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ARTICLE INFO ABSTRACT

Keywords: We prepared biocomposite films based on alginate (A) and chitosan (Ch) reinforced with cellulose nanocrystals
BiffcomPOSi‘e films (CNCQ) or acetylated CNC (mCNC). Their behaviour in native forest soil was evaluated using two set-ups: film on
f\?lFosan top of soil (TOP) and film between two soil layers (MID). Under the tested conditions, all films reached complete
ginate . . ) . . )
Biodegradation disappearance, with the TOP set-up degrading notably slower (ca. 80-100 days) than the MID set-up (ca. 30

days). Ch-based films disappeared faster than A-based films in the TOP set-up. To obtain mechanistic insight, the
films were exposed in vitro to four soil-associated enzymes: lipase (Lip), cellulase (Cel), laccase (Lac), and alcohol
dehydrogenase (ADH). Lip and Cel produced the highest release of reducing sugars, whereas Lac and ADH
showed only minor effects. ATR-FTIR analysis of residual chitosan-based films showed spectral changes
consistent with chemical modification/depolymerization, but not direct proof of specific bond cleavage. Finally,
the potential phytotoxicity of degradation products was assessed using barley seeds, but no major inhibitory
effect on germination or growth was observed. Overall, the results support the environmental disappearance and
enzymatic susceptibility of these biocomposite films, while also highlighting the qualitative nature of the soil
assay and the need for future mineralization-focused studies.

Enzymatic depolymerization
Plant toxicity

1. Introduction

Plastic production continues to rise globally, while the environ-
mental persistence of conventional petroleum-based plastics and their
fragmentation products remains a major ecological concern (Dong et al.,
2020; Gajendiran et al., 2016; Isangedighi et al., 2020; Rosenboom et al.,
2022; Stapleton, 2019). For this reason, polysaccharide-based materials
are being intensively investigated as renewable and potentially biode-
gradable alternatives, especially for packaging and other short-life ap-
plications. Recent reviews highlight alginate, chitosan and
cellulose-derived nanomaterials as particularly attractive building
blocks because of their abundance, film-forming ability, tuneable
intermolecular  interactions and broad formulation space
(Guzman-Pincheira et al., 2025; Li et al., 2024; Xie et al., 2024).

For such materials, however, “biodegradability” cannot simply be
treated as an intrinsic property based on the polymer alone. The
observed rate and extent of degradation depend on moisture, oxygen
availability, ion composition, film structure, accessibility of
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hydrolysable bonds, and the composition and metabolic state of the
surrounding microbiome. In soil, biodegradation is further shaped by
the local enzymatic repertoire, which varies across habitats and soils
(Abou-Zeid et al., 2001; Fujisawa et al., 2001; Hung et al., 2016; Kim
et al.,, 2020; Mukherjee et al, 2011; Pathak & Navneet, 2017;
Rinta-Kanto et al., 2016; Vaksmaa et al., 2021; Yoon et al., 2012).
Therefore, studies that combine environmentally relevant soil exposure
with simplified in vitro enzyme tests can be useful for distinguishing
between disappearance behavior in complex matrices and polymer
susceptibility to specific enzyme classes.

In our previous works, we prepared biocomposite films based on
natural polysaccharides, alginate and chitosan and studied their
degradation in an aqueous medium (Oberlintner et al., 2023; Vidmar
et al., 2023). In the present study, we extend that work to a native
forest-soil microcosm and to selected enzyme-mediated reactions
(Fig. 1). We specifically compare neat A and Ch films with their CNC-
and mCNC-containing counterparts, and we assess possible effects of the
resulting degradation products on barley germination and growth.
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Importantly, the soil experiment was designed as a native-soil disap-
pearance assay under environmentally relevant conditions, not as a
standardized ASTM/ISO mineralization test. Accordingly, the mecha-
nistic interpretation of the enzyme assays is based on reducing-sugar
release and ATR-FTIR trends and is discussed cautiously.

Recent literature also shows continued expansion of alginate- and
chitosan-based films for packaging and other transient applications, but
comparatively fewer studies directly connect film disappearance in soil
with enzyme-level observations on the same material system
(Guzman-Pincheira et al., 2025; Li et al., 2024; Metha et al., 2024).

