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Abstract

Bee pollen is a rich natural source of phenolic compounds and other bioactive constitu-
ents; however, the resistant pollen cell wall restricts the release of these compounds. This
study investigated the effect of multi-stage bioprocessing involving bacterial fermenta-
tion, spontaneous fermentation, and enzymatic hydrolysis on the recovery of bioactive
compounds from ten bee pollen collected from different regions of Lithuania. First-stage
treatments included fermentation with Lactobacillus acidophilus, L. rhamnosus, L. reuteri,
Bifidobacterium animalis, spontaneous fermentation, or enzymatic hydrolysis using Visco-
zyme® L, cellulase, or Clara-diastase. Second-stage bioprocessing combined the initial
treatment with either bacterial fermentation or enzymatic hydrolysis. Total phenolic con-
tent (TPC), total flavonoid content (TFC), radical scavenging activity (RSA), and inhibition
of heat-induced bovine serum albumin (BSA) denaturation (BSA-DI) were determined us-
ing spectrophotometric assays. Statistical analysis demonstrated that multi-stage biopro-
cessing significantly enhanced the chemical composition and bioactivity of bee pollen
compared with single-stage treatments. The greatest improvements were achieved when
enzymatic hydrolysis preceded bacterial fermentation, resulting in increases of up to 5.0-
, 4.2-, 6.3-, and 5.3-fold in TPC, TFC, RSA, and BSA-DI activity, respectively. These find-
ings suggest that combining enzymatic hydrolysis with bacterial fermentation may be a
promising approach for improving the recovery of bioactive compounds and selected
functional properties of bee pollen.

Keywords: multi-stage bioprocessing; lactic acid fermentation; enzymatic hydrolysis;
antioxidants; bioactivity

1. Introduction

Bee pollen plays a crucial role in plant reproduction and is a natural substance char-
acterized by intricate chemical, structural, and microbiological features. Each pollen grain
is composed of four principal components—exine, intine, pollenkitt, and cytoplasm —that
collectively safeguard the genetic material during dispersal and enable successful fertili-
zation [1-3]. The exine, built from the highly durable biopolymer sporopollenin, ensures
structural stability and protects the grain against mechanical damage, desiccation, and
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ultraviolet light [4]. Directly beneath it lies the intine, a more pliable layer composed
mainly of cellulose and pectin, which is essential for pollen germination and the elonga-
tion of the pollen tube [5,6]. The outer surface of the exine is covered by a lipid-rich mate-
rial known as pollenkitt, which enhances attachment to pollinators and protects the grain
from environmental challenges [7,8]. The cytoplasm contains the genetic material, along
with organelles and enzymes required for pollen tube formation and the fertilization pro-
cess [1,9].

From a chemical standpoint, bee pollen constitutes a complex matrix rich in proteins,
lipids, carbohydrates, vitamins, minerals, and phenolic compounds. The protein fraction,
which ranges from approximately 4% to 60%, supplies essential amino acids indispensa-
ble for human nutrition and metabolic homeostasis [10,11]. The lipid component—com-
prising essential fatty acids and phytosterols—is associated with antibacterial and anti-
fungal activities, as well as cardioprotective properties [12,13]. Carbohydrates function
primarily as an immediate energy source and provide dietary fiber, contributing to the
maintenance of gastrointestinal health [10]. Furthermore, bee pollen contains a broad
spectrum of vitamins and minerals, including B-complex vitamins, vitamin C, potassium,
calcium, and magnesium, which are integral to numerous physiological pathways [6].
Phenolic compounds, notably flavonoids such as quercetin and kaempferol, exhibit pro-
nounced antioxidant activity and influence the characteristic color and aroma of the pollen
[14-16].

Bee pollen also hosts a diverse microbiota, including lactic acid bacteria, yeasts, and
fungi, which influence its preservation and bioactivity [17,18]. Beneficial bacteria, such as
Lacticaseibacillus and Bifidobacterium, produce antimicrobial compounds and support pol-
len stability [19,20], whereas certain fungi, including Aspergillus and Penicillium, may pro-
duce mycotoxins, highlighting the need for microbiological control [21,22].

The therapeutic potential of bee pollen is linked to its diverse bioactive compounds.
Studies have reported anti-inflammatory, antimicrobial, antioxidant, anti-carcinogenic,
anti-allergic, hepatoprotective, and cardioprotective effects [10,23,24]. These properties
are primarily attributed to polyphenols, flavonoids, fatty acids, and phytosterols, which
modulate immune responses, neutralize free radicals, and inhibit microbial growth. De-
spite extensive in vitro evidence, further research is required to confirm these effects in
clinical settings.

In summary, bee pollen is a nutritionally rich and biologically active natural product
with structural, chemical, and microbiological complexity. Its diverse composition under-
lies a wide range of potential health benefits, making it a promising candidate for func-
tional foods, nutraceuticals, and therapeutic applications.

