showed
antioxidant and neuroprotective effects on NT2-derived mature neurons against H202-induced neurotoxicity [44]. The
same protective effects were described in chromium-induced brain damage in rats and H202-induced senescence in
H9C2 cardiomyocytes [45,46].

Effects of ED and AmED were extensively investigated in correlation with mental health and behavioral control in
human volunteers and animal models [47,48]. Considering that ED and AmED primarily affect the CNS and
cardiovascular system, physiological effects were mostly examined in animal models, animal primary cell cultures, and
mature cells from these two organic systems [7,47,49,50]. Investigations of the effects of ED and AmED on pluripotent
cells, stem cells and induced pluripotent stem cells (iPSc) are missing. Further studies should be focused on the effects
of ED and AmED on the populations of stem cells and progenitor cells since consumption has increased among children,
adolescents (vulnerable groups with ongoing neurodevelopment) and young people (potential association of ED intake
before and during pregnancy with health risks) [4,7]. These results show, for the first time, that NT2/D1 cells immobilized
in alginate microfibers represent a valuable 3D model system for studying the potential cytotoxic effects of bioactive
compounds, components of food and beverages, on the pluripotent cells.

3. 3. Mathematical modeling of mass transport in 3D cell culture

In order to assess the efficiency of substance transport, specifically caffeine, taurine, and ethanol, within alginate
microfibers, and to evaluate whether the hydrogel imposes any mass transport limitations, which could contribute to
its protective effects, mathematical modeling was applied. Namely, the aim was to adopt a diffusion-reaction mass
transport model previously developed [22] to predict concentration profiles of caffeine, taurine and ethanol within the
single microfiber under cell culture conditions. Briefly, the model was based on the assumption that the external mass
transfer resistance on the microfiber surface could be neglected and that the mass transport within the microfibers was
the rate-limiting factor. Additionally, the following assumptions were made [22]: 1) the microfiber is cylindrical; 2) the
diameter of the microfiber is constant; 3) the modeled substance is consumed at a constant rate per cell, following a
zero-order chemical reaction; 4) the concentration of the modeled substance in the medium, and consequently at the
microfiber surface, is constant; 5) mass transport occurs solely in the radial direction. Hence, the internal mass transport
through the microfiber was described by the subsequent diffusion-reaction equation [22]:

@22(,@} w
ot ror\ or Pa

where D represents the diffusion coefficient of the modeled substance, r denotes the radial coordinate from the center
of the microfiber, g is the consumption rate of the substance per cell and p indicates the cell concentration per unit
volume of the microfiber.

Solution of the partial differential Equation (1) was achieved numerically, by using the ‘pdepe’ function in MATLAB
R2018a programming platform (MathWorks Inc.) [51].
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3. 3. 1. Initial and boundary conditions

For all three modeled substances (caffeine, taurine and ethanol), the starting concentration in the microfiber was
equal to zero, giving the following initial condition, Equation (2):

t=0 0<r<R ¢=0 (2)
where R is the radius of the microfiber.

In accordance with the assumption about cylindrical geometry of the microfibers, the symmetry boundary condition
was set along the microfiber axis, Equation (3):

r-0 L_o (3)

or

A constant concentration, equal to that in the medium (cm), was assumed at the outer boundary of the microfiber,
Equation (4):

r=R C=Cm (4)

3. 3. 2. Model parameters

The diameter of the microfibers was specified as 190 um, based on the average value obtained from at least 15
diameter measurements. The cell concentration per unit volume was specified as 5x10° cells cm3, based on the initial
cell density.

3. 3. 3. Modeling of caffeine transport

The caffeine diffusion coefficient was adopted as 5.01x107 cm? s'%, as reported in literature for caffeine diffusion in
anionic hydrogels [52], while the caffeine concentration in the culture medium was 0.16 mol m after treatment with
either pure caffeine or the energy drink. It should be noted that in this study, NT2/D1 cells were used as in vitro models
of embryonic neurogenesis and formation of different neuronal phenotypes, and it is well known that caffeine binds to
the adenosine receptors of neurons and glial cells, as an antagonist, while it is metabolized in hepatocytes [53].
Therefore, the consumption term in Equation (1) was omitted. The mathematical model was solved using a spatial step
size of Ar=0.96 um and a time step of At =0.25s.

The modeling results showed that the steady state was reached after 343 s with the caffeine concentration in the
microfiber center reaching the concentration in the culture medium. This result implies efficient mass transport of
caffeine throughout the whole microfiber under culture conditions.

3. 3. 4. Modeling of taurine transport

The taurine diffusion coefficient was adopted as 5.1x10® cm? s, as reported in literature for glucose [54]. Glucose
(M =180.16 g mol?) is a small, polar molecule, with similar molecular weight to that of taurine (M=125.14 g mol). The
taurine concentration in the culture medium was 3.2 mol m? after treatment with either pure taurine or the energy
drink. Additionally, the taurine consumption rate per cell for SF-295 human glioblastoma cell line, the most similar cell
line with NT2/D1 cells, was reported to be 0.150 fmol cell h'? (the mean value of two measurements: 0.097 and
0.203 fmol cell hl, taken from Supplement Database_S1, Jain et al. [55]. It is important to note that the assumption of
a constant concentration of taurine in the medium was based on calculations demonstrating that the time required for
complete consumption of taurine by the cells was vastly longer than the duration of the experiment, and thus the
consumption was negligible within the experimental timeframe. The mathematical model was solved using a spatial
step size of Ar=0.96 um and a time step of At = 0.25 s. The taurine concentration profile was plotted as a function of
normalized radial distance (Fig. 6).

The simulation demonstrates that the steady state is reached after 33 s with the taurine concentration in the center
of the microfiber practically reaching the value of taurine concentration in the culture medium. Further modeling of
taurine transport, taking into account the experimental setup and the 24-hour exposure period, demonstrated that
after 24 h, the taurine concentration throughout the entire microfiber remained equal to that in the surrounding
medium.
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Figure 6: Taurine concentration is represented in relation to the normalized radial distance within a microfiber (r/R) at steady state
(R represents the microfiber radius, r/R=0 indicates the central axis of the microfiber and r/R=1 indicates its outer surface).

3. 3. 5. Modeling of ethanol transport

For modeling of ethanol transport through the alginate microfibers, the diffusion coefficient was set to 9.6x106 cm? s, as
reported in literature for ethanol in 2 wt.% alginate hydrogel [54]. The ethanol concentration was 20 mol m3in the culture
medium after addition of ethanol in the combination with caffeine and taurine, as well as in the combination with the
energy drink. On the other hand, there is a significant lack of literature data regarding ethanol consumption by stem cells.
Therefore, we adopted the highest calculated value of consumption rate of oxygen by human mesenchymal stem cells
(hMSC) as 0.012 pmol 10 cells h}, reported in literature [56]. As in the case of taurine, the assumption of a constant
ethanol concentration in the medium was based on calculations demonstrating that the time required for complete
consumption by the cells was significantly longer than the duration of the experiment. The mathematical model was
solved using a spatial step size of Ar = 0.96 um and a time step of At = 0.25 s. The ethanol concentration profile in the
microfiber was plotted as a function of normalized radial distance (Fig. 7).
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Figure 7: The profile of ethanol concentration is represented in relation to the normalized radial distance within a microfiber (r/R) at
a steady state (R represents the microfiber radius, r/R=0 indicates the central axis of the microfiber and r/R=1 indicates its outer
surface)
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The ethanol concentration in the center of the microfiber reaches that in the medium in only 22 s, demonstrating
highly efficient transport of ethanol throughout the whole microfiber. The steady state is achieved almost immediately,
with the ethanol concentration in the centre of the microfiber equal to that in the culture medium. Upon modeling
ethanol transport over a 24-hour period, it was found that the concentration within the microfiber closely matched that
of the surrounding medium.

Overall, the modeling results demonstrated efficient mass transport of all three investigated substances within the
3D cell culture model. The model supported growth and proliferation of pluripotent NT2/D1 cells making it possible to
mimic the certain behavior and structure characteristics of cells in vivo - round shaped single cells that form 3D
aggregates with efficient supply of nutrients and active molecules throughout the microfibers. This 3D model could be
used for the evaluation of substance effects on individual cells at the beginning of cultivation, as well as on cell
aggregates at day 2, and on multilayered cell cluster at day 7. It is anticipated that cellular responses to a given substance
may differ between single cells and those within aggregates, highlighting the importance of considering cell organization
during experimental data analysis. In contrast to 2D models, 3D models provide gradients of nutrients, oxygen,
metabolites, and tested compounds to cells which make them more accurate and physiologically relevant [57].

Retinoic acid induced neural differentiation of NT2/D1 cells in 2D culture is a widely used model of human
neurogenesis [58]. After four weeks of induction NT2/D1 cells differentiate into mature neurons and astrocytes [58]. In
addition, NT2/D1 cells encapsulation in alginate microbeads enabled low-rate spontaneous dopaminergic neuronal
differentiation in a 3-week period [21]. Our future goal will be to establish 3D culture of alginate microfibers for 4 weeks
long RA-induced neural differentiation of NT2/D1 cells to test the effects of acute and chronic consumption of ED and
AmED on different stages of human neurogenesis.

4. CONCLUSION

In this study, we established a 3D model of human pluripotent NT2/D1 cells immobilized in alginate microfibers. The
immobilized NT2/D1 cells preserved viability, proliferative capacity and potential to form aggregates during a 7-day
course of propagation. To validate the 3D NT2/D1 cell model system for bioactive compounds testing, we performed
mathematical modeling of mass transport in the 3D cell cultures. Obtained results showed that all tested compounds
were uniformly distributed to all cells inside the microfiber, similar to the uniform distribution of compounds to cells
growing in a monolayer. Acute 24-hour treatment with ED and the contained compounds, alone or in combination with
alcohol, did not affect the viability of immobilized NT2/D1 cells in the 3D model. Correlation with the same treatments
in 2D culture showed differences in the effect of caffeine on cell viability. The caffeine treatment resulted in a low but
statistically significant decrease in cell viability of 12 % in 2D monolayer culture. NT2/D1 cells immobilized in alginate
microfibers represent a potential 3D platform for testing the effects of different compounds from food and beverages
on human pluripotent cells.
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(Nauéni rad)

Izvod Klju¢ne reci: humane embrionalne
Ucestala konzumacija energetskih pi¢a (engl. energy drinks-ED) i njihova kombinacija sa karcinomske Celije; alginatni hidrogel;
alkoholom (engl. energy drinks mixed with alcohol-AmED) postala je rastuéi trend medu Celijska  vijabilnost; prenos mase;
mladim ljudima. Proklamovano povecanje psihi¢kih i fizickih performansi usled konzumiranja energetska pica; kofein

ED, koji u svom sastavu sadrZe visoke doze stimulativnih sastojka - kofeina i taurina, moze
dovesti do nezZeljenih posledica, prvenstveno na funkcije centralnog nervnog sistema (CNS) i
kardiovaskularnog sistema. Uprkos klju¢noj ulozi u razvic¢u i adultnoj homeostazi, istrazivanja
o potencijalnom efektu konzumacije ED i AmED na maticne i progenitorske celije su
malobrojne. U radu je predstavljena optimizacija 3D model sistema na bazi alginatnih
mikrovlakana za testiranje uticaja bioaktivnih jedinjenja na humane NT2/D1 embrionalne
karcinomske celije, Siroko koris¢eni model sistem kao pandan humanim mati¢nim celijama.
Ispitan je uticaj akutne konzumacije ED i AmED na vijabilnost ovih celija i uz pomoc¢
matematickog modelovanja evaluirana je efikasnost prenosa mase ispitivanih komponenti
do imobilisanih celija. Dobijeni rezultati pokazuju da ovaj model sistem omogudéava
optimalan rast i proliferaciju NT2/D1 pluripotentnih éelija i uniformnu distribuciju ispitivanih
komponenti kroz alginatna mikrovlakna. Simulirana akutna konzumacija ED i AmED nije
uticala na vijabilnost NT2/D1 éelija u 3D sistemu, za razliku od 2D modela gde je kofein doveo
do malog ali statisticki znac¢ajnog pada vijabilnosti.
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Effect of pretreatment, lyophilization parameters and different
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immobilization

Tanja Z. Kruni¢! and Andrea M. Osmokrovié?