2. Materials and methods
2.1. Materials

Lipase from Rhizopus oryzae (Sigma-Aldrich); Laccase from Trametes
versicolor (Sigma-Aldrich); Cellulase from Aspergillus niger (Sigma-
Aldrich); Alcohol dehydrogenase from Saccharomyces cerevisiae (Sigma-
Aldrich); Chitosan (300 — 1000 cps; Glentham Life sciences); Alginic acid
sodium salt from brown algae, medium viscosity (Sigma-Aldrich); Lactic
acid (Sigma-Aldrich); Glycerol (Pharmachem); Cellulose nanocrystals
(Nanocrystacell); Sodium azide (Sigma-Aldrich); 3,5-Dinitrosalicylic
acid (Sigma-Aldrich); Potassium sodium tartrate tetra-hydrate (Sigma-
Aldrich); Sodium hydroxide (Sigma-Aldrich); D(+)-Glucose (Sigma-
Aldrich); Trizma® base (Merck); Hydrochloric acid (Sigma-Aldrich); Di-
sodium hydrogen phosphate dihydrate (Fluka); Sodium dihydrogen
phosphate dihydrate (Merck).

Commercial CNCs were used as supplied by the manufacturer and
then freeze-dried before use. Detailed supplier specifications such as size
distribution, aspect ratio, zeta potential, and sulfate group content were
not independently re-measured in the present study; the modified CNC
(mCNC) was prepared as described previously by Vidmar et al. (Vidmar
et al., 2023).

2.2. Methods

2.2.1. Preparation of biocomposite films

Cellulose nanocrystals (CNC) were first freeze dried. The alginate
(A)-based biocomposite films were prepared by mixing 19.5 g alginate
and 2.9 g glycerol in 650 mL of distilled water (18.2 MQ-cm). To
improve homogenization, alginate was first dissolved in approximately
half of the water under magnetic stirring at 300 rpm. The remaining
water was then added, followed by glycerol, and the mixture was stirred
at room temperature for 2 h homogenous. The mixture was then divided
into three approximately equal portions (ca. 200 mL each). CNC or
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mCNC (150 mg) was added to the first and second portion, respectively,
and dispersed by circular stirring at 600 rpm for 3 min using an Ultra-
Turrax homogenizer (Ika, Staufen, Germany). No nanocellulose was
added to the third portion. After degassing overnight, the mixtures were
cast onto Petri dishes (12 x 12 cm; 50 g per dish) and dried in a
ventilated dehydrator (Hendi, Germany) at 40 °C for 24 h.

The chitosan (Ch)-based biocomposite films were prepared by mix-
ing 9.75 g chitosan, 2.93 g glycerol, 7.69 g lactic acid and 650 mL of
distilled water (18.2 MQ-cm). Lactic acid was included to protonate
chitosan amino groups and enable dissolution and homogeneous film
formation. Chitosan and glycerol were first combined in a beaker, after
which lactic acid was added dropwise. Water was then added and the
suspension was stirred at 300 rpm for 24 h to ensure complete dissolu-
tion. To remove impurities, the chitosan solution was vacuum-filtered
through four layers of medical gauze. The filtered mixture was divided
into three portions (ca. 200 mL each). CNC or mCNC (90 mg) was added
to the first and second portion, respectively, and dispersed by circular
stirring at 600 rpm for 3 min using an Ultra-Turrax homogenizer. No
nanocellulose was added to the third portion. After degassing overnight,
the mixtures were cast onto Petri dishes (12 x 12 cm; 50 g per dish) and
dried at 40 °C for 24 h.

2.2.2. Soil degradation

Soil was collected from Golovec hill forest (Ljubljana, Slovenia) after
removing the uppermost plant-litter layer; only the mineral soil down to
15 cm depth was retained. The soil was sieved through a 3 mm sieve to
remove coarse debris. Active and passive pH were measured as 5.7 and
7.1, respectively, as described previously (Food & Agriculture
Organization, 2021). Water was then added to obtain moisture con-
tent of approximately 30 %. Films were cut into 3 x 3 cm pieces and
incubated in two configurations: on top of the soil (TOP) or between two
soil layers (MID). The Petri dishes were weighed regularly so that
evaporative water loss could be replenished every 2-3 days. Lids were
used to slow water loss while still allowing gas exchange. Samples were
incubated at 20 °C. The endpoint of the soil assay was the disappearance
of visible film fragments. This experiment was intended as a qualitative
native-soil disappearance test rather than a standardized mineralization
assay; gravimetric mass-loss measurements were not attempted because
hydrated films swelled and became strongly associated with adhered soil
particles, preventing reproducible recovery and weighing. Images of the
films were taken every few days.

An additional experiment was performed with A film. The film (3 x 3
cm) was put on top of the soil (TOP set up) and a small lump of soil was
put on top of it (MID set up). The degradation of the film was monitored
until there was no visible film fragments underneath the lump of soil.

