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Abstract

Carrot pomace (CP) represents a promising source of dietary fiber with potential applica-
tions in functional food systems. This study investigated the effects of enzymatic hydrolysis
(Pectinex® Ultra Tropical, Celluclast® 1.5 L, and Viscozyme® L) on the chemical composi-
tion, technological, and functional properties of CP. The untreated CP was characterized by
a high total dietary fiber (TDF) content, predominated by insoluble dietary fiber (IDF), with
a soluble dietary fiber (SDF)/IDF ratio of 1:1.6. Enzymatic treatment significantly reduced
TDF and IDF (up to 54.1% and 58.5%, respectively) while increasing reducing sugars by
2.3-3.4-fold and changing the SDF/IDF ratio to 1:1.2-1.5. Technological properties were
altered, with decreased oil-retention capacity and color intensity, whereas water-solubility
index increased, and water-swelling capacity was enzyme-dependent. Emulsion stability
was enhanced in enzymatically treated samples. Total phenolic content increased in the
soluble fraction (up to 21.8%). Functional properties, including cholesterol-binding, sodium
cholate-binding, and glucose-adsorption capacities, were significantly influenced by enzy-
matic modification and pH conditions (for cholesterol-binding capacity). Prebiotic activity
varied depending on enzyme treatment, and Celluclast®-modified CP demonstrated the
highest prebiotic index, exceeding that of inulin for selected strains. Overall, enzymatic hy-
drolysis effectively modulated the structural and functional properties of CP, highlighting
its potential as a value-added ingredient for the formulation of functional and prebiotic
food products.

Keywords: carrot pomace; hydrolysis; soluble and insoluble dietary fiber; technological
properties; functional properties; prebiotic properties

1. Introduction

The increasing demand for nutritionally improved food products, along with the
need to develop more sustainable food systems, has intensified interest in the use of agro-
industrial residues. Consistent with the objectives of the European Commission’s Farm to
Fork strategy, fruit and vegetable processing by-products are increasingly being explored as
raw materials for the production of value-added ingredients, helping to reduce food waste
and support more efficient resource use. In this context, pomace represents a promising
by-product due to its bioactive and functional compounds that may be applied in food,
feed, and nutraceutical products [1].

Carrot pomace (CP) is produced as a residue during carrot juice processing and rep-
resents a significant vegetable by-product, as up to half of the initial raw material may
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remain after juice extraction [2]. Despite its limited use, this material contains considerable
amounts of dietary fiber (DF) and bioactive constituents. Compared with several other veg-
etable by-products, such as tomato, cauliflower, and potato residues, CP has been reported
to provide notable levels of soluble dietary fiber (SDF), polyphenols, including phenolic
acids and flavonoids, and carotenoids, particularly 3-carotene [3]. These characteristics
make CP a suitable ingredient for improving the nutritional and functional quality of
food products [4,5]. Moreover, as a substantial fraction of carotene can still be retained
in the pomace after juice extraction, its further use offers a more valuable alternative to
disposal [6].

DF represents a key constituent contributing to the nutritional relevance and functional
properties of pomace. Nevertheless, its physiological role and technological behavior are
largely determined by the ratio of SDF to insoluble dietary fiber (IDF) [7]. While IDF is
associated mainly with digestive health, SDF is more closely linked to cholesterol and
glucose regulation, gut microbiota modulation, and improved textural properties in food
systems [8]. Nevertheless, pomace materials often contain a predominance of IDE, which
may limit their direct use in food applications [9-11]. Therefore, modification strategies
aimed at increasing the proportion of SDF are of growing interest [9-11].

Among the available approaches, enzymatic hydrolysis is considered a promising
method because it enables targeted modification of plant cell wall polysaccharides un-
der relatively mild conditions. Cellulases, hemicellulases, and pectinases are capable of
hydrolyzing complex polysaccharide structures, leading to changes in DF composition
and modifying the functional characteristics of plant-based materials [12]. Although this
approach has been investigated in several by-products [13], information on its effect on CP
remains limited. Therefore, CP was selected in the present study as a fiber-rich vegetable
by-product with high potential for sustainable valorization and for the development of
functional food ingredients.

This study focused on the enzymatic modification of CP and its impact on chemical
composition, technological performance, and functional characteristics. Particular attention
was given to properties important for potential food applications, including water and
oil-retention capacity, water-solubility index, bulk density, emulsion stability, and color,
as well as the influence of enzymatic modification on functional characteristics such as
prebiotic index, cholesterol-binding capacity, glucose-adsorption capacity, and antioxidant
activities. The potential value of CP as a food ingredient was evaluated. Through this
approach, the study aimed to provide further insight into the suitability of enzymatically
treated CP for the development of value-added food products.

2. Materials and Methods
2.1. Carrot Pomace

Fresh carrots were obtained from a local supermarket and processed into juice using
an electric vegetable juicer BETM-1 (Migiris, Mazeikiai, Lithuania). The remaining carrot
pomace (CP) was collected and dried at 37 £ 2 °C for 48 h. After drying, the CP was
milled with a high-speed centrifugal mill (Retsch ZM 200, Retsch GmbH, Haan, Germany)
equipped with a sieve of 0.2 mm. The resulting powder was packed in plastic bags and
stored at 4 °C until further analysis.

2.2. Enzymatic Hydrolysis Using Commercial Enzyme Preparations

Enzymatic modification of CP was conducted by applying three commercial enzyme
preparations obtained from Novozymes A /S (Bagsveerd, Denmark). The preparations were
selected according to their predominant enzymatic activities: Viscozyme® L, with declared
activity of 100 FBG/g and containing (3-glucanases, pectinases, hemicellulases, and xy-
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lanases; Pectinex® Ultra Tropical, with activity of 5000 PECTU/g and including pectinases,
cellulases, hemicellulases, and (3-glucanases; and Celluclast® 1.5 L, with cellulase activity
of 700 EGU/g.

For each enzymatic treatment, CP was dispersed in distilled water at a ratioof 2.5 g
of material to 37.5 mL of water. Subsequently, 250 uL of the selected enzyme preparation
was incorporated into the suspension, corresponding to an enzyme addition level of
100 uL/g of CP. This dosage was chosen based on the recommendations provided by
the enzyme supplier and in accordance with previously reported enzymatic hydrolysis
conditions [14,15]. Control samples were prepared under identical conditions, except that
no enzyme was added and only distilled water was used. Enzymatic hydrolysis was carried
out for 1 h at 50 °C, pH 3.7 in a water bath operating at 200 rpm, using the initial pH of
the system without additional adjustment. Following hydrolysis, the heating to 95 °C for
20 min to inactivate the enzymes was performed, and then cooling to approx 20 °C.

For soluble dietary fiber (SDF), insoluble dietary fiber (IDF), technological, and func-
tional property analyses, the hydrolysates were processed as complete systems, without
separating the soluble and insoluble fractions. The entire post-hydrolysis mixtures were
therefore freeze-dried directly using a Harvest Right freeze dryer (North Salt Lake, UT,
USA). In contrast, samples intended for the evaluation of prebiotic properties were first sub-
jected to phase separation. For this purpose, the hydrolyzed suspensions were centrifuged
at 8000 rpm for 20 min with a Hettich 320 centrifuge (Andreas Hettich GmbH, Tuttlingen,
Germany). The liquid fractions obtained after centrifugation were collected, lyophilized,
and subsequently used in the prebiotic assessment. All freeze-dried CP samples were
stored in airtight containers at 4 °C to preserve sample stability. The experimental scheme
is presented in Figure 1.