IInnovation Centre of the Faculty of Technology and Metallurgy, Belgrade, Serbia
2University of Belgrade, Faculty of Technology and Metallurgy, Belgrade, Serbia

Abstract

Lyophilization is an excellent process to increase the shelf life of food products or preserve ORIGINAL SCIENTIFIC PAPER
probiotics. Living cells prefer mild conditions, and any deviation (vacuum, high or low
temperatures) leads to cell damage. This paper examined the influence of different freeze-
drying process parameters on the survival of probiotic Lactobacillus plantarum immobilized
on the activated charcoal pad. In specific, the process included several phases in which Hem. Ind. 79(3) 157-165 (2025)
different pretreatments, freezing temperatures, cryoprotectants and phase durations were
investigated. Activation of L. plantarum in De Man, Rogosa and Sharpe (MRS) broth before
freezing, resulted in the increased initial number of living cells, but also positively affected
the cell survival after the lyophilization process. Freezing the culture in liquid nitrogen did
not significantly affect cell viability after lyophilization compared to deep freezing at -80 °C,
while incubation of the culture in a refrigerator for 2 h before lyophilization increased the
probiotic viability. Also, the prolonged duration of lyophilization from 5 to 48 h had a slight
impact on probiotic viability. The use of milk showed a significant increase in culture survival,
while sucrose, maltose, and trehalose showed cryoprotectant ability, but significantly lower
than that of milk. The best Iyophilization protocol resulting in the highest viability of L.
plantarum included the culture activation by MRS incubation, followed by either deep
freezing in liquid nitrogen or by precooling for 2 h at 7 °C and then deep freezing at -80 °Cin
milk, and ending with lyophilization for 5 h.

UDC: 664.8.047+579.864

Keywords: Lactobacillus plantarum; viability; milk; liquid nitrogen; preservation
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1. INTRODUCTION

Cell preservation is one of the main challenges in the development of efficient probiotic systems aimed at different
applications, such as pharmaceuticals, functional foods, etc. The primary goal of preserving cells is to maintain their
viability while ensuring that their biochemical, morphological, physiological, and genetic characteristics are not
altered [1]. Even though there are several efficient cell preservation strategies, lyophilization or freeze-drying is
considered the gold standard in the biopharmaceutical sector, especially when the goal is to preserve sensitive microbial
cells. During the process of freeze-drying, bacterial cells are exposed to low temperatures and consequent removal of
water within the cells. However, the freezing step may lead to cellular damage due to the formation of ice crystals and
osmotic stresses. To protect cells against such damage, different protectants may be added to the drying media. The
role of protectants is to stabilize the cells during water removal and to provide a good matrix that allows shape
maintenance of the entire sample during and after processing. In this way, protectants conserve viability of the cells
and allow their stability and easy rehydration. Many different substances have been used for testing protective ability,
including skimmed milk, polyols, polysaccharides, disaccharides, amino acids, proteins, minerals, salts of organic acids,
vitamins, etc. [2-4]. However, sensitive microorganisms like lactic acid bacteria (LAB), even in the presence of effective
protectants, can lose viability and stability [5] since the microbial cell survival during this process is dependent on other
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factors as well, such as the initial microorganism concentration, growth conditions, freezing rate, rehydration
conditions, etc. [6,7].

To overcome these limitations, novel methodologies have been sought, and one of the simple approaches is immobili-
zation of microorganisms on different carriers via physical or chemical methods [8]. Unlike free cells, immobilized micro-
organisms exhibit higher cell density and biological activity as well as higher resistance to environmental influences [9].
However, viability and function of the immobilized microorganisms are affected by the type of carrier used [10]; therefore,
selecting an appropriate carrier for immobilization of microorganisms is crucial. Carbon materials such as granular activated
charcoal, biochar, carbon nanotubes, graphene, and their derivatives are widely used for adsorbing pathogenic micro-
organisms in wastewater treatment and purification. Their high mechanical strength, well-developed porosity, large
specific surface area, and tunable surface chemistry make them particularly suitable for microbial attachment [9].
Moreover, these materials are shown to support the stability and viability of immobilized microorganisms [11-14], which
have been extensively investigated for biodegradation of different contaminants in water and soil. To a much lesser extent,
carbonaceous materials have been used in other fields, including biomedical applications. For example, activated carbon
fabric (ACF) has been examined for cell therapy and stem cell culture support [15] which shows that these materials are
not just excellent carriers for prokaryotic but for eukaryotic cells as well. In addition, immobilized bacteria have been
observed to continue to multiply on activated charcoal and, over time, release into the surrounding solution [16] which
suggests that carbon materials hold significant potential for broader biomedical applications, including the development
of efficient delivery systems for live biological agents.

The aim of this study was to investigate functionalization of ACF with probiotic microorganisms and to evaluate the
influence of various factors on the survival rate of immobilized cells during freeze-drying. Precisely, the aim was to
immobilize probiotics by simple adsorption onto ACF, freeze-dry produced biocomposites, and afterwards investigate
the cell viability in physiologically relevant solutions. In addition, the aim was also to examine different factors that
influence the survival rate of freeze-dried immobilized microbes, such as initial growth conditions, different freezing
temperatures, duration of the freeze-drying process, efficacy of different protective agents, as well as modification of
the environmental factors e.g. temperature. In this study, we used the bacteria strain Lactobacillus plantarum 299v
(Lp299v) as a model microorganism, a typical representative of probiotic bacteria which has been extensively
characterized in the literature and widely used in medicine.

2. EXPERIMENTAL

2. 1. Bacterial strain

Lactobacillus plantarum (LAB Lp299v DSM 9843) stabilized with starch (Flobian®, Abela Pharm, Croatia) in the form
of lyophilized powder was directly dissolved in 10 mL of normal saline solution (NS) (0.9 % w/v NaCl), diluted 1:100 and
further used either for immobilization or for preparation of frozen stock as described previously [17]. Bacteria from the
frozen stock were later incubated under anaerobic conditions in De Man, Rogosa and Sharpe (MRS) broth (Torlak,
Serbia) at 37 °C for 18 h two times consecutively and then washed in 10 mL of NS 3 times. The obtained cultures, non-
activated (directly from lyophilized powder) and activated ones (from frozen stock), respectively, were then centrifuged
at 4000 rpm for 5 min, and bacterial pellets were further re-suspended in 1 ml of different freeze-drying media
with/without protectant ability.

2. 2. Freeze-drying medium

Four different variants of freeze-drying medium with protectant ability were used: 10 % w/v skimmed milk (Imlek,
Serbia), 10 % w/v sucrose (Centrohem, Serbia), 10 % w/v trehalose dehydrate (Carl Roth, Germany), and 30 % w/v maltose
monohydrate (Carl Roth, Germany). Suspensions of freeze-drying media with disaccharides (sucrose, trehalose, and
maltose) were prepared in NS. Two freeze-drying media were used as controls: NS, which does not exhibit protectant
ability, and formulation Reagent 18 (R18) recommended by the American Type Culture Collection (ATCC), which generates
samples that freeze dry well and are very effectively preserved. Precisely, R18 is prepared by mixing 0.75 g trypticase



T.Z. KRUNIC1 and A. M. OSMOKROVIC: EFFICIENCY OF PROBIOTIC FREEZE-DRYING IMMOBILIZATION Hem. Ind. 79(3) 157-165 (2025)

soy (TS) broth (Torlak, Serbia), 10 g sucrose, and 5 g bovine serum albumin fraction V (Sigma, USA) to 100 mL deionized
water [17]. All freeze-drying media were filter-sterilized through a 0.2 um filter before mixing with cells.

2. 3. Immobilization of bacterial cells on activated carbon pads

Activated carbon (AC) pads were prepared in a circular shape (12 mm in diameter, 0.5 mm thick) by punching from
ACF (ConvaTec, USA). The obtained pads were placed in a glass Petri dish, sterilized by hot air at 160 °C for 2 h, and
then used for immobilization of bacterial cells. Concretely, 100 pl of a freeze-drying medium mixed with cells
(concentration 107 and 10 for non-activated and activated cultures, respectively) was aseptically added on top of each
pad and left to settle for 15 min at room temperature.

2. 4. Freeze-drying

The samples were put in a plastic Petri dish and freeze-dried using a freeze dryer, Beta 2-8 LD plus (Christ, Germany).
The freeze-drying parameters and the influence of pretreatments were investigated in three experimental series.

In the first experimental series, AC pads with immobilized non-activated probiotics with different protectants
(skimmed milk, R18, or 10 % sucrose) or without (NS only) were frozen at -80 °C and then freeze-dried for either 5 h or
48 h (-40 °C, 12 Pa).

In the second experimental series, AC pads with immobilized activated probiotics with different protectants
(skimmed milk, R18, 10 % trehalose, or 30 % maltose) or without (NS only) were frozen in liquid nitrogen and then
freeze-dried for 5 h (-40 °C, 12 Pa)

In the third experimental series, AC pads with immobilized activated probiotics with a protectant (skimmed milk) or
without (NS only) were precooled at 7°C for either 2 h or 10 h, followed by freezing at -80 °C and then freeze-dried for
5h(-40°C, 12 Pa).

The design of all three experimental series is presented in Figure 1. AC pads with immobilized cells after freeze-
drying were gold-coated and visualized by a MIRA 3 XMU Field Emission Scanning Electron Microscope (Tescan USA Inc.,
Cranberry Twp, PA).

1 . Ersiiioliamowiian 3 3 Probiotic frozen stock
dissolved in NS incubated in
MRS broth
milk no cryoprotectant
no cryoprotectant . R18 10 % sucrose milk
2h incubation at7 °c 10N
frozen at -80 °C 2 " )
frozen at -80 °C
S Probiotic frozen stock
48 h
5h 5h
incubated in
MRS broth
10 % trehalose milk R18 no cryoprotectant 30 % maltose
frozen in LN
5h

Figure 1. Scheme of the study, divided into three phases (NS is normal saline solution and LN is liquid nitrogen)
2. 5. Determination of cell viability after the freeze-drying process

The pads with the immobilized probiotic after freeze-drying were incubated in 2 ml of NS each at 37 °C for 10 min
and then examined for live cells. The cell number was determined by the pour plate counting method and was expressed
in logio CFU/ml.
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2. 6. Statistical analysis

Experiments were performed in triplicate. All values are expressed as a mean + standard deviation. Mean values
were analyzed using one-way ANOVA. The Tukey post hoc test was performed for means comparison (Origin Pro 8
software package) [18]. Data was considered significantly different when p <0.05.