3%~
]

A Ch
/ A-CNC, Ch-CNC

<+ A-mCNC/Ch-mCNC

G

fimene

=

¢
4
? ene

Biocomposite film preparation

Soil biodegradation

Lip/Cel/Lac/ADH

Enzymatic
biodegradation

Toxicity

Fig. 1. Schematic representation of the experimental process.
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2.2.3. Invitro enzymatic degradation

The in vitro enzymatic degradation of biocomposite films was car-
ried out by incubating 2 x 2 cm film pieces in 5 mL of enzyme solutions
at room temperature for 48 h. Lipase (Lip), cellulase (Cel), and laccase
(Lac) were each used at 70 uM, and alcohol dehydrogenase (ADH) at 35
uM, in 100 mM phosphate buffer at pH 6 or 7. Lipase and cellulase were
selected as hydrolytic enzymes relevant to polysaccharide-containing
matrices, laccase as a common soil-associated oxidative enzyme, and
ADH as an exploratory comparator related to dehydrogenase-rich soil
metabolism rather than as an established polysaccharide depolymerase
(Camina et al., 1998; Fashogbon et al., 2021; Gu et al., 2009; Ryo et al.,
2023; Sethi et al., 2013; Zhao et al., 2019) Enzymatic action was eval-
uated in the liquid phase by the DNS assay and in the solid phase by
ATR-FTIR when recoverable solid residue remained.

For Lip and Cel, higher concentrations of 190 uM were also tested.
For both Lip and Cel (70 and 190 pM concentrations), 96 h reactions
were also tested. These reactions were carried out at pH 6 with Ch- and
A-films, with the addition of 0.002 % of sodium azide (NaAz). Control
samples contained the respective buffer without enzyme. Samples were
taken at 0, 24, 48, 72 and 96 h, and the liquid fraction analysed using the
DNS method.

An additional experiment was carried out with Lip and Cel. Ch films
were incubated with 70 and 190 pM enzyme in 100 mM phosphate
buffer (pH 6) for 48 h. After the incubation, the enzyme solution was
removed and a fresh enzyme solution added to the remaining film or
film figments. This procedure was repeated for a total of 4 cycles.
Samples were taken at 0, 24 and 48 h for each cycle and the liquid
fraction analysed using the DNS method. In reaction mixtures contain-
ing film fragments, 1 mL of mixture was taken and centrifuged, to
separate the fragments from the solution. The samples for the DNS test
were taken from the supernatant, and the remaining solution and film
fragments were returned to the reaction mixture.

2.2.3.1. FT-IR analysis. After 48 h of in vitro enzymatic treatment, the
remaining film fragments were removed, washed thoroughly with
distilled water (18.2 MQ-cm), dried at 40 °C for 24 h, and analysed by
ATR-FTIR using a PerkinElmer spectrometer equipped with a UATR Two
attachment. Spectra were recorded at 23 + 1 °C over 4000-400 cm
with a resolution of 1 cm™! and 64 scans. Three parallel spectra were
collected per sample. For alginate-based films, recoverable solid residue
was generally not available because the films dissolved rapidly upon
contact with aqueous buffer; accordingly, ATR-FTIR interpretation is
restricted to the chitosan-based residues.

2.2.3.2. Determination of the reducing sugar concentration. Two 100 uL
aliquots were taken from each reaction mixture at each time point (0, 24
and 48 h; and additionally 72 and 96 h where applicable) and mixed
with 200 uL DNS reagent as described previously (Herndandez-Lopez
et al., 2020). After incubation at 95 °C for 5 min, 200 uL of each sam-
ple was transferred to a 96-well plate and absorbance was measured at
540 nm using a BioTek Synergy H1 microplate reader. Where required,
additional dilution was performed with distilled water. Reducing sugar
concentration was determined from a glucose calibration curve (0, 0.1,
0.5, 1, 3 and 6 mg mL™). Reported DNS values therefore represent
duplicate analytical measurements for each sampled reaction mixture.

2.2.4. Toxicity of degradation products

Barley (Hordeum vulgare) seeds suitable for sprouting and prepara-
tion of microgreens were obtained from a health food shop (GEO,
Tovarna Zdrave Hrane). Two experimental set-ups were used. In the
first, barley seeds were germinated on wet paper towels for 7 days at 20
°C, sprouts of comparable size were planted 3 mm deep in soil (10
sprouts per film type), and alginate or chitosan films were laid on the soil
surface. In the second, non-germinated seeds were sown directly in soil 3
mm deep (40 seeds per film type). In both cases, a thin soil layer was

Carbohydrate Polymer Technologies and Applications 14 (2026) 101166

placed above the sprouts/seeds so that the films were positioned on top
of a 3 mm soil cover. Plant size was measured in both experiments, and
sprouted seed number (viability) was recorded in the second experi-
ment. This test was used as a screening assay for gross phytotoxicity and
did not include additional physiological endpoints such as root biomass,
chlorophyll content or biochemical stress markers.