Chemical composition
analysis:

*  Moisture

+ Lipids

+  Crude protein

* Ash

+ TDF

+ IDF

+ SDF

Carrot pomace * RS

|

Enzymatic hydrolysis
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Figure 1. Experimental scheme.
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2.3. Determination of Chemical Composition

Proximate composition of CP samples was determined using standard analytical
procedures. Moisture content was evaluated following AOAC Method 925.10-1925 [16].
For this analysis, 1 g of the sample was dried at 105 °C until a constant mass was obtained.
Total lipids were quantified according to AOAC Method 948.22 [16] by Soxhlet extraction.
Briefly, 3 g of the sample was extracted with hexane for 3 h. Crude protein content was
assessed using the Kjeldahl procedure in accordance with AOAC Method 978 [16]. The
analysis was performed with 1 g of sample, and the nitrogen content was converted to
protein using a conversion factor of 6.25.

The ash was determined as ash content according to AOAC Method 930.05 [16]. For
this purpose, 2 g of the sample was first subjected to pre-charring for 30 min and then
placed in a muffle furnace, where incineration was carried out at 625 °C for 2 h.

Reducing sugars (RS) were analyzed using the 3,5-dinitrosalicylic acid assay based on
the method of Miller [17], with slight adjustments. In brief, 0.5 g of CP was blended with
100 mL of distilled water and stirred for 10 min to obtain an aqueous extract. The resulting
suspension was centrifuged at 5000 rpm for 15 min at room temperature using a Hettich
320 centrifuge (Andreas Hettich GmbH, Tuttlingen, Germany). Afterward, 1 mL of the
supernatant was combined with 1 mL of 3,5-dinitrosalicylic acid reagent and heated in a
water bath at 95 °C for 5 min, and absorbance was subsequently recorded at 540 nm using
a Genesys 10 spectrophotometer (Thermo Electron LED GmbH, Langenselbold, Germany).
The amount of RS was calculated from a glucose calibration curve prepared from serial
dilutions of a 1 mg/mL glucose standard, covering a concentration range of 0-1 mg/mL.

SDF and IDF were determined using a commercial total dietary fiber assay kit from
Megazyme International (Wicklow, Ireland). Analysis was performed according to the
manufacturer’s instructions, according to AACC Method 32-07.01 and 991.43 [18]. In
brief, 1 g of sample was dispersed in 40 mL of 0.05 M MES-Tris buffer (pH 8.2), and
sequential enzymatic digestion with «-amylase, protease, and amyloglucosidase under the
recommended assay conditions was conducted. The x-amylase treatment was conducted at
95 °C for 30 min, followed by protease digestion at 60 °C for 30 min. After pH adjustment
to 4.1-4.8 with 1 N HCl, amyloglucosidase was loaded, and incubation was continued at
60 °C for another 30 min.

After digestion, the Fibertec 1023 E system was used for the filtration (Foss System,
Hillered, Denmark). The retained pellets were washed with hot distilled water, 95% ethanol,
and acetone, and were dried at 103 °C overnight. Then it was used for IDF determination.
For SDF analysis, the filtrate and liquids collected after washing were combined and used
for SDF precipitation by pouring 4 volumes of 95% ethanol. After 1 h holding at 22 °C, the
precipitates were filtered, rinsed with 95% ethanol solution and acetone, then dried, and
weighed. Protein and ash corrections were applied to both fiber fractions, and the sum of
SDF and IDF was calculated as total dietary fiber (TDF).

2.4. Evaluation of Technological Properties

Hydration properties, including water-swelling capacity (WSC), water retention capac-
ity (WRC), and water-solubility index (WSI), were determined as described by Yu et al. [19],
applying slight adjustments. Briefly, 0.2 g of the CP test sample was placed in a graduated
centrifuge tube, then 6 mL of distilled water was added. The mixture was sealed and left to
hydrate at 21 °C for 18 h. For WSC, the initial capacity of the dry material and the final
capacity after hydration were recorded and used for calculation according to Equation (1).
After hydration, the test CP sample was centrifuged at 5000 rpm for 20 min, and the liquid
part was decanted, while the hydrated remains were weighed before and after drying to
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constant weight at 105 °C for WRC determination. The collected liquid part was dried until
constant mass at 105 £ 2 °C and used to calculate WSI.
WSC was determined according to Equation (1):

WSC (mL/g) = (V1 — Vo)/M 1)

here V( represents the initial capacity of the dry test sample (mL), V; represents the capacity
after hydration (mL), and M represents the dry content of the test sample (g).
WRC was determined according to Equation (2):

WRC (g/g) = (M1 — M2)/M; (2)

here M; represents the mass of the hydrated residue before drying (g), and M; represents
the mass of the residue after drying (g).
WSI was calculated according to Equation (3):

WSI (%) = (M/Mp) x 100 3)

here M represents the mass of the dried soluble fraction (g), and My represents the dry
mass of the test sample applied for the dry content determination (g).

Oil-retention capacity (ORC) was calculated as described by Yu et al. [19], applying
minor modifications. Briefly, 0.2 g of test CP sample, expressed on a dry matter basis, was
mixed with 2 g of oil (Natura, San Lorenzo, Argentina) and left to allow oil absorption at
21 °C for 1 h. The mixture was then centrifuged at 3000 rpm for 10 min. The non-retained
oil was carefully poured, while the residual pellets were weighed. ORC was calculated
applying Equation (4):

ORC (g/g) = (M; — My)/Mo 4)

here M; represents the mass of the pellets after centrifugation (g), and My represents the
initial dry mass of the test sample expressed on a dry content basis (g).

Bulk density (BD) was determined as reported by Jagelaviciaté et al. [20]. A 02 g
portion of CP was transferred into a graduated centrifuge tube and gently tapped against a
flat surface 20 times to determine the settled test sample volume. The occupied volume of
the material was recorded, and BD was estimated using Equation (5):

BD (g/mL)=M/V ©)

here M denotes the mass of the CP test sample on a dry matter basis (g), while V represents
the volume occupied by the sample in the test tube (mL).

2.5. Evaluation of Emulsion Stability

Emulsion-forming properties of CP were assessed using the procedure adapted from
Kersiené et al. [21]. Briefly, 0.16 g of CP was hydrated in 8 mL of distilled water in
graduated test tubes, after which 8 g of sunflower oil was incorporated. The resulting
water—oil mixtures were homogenized at 10,000 rpm for 5 min operating with an IKA®
T-25 digital Ultra-Turrax homogenizer (Staufen, Germany).

Emulsion stability was characterized by comparing the volume of the stable emulsion
phase with the total emulsion volume. Measurements were taken under three conditions:
after 30 min at room temperature to evaluate short-term static stability, after heating at
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80 °C for 30 min to assess thermal resistance, and during 21 days of refrigerated storage to
determine longer-term stability. The stability percentage was calculated as follows (6):

Emulsion stability (%) = (SEV/TEV) x 100 (6)

here SEV represents the remaining capacity of the stable emulsion (mL), and TEV represents
the total capacity of the emulsion (mL).

2.6. Color Analysis

Color parameters of CP samples were determined using a Konica Minolta colorimeter
(Tokyo, Japan) and expressed in the CIE Lab* system. Samples were spread evenly on
plates to obtain a uniform surface, then measured at 3 random chosen places. The L*, a*,
and b* values indicated lightness, the green-red axis, and the blue-yellow axis, respectively.
Chroma and total color difference (AE) were estimated according to Sivam et al. [22] using
Equations (7) and (8):

Chroma = /(a® + b?) 7)

AE = /[(LO — L)? + (a0 — a)? + (b0 — b)?] (8)
here L0, a0, and b0 represent the color coordinates of the control sample.