3. RESULTS AND DISCUSSION

AC pads made by punching were approximately 12 mm in diameter (Fig. 2) and weighed 0.017 + 0.001 g.
Immobilization was achieved by simple seeding of bacterial cell suspensions with/without protectants on each AC pad
(100 pl). Immobilized cells without protectants were visualized after freeze-drying by field emission scanning electron

microscopy (FE-SEM, Fig. 2).

Figure 2. Appearance of immobilized Lp299v on AC pad: FE-SEM micrograph of the pad after lyophilization without any protectant
(scale bar: 5 um); inset: optical photograph of the initial pad

In our study, ACF has been chosen as a suitable carrier for freeze-drying of immobilized probiotics because carbon
materials are shown to be excellent thermal conductors that secure proper thermal distribution into the samples, thus
reducing the chance of damaging the cells [19].

In the first experimental series, non-activated probiotic cells were successfully immobilized on AC pads in a
concentration of approximately 10® CFU/pad, and samples were freeze-dried for either 5 or 48 h. Skimmed milk and
sucrose were used as protective agents, while the controls were R18 and NS. The resulting cell viabilities are shown in
Figure 3.

Skimmed milk and R18 showed the highest protective capacity with approximately 87 % probiotic viability after the
first time point in comparison to approximately 62 and 77 % for samples without protectant and the ones with sucrose,
respectively. However, prolongation of freeze-drying up to 48 h adversely affected viability of the immobilized bacteria
in all tested samples except in the ones containing R18. Oluwatosin et al. also demonstrated that skimmed milk exhibited
the highest protective effect on L. plantarum during freeze-drying compared to various saccharides. Specifically,
10 % (m/v) skimmed milk, inulin, maltodextrin, and sucrose were evaluated as protective agents, and among the
saccharides tested, inulin provided the highest protective capacity [20].

The standard protocol for lyophilization of cells in a vial implies a duration of the process of 18 h [17]. However,
lyophilization is a very energy-consuming process and one of the ways to freeze-dry faster is to increase the surface
area of the frozen sample by spreading out the sample and pre-freezing it in a thin layer thus allowing a larger contact
for heat input as well as shorter distances in which the drying front has to move through the sample.
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Figure 3. Viable cell number before and after lyophilization of samples with or without a protective agent (milk, sucrose, and R18),
frozen at -80 °C and lyophilized for: a) 5 h, b) 48 h (experimental values are mean + standard deviation (SD < 2 %) of n=3).
Statistically different groups are marked with different letters

Since our samples were in the form of thin discs with the external surface area of approximately 1 cm? (Fig. 2),
reduction of freeze-drying time was suitable. This was confirmed by the obtained results, which showed that a
lyophilization time of 5 h is more favorable than a longer period of 48 h. Furthermore, in this experimental series it was
noticed that samples containing sucrose were very difficult to manipulate because of the stickiness and stiffness of the
material. So, even though sucrose is the most commercially used protectant for freeze-drying probiotic cultures in
pharmaceutical products, we had to substitute it with other disaccharides instead.

To enhance bacterial viability during the freeze-drying process, approximately 18 h-old bacterial cultures are usually
used [17]. So, in the next step, we examined freeze-drying of the immobilized activated culture. Activated probiotic cells
were successfully immobilized in a concentration of approximately 10° CFU/pad. Freezing sensitive and high-value
materials such as biological formulations, vaccines, bacteria, viruses, etc., in liquid nitrogen is the best way to preserve
materials that cannot withstand oxygen or heat. Since Lactobacillus spp. is microaerophilic, in this experimental series
the samples were immediately frozen at an ultra-low temperature. Skimmed milk, trehalose, and maltose were used as
protective agents while the controls were R18 and NS. Trehalose is an exceptional and extensively used protectant in
the food, medical, pharmaceutical, and cosmetic industries. Even though modern advancements in enzyme production
technology have significantly decreased the production costs of trehalose, it is still more costly than common sugars
like glucose or sucrose. However, lower-priced maltose in a concentration of 30 % w/v was shown to be a good
alternative to trehalose in lyophilizing sensitive biological materials [21]. The obtained results are shown in Figure 4.

initial number
10 Viable cell number|
a a a a a
=_l LS i) Pl = b
. 89.3 % c
88.2 %

B8 B Faa% 31d1 % e
5 e A%
E 71 6% :
Q =
o 8
i=)
=
2
= 4
=]
c
o
<2
2
r=]
Z
>

0

no protectant milk maltose trehalose R18
Protectant type

Figure 4. Viable cell numbers before and after 5 h of lyophilization for samples with or without a protective agent (milk, maltose,
trehalose, and R18), frozen in liquid nitrogen (experimental values are mean # standard deviation (SD < 2 %) of n = 3). Statistically
different groups are marked with different letters
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As expected, activation of probiotics (cultivation in MRS broth 2 times, consequently for 18 h) increased the total
initial number of living bacteria and consequently the number of immobilized cells per pad (approximately 10° CFU/pad
for activated culture vs. approximately 10 CFU/pad for non-activated ones). Effects of activation on the cell survival
after the lyophilization process could be seen by comparing Figures 3a and 4. In specific, the largest increase in cell
viability as a consequence of activation was achieved in samples without a protectant (from 62.5 to 71.6 %, i.e. ~10 %
increase). In the case of skimmed milk and R18, the increase was negligible by 1 to 2 % (from 87.8 to 89.3 % for milk and
from 87.1 to 88.2 % for R18). In the case of samples containing disaccharides, the increase in cell viability compared to
non-activated cell samples in sucrose was modest, ranging from approximately 4% to 8%. The obtained results show
that skimmed milk and R18 still had the highest level of protection, and that activation of probiotics as well as freezing
in liquid nitrogen had only a minor beneficial influence with respect to cell viability (up to 2 %). However, the total initial
number of immobilized cells is significantly higher as a result of activation, which enables the cells to have greater
potential to exhibit their beneficial effect in later use. The use of trehalose and maltose with prior activation of the
bacteria, as well as immediate freezing at ultra-low temperatures, resulted in much better survival compared to the use
of sucrose as a protectant without cell activation. This increase can be attributed to the activation of bacteria and the
use of liquid nitrogen rather than the protectant itself, since there was a significant viability increase of almost 10 % in
the samples with cells alone without any protectant (Figure 3a and 4). In addition, maltose, similarly to sucrose, also
showed undesirable properties, namely the stickiness and stiffness of the samples. Since the freezing step is critical in
the lyophilization process due to potential cell damage, different freezing strategies are explored in the literature. For
example, in a recent study the authors investigated the effects of pre-freezing at -80 vs. -196 °C in liquid nitrogen on the
quality and storage stability of several probiotic cultures, including L. plantarum CN2018, and found that the latter pre-
freezing did not cause cell death during the freezing phase [22]. However, in case of some probiotic strains (e.g. B. breve
CCFM1025) liquid nitrogen pre-freezing increased the melting enthalpy of the cell suspension and consequently
decreased the survival rate, which suggests that the impact of pre-freezing methods on probiotic viability following
lyophilization is strain-dependent [22].

In the third experimental series, activated probiotic cells were successfully immobilized in a concentration of
approximately 10° CFU/pad. The samples were first precooled at 7°C for either 2 h or 10 h, followed by freezing of the
samples at -80 °C. This freezing temperature was chosen since freezing in liquid nitrogen did not show significant
beneficial effects on cell survival in samples with milk and R18, and at the same time, it is economically very demanding.
Skimmed milk was used as a protectant while NS was used as a control. The results of this experimental series are shown

in Figure 5.
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Precooling of the samples at 7 °C for both durations contributed significantly to the survival of the probiotics without
a protectant added and resulted in even better survival than in the case of freezing in liquid nitrogen (85.3 and 78.5%
vs. 71.6 % for precooling for 2 and 10 h vs. freezing in liquid nitrogen, respectively). These results are in accordance with
literature data, which show that cryotolerance can be acquired after an adaptation period. Concretely, the viability of
Lactococcus lactis subsp. lactis cultured at 37 °C improved significantly after it was cold shocked at 10 °C for 2 h prior to
freezing at -20 °C [23,24]. It is well known that microorganisms can adapt to environmental stresses by the induction of
proteins and other products. So, by modification of the cell environment, such as temperature, the composition of cells
can be phenotypically altered in a number of ways, which can play a role in the resistance to freezing [25]. Although
cooling prior to pre-freezing and lyophilization positively affects cell viability and the overall efficiency of the
lyophilization process, the duration of exposure to low temperatures before freezing at -80 °C plays a critical role. In the
experiment conducted, as shown in Figure 6, keeping the bacteria at 7 °C for 10 h proved to be too long, yielding poorer
results compared to a 2 h cooling period.

Interestingly, survival of probiotics protected with milk was the same in the case of precooling and freezing at -80 °C
as in the case of freezing in liquid nitrogen without the precooling step (Figs. 4 and 5), which confirms that precooling
can be a very efficient and at the same time inexpensive strategy inducing cryoresistance in LAB.

4. CONCLUSION

This study investigated the influence of different pretreatment procedures, freeze-drying durations, freezing modes,
and protective agents on the survival of immobilized probiotics. Pretreatments such as activation of Lp299v in MRS
broth and precooling, as well as freezing at ultra-low temperatures, significantly affected the survival of immobilized
cells without any protective agent. The activation of probiotics was shown to be an important pretreatment step
because it increased the initial number of live bacteria and consequently the number of cells immobilized on the ACF.
This study also showed that precooling is very beneficial in inducing cryo-resistance and that, in comparison to costly
freezing in liquid nitrogen, it results in higher survival in the case of samples without any protectant. However, all these
beneficial effects are not so pronounced in the samples protected with skimmed milk and formulation R18, which both
exhibited very high protective ability. Furthermore, skimmed milk was shown to be equally efficient providing the same
degree of protection for a short 5-hour freeze-drying time as the costly formulation R18. Since it is inexpensive and
widely available, it is a better option for the protection of immobilized cells on ACF. To sum up, activation, short
precooling treatment with skimmed milk as a protective agent, resulted in a very high total number of immobilized live
cells after deep freezing and consequent 5 h freeze-drying. Thus, this process enables a greater capacity of microbial
cells to exhibit their positive effects in potential pharmaceutical and medical applications.
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Uticaj predtretmana, parametara liofilizacije, koris¢enja razlicitih
krioprotektanata na prezivljavanje imobilisanih probiotika tokom

postupka liofilizacije
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(Naucni rad)

Izvod

Liofilizacija je odlicna metoda koja omogucavo produZenje roka trajanja prehrambenih pro-
izvoda kao i ocuvanje probiotskih kultura. Zive éelije preferiraju blage uslove i svako
odstupanje (npr. vakuum, visoka ili niska temperatura) dovodi do ostecenja ¢éelija. U ovom
radu je ispitan uticaj razli¢itih parametara kao Sto su predtretmani, trajanje liofilizacije, tip
smrzavanja, primena krioprotektanata na preZivljavanje probiotika imobilisanih na tkaninu
od aktivnog uglja tokom procesa liofilizacije. Aktivacija L. plantarum u De Man, Rogosa and
Sharpe (MRS) bujonu pre imobilizacije znacajno povecava broj Zivih celija, ali i njihovo
preZivljavanje tokom liofilizacije. Zamrzavanje imobilisanih celija te¢nim azotom nije dalo
Zeljeno povecanje procenta prezivelih probiotskih éelija nakon liofilizacije u poredenju sa
dubokim smrzavanjem na -80 °C, dok je inkubacija ¢elija 2 h u frizideru pre dubokog smrza-
vanja doprinela povecéanju broja ¢elija koje prezive liofilizaciju. DuZina trajanja (5 i 48 h)
samog procesa susenja imala je blagi uticaj na stepen preZivljavanja probiotika. Upotreba
mleka kao krioprotektanta znacajno je povecala stepen preZivljavanja, dok su saharoza,
maltoza i trehaloza pokazale dobru zastitnu mo¢, ali znatno manju u poredenju sa mlekom.
Najvisi stepen preZivljavanja L. plantarum obezbeduje procedura koja podrazumeva inku-
baciju ¢elija u MRS bujonu, koris¢enje mleka kao krioprotektanta, inkubaciju 2h u frizideru,
duboko smrzavanje i liofilizaciju u trajanju od 5 h.