3. Results and discussion

3.1. Soil disappearance of biocomposite films as simulation of
degradation in nature

Soil disappearance of the biocomposite films was assessed in forest
soil using TOP and MID configurations. The experiment was followed
until no visible film residue remained. Fig. 2 shows the first 20 days of
the process. Under the tested conditions, all MID films reached complete
visible disappearance by approximately day 30. Ch-based films visibly
swelled and formed a firm gel-like structure, whereas A-based films
became opaque, rigid and apparently dry to the touch. The TOP films
disappeared more slowly: Ch-based films required approximately 80
days and A-based films approximately 100 days. No clear difference in
disappearance time was observed between neat films and CNC- or
mCNC-containing films within the same polymer family.

An additional experiment combining the TOP and MID configura-
tions (Fig. S1) gave the same qualitative trend. When an A-film was
placed on top of the soil and covered locally with a small lump of soil,
the covered part (MID-like microenvironment) disappeared by approx-
imately day 30, while a substantial fraction of the uncovered TOP region
remained. These observations support the conclusion that contact area
and local hydration strongly influence the visible disappearance of the
films in soil.

The faster disappearance of MID films is most likely related to greater
film-soil contact and a more favourable moisture regime. Both factors
increase the accessible surface area for colonization and enzymatic
attack. Although A-based films dissolve readily in bulk aqueous media,
the ~30 % soil moisture used here was apparently insufficient to induce
simple dissolution in soil. Instead, the alginate films became more rigid
after soil contact, which may reflect ionic interactions or partial cross-
linking with multivalent cations present in the soil matrix (Paques et al.,
2014); however, the responsible ions were not measured, and specific
assignments cannot be made from the present data alone. The faster
disappearance of Ch-based films in TOP may reflect the broad occur-
rence of terrestrial microorganisms capable of utilizing chitin- or
chitosan-like substrates (Crognale et al., 2022; Sidari et al., 2025), but
this interpretation should remain cautious because only one forest soil
was examined and its microbial composition and native enzyme activ-
ities were not characterized. Accordingly, the soil results should be
interpreted as soil-specific disappearance behaviour rather than uni-
versal biodegradation kinetics.

3.2. Invitro enzymatic degradation of biocomposite films for mechanistic
insight

To gain mechanistic insight under simplified conditions, the films
were exposed to selected enzymes at pH 6 and 7. The enzyme panel was
intentionally diverse and included hydrolytic (Lip, Cel) and oxidative/
comparator (Lac, ADH) activities. The degree of depolymerization was
estimated from the DNS assay, which measures reducing sugars/
reducing ends in solution, while ATR-FTIR was used as a comparative
tool for detecting chemical changes in the recoverable film residue.
Neither method alone identifies the exact degradation products or
proves a unique bond-cleavage pathway; therefore, the mechanistic
interpretation below is limited to what can be supported by these
datasets.
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a) A A-CNC A-mCNC

Ch-mCNC

Fig. 2. Visual disappearance of alginate- (a) and chitosan-based (b) films in soil. A — alginate film; A-CNC - alginate film with cellulose nanocrystals; A-mCNC —
alginate film with modified cellulose nanocrystals; Ch — chitosan film; Ch-CNC - chitosan film with cellulose nanocrystals; Ch-mCNC - chitosan film with modified
cellulose nanocrystals; TOP — film on top of soil; MID - film between two soil layers.
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3.2.1. ATR-FTIR analysis as a measure of changes in chemical bonds

The ATR-FTIR analysis was performed only on Ch-based films since
the A-based films dissolved immediately upon contact with the aqueous
reaction medium and no recoverable solid residue remained for analysis.
All enzymes were tested at 70 uM concentration, except ADH, which was
tested at 35 pM concentration due to the enzyme’s large size which
would require a substantial amount of mass. The ATR-FTIR spectra of
the films after enzymatic treatment at pH 6 and 7, are presented in
Fig. 3, and are used here as comparative evidence of chemical changes in
the residual chitosan-based material, not as direct proof of specific
scission events.

3.2.1.1. Lipase. After Lip treatment, Ch-based films showed only
modest spectral changes relative to the buffer control. There were no
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changes detected in the main chitosan-associated bands (1639, 1570,
and 1371 cm™! (amide I-III) and 1060 cm™ (C-O-C backbone)), indi-
cating that the residual material retained the overall spectral signature
of the parent polysaccharide matrix. An increas in OH groups, and the
disappearance of the 1730 cm™ (C = O) and 1150 cm™! (ester) peaks was
detected. Ch-CNC and Ch-mCNC films exhibited similar backbone sta-
bility, but Ch-CNC showed a loss of the 1730 cm™ peak. There was also
the appearance of a C = O peak. At pH 6, spectral changes were minimal.
In Ch-CNC, increased C—H stretching and reduced OH intensity is
observed, with a small 1750 cm™! peak appearing.