2.7. Determination of Glucose-Adsorption Capacity

Glucose-adsorption capacity (GAC) was measured according to the modified proce-
dure of Bhutkar et al. [23]. In brief, 1 g of the CP test sample was merged with 25 mL
of glucose solution at concentrations of 0, 5, 10, 50, or 100 mmol/L. The mixtures were
incubated at 37 °C for 6 h with intermittent shaking at 120 rpm using a GFL 1092 shaker
(Thermolab, Ulm, Germany). After incubation, residual glucose in the liquid phase was
quantified using a Sucrose/D-Fructose/D-Glucose assay kit (Megazyme, Wicklow, Ire-
land). GAC was calculated by correcting the decrease in glucose concentration for glucose
released from CP in the blank sample, according to Equation (9):

GAC (mmol/L) = [Cy — (C; — Cp)] X V/m ©)

here C represents the initial glucose concentration (mmol/L); C; represents the glucose
concentration after 6 h of incubation in samples containing CP and glucose solutions of
5, 10, 50, and 100 mmol/L; C, represents the glucose concentration in the aqueous CP
suspension after 6 h of incubation (mmol/L); m represents the dry matter mass of CP used
in the assay (g); and V represents the sample volume (L).

2.8. Determination of Cholesterol-Binding Capacity

Cholesterol-binding capacity (CBC) was evaluated by applying a modified procedure
based on Zhang et al. [24]. Diluted egg yolk was utilized as the cholesterol model medium
and was formulated by mixing egg yolk with 9 volumes of deionized water. CP samples,
0.5 g, were incubated with 25 mL of the egg yolk dispersion at pH 2 or 7 for 2 h at 37 °C
under intermittent shaking at 120 rpm. Control samples were prepared without CP.

To reduce matrix color interference, 10 mL of the incubated mixture was treated
with 0.1 g of polyvinylpolypyrrolidone, mixed for 1 min, and filtered through filter pa-
per. An aliquot of the clarified filtrate, 0.25 mL, was then combined with 1 mL of 96%
ethanol and centrifuged at 4000 x g for 20 min. Cholesterol content was determined spec-
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trophotometrically according to Park [25], using cholesterol standards within the range of
0.01-0.3 mg/mL. CBC was calculated using Equation (10):

CBC (mg/g)=(C1 —C2) x V/m (10)

here C; represents the cholesterol concentration in the control sample, C, represents the
cholesterol concentration in the CP-containing sample, V represents the sample volume
(mL), and m represents the dry mass of CP used in the assay (g).

2.9. Determination of Sodium Cholate-Binding Capacity

Sodium cholate-binding capacity (SCBC) was evaluated according to Xu et al. [26],
with sodium cholate used as the bile salt model compound. Briefly, 0.2 g of CP and 0.2 g of
sodium cholate were dispersed in 100 mL of 125 mmol/L NaCl solution at pH 7. The mix-
tures were incubated in 250 mL flasks at 37 °C for 2 h with intermittent shaking at 120 rpm
using a GFL 1092 water bath shaker (Thermolab, Ulm, Germany). Samples prepared with-
out CP were used as controls. After incubation, the mixtures were centrifuged at 4000x g
for 20 min using a Hettich 320 centrifuge (Andreas Hettich GmbH, Tuttlingen, Germany).

Residual sodium cholate in the supernatant was quantified following the procedure of
Shen et al. [27]. An aliquot of supernatant, 0.5 mL, was mixed with 4.5 mL of 42% sulfuric
acid and heated at 70 °C for 20 min. Absorbance was then measured at 387 nm using a
Genesys 10 spectrophotometer (Thermo Electron LED GmbH, Langenselbold, Germany).
Sodium cholate concentration was calculated from a standard curve prepared in the range
of 0.1-1 mg/mL. SCBC was calculated using Equation (11):

SCBC (mg/g) = (C1 — C2) x V/m (11)

here C; is the sodium cholate concentration in the control sample, C; is the sodium cholate
concentration in the CP-containing sample, V is the sample volume (mL), and m is the
mass of CP used in the assay (g).

2.10. Determination of Antioxidant Activity and Total Phenolic Compounds

Aqueous extracts of CP were prepared using distilled water at a 1:25 ratio. The samples
were centrifuged at 8000 rpm for 15 min, after which the supernatants were collected for
antioxidant activity analysis. The antioxidant activity against DPPH radicals was measured
according to Blois [28]. A DPPH reagent solution was prepared using 100 mM sodium
acetate buffer (pH 5.5) and 0.1 mM DPPH dissolved in an acetonitrile:methanol mixture
(1:1, v/v), followed by adjustment of the absorbance to 0.500. For antioxidant activity
evaluation, 77 pL of CP extract was combined with 3000 pL of the prepared DPPH solution
and incubated at room temperature in the absence of light for 15 min. The absorbance was
then determined at 515 nm.

ABTS radical cation scavenging activity was determined following [29]. The ABTS-+ working
solution was prepared by combining 7 mM ABTS with 2.45 mM potassium persulfate at a 1:1 (v/v)
ratio and allowing the reaction to proceed for 16 h in the dark cabinet at 22 °C. Before measure-
ment, the mixture was diluted with methanol until the absorbance reached 0.700 at 734 nm.
Subsequently, 50 pL of CP extract was added to 3950 pL of the ABTS-+ solution and kept in the
dark for 30 min. The absorbance was then recorded at 734 nm.

For both assays, gallic acid was used for calibration within the concentration range
0.001-0.005 mg, and the antioxidant activity was expressed as mg gallic acid equivalents
(GAE) per 100 g of sample dry matter.

Total phenolic content (TPC) was measured based on the adopted Folin—Ciocalteu
method [29]. Aqueous CP extracts were prepared by dispersing the samples in distilled
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_ (AODysp with prebiotic — AODy sp control)/ (AODy ap with glucose — AODpgy ap control)

water at a 1:25 ratio and centrifuging at 8000 rpm for 15 min using a Hettich 320 centrifuge
(Andreas Hettich GmbH, Tuttlingen, Germany). For the reaction, 100 pL of extract was
combined with 3000 pL of 3.3% NayCOj3 solution and 100 pL of Folin—Ciocalteu reagent.
After 30 min of incubation at room temperature, absorbance was measured at 760 nm.
TPC was determined from a gallic acid standard curve within the concentration range of
0.01-1.00 mg/mL and reported as mg GAE per 100 g of dry matter.

2.11. Determination of Prebiotic Index

Prebiotic index (PI) of the SDF fraction of CP samples was evaluated according to
Przyborska et al. [30]. Bacterial starter inocula (100 uL) were transferred into bottles
containing 10 mL of the appropriate growth medium, namely MRS broth for Lactobacillus
acidophilus DSM 20079, Lactiplantibacillus plantarum DSM 24624 strains, and the Nutrient
broth (Biolife, Italy) for E. coli. Each medium was supplemented with 1% (w/v) of the tested
carbohydrate source, including the SDF fraction of CP and modified CP samples, inulin, or
glucose. Control samples consisted of the same media inoculated with starter cultures but
without any added sugar source. Bacteria strains were cultivated at 37 °C. The experiment
was performed in triplicate. The growth of bacteria was monitored spectrophotometrically
at 600 nm immediately after inoculation and after 24 and 48 h. PI for each probiotic strain
in the presence of the different prebiotics was calculated using Equation (12):

PI =

(AODp with prebiotic — AODp control)/(AODp with glucose — AODp control) ’

(12)

here AODysp with prebiotic—the difference between optical density values measured
at 24 h and 0 h, when probiotic lactic acid bacteria (LAB) were cultured in the sample
using the tested prebiotic as a carbon source; AODysp control—the difference between
optical density values measured at 24 h and 0 h, when LAB were cultured in the sample
without glucose; AODpap with glucose—the difference between optical density values
measured at 24 h and 0 h, when LAB were cultured in the sample with glucose; AODp
with prebiotic—the difference between optical density values measured at 24 h and 0 h,
when pathogenic bacteria were cultured in the sample with the tested prebiotic; AODp
control—the difference between optical density values measured at 24 h and 0 h, when
pathogenic bacteria were cultured in the sample without glucose; AODp with glucose—the
difference between optical density values measured at 24 h and 0 h, when pathogenic
bacteria were cultured in the sample with glucose.