Kljucne reci: Lactobacillus plantarum;
prezivljavanje; mleko; tec¢ni azot; pre-
zervacija
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Abstract

In this work, a computational model of interlock and rib knitted structures is developed to ORIGINAL SCIENTIFIC PAPER
predict the air permeability and thermal properties of the fabric. Repeatable unit cells of
interlock and rib structures are developed in COMSOL Multiphysics® software by using actual
fabric parameters, extracted with the help of an image analysis technique. The obtained
modeling results are then compared with the actual experimental values for the fabric. Hem. Ind. 79(3) 167-178 (2025)
Furthermore, the validated computational model is utilized to analyze the effect of stitch length
and fabric thickness on the thermal properties and air permeability of the fabric. It is found that
stitch length has a direct relation with air permeability and an inverse relation with effective
thermal conductivity. The fabric thickness influences directly the effective thermal conductivity
and has an inverse relation with air permeability of the fabric.

UDC: 677.075.44: 519.67

Keywords: Air permeability; effective thermal conductivity; weft knitting; computational
fluid dynamics; repeating unit cell.

Available on-line at the Journal web address: http://www.ache.org.rs/H|,

1. INTRODUCTION

Weft knitted fabrics are widely used in multiple application areas, and now with the help of knitted fabric simulation
technology, manufacturers can easily distinguish the intuitive fabric simulation images that will shorten the trial-and-
error process as well as improve the efficiency of work by shortening the development cycle of a product [1].

A loop is formed by bending the yarn from three points and these loops are entangled into one another and make
the basic unit of the knitted fabric. The geometrical model of a single loop should be established, and the geometrical
structure of the knitted fabric is obtained by the loop [2]. Numerous models have been developed for weft knitted
fabrics starting from 2D (two-dimensional) to 3D (three-dimensional) loop models, which were used to investigate fabric
properties, simulate geometric structures, and explore mechanical aspects, production, and design, while 3D simulation
is more important than 2D loop models [1].

Analyses using geometrical models of knitted fabrics were performed in many studies (e.g. [3-9]). In the Kurbak’s
model, the loop was divided into 8 sections that described the orientation of yarn, and this model can establish tuck,
purl, and rib stitches [9]. Demiroz et al. [10] have presented the mathematical approach to develop 3D models of plain
weft-knitted structure. Choi and Lo [11] have also worked on a plain weft-knitted structure and analyzed the mechanical
and dimensional properties of the structure. This approach was later extended by Kyosev et al. [12] who developed the
models of the same structure and further considered the elliptical yarn cross-section. In the weft knitted fabric
simulation, the piecewise function of the loop model was applied to enhance the 3D construction.

To determine the geometry of knitted spacer fabrics, a more accurate mathematical model was developed with the
use of simulation in Abaqus software [13] and by numerical analysis mechanical properties of composite materials were
predicted. The yarn path was also derived through equations and geometry of 1x1 rib knitted fabric was developed. The
predicted geometry and compression modulus results showed the overall 4.0 and 4.2 % error, respectively [13].
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Another study aimed to enhance the joint strength in composite pipes integrated with the plain weft knitted
structure for which mathematical modelling and fabric simulations were performed. The curved shaped models were
created for the joint composites with curved surfaces and the results revealed maximum of 10 % error in structural
parameter predictions [14].

ABAQUS plugins were developed for the analysis of mechanical parameters of weft knitted composites including
strength, stiffness and the mechanism of failure. It is reported that the maximum of 7 % error was observed in predicting
the tensile modulus in both directions [15].

An algorithm was developed, which can forecast the pore size of weft knitted structures without the input parameters
of machine and yarn combination. Although it has some inherent limitations, the model provides customization of the
fabric as per the required end application, thus helping to manufacture customized structures more efficiently [16].

In a nutshell, the geometry of plain knitted structures is studied extensively, but interlock and rib structures have
not yet been investigated much despite their importance. This research aims to build 3D computational models of
interlock and rib knitted structures using the actual construction parameters of the fabric to predict the air permeability
and thermal properties of the fabric. To validate the model, we kept the other fabric and knitting parameters constant
and analyzed the effects of stitch length and fabric thickness on these properties.

2. MATERIALS AND METHOD

2. 1. Material

Samples were developed using 100 % polyester drawn textured (DTY) 75/72 multifilament semi-intermingle yarn
from Suzhou Nextile fiber Technology, China. Table 1 shows experimentally determined specifications of the interlock
and rib structure developed fabrics. The wales and course density were evaluated according to the BS EN 14971:2006
standard, the stitch length according to the EN 14970:2006 standard, thickness was measured according to the ISO 5084
standard, and the areal density of the fabric was calculated as per the standard EN 12127:1997. Thermal resistance was
determined as per standard ISO 11092 and used for calculation of the thermal conductivity. Air permeability of the
fabrics was tested according to the method specified by the ISO 9237 standard and the permeability value, k, was
calculated by the Darcy’s law, Equation (1) [23]:

v =_KAap (1)

7/
where V is the total volumetric discharge per unit time, A is the cross-sectional area of wales a porous medium, AP/L
ratio is the pressure gradient, i is the fluid viscosity, and k represents the air permeability.

Table 1. Specifications of the weft knitted fabric samples, yarn 8.33 tex, yarn diameter 0.14 mm

Type of fabric Wales per mm  Courses per mm  Stitch length, mm Fabric thickness, mm Areal density, g m2
Interlock Fabric 15.752 18.11b 2.82 0.54 125
Rib fabric 10.24¢ 17.32d 2.70 0.36 65

240 per inch; 46 per inch; €26 per inch, 944 per inch

Moreover, the interlock fabric was manufactured by using a Dragan double-bed circular knitting machine of 28-
gauge, consisting of 2976 needles and 68 feeders (producer, country). The diameter of this circular knitting machine
was 34 in. The needles used in the dial and cylinder of the machine have a length of 74 mm, thickness of 0.41 mm and
latch size of 8 mm.

Similarly, the rib fabric was manufactured by using a Dragan double-bed circular knitting machine of 18-gauge,
consisting of 1920 needles and 68 feeders (producer, country). The diameter of this circular knitting machine was 34 in.
The needles used in the dial and cylinder have a length of 90 mm, thickness of 0.41 mm and latch size of 8 mm.

2. 2. Methodology

The methodology implemented to develop the 3D models of interlock and rib structures included: (i) development
of parametric 3D unit cell of interlock and rib knitted structures; (ii) calculating the air permeability and effective thermal
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conductivity by using the developed unit cells; (iii) parametric analysis to predict and analyze the effect of stitch length
and fabric thickness on air permeability and effective thermal conductivity to validate the models.

2. 2. 1. Development of 3D models of interlock and rib structures

The interlock and rib structures consist of the face of a plain loop on both sides of the fabric. In the case of interlock
fabric, the wales are interlocked and opposite to each other while in the rib fabric single yarn is used to create the loops
on technical front and the back. In the case of interlock, sinker loops of two 1x1 rib courses cross over each other
alternately, to produce an interlock fabric. Majorly, the structure can be segmented into two including the arms and the
needle loops, obtained by mathematical equations, while the second segment is the sinker loop or linking bottom part
of the loop which connects the front and the back loop in case of interlock structure [18].

The 3D model of plain loop is also explained in literature [19] by using a second continuous cubic non-uniform
rational B-splines (NURBs). Some key points include (i) the plain loop is the space curve, easily identified by using data
points and weight factor, which bends in all 3 dimensions; (ii) assumption that the yarn is continuous during bending
and its cross-section is uniform and circular; (iii) the structure of a single loop is determined by using the data points
from Po = (Xo+Yo+Zo) to Ps = (Xs+Ys+Zs). Practically, the NURBs curve must follow the path obtained from these data
points. The parameters for calculating the points include the width of head and sinker loop, height of the loop, space
between adjacent sinker loops, thickness of fabric, adjacent loop distance in wale direction and coefficient of inter-
meshed points represented by y, Equation (2):

y=C/H, 0<y<1 (2)
where Cis the distance of two adjacent loops in the wale direction and H is the height of the loop.

The single loop consists of 9 interpolation points, as shown in Figure 1(a), which were then calculated. It is assumed
that the points P, and Ps are the mid points with respect to P1 and P3z and Ps and P7, respectively [19].

Figure 1 shows the development steps of 3D computational model of interlock structure while Figure 2 shows the
development steps of 3D computational model of rib structure. Both structures are created by using similar
methodology as discussed above.

Y - ~ - ~ -

Figure 1. Development of a 3D computational model of interlock structure: (a) plain weft knitted loop geometry, (b) interpolation curve
with yarn circular cross-section, (c) 3D loops of the 15t yarn, (d) interlocking of the 2" yarn to complete the structure

Image analysis was performed by using the actual images of the fabric to extract the parameters of the unit cell
described earlier. The 3D computational model of structures is developed by using similar assumption that the loops on
technical back are the mirror image of technical front loops and are similar to the technical front of the plain weft knitted
structure. The center line of the created interpolation curve lies in the three-dimensional space. By using the sweeping
tool, circular cross-section of yarn is created and then the loops were mirrored.
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Figure 2. Development of the 3D computational model of rib structure: (a) plain weft knitted loop geometry, (b) interpolation curve
with yarn circular cross-section, (c) top view of rib structure, (d) computational model of rib structure

(c)

The 3D loop geometrical models of weft knitted Interlock and rib structures were developed based on the improved
model of plain loop and their central axes as some 3D space curves were achieved by using non-uniform rational B-
splines (NURBS). Figure 3 shows the top view of the ideal and the developed interlock structure. Here, the central axis
of yarn is determined by the data points of yarn path. The equations for calculating the points are obtained with the
relation between the actual parameters of fabric, calculated by using image analysis techniques, and the data points.