Pre-treatment of bee pollen significantly enhances its nutritional and bioactive profile
by facilitating the release of intracellular constituents from the recalcitrant pollen wall.
Fermentation with microorganisms, such as Lactobacillus or Saccharomyces, has been
shown to improve antimicrobial efficacy, flavonoid concentrations, and antioxidant ca-
pacity [25-27]. Similarly, enzymatic hydrolysis utilizing cellulase, protease, or amylase
increases antioxidant activity, protein and amino acid yields, carbohydrate levels, and
overall digestibility [28-30].

Physical methods also offer distinct advantages: ultrasonication promotes the libera-
tion of polyphenols, proteins, and fatty acids, although it may concurrently reduce sugar,
mineral, and carotenoid content [31-34]. Microwave processing has been found to elevate
fatty acid, protein, and vitamin C levels with minimal impact on polyphenolic profiles
[35,36]. Furthermore, steam explosion increases nutrient density while effectively reduc-
ing microbial loads [37]. Mechanical grinding also further enhances the bioavailability of
proteins, lipids, and phenolic compounds by liberating bound nutrients [38,39].
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Collectively, these processing strategies may modify functional attributes of bee pollen,
supporting further investigation of their potential applications in food and nutraceutical
products.

The aim of this study was to evaluate the effects of single- and multi-stage biopro-
cessing involving LAB fermentation and enzymatic hydrolysis on the phenolic content,
flavonoid content, radical scavenging activity, and inhibition of heat-induced bovine se-
rum albumin denaturation of bee pollen collected in ten different regions in Lithuania. A
partially related approach was reported by Xue et al. [40], who investigated tea bee pollen
subjected to enzymatic digestion with a cellulase-pectinase complex followed by fermen-
tation with L. reuteri, primarily focusing on the effects of the processed pollen on the
growth and gut health of Apis cerana cerana workers. However, the sequential application
of bacterial or spontaneous fermentation and enzymatic hydrolysis in both possible or-
ders, using different bacterial strains and enzyme preparations, has not been systemati-
cally investigated for enhancing the recovery of bioactive compounds and related in vitro
activities of bee pollen.

The hypothesis was that combining bacterial fermentation and enzymatic hydrolysis
in a sequential manner may enhance the recovery of phenolic and flavonoid compounds
and improve the measured antioxidant and BSA-denaturation inhibition activities com-
pared with single-stage treatments.

2. Materials and Methods
2.1. Samples

Bee pollen samples collected from April to June were obtained from various Lithua-
nian counties. The exact locations are presented in Table 1 and shown on the map in Figure
1. Sampling sites were selected to ensure representative coverage of the geographical and
climatic conditions across Lithuania. Dried samples were retained in a refrigerator at +5
°C for a maximum of six months according to recommendations described in ISO
24382:2023 [41]. Prior to analysis and extract preparation, the samples were homogenized
using a pestle and porcelain mortar.
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Figure 1. Geographical distribution of the bee pollen collection sites in Lithuania. Sampling sites are

indicated on the map. Location numbers correspond to the sample numbers in Table 1.
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Table 1. Characterization and geographical information of the bee pollen samples collected in Lith-
uania, including sampling location, sample abbreviation, geographic coordinates (latitude and lon-

gitude), and collection period.

No. Location Abbreviation Latitude and Longitude Collef: tion
Period
1. Klaipéda County, Luoba KLPD 56°13' N 21°58" E May 2023
2. Telsiai County, Didieji Mostaiciai TLS 55°46' N 21°40" E April 2023
3. Tauragé County TRG 55°25' N 22°29" E May 2023
4. Marijampolé County, Matjosiskés MRMPL 54°59' N 23°15' E June 2023
5. Siauliai County, Kurtuvénai SL 55°49' N 23°03' E June 2023
6. Utena County, Antazave UTN 55°48' N 25°55" E June 2023
7. Panevézys County PNVZ 55°43"N 24°21' E June 2023
8. Kaunas County, Paneriai KNS 54°55' N 24°45' E May 2023
9. Alytus County, Kalénai ALTS 54°23" N 24°40' E June 2023
10. Vilnius County, Daulénai VLNS 54°14' N 25°44' E June 2023

2.2. Reagents and Equipment

De Man, Rogosa, and Sharpe (MRS) broth and agar (Agar-Agar) (Biolife Italiana, Mi-
lan, Italy); phosphate-buffered saline (PBS) (VWR, Leuven, Belgium); methanol (299.8%)
and acetonitrile (=99.8%) (Merck, Darmstadt, Germany); Folin—Ciocalteu reagent (Merck
Group, Darmstadt, Germany); aluminium chloride (=98.0%) and hexamethylenetetramine
(299.0%) (Carl Roth, Karlsruhe, Germany); sodium acetate trihydrate (99.9%) (ChemPur,
Piekary Slaskie, Poland); sodium carbonate (>96%) and bovine serum albumin (Acros Or-
ganics, Geel, Belgium); rutin (95.0%), salicylic acid (299.0%) and DPPH (99.0%) (Sigma-
Aldrich, Taufkirchen, Germany).