2.12. Statistical Analysis

Experiments were conducted in triplicate, and the obtained values are reported as
mean =+ standard deviation. Data processing and statistical testing were performed with
GraphPad Prism software version 11 (GraphPad Software, Boston, MA, USA). Group
differences were assessed using one-way ANOVA adjusted by Brown—-Forsythe and Welch
tests, while pairwise comparisons were carried out using the Games—Howell procedure.
Results were considered significant when p < 0.05.

3. Results and Discussion
3.1. Chemical Composition of CP

The proximate composition of carrot pomace (CP) is presented in Table 1. The pre-
dominant component of CP was IDF, followed by soluble dietary fiber (SDF) and reducing

sugars (RS). Protein and ash content were observed to be 6.91 and 6.81 g/100 g d.w., re-
spectively. Luca et al. [5] reported similar protein and ash contents, ranging from 6.87 to
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9.14% and from 5.29 to 5.89%, respectively, depending on carrot variety. However, the DF
content reported in that study was lower, ranging from 28.69 to 33.34% [5]. In another
study, the total dietary fiber (TDF) content of CP was reported to be within a similar range
(63.5%), whereas the protein and ash contents were higher, reaching 8.44% and 7.67%,
respectively [31]. Richards et al. [32] reported a lower IDF content (29.51%) and a lower
TDF content (51.84%) in CP, while the SDF fraction (22.33%) was similar to that observed in
the present study.

Table 1. Chemical composition of carrot pomace (CP).

Parameter Content
Moisture, g/100 g 9.63 & 0.19
Crude protein, g/100 g d.w. 6.91 £ 0.30
Lipids, g/100 g d.w. 0.59 £0.02
Ash, g/100 g d.w. 6.81 £ 0.06
TDF, g/100 g d.w. 66.99 £ 1.25
IDFE, g/100 g d.w. 41.48 £1.95
SDEF, g/100 g d.w. 25.52 £0.70
SDF/IDF ratio 1:1.6

RS, g/100 g d.w. 12.39 £ 0.04

Data values are expressed as means with the standard deviation (n = 3).

The TDF content of CP in the present study was higher than that previously reported
for red beet pomace (50.8%) [33], tomato pomace (36.62 g/100 g DM) [34], and berry po-
maces such as black currant (49.24 g/100 g d.w.) and apple pomace (35.92 g/100 g) [20,35].
However, it was lower than that reported for cranberry pomace (72.67 g/100 g) [12]. Simi-
larly, the SDF content of CP was higher than that reported for red beet pomace (10.7%) [33],
tomato pomace (4.62%) [34], and berry pomaces such as black currant, cranberry, and apple
pomace [12,20,35]. Variations in pomace chemical composition reported across studies may
be attributed to several factors, such as growing climate, cultivar-specific characteristics,
storage conditions, and processing procedures [36].

These findings indicate that CP may serve as a valuable source of DFE. Nevertheless, its
relevance as a fiber-rich ingredient should be considered not only in terms of TDF concen-
tration, but also with respect to the relationship between soluble and insoluble fractions. In
the present study, the SDF/IDF ratio of CP was 1:1.7, indicating a higher proportion of in-
soluble than soluble fiber fractions. This ratio is particularly important because the relative
amounts of SDF and IDF are closely associated with both the physicochemical behavior
of fiber and its physiological effects. In particular, differences in hydration properties and
oil-retention capacity between these fractions may substantially influence the technolog-
ical performance of pomace and its suitability for incorporation into food systems [37].
At the same time, the balance between SDF and IDF fractions may affect physiological
responses such as intestinal transit and microbiota modulation, thereby contributing to
both the health-related value and the functional performance of fiber-rich ingredients in
food applications [38].

3.2. DF Composition of Enzymatically Treated CP

The IDF fraction of CP is composed predominantly of pectic polysaccharides and
hemicellulose, with cellulose present in lower amounts [31]. Enzymatic hydrolysis is
frequently used to modify the fiber profile of pomace and to promote the formation of SDF
and oligosaccharides. This treatment may be applied either before physical modification,
in order to loosen the fiber network structure, or after such treatment, when enzyme
accessibility to specific linkages within the fiber matrix becomes improved [39,40]. Due
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to their substrate specificity, enzymes can effectively depolymerize and solubilize fiber
components by cleaving particular linkages within the polysaccharide structure. Because
DF consists of different structural components, its hydrolysis generally requires several
enzyme groups, mainly cellulases, hemicellulases/xylanases, and pectinases [41].
Therefore, this study assessed the effect of enzymatic treatment on the DF content
and composition of CP, with the resulting changes after hydrolysis presented in Table 2. A
significant decrease (p < 0.05) in both TDF and IDF was observed in all treated samples, with
reductions ranging from 9.62 to 54.07% and from 12.03 to 58.52%, respectively. The greatest
reduction in both TDF and IDF was found in the Viscozyme® L-treated sample, where these
fractions were 54.07% and 58.52% lower than in the control, respectively. Hydrolysis with
Celluclast® 1.5 L did not significantly affect SDF content, whereas treatment with the other
enzymes resulted in a significant decrease in this fraction. In contrast, RS content increased
significantly in all enzymatically treated samples, showing a 2.3- to 3.4-fold increase.

Table 2. Effect of enzymatic hydrolysis on dietary fiber (DF) and reducing sugars (RS) content and

composition.

Composition Control Viscozyme® L Pectinex® Ultra Tropical Celluclast® 1.5 L
TDEF, g/100 g d.w. 66.77 £ 0.73 ¢ 30.67 £0.17 a 3222 +0.85a 60.35 +2.00 b
SDF, g/100 g d.w. 25.71 +1.33b 13.64 +0.11a 13.87 £ 0.12a 2424 +1.45b
IDF, g/100 g d.w. 41.06 £0.59 ¢ 17.03 = 0.28 a 18.35 +0.97 a 36.12 £ 0.55b

SDF/IDF ratio 1:1.6 1:1.2 1:1.3 1:1.5
RS, g/100 g d.w. 1214+ 0.15a 41454+ 0.36d 3732 +£040c¢ 27.42 + 0.53 b

Different lowercase letters a—d in row show that values are significantly different (p < 0.05).

This trend agrees with the results reported by Mrabet et al. [42], who likewise observed
a decrease in DF after treatment with Viscozyme® L. A comparable decline in SDF has also
been described for berry pomace hydrolyzed with Viscozyme® L and Pectinex [12,35,43].
In contrast, other authors have reported enhanced solubilization of fiber after enzymatic
treatment. For example, Yoon et al. [44] showed that enzymatic hydrolysis of CP increased
the alcohol-SDF fraction when a cellulase-rich extract derived from edible snails was
applied. Similar improvements in SDF have been reported for apple pomace following
cellulolytic treatment, with increases of up to 20% [20] and the highest SDF value of 18.7%
after cellulase hydrolysis in another study [45]. Moreover, Yu et al. [19] demonstrated that a
complex enzyme preparation containing cellulase and xylanase significantly increased SDF
content, whereas cellulase treatment in yuzu powder resulted in the opposite effect, leading
to a decrease in SDF [46]. Similarly, treatment with Pectinex® Ultra SP-L, Viscozyme®
L, and Celluclast® 1.5 L has been reported to enhance the SDF fraction in various plant
by-products, such as carob, artichoke, apple, and broccoli residues [9].