(a) (b)

Figure 3: Top view of interlock structure: (a) ideal structure and (b) developed 3D model

2. 3. Analysis
2. 3. 1. Air permeability

Stitch length, also known as loop length, is one of the most critical parameters in the knitted fabric production
process which influences dimensional and physical properties of the end product. These include air permeability and
thickness of a fabric, which are mainly influenced by the loop length [20].

The air flow rate which passes perpendicularly through a unit area is defined as the air permeability. The air
permeability of a fabric is directly proportional to the stitch length so that the increment in loop length will increase the
air flow rate through the structure of the fabric [21].

Similarly, the stitch length has an inverse relation with the areal density and thickness of the fabric. As the loop length
decreases, the fabric's stitch density increases, so the overall areal density and thickness of the fabric increase [22].

The air permeability (k) of the yarn used in the interlock and rib fabric in the traverse direction is calculated using
the Gebart model [23], Equation (3):
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_ 16R! /v : (3)
k= f —max 1
onf6 ( Y J

where Vimax is the maximum fiber fraction volume which is /23 of hexagonal fiber array, Rr is the fiber radius which is

0.01 pm and Vs is fiber volume fraction
Similarly, the fiber volume fraction, and porosity of the yarn €, can be calculated by using the Equations (4) and (5):

4T
Vi=——i— (4)
d*10°P,
where T, is the count of yarn, tex and Ps / g cm™ is the fiber density.
€=1-V (5)

Figure 4 shows the methodology to predict air permeability of interlock structure while Figure 5 shows the
methodology to predict air permeability of rib structure. The unit cell of interlock and rib structure is placed inside the
air domain which is then extruded to 2 mm at the inlet and 6 mm at the outlet. The pressure difference is then created
at the front and back side of the structure by applying the inlet pressure of 300 Pa and outlet pressure of 0 Pa. The
geometry is then discretized by using tetrahedral elements. The outward volume flow rate across the geometry is then
calculated by the developed geometrical models.

‘ cm?/s
14

12

10

Figure 4. Methodology for prediction of the air permeability of interlock fabric: (a) interlock structure, (b) unit cell, (c) unit cell with
extruded geometry, (d) predicted outward volume flow rate through the geometry
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Figure 5: Methodology for prediction of the air permeability of rib fabric: (a) rib structure, (b) unit cell, (c) unit cell with extruded
geometry, (d) predicted outward volume flow rate through the geometry
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2. 3. 2. Thermal conductivity

Thermal resistance directly correlates with thermal insulation and is inversely proportional to the thermal
transmittance. Thermal resistance is also directly related to the stitch length. As the stitch length is reduced, the thermal
resistance decreases due to the increment in thickness of the fabric, and the thermal conductivity and absorptivity
increase due to the increased stitch density of the fabric and the less porous structure. Also, the thermal conductivity is
directly proportional to the areal density of fabric and thermal absorptivity is inversely proportional to the thermal
resistance. The increase in the areal density of fabric results in the increment of contact points due to which the
conductivity increases [24].

Thermal resistance and thermal insulation are directly proportional to fabric thickness. As the loop length increases,
the thickness of the fabric decreases, and the structure of fabric becomes more porous due to which the thermal
absorptivity is decreased.

Effective thermal conductivity of the structures, Kef, is predicted by using the Fourier’s law of conduction, Equation (6):
_a (6)

SAT
where Q represents the heat flux, S is the surface area, t is the thickness of fabric and AT is the temperature difference.

By using effective thermal conductivity, thermal resistance of the structures (R), can also be calculated by using the

thickness of the fabric, Equation (7).

R=_t_ (7)
K

eff

eff

Similarly, the thermal conductivity of the yarn in axial direction, which is 0.50648 w m™K?, and in the traverse
direction, which is 0.038696 W m™! K, can be calculated by using Equations (8) and (9) [25]:
Kya = KflVfy + Kair (1 - Vfy) (8)
_ KK (9)
VoK, + (1Y, )Ke

fy " “air

yt

where Kyq represents Yarn axial thermal conductivity, Kyt is yarn tranverse thermal conductivity, Ksand Kz are Fiber
thermal conductivity in longitudinal and traverse direction, respectively, Vy is fiber volume fraction of yarn and Kair is
thermal conductivity of air.

The unit cell of the interlock structure is placed inside the box which acts as an air domain so that the temperature
difference can be created at the front and back sides of the fabric to predict thermal conductivity, as shown in Figure 6.

310

305

295

290

285

~ V_//:
(d) ) 280
Figure 6. Methodology for prediction of the thermal conductivity of interlock fabric: (a) interlock structure, (b) unit cell, (c) unit cell

with air domain, (d) predicted temperature profile
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Similar methodology is opted for the Rib structure which is shown in Figure 7. Heat is transferred from the hot
surface towards the cold surface. The hot surface temperature is 310 K while that of the cold surface is about 280 K.
The whole geometry is then meshed by using the tetrahedral geometry, and the total net energy rate is calculated.

310

305

295

290

285

(d) 280
Figure 7: Methodology for prediction of the thermal conductivity of rib fabric: (a) rib structure, (b) unit cell, (c) unit cell with air
domain, (d) predicted temperature profile

3. RESULTS AND DISCUSSION

3. 1. Model validation

Air permeability of the interlock and rib knitted fabrics is analyzed by using the unit cell, the image analysis and
numerical modelling, as shown in Table 2.

Table 2: Air permeability of interlock and rib structures, yarn - 100 % polyester

Type of fabric Fiber diameter,  Fiber volume Porosity Air permeability, um? Absolute error of
mm fraction Actual Predicted model, %
Interlock fabric 0.01 0.3893 0.6107 4.642 4.795 3.2
Rib Fabric 0.01 0.275 0.725 4.902 5.33 8

By using the unit cell, the thermal conductivity of the interlock and rib fabric are analyzed, and the obtained results
are shown in Table 3.

Table 3: Thermal Conductivity of Interlock and rib structures, yarn — 100 % polyester

. Specific heat, J kg1 K1 Thermal conductivity, W m1k-1 o
Type of fabric Yarn Air Actual Predicted Absolute error of model, %
Interlock fabric 1030 1006.96 0.04112 0.0430 4.57
Rib Fabric 1030 1006.96 0.0395 0.0378 4.3

3. 2. Model utilization for parametric analysis

By using the developed validated models for interlock and rib knitted structures, the parametric analysis is then
performed by gradually increasing the stitch length and decreasing the thickness of the structures to predict and analyze
the effects on air permeability and effective thermal conductivity of the fabric. The results are shown in Tables 4 and 5.
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Table 4: Impact of the stitch length and fabric thickness in the air permeability and thermal conductivity of the interlock structure

Fabric code Stitch length, mm Fabric thickness, mm Air permeability, um? Thermal conductivity, W m1K-1
Al 2.76 0.60 4.770 0.04920
A2 2.82 0.54 4.795 0.04300
A3 2.86 0.48 4.850 0.04000
A4 2.90 0.44 4.863 0.03635
A5 2.95 0.40 4.891 0.03481

Table 5: Impact of the stitch length and fabric thickness on the air permeability and thermal conductivity of the rib structure

Fabric code Stitch length, mm Fabric thickness, mm Air permeability pm? Thermal conductivity, W m1K-1
Bl 1.38 0.6 4.68 0.04
B2 1.43 0.58 4.752 0.0392
B3 1.68 0.54 4.955 0.03906
B4 1.89 0.5 5.33 0.0378
B5 2.3 0.46 5.45 0.037

Change in the stitch length results in the change in geometry of the overall structure and its properties which results
in the change in air flow through the fabric. Air flow through the interlock and rib fabric structures are simulated in
Figures 8 and 9, respectively. The velocity magnitude is shown by using the arrow lines, parallel to the air flow through
the free and porous air domains. Hence, the variation in volumetric flow rate across the geometry is observed with the
change of stitch length and fabric thickness.
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Figure 8: Simulation results of velocity magnitude in the interlock knitted structure in the free and porous air domains: (a) fabric A1,
(b) fabric A2, (c) fabric A3, (d) fabric A4, (e) fabric A5
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Figure 9. Simulation results of velocity magnitude in the rib knitted structures in the free and porous air domains: (a) fabric B1,
(b) fabric B2, (c) fabric B3, (d) fabric B4, (e) fabric B5
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Similarly, the change in the structure geometry by changing the stitch length and fabric thickness also results in the

change in overall effective thermal conductivity of the fabric. The major reason behind is the change in the fiber volume
fraction in the overall fabric by changing the fabric parameters. Due to the change in heat transfer the total net energy rate
also varies, which results in the variation in thermal properties of the fabric. The simulation results of the heat transfer
through Interlock fabric are shown in Figure 10, while the simulation results for the rib fabric are shown in Figure 11.
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Figure 10. Simulation results of heat transfer through the unit cell of interlock fabric: (a) fabric A1, (b) fabric A2, (c) fabric A3,
(d) fabric A4, (e) fabric A5
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Figure 11: Simulation results of heat transfer through the unit cell of rib fabric: (a) fabric B1, (b) fabric B2, (c) fabric B3, (d) fabric B4,
(e) fabric B5

Figures 12 and 13 directly show the general relationships of the air permeability and effective thermal conductivity

with the fabric parameters, stitch length and fabric thickness. The following could be concluded:

a)

b)

c)
d)

By increasing the stitch length, the air permeability of the knitted fabrics also increases due to the decrement in
stitch density and the increment in porosity.

Increasing the fabric thickness by keeping the yarn count and yarn diameter constant, the fabric’s air permeability
decreases. Hence, air permeability is directly related to the stitch length whereas inversely proportional to the fabric
thickness.

Similarly, if the stitch length of the fabric increases, it will reduce the effective thermal conductivity of the fabric.
By increasing the fabric thickness, the effective thermal conductivity of the fabric also increases. Hence, the thermal
conductivity is directly proportional to the fabric thickness and inversely proportional to the stitch length of the fabric.
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Figure 12. Relation between the air permeability and thermal conductivity predicted through interlock model with the stitch length
and fabric thickness
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4. CONCLUSION

Functional and computational 3D models of interlock and rib knitted structures are developed by extracting the
actual constructional parameters of the fabric, by using the image analysis technique, to develop a parametric 3D unit
cell of the structures. The air permeability and effective thermal conductivity of the fabrics are then predicted and
compared with the actual values to validate a model. The absolute error is less than 8 % between the predicted and
actual value of both air permeability and effective thermal conductivity for both the structures. The parametric analysis
is then conducted by changing the stitch length and thickness of the fabrics to analyze the trend and its effect on the air
permeability and effective thermal conductivity. It is found that as the stitch length increases, the air permeability also
increases while the effective thermal conductivity is reduced. Similarly, as the thickness of the fabric increases, by
keeping the yarn diameter and yarn count constant, the air permeability is reduced, while the effective thermal
conductivity is increased.

This approach and the developed models offer a powerful tool for accurately predicting and analyzing the
performance of knitted fabrics, enabling more efficient and informed design processes in the textile industry,
particularly for applications requiring specific thermal and comfort properties.