The following bacteria were used: Lacticaseibacillus rhamnosus GG (ATCC 53103) (Ge-
filus, Valio Ltd., Helsinki, Finland), Lactobacillus acidophilus (DSM 13241) (20 milliards,
Gadot Biochemical Industries Ltd., Haifa, Israel), Limosilactobacillus reuteri (DSM 27938)
(BioGaia Protectis, TwoPac AB, Eslov, Sweden), and Bifidobacterium animalis (DSM 15954)
(Biofarma spa, Mereto di Tomba, Italy).

Enzymes such as Viscozyme® L (a mixture of cell wall degrading enzymes, including
arabanase, cellulase, [3-glucanase, hemicellulase and xylanase; from Aspergillus sp.; 2100
FBG U/g (p-glucanase activity); cellulase (from Aspergillus niger; 20.3 U/mg (cellulase ac-
tivity)), and Clara-diastase (a mixture of a-amylase, cellulase, invertase, peptidase, phos-
phatase and sulfatase; 235 U/mg (maltose-releasing activity)) were from Sigma-Aldrich
(Taufkirchen, Germany).

2.3. Solid-State Fermentation

For solid-state fermentation the following bacterial strains were used: Lacticaseibacil-
lus rhamnosus GG (ATCC 53103), Lactobacillus acidophilus (DSM 13241), Limosilactobacillus
reuteri (DSM 27938), Bifidobacterium animalis (DSM 15954). These bacterial strains were re-
activated from the respective commercial probiotic preparations by spreading 100 uL of
each bacterial suspension evenly onto the surface of solid MRS medium supplemented
with agar in Petri dishes, using a sterile spreader and the surface-spreading method as
described by Kaskoniené et al. [42]. The prepared bacterial samples were incubated in an
incubator (Biosan, Riga, Latvia) at +37 °C for 48 h. After the incubation period, randomly
selected colonies from the grown bacterial cultures were chosen for further experimental
procedures. Thus, only isolated bacterial colonies were transferred to the fermentation
medium, and the other ingredients present in the commercial probiotic formulations were
not included.

Bacterial fermentation using L. rhamnosus, B. animalis, L. acidophilus, L. reuteri, and
spontaneous fermentation (i.e., without the addition of bacteria) was conducted according

https://doi.org/10.3390/foods15173056



Foods 2026, 15, 3056

5 of 26

to the method described by Kaskoniené et al. [42], with minor modifications. The samples
were prepared in 4 mL vials by hydrating 1 g of homogenized bee pollen sample with 200
UL of sterile distilled water for 2 h. The lactic acid bacteria culture was grown to an optical
density (measured at 600 nm) of 0.730 prior to incubation. This OD value was used as the
criterion for standardizing the bacterial inoculum across the different fermentation treat-
ments. Subsequently, a solution consisting of 0.15 g of multifloral spring honey from Lith-
uania and 250 pL of water was added to each vial with hydrated bee pollen. The honey
was added as an additional carbohydrate source to support bacterial fermentation. Then
for bacterial fermentation, the mixture was supplemented with 80 pL of the respective
lactic acid bacteria culture, whereas 80 pL of MRS broth was added to samples intended
for spontaneous fermentation. The vials were sealed and incubated at 37 °C to initiate
fermentation for a proper time, as indicated in Table 2. Following addition of the hydra-
tion solution, honey solution, and bacterial inoculum, the pollen formed a thick, moist
paste-like substrate without a free-flowing liquid phase.

Table 2. Bee pollen treatment strategies (enzymatic hydrolysis, fermentation, and combined enzy-

matic and bacterial treatments) and their durations.