These discrepancies among studies likely reflect differences in raw material compo-
sition, cell wall architecture, enzyme specificity, and processing conditions. CP IDF is
composed mainly of pectic polysaccharides and hemicellulose, with cellulose representing
a smaller fraction [31]. The lower reduction of SDF after Celluclast® 1.5 L treatment may
be related to its more specific cellulolytic activity, which mainly targets cellulose-rich in-
soluble structures, whereas Viscozyme® L and Pectinex® Ultra Tropical are multi-enzyme
preparations containing pectinolytic, hemicellulolytic, and 3-glucanolytic activities.

Therefore, the response of this matrix to enzymatic hydrolysis depends on which
structural components are preferentially degraded and whether depolymerization leads to
the formation of soluble fiber fragments or to their further breakdown into low-molecular-
weight compounds that are no longer quantified as DFE. This is supported by studies on
pectin recovery from CP. Laet et al. [47] reported successful pectin extraction using cellulase
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and suggested that degradation of cellulose within the three-dimensional primary cell
wall network is a key step facilitating pectin release. The higher effectiveness of cellulase
relative to hemicellulase may be related not only to cellulose hydrolysis, but also to its
limited action on xyloglucan structures, which may further open the cell wall matrix [48,49].
Such mechanisms may explain why enzymatic treatment can improve the release of soluble
polysaccharides in some studies, while in other cases, extensive hydrolysis may reduce
the measurable SDF fraction. During hydrolysis, part of the SDF may be degraded into
lower-molecular-weight compounds, such as oligosaccharides, monosaccharides, and dis-
accharides. Since these ethanol-soluble products are not quantified as SDF by the AACC
32-07.01 and AOAC 991.43 methods, the measured SDF content may not fully reflect all
soluble hydrolysis products or their potential functional relevance. The increase in RS
observed in the present study after all enzymatic treatments further indicates that fiber
depolymerization was accompanied by the release of lower-molecular-weight carbohy-
drates. Similar shifts toward soluble sugars after hydrolysis have also been reported by
Kitryte et al. [14], who found that treatment of chokeberry pomace with Viscozyme® L
increased glucose and fructose contents by 4-63% and 35-141%, respectively. Spadoni An-
dreani et al. [50] likewise demonstrated that enzymatic treatment with Viscozyme® L and
Pectinex® Ultra SPL enhanced oligosaccharide yield in cranberry carbohydrate extracts.

Enzymatic hydrolysis decreased TDF and increased RS content, which may affect
the nutritional value of CP; however, it also modified the SDF/IDF ratio of CP. Treatment
with enzymes shifted this ratio from 1:1.6 (control sample) to 1:1.2-1.5, mainly as a result
of the significant reduction in the IDF fraction. These findings suggest that Viscozyme
and Pectinex® Ultra Tropical may be the most suitable enzyme preparations for reducing
the IDF, while simultaneously increasing RS content. Celluclast® 1.5 L also reduced IDF,
while it had the least detrimental impact on SDF content. The SDF/IDF ratio is considered
an important parameter determining the nutritional and technological functionality of
pomace, particularly properties related to water retention and viscosity. An SDF/IDF
ratio of approximately 1:1 has been reported to provide favorable physiological effects,
including improved gastric emptying, enhanced small intestinal propulsion, and increased
production of total short-chain fatty acids [38].

3.3. Technological Properties of Modified CP

Enzymatic hydrolysis affected not only the DF content and the SDF/IDF ratio, but
also the technological properties of CP. Cleavage of glycosidic bonds in high-molecular-
weight carbohydrates may expose additional functional groups, thereby modifying the
technological behavior of pomace [51]. The effect of hydrolysis on CP color attributes and
selected technological characteristics is shown in Table 3, including oil-retention capacity,
water retention capacity, water-solubility index, water-swelling capacity, and bulk density.

Enzymatic treatment significantly affected the color characteristics of CP. Compared
with untreated CP, all hydrolyzed samples showed significantly lower (p < 0.05) L*, a*,
and b* values, with reductions ranging from 9.1 to 26.0%, 2.2 to 21.5%, and 3.9 to 31.9%,
respectively. The AE* values of hydrolyzed CP ranged from 4.70 to 15.45. These results
indicate that hydrolysis produced visible color changes compared with untreated CP, as
AE* values above 3.5 are considered perceptible according to the International Commission
on [llumination (CIE) [52].

The L* values obtained in this study were lower than those reported in other studies,
although they were closer to the L* value of fresh CP. Luca et al. [5] reported L* values of
CP ranging from 66.02 to 73.30, a* values from 8.61 to 13.05, and b* values from 18.85 to
19.61, depending on carrot variety. Vega-Galvez et al. [53] reported L* values from 61.62 to
73.57, a* values from 19.57 to 33.79, and b* values from 28.66 to 40.51, depending on the
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drying method. The color values reported for fresh CP were L* = 49.10, a* = 37.68, and

b* = 48.63.

Table 3. Technological properties of enzymatically modified CP.

Color and Pectinex® Ult
Technological Control Viscozyme® L ec ;nex. a Celluclast® 1.5 L
Parameters ropical
L* 49.97 £0.15d 37.05+081a 40.52 £0.05b 4543 £0.13 ¢
a* 11254+ 0.07d 934+021la 9.87 £0.08 b 11.00 £ 0.08 ¢
b* 2579 £0.14d 19.15+0.37 a 21.09 £ 0.09 b 2479 £0.10c
AE - 1457 £ 0.78 ¢ 10.57 £ 0.21b 470+0.19a
Chroma 2778 £0.14 ¢ 2130+ 041a 2328 £0.10b 2712+ 0.10c¢
ORC, g/g d.w. 990 £0.15b 8.39 £ 0.40 ab 779 £0.18a 8.83 £0.18 ab
WRC, g/g d.w. 1781 +0.78 a 1738+ 124a 1838 £0.27 a 17.84 £ 055a
WSC, mL/g d.w. 477 £0.48Db 5.60 £0.30 c 3.87+£027a 443 +030Db
WS, % 4313 £0.17 a 71.67 £0.99 ¢ 6821 +0.71c¢ 5754+ 0.71b
Bulk density, g/mL 0.14 £0.01b 0.12 £0.01 a 0.21 £0.02¢ 0.13 = 0.01 ab

Mean =+ standard deviation values in rows with different lowercase letters are significantly different (p < 0.05).

The color of CP is largely associated with its carotenoid content, some of which may
act as vitamin A precursors [54]. Carrot root color is cultivar-dependent and can vary from
orange to purple according to the predominant phytochemical compounds present [55]. The
observed decreases in a* and b* values indicate lower redness and yellowness, which may
be associated with the degradation of carotenoids, flavanols, flavones, and isoflavones [56].

Changes in the TDF fraction during enzymatic hydrolysis were accompanied by
decreased ORC in all CP samples. The lowest ORC was observed in CP hydrolyzed
with Pectinex® Ultra Tropical, corresponding to a 21.3% decrease. Qil retention is mainly
associated with surface properties, overall charge density, and the hydrophilic character
of the material constituents [37]. The technological functionality of pomace is strongly
affected by charge density, constituent hydrophilicity, and surface characteristics, which
may also be reflected in bulk density. Generally, higher bulk density is associated with
lower porosity and smaller particle size [37,57]. Enzymatic hydrolysis reduced the TDF
content, which may have altered the surface characteristics of the treated pomace. Among
the hydrolyzed samples, the Pectinex® Ultra Tropical-treated CP exhibited the greatest
bulk density. A higher ORC is technologically relevant in fat- and emulsion-based food
products, as it can contribute to improved system stability [58]. This was also observed by
Choi et al. [59], who reported that low-fat chicken sausages containing apple pomace and
reduced fat content from 30% to 20% showed decreased cooking, fat, and moisture losses,
together with improved textural properties.