Acknowledgement: Authors are thankful to the Higher Education Commission of Pakistan for funding this research
work under the Grand Challenge Fund (GCF-063).
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Predvidanje funkcionalnih karakteristika interlok i rebrastih pletiva
koris¢enjem 3D racunarskog modelovanja i analize
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(Nauéni rad)

Izvod Klju¢ne reci: Propustljivost vazduha;
U ovom radu je razvijen ra¢unarski model interlok i rebrastih pletiva kako bi se predvideli efektivna toplotna provodljivost; plete-
propustljivost vazduha i termika svojstva tkanine. Ponavljajuce jedini¢ne éelije interlok i nje potke; ratunarska dinamika fluida;
rebrastih pletenih struktura razvijene su u COMSOL Multiphysics® softveru, korid¢enjem ponavljajuca jedinicna Celija

stvarnih parametara tkanine ekstrahovanih uz pomoc¢ tehnike analize slike. Dobijeni rezultati
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Co-pyrolysis of corn stalks and plastic waste: Chemical composition of the
pyrolyzates as a base for producing environmentally sustainable fuels
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Abstract

In this study pyrolysis and co-pyrolysis experiments involving lignocellulosic corn stalks (CS) sam- ORIGINAL SCIENTIFIC PAPER
ples and selected plastic waste fractions (high density polyethylene (HDPE) and polystyrene (PS))
were conducted at various mixing ratios. The main objective was to evaluate how the composition
of the feedstock affects the yield and composition of the resulting pyrolysis products, by
developing a sustainable method for the management of both biomass and plastic waste through Hem. Ind. 79(3) 179-189 (2025)
the production of valuable oils and chemicals. This study contributes to a transitional approach
for plastic waste management, given the anticipated reduction in the usage of plastic materials
in the future. The co-pyrolysis mixtures demonstrated synergistic effects between the
feedstocks, with plastic waste serving as hydrogen donors and enhancing the yield of CS
pyrolysis products. Moreover, the products from plastic waste exhibited a significant
predominance over those from CS, constituting ca. 66.6 and 85.6 % in the 1:1 CS/HDPE and
CS/PS mixtures, respectively. This is particularly beneficial considering the elevated oxygen
content in the CS products, which can contribute to heightened acidity and corrosion in the
resulting synthetic bio-oil. This study reveals valuable insights into the formation of synthetic
bio-oils by designing the chemical composition and optimising the pyrolysis yield.
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1. INTRODUCTION

The extensive use of fossil fuels has given rise to a significant global environmental issue, characterized by the
substantial emission of greenhouse gases such as carbon dioxide (CO:), nitrogen oxides (NOx), and sulfur oxides
(SOx) [1,2]. These emissions induce extensive consequences on the environment, climate, and human health. Therefore,
there is a growing need to investigate alternative feedstocks to replace fossil fuels.

In recent decades, various forms of lignocellulosic biomass waste have been studied as a more sustainable and
renewable alternative to fossil fuels [3-6]. Most studies have been carried out on woody residues; however, any form
of biomass waste can be considered for bio-oil production [7,8]. Due to its abundance, renewable nature, and low price,
lignocellulosic biomass stands as a promising resource for both the chemical industry and energy production. Thus, the
context of using biomass waste such as agricultural residues as a raw material for fuel production to replace fossil fuels,
hold a special significance. Furthermore, improper managing of biomass waste can lead to substantial environmental
problems, since after harvesting, the remaining biomass is often treated only as discarded material. It is either left in
fields, creating solid waste, or burned, resulting in substantial air pollution [9]. Therefore, the use of biomass waste as
a replacement for fossil fuels can prevent environmental pollution from its discharge and contribute to sustainable
environmental protection, as the resulting bio-oil and biochar have the potential to be used as fuels.

Corn holds paramount significance as an agricultural feedstock in Serbia. According to the Serbian Ministry of
Agriculture, in year 2022 a record of 8 million metric tons of corn was produced [10]. The byproducts stemming from
corn production are being improperly managed, often subjected to landfill disposal or incineration, thereby culminating
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in pronounced atmospheric contamination. Hence, a more logical approach for corn waste management would be to
use the lignocellulosic parts of the corn waste for energy production.

However, a prominent disadvantage of bio-oils is significant content of oxygen originating from the biomass source
material [11]. This results in a reduced calorific value, coupled with challenges encompassing corrosion and instability [11].
To address these limitations in an effective manner, a promising approach could be co-pyrolysis of biomass with plastic
wastes. Significantly, due to their substantial carbon and hydrogen contents, plastic materials such as polyethylene (PE)
and polystyrene (PS) can play an important role as valuable substrates for generating synthetically derived bio-oils.
Furthermore, the improper disposal of plastic waste stands as one of the foremost environmental problems of our time.
Therefore, co-pyrolysis of biomass with plastic waste introduces a sustainable approach for waste recycling, leading to the
creation of valuable oils and chemical compounds. Oils derived from plastic waste are not considered bio-oils as they are
produced from synthetic materials. However, for reasons of practicability, oils derived from co-pyrolysis of biomass and
plastic waste will be referred to as synthetic bio-oils in this paper.

Some research has been already conducted to explore co-pyrolysis of diverse forms of biomass waste in combination
with plastic waste. It was demonstrated that co-gasification of polyethylene and woodchips using high-temperature
steam in a semi-batch reactor exhibited synergistic effects, leading to superior syngas yield, hydrogen yield, and
apparent thermal efficiency compared to the weighted average properties of individual components [12]. In another
study co-pyrolysis of agricultural biomass and plastic wastes, specifically polyethylene terephthalate (PET), poly-
propylene (PP), and polyvinyl chloride (PVC) was investigated showing that rapeseed stalk and PP exhibited a synergistic
effect, enhancing the production of aliphatic hydrocarbons and alcohols [13]. Furthermore, Liu et al. [14] systematically
investigated the synergistic effects during co-pyrolysis of pinewood and PP in a fixed-bed reactor. Their results revealed
significant improvements in syngas yield, hydrogen yield, and carbon monoxide yield, with the increases of 27, 80 and
63 %, respectively, compared to the weighted averages obtained by pyrolysis of individual components. Also, in another
study it was shown that the addition of PS to cellulose clearly improved the quality of the obtained oil, resulting in
decreased acid number, pour point and density [15]. Furthermore, addition of PS to Sargassum macroalgae pyrolysis
was reported to improve the oil potential heating value and decreased its potential for producing air pollution when
combusted, by lowering its nitrogen content [16]. Co-pyrolysis of low-density polyethylene (LDPE) and biomass was
investigated in another study reporting that the LDPE addition can effectively improve the selectivity for naphthalene
family products (1-methylnaphthalene and 2-methylnaphthalene) in the catalytic pyrolysis of biomass and decrease the
content of aromatic hydrocarbons larger than C10[17].

However, systematic studies of co-pyrolysis regarding molecular compositions and their relevance for designing bio-
oils are scarce. Therefore, in this study the general approach to copyrolyse plastic waste and agricultural residues has
been tested for an optimal bio-fuel design. Therefore, pyrolysis and co-pyrolysis gas chromatography-mass spec-
trometry (GC/MS) experiments were conducted using corn stalks (CS) together with high density polyethylene (HDPE)
and 'polystrene (PS) plastic waste at different ratios. The overall goal of this study was to investigate the influence of PS
and HDPE addition to CS pyrolysis and the corresponding molecular compositions. Therefore, the specific goals of this
study were: (i) to identify and quantify distinct pyrolysis products derived from these feedstocks, and (ii) to investigate
potential interactions between these samples during the pyrolysis process. Additionally, the study aimed to assess
whether specific waste ratios could induce synergistic effects, influence production of particular products or giving rise
to the formation of novel compounds.

2. EXPERIMENTAL

2. 1. Chemicals and reference compounds

Standard reference materials for the natural and synthetic polymers comprising cellulose, lignin, PE, and PS were
purchased from Geyer Th. GmbH & Co. KG, Germany. Organic solvents required for the pyrolysis and fractionation
experiments, namely acetone, dichloromethane (DCM), and methanol, were also obtained from Geyer Th. GmbH & Co.
KG, Germany. Corn stalks were gathered in the vicinity of the city of Sabac in Serbia. Plastic waste materials such as food



1. JOVANCICEVIC et al.: CO-PYROLYSIS OF CORN STALKS AND PLASTIC WASTE Hem. Ind. 79(3) 179-189 (2025))

packaging, containers for food and cosmetics, plastic furniture, plastic bottles, etc., were collected from multiple
households in Aachen, Germany.

2. 2. Sample preparation

2. 2. 1. Agricultural waste samples

Corn stalks with leaves were cut off about 5-10 cm above the ground. They were then coarsely chopped with a knife
and air dried. The samples were then ground and sieved to a specific particle size of approx. 1-2 mm suitable for pyrolysis
experiments.

2. 2. 2. Plastic waste samples

After collecting the plastic waste, the material was washed with water and left to dry in air. The material was then
cut into smaller particles (about 2 cm) by using scissors and shredded into particles smaller than 5 mm. The shredding
was carried out under a flow of nitrogen, which was used to cool the samples and prevent melting and thermal
degradation.

2. 3. Continuous flow off-line pyrolysis experiments

The pyrolysis and co-pyrolysis experiments were carried out in a model MTF 10/15/130 tube furnace (Carbolite, UK).
The samples were placed in an aluminium foil vessel located in the middle of a quartz tube 150 mm long and 15 mm in
diameter. The quartz tube was connected at one end to a continuous nitrogen stream, while the other end was
connected to a flask tube filled with acetone that was cooled with dry ice and ethanol. To minimize the risk of secondary
reactions during the heating process, the samples were placed directly into a preheated oven, consequently, the
experiments were carried out without heating rate at a constant temperature of 450 °C for 30 min. The temperature of
450 °C was selected based on the optimization of experimental conditions. Experiments were conducted at the following
temperatures: 400, 450, 500 and 550 °C. Based on the semi-quantitative evaluation of the pyrograms in terms of yield,
450 °C was determined to be the most efficient temperature for the thermal degradation of the samples as also
suggested in a former study [18].

The co-pyrolysis experiments using corn stalk CS with one of the synsthetic polymers HDPE or PS, respectively, were
carried out with the following ratios of pyrolysis educts: 4:1 (100 mg CS : 25 mg HDPE or PS); 4:2 (100 mg CS : 50 mg HDPE
or PS); 4:3 (100 mg CS : 75 mg HDPE or PS); 1:1 (100 mg CS : 100 mg HDPE or PS); 3:4 (75 mg CS : 100 mg HDPE or PS); 2:4
(50 mg CS : 100 mg HDPE or PS); 1:4 (25 mg CS : 100 mg HDPE or PS). All experiments were carried out in duplicates.

The resulting pyrolyzates were left to evaporate until they reached about 2 mL and were then dried with anhydrous
Na2S0a. Then, the samples were subjected to fractionation by liquid chromatography with a micro glass column with
2 g of activated silica gel (Baker, UK). Elution was performed by 8 mL of DCM (1% fraction), followed by 8 mL of methanol
(2 fraction). To both fractions 50 uL of surrogate standard containing fluoracetophenone (5.8 ng/uL), d20-ben-
zophenone (6.3 ng puL?), and dss-hexadecane (6.0 ng pL!) were added. The volume was reduced to approx. 200 pL prior
to the GC/MS analysis.