Treatment Method of Bee Pollen Abbreviation Treatm.ent
Duration
1 Enzymatic Cellulase Cell
2 hvdrolvsis Clara-diastase, CD 3 h 15 min
3 y y Viscozyme L, VisL
4 Spontaneous Spont 11 days
5 Lactobacillus acidophilus LAcd 7 days
Fermenta- : ] ; ;
6 tion Limosilactobacillus reuteri LRtr 8 days
7 Bifidobacterium animalis BAnm
8 Lacticaseibacillus rhamnosus LRh 9 days
9 Clara-diastase + L. rhamnosus CD +LRh
10 Clara-diastase + B. animalis CD + BAnm
11 Clara-diastase + L. reuteri CD + LRtr 4 days
12 Viscozyme L + B. animalis VisL + BAnm
13 Viscozyme L + L. acidophilus VisL + LAcd
14 Viscozyme L + L. reuteri VisL + LRtr
15 B. animalis + Viscozyme L BAnm + VisL
16 B. animalis + Clara-diastase BAnm + CD
17 L. acidophilus + Viscozyme L LAcd + VisL
18 L. reuteri + Clara-diastase LRtr + CD
19 L. reuteri + Viscozyme L LRtr + VisL
20 Viscozyme L + L. rhamnosus VisL + LRh 5 days
21 Multi-stage Viscozyme L + spontaneous fermentation VisL + Spnt
22 . Clara-diastase + L. acidophilus CD + LAcd
23 blORrO- Cellulase + B. animalis Cell + BAnm
cessing .
24 Cellulase + L. reuteri Cell + LRtr
25 Cellulase + L. rhamnosus Cell + LRh
26 L. rhamnosus + Viscozyme L LRh + VisL
27 L. rhamnosus + Clara-diastase LRh+CD
28 L. acidophilus + Clara-diastase LAcd +CD
29 L. reuteri + cellulase LRtr + Cell 6 days
30 Clara-diastase + spontaneous fermentation CD + Spnt
31 Cellulase + spontaneous fermentation Cell + Spnt
32 Cellulase + L. acidophilus Cell + LAcd
33 B. animalis + cellulase BAnm + Cell
34 L. acidophilus + cellulase LAcd + Cell 7 days
35 L. rhamnosus + cellulase LRh + Cell
36 Spontaneous fermentation + Clara-diastase Spnt + CD
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37 Spontaneous fermentation + Viscozyme L Spnt + VisL

38 Spontaneous fermentation + cellulase Spnt + Cell 8 days

Natural—no additional extraction, only meth-

39 .
anol extraction

Nat

2.4. Enzymatic Hydrolysis

For enzymatic hydrolysis, the following commercial enzymes were employed: Clara-
diastase, Viscozyme L, and cellulase. Hydrolysis was conducted in 10 mL glass vials fol-
lowing the method described by Damuliené et al. [43] with minor modification.

Briefly, 1 g of each bee pollen sample was hydrated with 0.5 mL of sterile bidistilled
water and then heated at 121 °C for 15 min. Each enzyme was applied at a dose of 0.05
U/g of bee pollen (calculated based on the activity units declared by the respective manu-
facturer for each commercial preparation) and dissolved in 300 pL of the appropriate
buffer adjusted to the optimal pH prior to thorough mixing with the prepared samples. A
0.1 M sodium acetate buffer was used for pH 5.0, whereas a 0.1 M sodium phosphate
buffer was used for pH 6.8. The hydrolysis conditions were as follows: Viscozyme L was
applied at 40 °C and pH 5.0; cellulase at 37 °C and pH 5.0; Clara-diastase at 25 °C and pH
6.8. Mixtures containing a proper enzyme were incubated for 3 h 15 min. The hydrolysis
process was terminated by immersing the vials in boiling water for 2 min.

2.5. Multi-Stage Bioprocessing

The multi-stage bioprocessing was performed by applying bacterial or spontaneous
fermentation followed by enzymatic hydrolysis process or vice versa.

Treatment durations for the multi-stage bioprocesses were selected based on prelim-
inary time-course optimization experiments using a representative bee pollen sample sep-
arately for each microorganism and multi-stage treatment sequence, with TPC, TFC, RSA,
and inhibition of heat-induced bovine serum albumin denaturation (BSA-DI) activity
monitored at different incubation times (2, 4, 8, and 12 days). The optimal durations for
enzymatic hydrolysis were established in our previous study [43]. The optimized treat-
ment durations used in the present study are summarized in Table 2.

In the first approach, bacterial fermentation was conducted as the initial bee pollen
processing stage as described in Section 2.3, followed by enzymatic hydrolysis as de-
scribed in Section 2.4. The second approach was carried out in reverse order, employing
enzymatic hydrolysis as the first stage, followed by bacterial or spontaneous fermentation.

When enzymatic hydrolysis was applied as the first stage, the enzymes (Viscozyme
L, Clara-diastase, and cellulase) were used at their respective optimal pH values (5.0, 6.8,
and 5.0). Upon completion of hydrolysis, the samples were subjected to bacterial fermen-
tation without any further pH adjustment.

When bacterial fermentation was performed as the first stage, no pH adjustment was
applied during fermentation. The lactic acid bacteria were previously cultivated in MRS
broth (pH 6.2). After completion of the fermentation stage, enzymatic hydrolysis was car-
ried out without further modification of the pH.

All bioprocessing treatments were performed under their respective optimized con-
ditions, including treatment duration, as summarized in Table 2. Therefore, treatment ap-
proaches were compared under their optimized conditions rather than at an identical in-
cubation time.