Hydration properties, such as WRC and WSC, are important indicators of the func-
tional behavior of pomace. WRC describes the ability of the fiber matrix to retain water
when external or gravitational forces are applied [60]. WSC reflects the increase in sample
volume after immersion in excess water until equilibrium is reached, relative to its initial
weight [60,61]. These properties are influenced by factors such as fiber particle size and the
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ratio of IDF to SDF [60,62]. In plant materials, the porous matrix formed by polysaccha-
ride chains can retain considerable amounts of water through hydrogen bonding, thereby
contributing to their functional properties [37]. High WSC may support gastrointestinal
motility and defecation by increasing water retention in the intestinal contents, thereby
contributing to improved bowel function.

In the present study, WRC did not change significantly after hydrolysis, whereas WSC
varied significantly depending on the enzyme used. Hydrolysis with Celluclast® 1.5 L did
not have a significant impact; Viscozyme® L increased WSC by 17.4%, while hydrolysis
with Pectinex® Ultra Tropical decreased it by 18.9%. In addition, hydrolysis with enzymes
significantly increased WSI. The WRC of CP observed in this study was higher than that
reported in another study (4.76-7.64 g/g) [60]. In contrast, the WSC values were lower than
those reported for other CP samples (25.95-27.22 mL/g; 29.23 mL/g) [60].

Changes in hydration properties after hydrolysis may be related to structural modifica-
tions of the polysaccharide matrix. The enzyme-dependent changes in hydration properties
may be related to different degradation patterns of DF fractions, since cellulolytic, pecti-
nolytic, and hemicellulolytic activities can differently modify SDF and IDF contents and
the integrity of the polysaccharide matrix. Li et al. [45] reported improvements in WSC
and WRC following hydrolysis, which may be attributed to partial polysaccharide depoly-
merization, especially in samples treated with cellulase-containing enzymes. Through
the hydrolysis of 3-(1 — 4) glycosidic linkages between glucose residues, cellulases can
disrupt cellulose-rich cell wall structures, increase surface exposure, and facilitate water
entrapment within the capillary spaces of CP fiber [45]. Destruction of polysaccharide
linkages during enzymatic hydrolysis may reduce WSC by limiting the ability of the fiber
network to retain water and expand. In this study, the decreased WSC observed in the
sample with higher bulk density suggests that reduced matrix porosity may have restricted
water uptake and swelling.

Schmid et al. [63] reported that increased solubility is commonly linked to the forma-
tion of higher amounts of water-soluble pectin and hemicellulose during pomace enzymatic
hydrolysis. Similarly, Huang et al. [64] indicated that solubility can reflect degradation of
fibrous material and the generation of low-molecular-weight compounds.

The effect of enzymatically treated CP on emulsion stability under static and thermal
conditions is shown in Figure 2. Under static conditions, emulsion stability decreased
from 81.5-85.3% to 44.5-53.2%. Emulsions stabilized with CP previously treated with the
enzymes showed higher stability (decreased from 82.9-85.3 to 51.0-53.2%) than the control
(decreased from 81.5 to 44.5%), which may be associated with the improved SDF/IDF ratio
of these samples and increased WSC. The improved emulsion stability of treated CP may
be technologically relevant, as emulsion stability reflects the ability of an emulsion to resist
disruption and maintain its structure [65]. Moreover, emulsions enriched with SDF have
been reported to form micelle-like networks, which may affect lipid digestion behavior,
including the initial rate of fat digestion [66].

Because thermal processing, such as heating to 80 °C, is commonly applied during
the manufacture of many food products, evaluation of emulsion stability under heat
treatment is also important. Heating may impair emulsion stability, especially when the
stabilizing system is weak or insufficient [67,68]. However, differences among samples
were observed. Under thermal conditions, emulsion stability decreased from 55.4-73.9%
to 22-66.1%. At the end of storage, the emulsion stabilized with untreated CP showed
the lowest stability (decreased from 55.4 to 22%), whereas the emulsion containing CP
hydrolyzed with Pectinex Ultra Tropical was the most stable (decreased from 73.9 to 66.1%).
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Figure 2. Stability behavior of emulsions containing enzymatically modified carrot pomace (CP)
during static storage (a) and after heating at 80 °C for 30 min (b).

Previous studies have shown that the emulsion-stabilizing capacity of plant by-products
is influenced by several structural and hydration-related properties. Huc-Mathis et al. [69] in
their work on Pickering emulsions based on food by-products, reported that bulk density,
WRC, and IDF content were among the main factors affecting emulsion stability. In that
study, apple pomace, which had the highest bulk density together with the lowest IDF
content and WRC compared with oat bran processing by-products, showed the best emulsion-
stabilizing properties [69]. Therefore, the improved emulsion stability of hydrolyzed CP may
be related to the modified SDF/IDF ratio, increased WSI, and the combined contribution of
soluble compounds and residual insoluble particles to droplet stabilization [34,69]. Hydrolysis
converts high-molecular-weight compounds into smaller and more soluble molecules. In this
context, Huang et al. [64] demonstrated that, in whey protein isolate-stabilized emulsions
containing carboxymethyl cellulose, polymers with higher molecular weight provided better
stabilization than lower-molecular-weight forms.

The technological effects of hydrolysis were enzyme-dependent: Viscozyme® L was
the most effective in increasing WSC, Pectinex® Ultra Tropical resulted in the highest bulk
density, and the best thermal emulsion stability. These differences indicate that enzyme
selection should be based on the desired technological functionality of CP in the target
food matrix.

3.4. Functional Properties of Modified CP

Phenolic compounds, such as phenolic acids, flavonoids, and proanthocyanidins, are
linked to various bioactive effects, including antioxidant, anti-inflammatory, and anticancer
activities. Nevertheless, in plant matrices, a substantial part of these compounds can occur
in insoluble or bound forms, which may restrict their availability and functional use [70-72].
Free total phenolic compounds (TPC) increased in all CP samples after enzymatic hydroly-
sis, indicating that enzymatic treatment promoted the release of phenolic compounds from
the pomace matrix (Table 4). The highest TPC was found in CP hydrolyzed with Celluclast®
1.5 L, showing an increase of 21.8%. This increase may be related to the degradation of fiber
structures during hydrolysis, which can release phenolic compounds associated with plant
cell wall components and make them more accessible for detection [73]. A similar trend of
increased TPC after enzymatic hydrolysis has also been reported for berry pomace [12,43].
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Table 4. Functional properties of enzymatically modified CP.

Pectinex® Ultra

Parameters Control Viscozyme® L . Celluclast® 1.5 L
Tropical
TPC, mg GAE/100 g d.w. 947.60 £19.25a 1149'01)? 81.94 1044.55 4+ 32.44 b 1154.04 4+ 42.43 ¢
DPPH, mg GAE/100 g 195.95 +0.85b 194.47 £ 143D 185.09 +2.82 a 189.54 +141a
ABTS, mg GAE/100 g 20240 £214a 234.20 £ 3.03 bc 216.93 £5.25 ab 239.24 £2.62 ¢
CBC, me/ pH2 235+0.17c 1.87+0.13b 338 £0.12d 1.06 £0.12a
/8 pH7 1.62+0.07 a 411 +0.18¢ 427 +011c 2.54 £0.09b
SCBC, mg/g d.w. 52.90 £ 2.57 ¢ 29.83 £3.33a 93.42 +2.64d 36.93 +3.48b

Mean =+ standard deviation values in rows with different lowercase letters are significantly different (p < 0.05).