2. 4. Gas chromatography-mass spectrometry analysis

Qualitative and quantitative analysis of all pyrolyzates was performed on a Finnigan Trace MS single quadrupole
mass spectrometer (ThermoElectron, Egelsbach, Germany) coupled to a HRGC 5160 gas chromatograph (CarloErba,
Milano, Italy). The gas chromatograph was equipped with a ZB-5 (Phenomenex, Aschaffenburg, Germany) capillary
column (30 m length x 0.25 mm inner diammeter x 0.25 um film). The chromatographic conditions were the following:
aliquots of ca. 0.2 to 1 pL injected splitless (injector temperature 270 °C) at an initial temperature of 60 °C, isothermal
time 3 min, followed by a ramp of 3 °C min™* up to 240 °C, and a subsequent increase of 10 °C min™ up to 310 °C. Helium
was used as the carrier gas, with a flow rate set at 1.5 mL mint. The mass spectrometer measured in electron impact
ionisation mode (El+, 70 eV) with a source temperature of 200 °C, an interface temperature of 270 °C and by full scan
from 35 to 500 m/z. The scan rate was set to 0.67 scans per second.
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2. 5. Identification and quantification of the pyrolysis products

Pyrolysis products were identified based on the comparison of the obtained mass spectra with the NIST 14/Wiley
registry mass spectral data bases [19], detailed interpretation of the mass spectra, comparison with reference material
as well as published literature data. The relative quantification of the obtained degradation products was based on the
integration of specific ion chromatograms and corresponding peak areas, corrected using the surrogate standard.

3. RESULTS AND DISCUSSION

3. 1. Pyrolysis experiments

To evaluate the initial composition of the pyrolysis oils and to relate it to the products, pyrolysis experiments were
conducted using individual samples of the synthetic polymer waste, and reference materials of cellulose and lignin, as
well as the CS sample. The specific pyrolysis products for HDPE and PS have been previously identified and are presented
in detail in our former study [18]. Briefly, pyrolysis experiments on HDPE revealed a distinct pattern, characterized by a
sequence of triplets. Each triplet consists of alkadienes, n-alkenes, and n-alkanes, with a systematic increase in the
carbon number as given by the homologues series [18]. Contrary, pyrolysis of PS produced only aromatic products, with
styrene dimer and styrene trimer having the highest abundance [18].

Pyrolysis of CS produced dark oil as the predominant pyrolysis product. The GC/MS analysis of the resultant pyrolyzate
revealed a complex mixture of oxygenated compounds, including phenols, aldehydes, fatty acids, furans, and alcohols. This
spectrum of degradation products is characteristic for lignocellulosic materials, highlighting the contribution of
components coming from the thermal degradation of both lignin and cellulose [20]. The pyrolysis products were identified
and assigned to their specific compound group (see Table 1). All identified pyrolysis products were quantified. However,
the quantification represents only a fraction of all peaks observed in the chromatogram obtained. As listed in Table 1, the
predominant group of degradation products observed are phenolic compounds derived from the lignin content present in
CS. Phenols comprised 44.6 % of the obtained pyrolizate. The most abundant compound is methoxy-vinylphenol,
constituting 13.5 % of the total pyrolizate, followed by methoxyphenol at 8 %, and dimethoxyphenol, representing up to
7.8 % of the composition. The cellulose derived compounds in CS were determined at 18.8 %, including compounds such
as furanone, furyl methyl ketone, methylfurfural, ethenylfuran, methyl-cyclopentanedione and 1,4:3,6-dianhydro-a-d-
glucopyranose. The given compounds were also identified in corn stalk samples in literature [20].

Table 1. Identified degradation products obtained in the pyrolysis experiments using CS samples

Compound group Content, %
Phenolyc compounds
2-Methoxyphenol 8
4-Ethyl phenol 6.3
2-Methoxy-6-methylphenol 2.3
4-Ethyl-3-methylphenol 0.7
4-Ethyl-2-methoxyphenol 4.2
2-Methoxy-4-vinylphenol 13.5
2,6-Dimethoxyphenol 7.8
2-Methoxy-4-allylphenol 0.6
1-(4-Hydroxy-3-methoxyphenyl)-2-propanone 0.9
2,6-Dimethoxy-4-(2-propenylphenol) 0.3
Aldehydes
3-Methoxy-4-hydroxybenzaldehyde 2.4
4-Hydroxy-3,5-dimethoxy-benzaldehyde 0.7
5-Methylfurfural 0.9
Acidic compounds
4-Hydroxy-3-methoxybenzoic acid (Vanillic acid) 1.3
Hexadecanoic acid 0.2
Oleic acid 0.1
Octadecanoic acid 0.1
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Compound group

Content, %

Ketones
Furanone 4.8
2-Furyl methyl ketone 0.8
Methyl-cyclopentanone 9.6
3-Methyl-1,2-cyclopentanedione 6.3
Alcohols
3-Methoxy-1,2-benzenediol <0.1
1-(2,4,6-Trihydroxyphenyl)-2-pentanone 0.9
Others
3-Ethyl-2-hydroxycyclopent-2-en-1-one 2.1
1,4:3,6-Dianhydro-a-d-glucopyranose 3.4
Unknown 14.6
Unknown 4.0
2-Ethenylfuran 2.6
2.3-Dihydroinden-1-one 0.6
Isopropyl myristate <0.1

3. 2. Co-pyrolysis experiments

Co-pyrolysis experiments involving mixtures in different ratios of CS and HDPE resulted in a blend of the distinct
degradation products from both feedstocks (Fig. 1). Subsequent fractionation of the pyrolyzates effectively separated

these products.
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Figure 1. total ion chromatograms (TIC) obtained from the pyrolysis of CS samples and co-pyrolysis experiments on CS/PS and

CS/HDPE mixtures in the 1:1 ratio

GC/MS analysis of the fractions revealed that, in contrast to the methanol fraction containing only CS degradation
products, DCM fractions contained predominantly products derived from HDPE degradation, with only trace amounts

of CS-derived products.
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Co-pyrolysis of the CS/PS mixture resulted in a mixture of specific products as already observed in the CS/HDPE
experiments. In contrary to the CS/HDPE experiments, in the DCM fraction, in all the observed ratios, products from the
CS degradation were not identified, and only products coming from PS thermal degradation were observed.
Consequently, the CS pyrolysis products were identified in the methanol fraction.

3. 2. 1. Co-pyrolysis of corn stalks / high density polyethylene mixtures

The effects of CS/HDPE ratios, ranging from 4:1 to 1:4 in the co-pyrolysis experiments were evaluated by the
composition pattern based on calculated percentages of CS and HDPE products in the total products (as illustrated in
Figure 2). According to Figure 2a, thermal degradation of both CS and HDPE was inhibited during CS/HDPE co-pyrolysis,
resulting in significantly lower product yields compared to those obtained from individual pyrolysis processes. Already
a very low amount of 25 mg of HDPE addition to CS pyrolysis has influenced the degradation process of CS. The fact that
co-pyrolysis of biomass with different plastics differs from the individual pyrolysis of biomass was already proven in the
literature [21,22].

However, further addition of the polymer into the mixture led to a linear increase in the amount of the obtained CS
degradation products. Figure 2b demonstrates a linear correlation between the specific pyrolysis products and the
amount of CS and HDPE in the pyrolysis mixtures. The respective pyrolysis product groups exhibited a yield increase
from the CS/HDPE ratio of 4:1, reaching their maximum at the 1:1 ratio, followed by a decrease in ratios from 1:1 to 1:4.
Only glucose derivatives reached their maximum at the 4:3 ratio (Table 2). In the 1:4 mixture, CS products constituted
only 2.6 % of the resulting pyrolysis liquids (Figure 2b). This is in line with the study of Fan et al. investigating pyrolysis
of lignin and PE mixtures in different ratios [22]. They reported that the addition of PE to lignin pyrolysis experiments
led to the production of higher yields of lignin products, reaching the maximum at the ratio of 1:1 [23].
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Figure 2. Co-pyrolysis of CS/HDPE mixtures: a) yields of the total identified CS and HDPE products; b) content of the total identified
CS and HDPE products in the overall co-pyrolysis products

Table 2. Composition of the CS/HDPE co-pyrolysis products expressed as content of the compound groups for different CS/HDPE
mass ratios

CS/HDPE mass ratio

Compound group 4:1 4:2 4:3 1:1 3:4 2:4 1:4
Content, %
Phenols 32.8 14.5 19.4 16.5 16.7 7.7 0.2
Aldehydes 1.7 2.9 1.6 0.8 0.8 2.2 0.3
Acids 0.3 0.2 0.7 0.7 0.7 0.2 0.0
Ketones 11.2 8.4 8.9 7.3 7.1 7.8 1.8
Diols and triols 0.7 0.8 1.3 0.9 1.1 0.2 0.0
Glucose derivatives 39.2 20.6 9.4 2.7 0.8 0.1 0.0
Alkadienes 0.0 3.1 3.4 7.6 7.7 6.1 9.0
n-Alkenes 0.0 14.0 22.2 30.4 32.8 31.7 43.5
n-Alkanes 11.9 34.5 31.9 28.6 27.7 43.5 45.3
Others 2.2 0.9 1.2 4.5 4.6 0.4

Furthermore, in the CS/HDPE = 4:1 ratio (see subchapter 2.3), alkadienes and alkenes were not observed, and only
alkanes from Ci3 to Cs1 were identified, constituting 11.9 % of all pyrolysis products for this experiment (Figure 2b).
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However, as the proportion of HDPE in the feedstock increased, a linear increase in the amount of detected HDPE
products occurred, including alkadienes, n-alkenes, and n-alkanes. n-Alkenes and n-alkanes dominated the pyrolizates
in the ratios from 4:3 to 1:4, indicating a pronounced prevalence over CS products.

The 1:4 ratio resulted in a substantial production of HDPE products reaching 97.7 % (Figure 2b). The introduction of
lower amounts of CS (25 mg) during HDPE pyrolysis suppressed the generation of n-alkanes. However, it resulted in
increased production of n-alkenes and alkadienes (see Table 2). Moreover, the CS/HDPE ratio of 2:4 led to a noteworthy
reduction in the total generated aliphatic products compared to 1:4 ratio (Figure 2a). However, with the further addition
of CS in the feedstock, HDPE products experienced an increase starting from the 2:4 ratio and reaching their maximum
at the 1:1 ratio.

The ratio of CS to HDPE was observed to significantly influence the composition of the pyrolytic liquids (Table 2). Co-
pyrolysis of HDPE and CS resulted in the production of synthetic bio-oils characterized by lower oxygen content
compared to the bio-oils obtained from the CS degradation, and a significant aliphatic contribution particularly those
ranging from 4:3 to 2:4. These ratios revealed chemical compositions of the obtained oils beneficial for synthetic bio-oil
production exhibiting a favourable balance of aliphatic and oxygen-aromatic compounds with content of 57.5 to 81.3 %
of the aliphatic compounds (sum of alkanes, alkenes and alkadienes; see Table 2) within the specified range. This
aliphatic composition is comparable to that found in commercial fuels like diesel, indicating substantial promise for
future applications.