2.6. Preparation of Extracts and Their Analysis

One gram of natural bee pollen and the entire treated material obtained from 1 g of
initial bee pollen were subjected to extraction with 10 mL of 80% methanol. To ensure
comparable sample handling, natural samples were pre-hydrated with 0.5 mL of distilled
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water and equilibrated for 1 h prior to extraction, whereas treated samples were extracted
after the respective bioprocessing step. After 24 h of extraction at room temperature in an
orbital shaker (LBX Orb-Pro, Labbox Labware S.L., Barcelona Spain), the samples were
filtered through a 7-10 um paper filter, followed by further filtration using a 0.22 um pol-
yvinylidene fluoride (PVDF) membrane filter (BGB Analytik, Alexandria, VA, USA) for
all spectrophotometric tests.

2.7. Spectrophotometric Determination of Bioactive Properties

The methods for determining total phenolic content (TPC), total flavonoid content
(TEC), and radical scavenging activity (RSA) were performed according to Adaskevicitté
et al. [44]. The reaction mixtures were prepared using an Inteliwasher 3D-IW8 microplate
washer (Biosan Laboratories, Riga, Latvia) and measured at a specific wavelength using a
Hipo MPP-96 microplate reader (Biosan Laboratories, Riga, Latvia).

Briefly, total phenolic content was determined using the Folin-Ciocalteu method as
follows. Bee pollen extracts (8 puL) were mixed with 240 pL of 3.5% Na2COs and 8 pL of
Folin—Ciocalteu reagent (The Merck Group, Darmstadt, Germany). The absorption was
measured at a wavelength of 700 nm after incubation at 22 °C for 30 min. A calibration
curve was constructed using rutin standards (0.1-1.0 mg/mL), and the regression equation
was applied for quantification of total phenolic content in the samples. The results are
expressed as mg rutin equivalents (RUE) per 1 g of initial raw bee pollen.

Total flavonoid content was determined using a colorimetric method. The stock so-
lution comprised 60 mL of methanol, 3 mL of 33% acetic acid, 12 mL of 5% hexamethyl-
enetetramine, 9 mL of 10% aluminum chloride, and 60 mL of bidistilled water. Each pre-
pared bee pollen extract (10 pL) was mixed with 240 pL of the stock solution and incu-
bated at 4 + 2 °C for 30 min. After incubation, the samples were measured at a wavelength
of 407 nm. A calibration curve was constructed using rutin solutions (0.1-1.0 mg/mL), and
the obtained regression equation was used to calculate the total flavonoid content in the
samples. The results are expressed as mg rutin equivalents (RUE) per 1 g of initial raw bee
pollen.

Radical scavenging activity was determined using a colorimetric assay based on the
1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical. Bee pollen extracts (5.9 pL) were
mixed with 230 pL of the radical stock solution, composed of 0.1 M acetate buffer (pH 5.5),
acetonitrile, and methanol (1:1.25:1.25), with an initial absorbance of 0.500 at 515 nm. The
prepared samples were incubated at 22 °C in the dark for 15 min and then measured at
the wavelength of 515 nm. Radical scavenging activity was determined based on a rutin
calibration curve (0.1-0.25 mg/mL). The results are expressed as mg rutin equivalents
(RUE) per 1 g of initial raw bee pollen.

In vitro inhibition of heat-induced bovine serum albumin denaturation assay (BSA
denaturation inhibition assay —BSA-DI), used as a preliminary in vitro indicator of poten-
tial anti-inflammatory activity, was evaluated using the method described by Mizushima
et al. [45] with slight modifications by Sakat et al. [46]. A 1% aqueous solution of bovine
serum albumin was prepared, and phosphate-buffered saline (PBS) buffer was adjusted
to pH 6.4. The reaction mixture consisted of 50 uL of sample, 450 uL of 1% bovine serum
albumin solution, and 2.5 mL of PBS buffer. The samples were incubated at 37 °C for 20
min to allow interaction between the sample and bovine serum albumin, followed by
heating at 57 °C for 20 min to induce protein aggregation, and then immediately cooled
on ice. After incubation and cooling, the reaction mixtures were transferred to a 96-well
microplate, and absorbance was measured at 660 nm using a microplate reader. A refer-
ence solution was prepared in the same manner using distilled water instead of the sam-
ple. For calibration, salicylic acid standard solutions (0.1-15.0 mg/mL) were prepared, and
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results were expressed as salicylic acid equivalents (SAE) per gram of initial raw bee pol-
len [45,46].

All spectrophotometric assays, including TPC, TFC, RSA, and BSA-DI, were per-
formed in ten technical replicates for each prepared extract. The mean of the technical
replicates was used for subsequent statistical analysis.