These changes are consistent with partial chemical modification of
the residual material, but they do not by themselves prove cleavage of a
specific bond type. Because chitosan, cellulose and residual lactic-acid-
related bands overlap in several diagnostic regions, it is difficult to
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Fig. 3. FTIR spectra of chitosan-based biocomposite films after enzymatic degradation at 37 °C for 48 h. Ch - chitosan film; Ch-CNC - chitosan film with cellulose
nanocrystals; Ch-mCNC - chitosan film with modified cellulose nanocrystals. C — control (buffer); Lip — lipase; Cel - cellulase; ADH - alcohol dehydrogenase; Lac

— laccase.
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assign these changes uniquely to one component of the composite. This
is especially relevant for CNC- and mCNC-containing films.

Taken together, the FTIR and DNS results (Section 3.2.2 Determi-
nation reducing sugar concentration as measure of depolymerization)
support the interpretation that lipase can promote partial depolymer-
ization of these films under the tested conditions. However, the precise
products and molecular-weight changes would need to be confirmed by
orthogonal analyses such as SEC/GPC, LC-MS or NMR.

3.2.1.2. Laccase. Lac was included as a soil-associated oxidative
enzyme (Zhao et al., 2019) for comparison rather than as a known
polysaccharide-depolymerizing enzyme. In the present system, direct
cleavage of alginate or chitosan backbones by laccase was not expected.
Consistent with this, FTIR revealed no substantial spectral changes after
laccase treatment, and the DNS assay also showed only minimal
reducing sugar release. We therefore interpret laccase activity toward
these films as negligible under the tested conditions.

3.2.1.3. Alcohol dehydrogenase. ADH was included as an exploratory
comparator because dehydrogenase-type activity is widely associated
with soil microbial metabolism (Camina et al., 1998; Gu et al., 2009;
Kaczynska et al., 2015). However, ADH is not an established depoly-
merizing enzyme for alginate or chitosan, and its selection should
therefore be viewed as exploratory rather than mechanism-driven.
Some spectral differences were observed after ADH exposure, mainly
in regions associated with OH-, amine- and C = O-containing groups.
Because these changes were small, inconsistent across film types, and
not accompanied by substantial reducing-sugar release (DNS assay),
they cannot be used as evidence of meaningful polysaccharide depoly-
merization. Additional targeted oxidation-product analysis would be
required before any stronger mechanistic conclusion could be justified.

3.2.1.4. Cellulase. Cellulase catalyses the hydrolysis of cellulose and
related polysaccharides and has also been reported to act, to varying
extents, on chitosan-containing substrates (Xia et al., 2008). In the
present study, cellulase was therefore used as a plausible hydrolytic
enzyme for the cellulose-containing composites and for possible
nonspecific activity toward the chitosan matrix.

In Ch films, an increased amide I and II (1636 em’! and 1541 crn'l,
respectively) was observed, while the polysaccharide backbone
remained largely intact. In Ch-CNC films at pH 6, an increase in OH/NH
intensity and a significant decrease in the 1060 cm™ backbone peak was
detected, and at pH 7, C-H vibrations increased. In Ch-mCNC films,
changes at 1380 cm™ (pH 6) and the appearance of a 1750 cm™ C = O
peak (pH 7) were detected.

These changes are consistent with chemical modification and partial
depolymerization of the residual material. However, they are not suffi-
cient to claim cellulase-induced deacetylation or a unique cleavage
pattern. The combined FTIR and DNS results support cellulase activity
toward the films, but detailed product identification would again
require complementary analytical methods.

3.2.2. Determination reducing sugar concentration as measure of
depolymerization

The DNS method was used to estimate the degree of depolymeriza-
tion by quantifying reducing sugars/reducing ends released into solu-
tion (Saqib & Whitney, 2011). This test has previously been used to
determine the depolymerization of chitosan by various enzymes (Huafei
et al., 2024). This assay is sensitive to monomeric and some oligomeric
hydrolysis products (Saqib & Whitney, 2011), however the test does not
provide molecular-weight distributions or identify individual structures.
It was therefore used here as a comparative indicator of enzyme-driven
depolymerization rather than as a complete product-analysis method.