Table 2. Composition of the CS/HDPE co-pyrolysis products expressed as content of the compound groups for different CS/HDPE
mass ratios

CS/HDPE mass ratio

Compound group 4:1 4:2 4:3 1:1 3:4 2:4 1:4
Content, %
Phenols 32.8 14.5 19.4 16.5 16.7 7.7 0.2
Aldehydes 1.7 2.9 1.6 0.8 0.8 2.2 0.3
Acids 0.3 0.2 0.7 0.7 0.7 0.2 0.0
Ketones 11.2 8.4 8.9 7.3 7.1 7.8 1.8
Diols and triols 0.7 0.8 1.3 0.9 1.1 0.2 0.0
Glucose derivatives 39.2 20.6 9.4 2.7 0.8 0.1 0.0
Alkadienes 0.0 3.1 3.4 7.6 7.7 6.1 9.0
n-Alkenes 0.0 14.0 22.2 30.4 32.8 31.7 43.5
n-Alkanes 11.9 34.5 31.9 28.6 27.7 43.5 45.3
Others 2.2 0.9 1.2 4.5 4.6 0.4

3. 2. 2. Co-pyrolysis of corn stalks /polystyrene mixtures

As noticed above in Figure 1, in the CS/HDPE co-pyrolysis experiments the CS products were identified in the
methanol fraction. Moreover, the comprehensive outcomes from the CS/PS pyrolysis experiments demonstrated a
significant predominance of PS products over CS degradation (Figure 3a). The most abundant group of pyrolysis products
in all co-pyrolysis experiments were benzene derivatives coming from the PS degradation, followed by phenols, glucose
derivatives and ketones.

The relative proportions of the identified products given as content of the respective compound groups are given in
Table 3. In the 1:1 ratio, acids, aldehydes and alcohols were detected at a minimal level of 0.4, 0.8 and 0.3 %, respectively.
Ketones and glucose derivatives appeared at a range of 2.2 and 1.3 % respectively. The phenol formation decreased from
44.6 % in the individual CS pyrolysis to 8.4 % in the CS/PS 1:1 ratio. Moreover, at the 1:1 ratio benzene derivative dominated
the pyrolizate with 85.6 %. Here, benzene derivatives include compounds like styrene oligomers, cyclopropyl benzene,
biphenyl, diphenylmethane, diphenylethylene, diphenyl propane and diphenyl hexadiene. Styrene oligomers, styrene
dimer and styrene trimer were identified as the most abundant pyrolysis products. Even at the 4:2 ratio, PS products
showed overall prevalence over the products from CS degradation comprising 69.4 % of the obtained pyrolizate (Fig. 3b).
It is suggested that lignocellulosic biomass sources typically exhibit a low hydrogen content, reflected in an H/C ratio
ranging from O to 0.3. In contrast, plastic waste possesses a significantly higher H/C value when compared to biomass
sources, resulting in higher yields of products with petrochemical characteristics [24].
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Figure 3. a) yield of the total identified CS and PS products; b) content of the total identified CS and PS products in the obtained
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Table 3. Relative composition of the compound groups in the CS/PS co-pyrolysis experiments. Given ratios of co-pyrolysis educts
correspond to subchapter 2.3

Ratio of co-pyrolysis educts

Compound classes / Co-pyrolysis experiments 4:1 4:2 4:3 1:1 3:4 2:4 1:4
Relative content, %
Phenols 13.4 16.4 10.9 8.4 6.2 0.7 0.0
Aldehydes 6.7 1.5 2.2 0.8 0.8 0.7 0.0
Acids 0.2 0.5 0.5 0.4 0.3 0.0 0.0
Ketones 4.6 5.1 8.7 2.2 1.5 0.6 0.0
Alcohols 0.9 0.7 0.3 0.3 0.5 0.1 0.0
Glucose derivatives 28.1 4.6 2.0 1.3 0.0 0.8 0.0
Benzene derivatives 44.2 69.4 74.0 85.6 89.9 97.0 100.0
Others 2.0 1.8 1.4 1.0 0.7 0.1 0.0

Furthermore, yields for both CS and PS samples were suppressed during the co-pyrolysis process as compared to
the individual pyrolysis experiments. However, higher amounts of PS in the pyrolysis mixture did once again lead to
higher amounts of the total CS products starting from the 4:1 ratio and reaching their maximum at the 4:3 ratio. For the
1:4 ratio, CS products were not identified. This can be explained by the prevalence of products derived from the PS
degradation process, particularly styrene dimer and styrene trimer. The high abundance of these compounds might
mask the presence of CS products in the chromatogram, making their detection challenging. Furthermore, the
introduction of CS into PS pyrolysis resulted in reduced quantities of PS products compared to the individual PS pyrolysis.
This pattern persists as the CS amount in the pyrolysis mixture increases. However, the 1:4 ratio demonstrated the most
significant decrease in product yields, with subsequent additions showing only small changes in the obtained products.

3. 3. Comparison of co-pyrolysis processes of CS/HDPE and CS/PS mixtures

The co-pyrolysis of CS with different plastic wastes—HDPE and PS—demonstrated divergent pathways, both in
product distribution and in the nature of biomass-plastic interactions. While both systems aimed to improve bio-oil
quality by reducing oxygenated species, the underlying mechanisms and product outcomes differed.

In CS/HDPE mixtures, the co-pyrolysis resulted in liquid products with a marked aliphatic character, indicating
effective hydrogen transfer and synergistic interaction. The formation of diesel-like compounds in HDPE-rich systems
supports previous findings that polyolefins can enhance the deoxygenation of lignocellulosic biomass via radical
neutralization and hydrogen donation [24]. Conversely, in CS/PS mixtures, the pyrolysates were dominated by
compounds originating from PS degradation. The obtained CS product yields in the CS/PS mixture were much higher
compared to the yields obtained in the CS/HDPE mixture. This could be due to the formation of wax, that is being
produced as a solid product of the pyrolysis process during the thermal degradation of HDPE. This is a residual product
that partly remains in the pyrolysis container and can thus compress the degradation of the biomass, which is not the
case with PS degradation.
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These contrasting behaviors suggest that plastic type plays a decisive role in directing co-pyrolysis pathways. HDPE
serves primarily as a hydrogen source, enabling improved fragmentation and volatilization of biomass-derived species
while PS contributes predominantly through its own decomposition, producing high-value aromatics but offering limited
synergy with the lignocellulosic matrix. From an application standpoint, CS/HDPE systems are more aligned with fuel-
oriented outcomes, while CS/PS may be more suited for producing specialty chemicals. Therefore, the choice of plastic
co-feedstock should be aligned with the desired product spectrum.

Achieving economically feasible production of high-quality bio-oil requires careful process optimization to ensure
satisfactory yields. One viable upgrading strategy focuses on in situ catalytic deoxygenation during pyrolysis. Zeolite-
based catalysts, particularly ZSM-5, are widely used for this purpose due to their efficiency in facilitating dehydration
reactions [25,26]. Other catalysts, such as basic metal oxides (e.g., CaO and MgO), have also been explored [26], though
their application may lead to increased coke formation and a decline in oil yield [26].

4. CONCLUSION

In this study, pyrolysis and co-pyrolysis experiments on corn stalk samples and HDPE and PS plastic waste samples
were conducted at various ratios. The objective was to explore the influence of the feedstock composition on the
obtained product yields and the selectivity of the obtained products. Synergistic effects were observed in both CS/HDPE
and CS/PS mixtures. The plastic samples acted as hydrogen donors during CS degradation, resulting in increased yields
of CS products as the proportion of plastic waste in the pyrolysis mixture varied from 4:1 to 1:1. Notably, both HDPE
and PS products exhibited a pronounced prevalence over CS products, which is particularly advantageous given the high
oxygen content in CS products. In CS/HDPE experiments, aliphatic compounds, specifically n-alkenes and n-alkanes,
constituted the most abundant compounds. The total aliphatic content in the obtained pyrolyzates ranged from 57.5 %
to 81.3 % for ratios ranging from 4:3 to 2:4. This range of aliphatic compounds closely resembles diesel fuel, highlighting
the potential of these co-pyrolysis products for synthetic bio-oil production. In contrast, CS/PS experiments showed that
benzene derivatives were the predominant compounds, constituting 85.6 % in the 1:1 ratio. This resulted in a reduction
in the phenolic structures originating from the pyrolysis of CS, as opposed to the individual pyrolysis of CS.

It is important to highlight that this method signifies a transitional approach for managing plastic waste, as the
utilization of plastic materials is expected to phase out in the anticipated future. However, this investigation presents
insights into the behaviors of lignocellulosic biomass waste and plastic materials, revealing valuable understandings into
the chemical composition of the bio oils obtained from co-pyrolysis experiments. The results represent important and
general aspects as base for designing bio fuels from different waste fractions.
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Hemijski sastav pirolizata dobijenih ko-pirolizom ostataka kukuruznih
stabljika i plasticnog otpada kao osnova za proizvodnju ekoloski odrzivih

goriva

Ivana Jovancicevié', Vesna Anti¢? i Jan Schwarzbauer*

Iinstitut za organsku biogeohemiju u organskim geosistemima, RWTH Univerzitet u Ahenu, Ahen, Nemacka

2Univerzitet u Beogradu, Poljoprivredni Fakultet, Beograd-Zemun, Srbija

(Naucni rad)

Izvod

U ovom istraZivanju izvrSeni su eksperimenti pirolize i ko-pirolize uzoraka otpada
lignoceluloznih kukuruznih stabljika (KS) i odabranih frakcija plasticnog otpada (polietilen
velike gustine (engl. high density polyethylene, HDPE) i polistiren (PS)) u razli¢itim masenim
odnosima. Glavni cilj bio je procena uticaja sastava sirovine na prinos i sastav rezultujucih
piroliznih proizvoda, razvijajuci odrZzivu metodu za upravljanje kako otpadom biomase tako i
plasticnim otpadom kroz proizvodnju ulja i hemikalija. Reakcije ko-pirolize dokazale su
sinergisticke efekte izmedu sirovina, pri cemu se plasti¢ni otpad pokazao kao donor vodonika
poboljSavanjem prinosa proizvoda KS. Osim toga, proizvodi od plasti¢nog otpada su pokazali
znacdajnu premo¢ nad onima od KS, ¢ineéi oko 66,6 i 85,6 % u odnosu 1:1 smesa KS/HDPE i
KS/PS, redom. Ovo istrazivanje pruza vazne uvide u formiranje sintetickih bio-ulja kroz dizajn
hemijskog sastava i optimizaciju prinosa pirolize, Sto je posebno znacajno zbog povecanog
sadrzaja kiseonika u proizvodima dobijenim pirolizom KS koji moZe povedati kiselost i
korozivnu aktivnost bio-ulja.

Kljucne reci: Plasti¢ni otpad; polietilen
velike gustine; polistiren; gasna hroma-
tografija-masena spektrometrija; sinte-
ticka bio-ulja; odrzivi razvoj
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