2.8. Chemometric Analysis

Data mining of obtained results was carried out in MATLAB R2025b software (Math-
Works, Inc., 2025, Natick, MA, USA). The aims of the statistical data mining were as fol-
lows: (1) to determine whether multi-stage bioprocessing results in a statistically signifi-
cant increase in BSA-DI, TPC, TFC, and RSA; (2) to identify which combination of multi-
stage bioprocessing yields the best results; and (3) to determine the clusters (groups)
formed by the applied multi-stage bioprocessing processes based on the similarity of the
measured characteristics. Statistical analysis included hypotheses testing applying Stu-
dent’s t-test, correlation analysis evaluating Pearson correlation coefficient, analysis of
variance and hierarchical cluster analysis [47].

Additional data preprocessing was performed where required by statistical analysis.
Depending on the specific analysis, preprocessing involved averaging repeated measure-
ments or averaging repeated measurements across samples, followed by normalization
according to Equations (1) or (2) and Equation (3), respectively:

_ 1 M
Xyj = ;Zm Xkji (1)
- _ 11N M
X = 577 2j=1 2i=1 Xkji 2)
X—min (X)

©)

where k, j and 7 denote the indices of the applied pollen treatments, samples, and meas-

" max(X)-min ® ’

urements, respectively, M and N represent the total number of measurements and sam-
ples, respectively, X represents an averaged data matrix, obtained after applying (1) or
averaged data vector, obtained after applying (2).

To present changes in the magnitude of the measured TPC, TFC, RSA, and BSA-DI
following the application of various fermentation treatments, the data were visualized
using heatmaps. Prior to visualization, the data were averaged using (2) and subsequently
normalized using (3).

A one-tailed (right-tailed) Student’s t-test was employed to assess pairwise differ-
ences between the mean values of the measured TPC, TFC, RSA, and BSA-DI for individ-
ual samples or sample groups, specifically to test the hypothesis that bioprocessing re-
sulted in a statistically significant increase in the measured characteristics, at a significance
level of p <0.05. The hypothesis-testing analysis was performed using preprocessed meas-
urands obtained by averaging the repeated measurements for each measurand and sub-
sequently applying normalization, as described above (Equations (1) and (3)). Because
multiple pairwise t-tests were performed, the resulting p-values were adjusted for multi-
ple hypothesis testing using the Bonferroni correction to control the family-wise error rate.
Statistical significance was finally determined based on the Bonferroni-adjusted p-values.

Subsequently, Pearson correlation analysis was performed using averaged and nor-
malized data using Equations (1) and (3), respectively, to reveal the relationships among
TPC, TFC, RSA, and BSA-DI. This analysis served as the basis for deriving a composite
variable calculated as a weighted sum of the measured characteristics.

To assess the distinctiveness of the investigated bee pollen samples from different
regions of Lithuania based on the measured characteristics, analysis of variance (ANOVA)
was applied. Multiple pairwise comparisons were performed to identify which sample
means differed significantly. The Tukey-Kramer multiple-comparison procedure was

https://doi.org/10.3390/foods15173056



Foods 2026, 15, 3056

9 of 26

applied for these post hoc comparisons, thereby accounting for the multiplicity of pair-
wise comparisons and controlling the family-wise error rate. Statistical significance of the
pairwise differences was assessed using the Tukey—Kramer adjusted p-values at a signifi-
cance level of p < 0.05.

Hierarchical cluster analysis (HCA) was employed to reveal the similarities among
the applied fermentations, allowing them to be grouped into distinct clusters. Euclidean
distance was used as the similarity measure, coupled with Ward'’s linkage method, which
minimizes the total within-cluster variance at each step of cluster formation. The cluster-
ing results were presented as dendrograms, which were cut to define clusters at a level
corresponding to 0.5 of the maximum Euclidean distance. As no universally accepted cri-
terion exists for selecting the optimal dendrogram cut-off level, this threshold was
adopted as a practical heuristic to facilitate cluster interpretation. To assess the reliability
of the hierarchical clustering, the cophenetic correlation coefficient was calculated to eval-
uate the agreement between the original pairwise distances and the cophenetic distances
represented by the dendrogram.

3. Results and Discussions
3.1. Impact of the Treatment Method on Bee Pollen Activity

Previous studies have demonstrated that both bacterial fermentation and enzymatic
hydrolysis enhance the release of biologically active compounds from bee pollen
[29,42,43] and may improve its functional properties, including anti-inflammatory activity
[48-50] and cardiovascular health-promoting properties [51]. However, the efficiency of
these bioprocesses strongly depends on several factors, including the microorganism spe-
cies and strain, enzyme type, processing duration, and the origin of the bee pollen.

Although bacterial fermentation is an effective strategy for improving the bioacces-
sibility of pollen constituents, the process is often relatively time-consuming. Prolonged
fermentation may also increase the risk of contamination by undesirable microorganisms,
including potentially pathogenic species [52,53]. Bee pollen may also contain mycotoxin-
producing fungi, and the occurrence of fungal contamination and mycotoxins can be in-
fluenced by processing and storage conditions [21,22]. Microbiological safety should be
considered when developing multi-day fermentation processes for practical applications.
In the present study, microbial dynamics, contamination, and mycotoxin formation were
not assessed; therefore, further studies are required to validate the microbiological safety
and stability of the proposed bioprocessing approach before its application in food or
nutraceutical products.