The antioxidant properties of enzymatically hydrolyzed CP were evaluated using
DPPH and ABTS assays. The results showed that the effect of hydrolysis depended on the
analytical method applied (Table 4). According to the DPPH assay, enzymatic treatment
either reduced the antioxidant activity of CP or had no significant effect, with values
ranging from 185.09 to 195.95 mg GAE/100 g. In contrast, the ABTS assay showed that
hydrolysis with Viscozyme® L and Celluclast® 1.5 L significantly increased antioxidant
activity. Depending on the enzyme preparation used, different DF fractions may have been
degraded to different extents, as reflected by the observed changes in SDF, IDF, and RS
contents. These enzyme-specific modifications of the CP matrix could promote the release
of different groups of bound or entrapped compounds, including phenolics with varying
polarity, molecular size, and radical-scavenging reactivity. As a result, the antioxidant
response of hydrolyzed CP may differ between DPPH and ABTS assays, since these
methods vary in their sensitivity to the chemical structure and accessibility of antioxidant
compounds. A similar divergence between DPPH and ABTS results has also been reported
in another study [74].

Differences between the two assays may be related to their distinct reaction mecha-
nisms and sensitivity to antioxidant structure. Platzer et al. [75] showed that the antioxidant
activity determined by different methods depends on several structural factors. The same
authors also demonstrated that individual phenolic compounds differ in their reactivity
depending on the assay used. In particular, hydroxycinnamic acids, which are among
the predominant phenolic acids in carrot waste [76], showed higher activity in the ABTS
assay than hydroxybenzoic acids, while such a distinction was not observed in the DPPH
assay. In addition, the DPPH and ABTS methods differ in reaction medium and in their
sensitivity to the chemical structure of antioxidants, meaning that hydrolysis-induced
changes in compound profile may lead to lower radical-scavenging values in one assay
without necessarily indicating the absence of released bioactive compounds [77].

Similar observations have been reported in studies on other plant by-products.
Ayuso et al. [9] found that enzymatic hydrolysis could either increase or decrease antiox-
idant capacity in both DPPH and ABTS assays, depending on the by-product and the
enzyme used, while hydrolysis of apple pomace with Viscozyme reduced both responses.
Yu et al. [19] also reported that enzymatic modification of the CP IDF fraction did not signif-
icantly affect DPPH radical-scavenging capacity. Overall, the present results indicate that
the antioxidant response of hydrolyzed CP is method-dependent and is strongly influenced
by enzyme-induced changes in the profile and reactivity of released compounds.

CBC and SCBC are commonly used as in vitro indicators to evaluate the cholesterol-
and bile salt-binding capacity of fiber-rich materials. In the present study, CBC ranged
from 1.62 to 4.27 mg/g at pH 7 and from 1.87 to 3.38 mg/g at pH 2. In general, CBC
was higher at pH 7 than at pH 2 of enzymatically modified CP. Enzymatic hydrolysis
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increased CBC at pH 7, whereas at pH 2, it decreased CBC in most cases, except in CP
hydrolyzed with Pectinex® Ultra Tropical. The highest CBC values at both pH 7 and pH 2
were observed after hydrolysis with Pectinex® Ultra Tropical. The lower CBC observed
at pH 2 is consistent with previous findings showing that cholesterol adsorption by DF
occurs mainly in the intestinal environment rather than in the stomach [78]. The higher
values of CBC at pH 7 were of pomace hydrolyzed with enzymes that contain pectinases.
CBC of pomace DF may differ considerably, with reported values ranging from 0.03 to
37.10 mg/g [19]. This variability suggests that CBC is influenced not only by the composi-
tion and physicochemical properties of the fiber matrix, but also by the processing method
applied. Therefore, differences in fiber composition, structural modifications induced by
enzymatic treatment, and processing conditions may explain the variation in CBC observed
among samples. Cholesterol adsorption by DF is generally attributed to two main mech-
anisms: physical and chemical interactions. Physical adsorption is mainly governed by
structural characteristics of the fiber matrix, including particle size, porosity, and surface
area, whereas chemical adsorption is associated with surface charge and the presence of
hydrophobic groups [79,80].

The effect of enzymatic hydrolysis on SCBC depended on the enzyme applied. The
highest SCBC was observed in CP hydrolyzed with Pectinex® Ultra Tropical, whereas
the lowest value was found after treatment with Viscozyme® L. These differences may be
related to enzyme-induced changes in fiber composition and hydration-related properties.
According to Ma et al. [81], the ability of DF to bind sodium cholate is largely associated
with high swelling capacity and elevated SDF content, both of which can increase the
viscosity of the surrounding medium. In the present study, CP treated with Viscozyme® L
showed the lowest WSC together with significantly reduced SDF and IDF contents, which
may explain its lower SCBC.

Several mechanisms have been proposed to explain the interaction between DF and
sodium cholate. These effects are mainly linked to the viscous and gel-forming behavior of
SDF, as well as to the presence of phenolic compounds. Bile salt micelles contain different
binding regions, which allow them to interact with both hydrophilic and hydrophobic bioac-
tive compounds [82]. Zhou and Wang [83] suggested that the interaction between phenolics
and sodium cholate occurs across several bile salt forms, from monomeric and dimeric
species to primary and secondary micelles, and is largely driven by hydrophobic forces.

GAC reflects the ability of DF to bind glucose during simulated gastrointestinal transit
in vitro [84]. This property is related to the structural characteristics of the fiber matrix,
since the network formed by DF can retain or entrap small sugar molecules. Through this
mechanism, DF may reduce glucose availability in vitro; however, this simplified assay does
not directly reflect postprandial glycemic responses under physiological conditions [85].
The GAC values of hydrolyzed CP are presented in Figure 3. In the present study, glucose
adsorption was dependent on glucose concentration. At lower concentrations (5 and
10 mmol/L), all CP samples showed relatively low and comparable GAC values, ranging
from 0.048 to 1.975 mmol/g. When glucose concentration increased to 100 mmol/L, the
adsorption capacity of CP also increased markedly.

Previous studies have likewise shown that GAC is influenced by both fiber structure
and processing conditions. For example, DF isolated from carrot was reported to exhibit
GAC values of 2.43-2.63 mmol/g after incubation in a 100 mmol/L glucose solution, with
the observed differences depending on the extraction method used [19]. It has also been
reported that glucose adsorption is closely associated with the structural organization
of DF, as a more developed fiber network may enhance glucose entrapment and reduce
its contact with the intestinal surface. Reported GAC values for DF vary from 0.17 to
4.65 mmol/g, and improvements observed after processing treatments, such as ultrasoni-
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cation or high-pressure treatment, suggest enhanced glucose-binding functionality under
in vitro conditions [86]. In the present study, enzymatic hydrolysis did not improve GAC,
which may be related to the decrease in DF fractions and enzyme-dependent changes in the
content and ratio of IDF and SDF. Previous studies have shown that SDF generally has a
higher GAC than IDF, which may be attributed to its ability to increase system viscosity and
consequently slow the diffusion of glucose molecules. In addition, structural modification
of SDF can expose more polar and non-polar functional groups on the fiber surface, thereby
strengthening interactions between the fiber matrix and glucose [87,88].

2.5 A
05 mmol/L 010 mmol/L

2.0 A 350 mmol/L @ 100 mmol/L
15 4

1.0 -

00 111 : mrﬁﬂl , .—ﬂﬂl , mf']ljl

Control Pectinex® Ultra Viscozyme®L Celluclast® 1.5L
Tropical

Glucose adsorption capacity, mmol/g
DM

Figure 3. GAC of enzymatically modified CP at different concentrations of glucose (5, 10, 50, and
100 mmol/L).