First, all films were subjected to treatment with 70 uM Lip, Cel and
Lac or 35 uM ADH. The lower ADH concentration was used due its large
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molecular size. Fig. 4 shows depolymerization based on reducing sugar
concentrations after treatment of Ch-based films at pH 7 and 6. Lac and
ADH had little to no effect on all Ch-based films at both pH values,
whereas Lip and Cel induced a significant release of reducing sugars. In
Cel-catalysed reactions, reducing sugar concentrations in Ch films
increased from ~0.6 mg mL™? to ~0.9-1.0 mg mL™ after 24 h and
remained relatively stable up to 48 h at both pH values. In Lip-catalysed
reactions, concentrations rose from ~0.02-0.03 mg mL™ to ~0.8-1.2
mg mL™" after 24 h, followed by a decrease or stabilization at 48 h.
Similar trends were observed for all Ch-based films (Ch, Ch-CNC, and
Ch-mCNC). No sugar release was detected in control samples, confirm-
ing the stability of the films under the tested conditions.

Fig. 5 shows depolymerization of A-based films based on reducing
sugar concentrations after enzymatic treatment at pH 7 and 6. ADH and
Lac exhibited minimal activity, releasing <0.1 and <0.2 mg mL™' sugars
at pH 7, respectively, with even lower activity at pH 6. Treatment of A-
films with Lip at pH 7, induced notable increase of reducing sugars from
up to ~0.6 mg mL™! in A films and to ~0.8-1.0 mg mL" in A-CNC and A-
mCNC films in 24 h, followed by stabilization.

At pH 6, reducing sugar concentrations rose from 1 mg mL! to 2 mg
mL"! in 24 h and decreased to 1.3 mg mL™ after 48 h. Similar mea-
surements were obtained for A-CNC and A-mCNC films.

In Cel-catalysed reactions at pH 7, the initial sugar concentration was
0.3 mg mL? for all A-based films. With A-films, the concentration
dropped to 0.2 mg mL ! after 24 h and remained stable, and for A-CNC
and A-mCNC films, it increased to 0.4 mg mL™ in 24 h and then slightly
decreased to 0.3 mg mL! after 48 h. At pH 6, Lip treatment of all A-based
films resulted in initial reducing sugar concentration of 0.7 mg mL™,
which then gradually decreased to 0.5 mg mL! in 48 h.

Since both enzymes showed notable activity on alginate and chitosan
polymers, we tested these enzymes at a higher concentration (190 puM)
to assess whether complete film degradation could be achieved. Fig. 6
presents the reducing sugar concentrations following treatment of Ch-
and A-films with 190 uM Lip or Cel at pH 7 and 6. For Ch-films, Cel at pH
7 produced 2.3 mg mL™ of reducing sugars after 24 h, decreasing to 2.0
mg mL" after 48 h. At pH 6, the concentration reached 2.2 mg mL! after
24 h, and remained stable afterwards. In contrast, Lip showed higher
activity. At pH 7, reducing sugars increased from the initial 2.4 mg mL™!
to 4.6 mg mL™" after 24 h, followed by a slight decrease to 4.4 mg mL™
after 48 h. At pH 6, reducing sugars values were even higher. Starting at
2.7 mg mL}, then increasing to 5.6 mg mL ! in 24 h and stabilizing at 5.5
mg mL™? after 48 h.

For A-films, treatment with Lip at pH 7 resulted in initial reducing
sugar concentration of 3.0 mg mL™, which rose to 3.5 mg mL” in 24 h
before declining to 2.5 mg mL™ after 48 h. At pH 6, concentrations rose
from the initial 2.4 mg mL"! to 4 mg mL™! in 24 h and remained stable
after 48 h. In contrast, treatment with Cel at pH 7 resulted in initial
reducing sugar concentration of 1.5 mg mL™, which dropped to 0.4 and
0.3 mg mL™! after 24 and 48 h, respectively. At pH 6, the initial reducing
sugar concentration started at 1.7 mg mL'!, then slightly increased to 1.8
mg mL ! after 24 h and then declined to 0.7 mg mL™! after 48 h. Similar
trends were observed for other Ch- and A-based films (Ch-CNC, Ch-
mCNC, A-CNC and A-mCNC) with both enzymes (Fig. S3 and S4).

Chitosan is insoluble in neutral and alkaline aqueous solutions, but
becomes soluble under acidic conditions (<pH 6.5) (Kumar et al., 2004).
Although the Ch-based films did not dissolve in solution with pH 6,
partial loosening of the matrix may have increased enzyme accessibility.
In contrast, A-based films dissolved rapidly in the reaction medium at
both pH values, which made alginate chains immediately available for
solution-phase attack and likely contributed to the comparatively high
DNS signals measured in Lip-containing mixtures.