Combining enzymatic hydrolysis and fermentation in a sequential manner could rep-
resent an alternative strategy for enhancing the recovery of bioactive compounds within
a shorter incubation period. Accordingly, the aim of this study was not only to increase
the content of biologically active compounds and improve the bioactivity-related proper-
ties of bee pollen extracts but also to evaluate whether multi-stage bioprocessing could
achieve these improvements within shorter incubation periods than single-stage bacterial
fermentation. To the best of our knowledge, this is the first study investigating such a
hybrid bioprocessing strategy for bee pollen using both possible sequences of enzymatic
hydrolysis and fermentation. Figure 2 and Table 3 represent changes in total phenolic con-
tent (TPC) and total flavonoid content (TFC), also variation in radical scavenging activity
(RSA) and BSA denaturation inhibition (BSA-DI) in one of the tested samples. These re-
sults indicate that all treatment methods positively influenced the recovery of bioactive
compounds and their associated activities.
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Figure 2. Effect of single and hybrid bioprocessing treatments on total phenolic content (TPC), total
flavonoid content (TFC), radical scavenging activity (RSA), and BSA denaturation inhibition (BSA-
DI) of a bee pollen sample collected in Marijampolé County (10 technical replicates; RSD < 3.5%).
Treatment abbreviations are given in Table 2. All values differed significantly from those of natural
bee pollen (p <0.05).
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Table 3. Descriptive statistics of bioactive compounds and activities in natural bee pollen samples.
Values are expressed as mean + standard deviation (SD), with minimum (min) and maximum (max)
values indicating variability across 10 independent bee pollen samples collected from different re-

gions of Lithuania. Treatment abbreviations are given in Table 2.

Total Phenolic Content  Total Flavonoid Content Radical Scavenging Activity BSA Denaturation Inhi-

T;Z::::)e;t (mg RUE/g) (mg RUE/g) (mg RUE/g) bition (ng SAE/g)
Mean SD Min Max Mean SD Min Max Mean SD Min Max Mean SD Min Max
Natural 9.2 25 58 133 5.8 1.6 37 84 6.9 19 43 9.9 131 3.6 87 188
Spont 11.1 25 7.8 1438 7.8 21 5.0 112 8.2 23 52 118 161 3.7 110 221
LRh 144 40 93 208 938 27 64 145 9.0 25 6.0 129 21.1 57 137 295
LRtr 16.3 45 107 236 95 26 62 139 9.6 26 6.2 137 237 64 156 332
BAnm 14.8 42 94 217 97 27 62 140 8.8 22 6.0 124 215 58 141 299
LAcd 18.0 50 115 26.0 10.6 29 6.7 154 103 23 69 140 265 73 171 373
Cell 194 53 127 282 119 32 78 172 118 26 8.0 16.1 286 7.7 186 40.0
CD 26.2 72 168 379 18.0 49 117 259 140 27 106 186 386 106 251 547
VisL 21.5 6.0 140 312 143 39 93 208 127 25 89 168 317 8.6 206 446
LRh + Cell 20.9 43 143 277 126 35 80 182 132 34 88 186 308 6.1 213 393
LRh + CD 30.3 6.1 208 40.0 18.6 51 119 270 195 53 124 279 449 90 309 579
LRh + VisL 22.8 46 156 301 13.8 38 9.0 199 172 46 110 245 337 6.7 234 431
LRtr + Cell 235 65 151 340 174 48 112 252 237 64 155 338 346 94 226 489
LRtr + CD 33.8 6.8 232 445 202 56 13.0 293 275 74 179 393 503 99 345 648
LRtr + VisL 27.8 77 179 403 187 52 121 271 253 68 163 361 411 112 269 583
BAnm + Cell 207 57 133 301 13.0 36 83 189 203 55 132 292 306 83 199 430
BAnm + CD 30.5 54 214 385 180 50 113 260 23.1 63 149 33.0 451 77 31.8 557
BAnm + VisL. 249 69 161 361 14.8 41 97 216 213 58 137 304 367 100 238 520
LAcd + Cell 26.3 58 180 357 183 51 118 26,6 24.6 66 157 349 389 86 262 513
LAcd + CD 317 69 215 426 233 63 154 335 284 77 183 405 47.0 100 32.0 618
LAcd + VisL 294 59 202 388 212 59 136 308 267 72 174 381 435 85 30.0 558
Spnt + Cell 135 31 9.0 185 8.9 25 56 131 9.0 24 57 128 195 44 133 259
Spnt + CD 174 48 112 251 103 29 6.6 150 11.1 31 72 158 258 7.0 168 36.1
Spnt + VisL 16.1 45 104 236 9.9 27 63 142 103 27 6.7 146 235 64 153 329
CD + Spnt 337 64 233 437 179 49 115 259 273 55 195 361 500 94 347 634
CD +LAcd 40.1 6.2 288 48,6 241 6.7 156 350 352 56 269 444 596 89 429 708
CD + BAnm 36.9 55 267 442 203 56 131 294 30.7 63 217 409 549 79 398 642
CD + LRtr 344 6.1 241 433 193 53 124 278 29.6 70 199 409 51.0 87 358 630
CD + LRh 33.0 58 230 416 193 53 124 278 289 68 195 39.8 488 84 341 602
VisL + Spnt 25.8 6.0 172 355 164 45 105 236 23.6 64 152 337 384 85 276 511
VisL + LAcd 344 72 236 458 231 64 150 337 343 9.3 221 490 51.1 104 349 664
VisL + BAnm  30.5 54 213 385 197 54 127 283 253 54 181 340 450 77 316 553
VisL + LRtr 30.2 71 202 415 184 5.0 118 26.7 24.1 65 156 344 448 103 301 602
VisL + LRh 27.4 57 186 363 16.6 46 109 240 238 64 153 337 40.7 83 278 526
Cell + Spnt 21.6 59 140 313 140 38 91 202 218 59 144 310 324 79 245 448
Cell + LAcd 30.3 53 213 381 220 51 147 302 29.0 46 210 355 449 77 316 553
Cell + BAnm 25.3 48 175 327 173 48 111 250 217 52 143 296 373 69 263 469
Cell + LRtr 27.0 6.1 181 36.8 175 48 112 253 225 64 143 314 399 88 269 528
Cell + LRh 245 50 167 326 154 42 98 224 220 60 142 314 361 72 248 465