Overall, the effects of enzymatic hydrolysis on the functional properties of CP were
enzyme- and assay-dependent. Celluclast® 1.5 L was the most effective in increasing free
TPC, while Viscozyme® L and Celluclast® 1.5 L. improved antioxidant activity according
to the ABTS assay, but not according to DPPH, indicating that the antioxidant response
depended on the released compound profile and the analytical method used. Pectinex®
Ultra Tropical showed the most favorable effect on cholesterol-binding capacity at both
pH 2 and pH 7 and resulted in the highest sodium cholate-binding capacity, whereas the
GAC results indicated that enzymatic hydrolysis did not improve glucose adsorption under
the tested conditions.

3.5. Prebiotic Properties of Modified CP

Soluble CP fractions were selected as a carbon source for PI evaluation instead of
whole CP, as SDF and water-soluble oligosaccharides are generally more accessible for
probiotic fermentation than insoluble carbohydrates; the results are shown in Table 5. The
PI values differed between the tested strains, ranging from —1.58 to 0.73 for L. acidophilus
DSM 20079 and from —2.29 to 1.51 for L. plantarum DSM 24624. The highest PI (p < 0.05) was
observed for L. plantarum DSM 24624 grown with control CP, followed by CP hydrolyzed
with Celluclast® 1.5 L. A high PI was also recorded for L. acidophilus DSM 20079 cultivated
on CP previously hydrolyzed with Celluclast® 1.5 L. In contrast, the lowest values (p < 0.05)
were obtained for L. plantarum DSM 24624 grown on CP hydrolyzed with Viscozyme®,
followed by L. acidophilus DSM 20079 grown on the same substrate. Moreover, the PI
of both L. plantarum DSM 24624 and L. acidophilus DSM 20079 was below zero when the
strains were cultivated on CP hydrolyzed with Viscozyme® L and Pectinex® Ultra Tropical.
Compared with inulin, the control CP and CP hydrolyzed with Celluclast® 1.5 L showed a
higher PI, indicating that carbohydrates present in CP may possess considerable prebiotic
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potential. Similar observations were reported by Mall et al. [70], who showed that CP-
derived carbohydrates promoted the growth of L. acidophilus and enhanced short-chain
fatty acid production. In another study, Menon et al. reported that L. plantarum showed a
negative PI with inulin but positive growth when grass-derived FOS or commercial FOS
were used [89]. The PI reflects the potential prebiotic effect by comparing the growth of
probiotic bacteria and enteric bacteria on the tested substrate with their growth on glucose,
which is used as the reference substrate and assigned a PI value of 1. Negative PI values
are obtained when probiotic bacteria grow less effectively on the tested substrate than on
glucose and/or when their growth is lower relative to the enteric strain [89-91].

Table 5. Prebiotic index of enzymatically modified CP water-soluble fraction.

Prebiotic Index (PI) with Test Microorganisms

Prebiotics - -
L. acidophilus DSM 20079 L. plantarum DSM 24624
Inulin 0.13+0.02a 0.31 £0.04a
Control 0.62+0.15b 151 £021b
Pectinex® Ultra Tropical —0.74+£0.16¢ —1.04£015¢
Viscozyme® L —1.58 £0.22d —229+£0.17d
Celluclast® 1.5 L 073 £0.06 b 128 £0.18b

Mean = standard deviation values in columns with different lowercase letters are significantly different (p < 0.05).

The observed prebiotic index may be related to the presence of pectic oligosaccharides
and DF in CP, which can support probiotic growth and contribute to its high prebiotic
capacity [92]. This may also be explained by the metabolic versatility of L. acidophilus,
which is able to utilize a broad range of carbohydrates, including mono-, di-, and polysac-
charides [93]. In addition, this strain can grow on oligosaccharides as a carbon source even
in the absence of simple sugars [94]. The prebiotic activity of such carbohydrates is known
to depend on their molecular weight, degree of polymerization, and the type of glycosidic
linkage between the constituent units [95-97].

4. Conclusions

Carrot pomace (CP) are valuable source of DF and a promising raw material for
valorization into functional food ingredients. Enzymatic hydrolysis significantly affected
both the DF composition and the techno-functional properties of CP, although the extent of
these changes depended on the enzyme used. Total dietary fiber (TDF) and insoluble dietary
fiber (IDF) decreased significantly in all treated samples, with reductions ranging from
9.62 to 54.07% and from 12.03 to 58.52%, respectively. The greatest decrease was observed
after hydrolysis with Viscozyme® L, while Celluclast® 1.5 L did not significantly affect
soluble dietary fiber (SDF). At the same time, reducing sugars increased in all hydrolyzed
samples by 2.3- to 3.4-fold, indicating degradation of structural polysaccharides.

Enzymatic treatment also significantly changed the technological properties of CP.
Oil-retention capacity decreased in all samples, with the greatest reductions observed
after treatment with Pectinex® Ultra Tropical (29.6%), whereas water retention capacity
was not significantly affected. Water-swelling capacity was strongly enzyme-dependent:
Viscozyme® L increased this parameter by 17.4%, while Pectinex® Ultra Tropical and
Celluclast® 1.5 L reduced it by 18.9 and 7.1%, respectively. Enzymatic modification of
CP increased the water-solubility index up to 33.4-66.2% and depended on the enzyme
preparation used. Enzymatic hydrolysis also altered bulk density, color parameters, and
emulsion stability, confirming that modification of the fiber matrix affected the technological
performance of CP.
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The bioactive and functional properties of CP were also influenced by enzymatic
hydrolysis. Total phenolic content increased in water-soluble fraction of all the samples,
with the highest increase observed after treatment with Celluclast® 1.5 L and Viscozyme® L
(21.8 and 21.3%, respectively). Antioxidant properties evaluated by the ABTS assay in-
creased after enzymatic modification, whereas DPPH values decreased or did not change
significantly. The highest cholesterol-binding capacity and sodium cholate-binding capacity
were observed in CP hydrolyzed with Pectinex® Ultra Tropical, while the highest prebiotic
index values were obtained for L. plantarum DSM 24624 and L. acidophilus DSM 20079
grown on CP treated with Celluclast® 1.5 L and a control CP sample. Overall, the results
demonstrate that enzymatic treatment can be used to improve the composition and proper-
ties of CP depending on its intended nutritional and technological application. Among the
tested treatments, Viscozyme® L was more favorable for increasing water-swelling capacity
and water-solubility index, while Pectinex® Ultra Tropical showed the most pronounced
improvement in emulsion stability and cholesterol- and sodium cholate-binding capacities.
Celluclast® 1.5 L did not significantly affect SDF content and was associated with the
highest free total phenolic content and favorable values of prebiotic index. These findings
indicate that enzyme selection should be guided by the target functionality of modified CP,
as no single enzyme preparation improved all evaluated properties simultaneously.
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Abbreviations

The following abbreviations are used in this manuscript:

ABTS 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)

BD bulk density

CBC cholesterol-binding capacity
DF dietary fiber

DPPH  2,2-diphenyl-1-picrylhydrazyl
CP carrot pomace

GAC glucose-adsorption capacity
IDF insoluble dietary fiber
ORC oil-retention capacity
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PI prebiotic index

RS reducing sugars

SDS soluble dietary fiber

SCBC  sodium cholate-binding capacity
TDF total dietary fiber

TPC total phenolic compounds

WRC water retention capacity

WSI water-solubility index

WSC water-swelling capacity
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