Previous literature shows that enzymatic activity toward chitosan/
cellulose-rich systems depends strongly on enzyme source, substrate
presentation and reaction medium (Poshina et al., 2018; Xia et al.,
2008). In our experiments, Lip and Cel generated the strongest DNS
response, whereas Lac and ADH did not. For alginate, the present data
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Fig. 4. Reducing sugar concentration after enzymatic treatment of chitosan-based films at pH 7 and 6. Ch - chitosan film; Ch-CNC - chitosan film with cellulose
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Fig. 5. Reducing sugar concentration after enzymatic treatment of chitosan-based films at pH 7 and 6. Ch - chitosan film; Ch-CNC - chitosan film with cellulose
nanocrystals; Ch-mCNC - chitosan film with modified cellulose nanocrystals; Lip — lipase (70 uM); Cel — cellulase (70 pM); Lac — laccase (70 pM); ADH - alcohol
dehydrogenase (35 uM). Variability is shown as standard deviation of duplicate analytical DNS measurements (error bars are not visible when SD was below 10 %).

indicate susceptibility of the dissolved film matrix under the chosen
reaction conditions, but they do mnot establish a definite
alginate-degradation pathway for either Lip or Cel. Likewise, although
the changes in the FTIR spectra in Ch-based residues are compatible with
depolymerization, they should not be interpreted as definitive proof of
glycosidic-bond cleavage without additional product analysis.

Our measurements showed that reducing sugar concentrations
sometimes decreased after 48 h in Lip- and Cel-containing systems
(Fig. 6). One plausible explanation was secondary microbial consump-
tion of released sugars by residual microbiota associated with the film
surface. To test this possibility, follow-up reactions were carried out in
the presence of sodium azide (NaAz), which suppresses microbial

growth. Additionally, the reactions were also performed with higher
enzyme concentrations, all of which allowed us to examine the time
course of sugar release more clearly. Ch- and A-films were incubated in
buffer pH 6 with or without Lip or Cel (70 and 190 uM) and with added
sodium azide (NaAz). The reactions mixtures were incubated for 96 h,
and reducing sugar concentration determined at the beginning and then
every 24 h (Fig. 7). In the presence of NaAz, the DNS signal remained
stable after reaching a plateau, supporting the interpretation that the
earlier signal decrease was due mainly to biological consumption of
released sugars rather than repolymerization or chemical loss. The
maximum reducing sugar concentration released from Ch-films was 1
mg mL" and 2 mg mL™! with 70 uM Gel and Lip, and 3 mg mL™! and 6 mg
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10 %).

mL! with 190 uM Cel and Lip, respectively. For A-films, the maximum

amount of reducing sugars was 0.7 mg mL " and 1.4 mg mL™! with 70 uM



M.M. Cajnko et al.

Cel and Lip after 48 h, respectfully. For 190 uM Cel, the maximum
reducing sugar concentration of 2.4 mg mL ! was reached after 48 h, but
for 190 uM Lip, the maximum concentration of 4.7 mg mL ™ was reached
after 72 h. We also observed a the very distinct structure of the Ch-films
when comparing Cel and Lip reactions after the 96-hour incubation
period (Fig. S5). The films that were incubated with Lip remained whole,
whereas, the films that were incubated with Cel, broke down into small
flakes, producing a while-coloured suspension.

Since no drop in reducing sugar concentration was measured when
reaction mixtures contained NaAz, the most plausible interpretation is
that the decrease observed in untreated mixtures was caused by residual
microbial metabolism rather than by adverse side reactions such as
repolymerization. Our results also show, that the maximum reducing
sugar concentration was reached after 48 h and an extended incubation
was not needed. This behaviour may arise from two factors: (i) a
decrease in enzyme activity after 48 h, or (ii) exhaustion of accessible
cleavage sites within the polymer, preventing further degradation.
Moreover, the distinct structures of Ch-films after treatment with Lip or
Cel, indicate substantial differences their depolymerization
mechanisms.

Because depolymerization activity peaked at ~48 h, we investigated
whether this was due to a general loss of enzyme activity or depletion of
accessible cleavage sites within the polymer. Therefore, in the follow-up
experiment Ch-films were incubated with 70 uM Lip or Cel for 48 h, after
which the enzyme solution was removed, and a fresh enzyme solution
was added to the remaining films or film fragments. These enzyme
replenishment steps were performed in 4 cycles, and the amount of
reducing sugars was measured for each one. NaAz was also added to the
reaction mixture to prevent microbial growth. As shown in Fig. 8, the
reducing sugar concentration was similar in all 4 cycles for both en-
zymes, confirming that the depolymerization of Ch-films is indeed
limited due to loss of enzyme activity in 48 h under the tested
conditions.

The different physical appearance of Ch-films after Lip and Cel
treatment suggests that the two enzymes do not affect the film matrix in
identical ways. However, the present data are insufficient to assign
specific endo- versus exo-type pathways or to distinguish conclusively
between monomer- and oligomer-dominated product mixtures. The
replenishment experiment supports a simpler conclusion: fresh enzyme
addition restored activity in successive cycles, which indicates that the
plateau observed in single-batch reactions is governed mainly by loss of
catalytic activity under the tested conditions, rather than by immediate
exhaustion of all accessible cleavage sites.

3.3. Effects of film degradation products on plant growth and seed
germination

After the soil and enzyme experiments, we assessed whether degra-
dation of the films is associated with any obvious phytotoxic effects.

Carbohydrate Polymer Technologies and Applications 14 (2026) 101166

Therefore, the effects on growth and seed germination of barley seeds
were examined. Two experimental set ups were tested: one with pre-
germinated sprouts, in which plant growth was monitored (Fig. 9a;
Fig. S2), and one with directly sown seeds, in which both growth and
germination were recorded (Fig. 9b). Across both assays, only minor
differences relative to the control were observed.

Seed viability remained high in all film-treated groups. In the first
experiment, A-based films increased plant size by 10 %, while A-CNC
and A-mCNC decreased it by 6 % and 12 %, respectively. Ch-based films
showed a minimal effect. Plant size was comparable to the control for Ch
and Ch-CNC, and 7 % higher for Ch-mCNC. In the second experiment,
where seeds were both germinated and grown on biocomposite films
(Fig. 9b), their effects differed slightly. Plant size with A-mCNC was
comparable to controls, while A and A-CNC films caused an 11 % and 8
% increase, respectively.

Ch-based films showed no effects on growth. The seed viability
exceeded 97 % in all film samples except control and A-films, where it
was 90 % and 87.5 %, respectively.

The small differences between the two experiments are most likely
related to the different starting conditions. In the first experiment,
similarly sized pre-germinated sprouts were selected, which reduced
variability and excluded possible effects on germination itself. In the
second experiment, germination and early growth occurred in the
presence of the films, making the system more variable but also more
environmentally relevant. Because only one plant species was tested and
only gross endpoints (plant length and seed viability) were measured,
these data should be interpreted as a preliminary screen for major
inhibitory effects rather than a comprehensive ecotoxicological assess-
ment. Within that scope, the results do not indicate major phytotoxicity
of the film degradation products under the tested conditions.

Overall, the study has several important limitations that should be
kept in mind. The soil assay was qualitative and based on visible
disappearance rather than standardized mineralization; only one forest
soil was examined; microbial community composition and soil enzyme
activity were not characterized; ATR-FTIR and DNS provide indirect
evidence of depolymerization; and the plant assay was limited to barley
and a small number of endpoints. Future work should therefore include
respirometric mineralization measurements, multi-soil validation,
morphological analysis of hydrated residues, and product-resolved an-
alyses such as SEC/GPC, LC-MS or NMR.

4. Conclusions

Under the tested native forest-soil microcosm conditions, all A- and
Ch-based biocomposite films reached complete visible disappearance,
with MID samples disappearing markedly faster than TOP samples. The
results therefore support the environmental disintegration of these
materials in soil, while not constituting a standardized mineralization
assessment. Ch-based films disappeared faster than A-based films in the

Lip Cel
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Fig. 8. Reducing sugar concentration after 4 cycles of degradation of chitosan films with 70 pM lipase and cellulase at pH 6 in the presence of sodium azide. Ch —
chitosan film; Lip — lipase; Cel — cellulase. Variability is shown as standard deviation (error bars not visible for standard deviation below 10 %).
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Fig. 9. Plant size and viability of seeds grown on soil (control) or soil with alginate and chitosan films. a) Plant size pre-germinated seeds grown on soil or soil with
alginate and chitosan films; b) Plant size and viability of seeds germinated and grown on soil or soil with alginate and chitosan films. A — alginate film; A-CNC —
alginate film with cellulose nanocrystals; A-mCNC - alginate film with modified cellulose nanocrystals; Ch — chitosan film; Ch-CNC - chitosan film with cellulose

nanocrystals; Ch-mCNC - chitosan film with cellulose nanocrystals.

TOP set-up, which may reflect differences in hydration behaviour and
the broad occurrence of terrestrial microorganisms capable of attacking
chitin/chitosan-like substrates. In vitro assays showed that Lip and Cel
generated the highest release of reducing sugars from the films, whereas
Lac and ADH had negligible effects under the tested conditions. ATR-
FTIR of Ch-based films revealed spectral changes consistent with
chemical modification/depolymerization, but not definitive proof of
specific bond scission. The plant screening assay showed no major
inhibitory effects on barley germination or growth. Taken together,
these results support A- and Ch-based CNC-containing films as prom-
ising biodegradable alternatives for transient applications, while
underscoring the importance of soil conditions, matrix accessibility and
analytical scope when interpreting biodegradation behaviour.
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