As shown in Figure 2 and Table 3, the treatment method had a significant effect on
both the content of bioactive compounds and the biological activity of the extracts. Prior
to treatment, TPC in bee pollen samples ranged from 5.8 to 13.3 mg/g RUE.

The smallest changes in TPC were observed following spontaneous fermentation;
however, these increases remained statistically significant (p < 0.05), ranging from 1.1 to
1.3-fold. Bacterial fermentation resulted in a more pronounced increase in TPC (1.6-2.0-
fold), whereas the combination of spontaneous fermentation and enzymatic hydrolysis
produced intermediate increases (1.4-1.9-fold). The highest TPC value was obtained after
multi-stage bioprocessing (40.1 mg/g RUE), whereas the maximum value achieved after
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single treatments reached only 26.2 mg/g RUE. Similarly, the minimum TPC value after
multi-stage processing (13.5 mg/g RUE) was comparable to that observed following single
treatments (14.4 mg/g RUE).

A similar trend was observed for TFC. Natural bee pollen samples contained 3.7-8.4
mg/g RUE of flavonoids, and spontaneous fermentation increased TFC by only 1.3-1.4-
fold. In contrast, bacterial fermentation resulted in a 1.6-1.9-fold increase, while combined
spontaneous fermentation and enzymatic hydrolysis led to a 1.5-1.8-fold increase. Multi-
stage bioprocessing resulted in higher TFC values than single treatments, with maximum
and minimum values of 24.1 and 8.9 mg/g RUE, respectively, compared to 18.0 and 9.5
mg/g RUE after individual treatments.

Prior to treatment, RSA ranged from 4.3 to 9.9 mg/g RUE. Spontaneous fermentation
resulted in a consistent 1.2-fold increase across all samples. Bacterial fermentation in-
creased RSA by 1.2-1.6-fold, whereas the combined spontaneous fermentation and enzy-
matic hydrolysis treatment led to a 1.3-1.7-fold increase. Compared with the most effec-
tive fermentation and hybrid treatments, cellulase hydrolysis produced a more moderate
yet statistically significant (p < 0.05) increase in RSA (1.6-1.8-fold). The superiority of
multi-stage bioprocessing was particularly evident for RSA, where the maximum activity
reached 35.2 mg/g RUE, compared with 14.0 mg/g RUE obtained after single treatments.
The minimum RSA values were similar for both treatment approaches (9.0 and 8.8 mg/g
RUE, respectively).

The BSA-DI of untreated bee pollen samples ranged from 8.7 to 18.8 mg/g SAE. Sim-
ilar to TPC and TFC, the smallest increases were observed after spontaneous fermentation
(1.1-1.3-fold). Bacterial fermentation resulted in a 1.6-2.1-fold increase in BSA-DI, while
combined spontaneous fermentation and enzymatic hydrolysis produced intermediate
increases ranging from 1.4 to 2.0-fold. The highest BSA-DI was recorded after multi-stage
bioprocessing (59.6 mg/g SAE), substantially exceeding the maximum value observed af-
ter single treatments (38.6 mg/g SAE). Likewise, the minimum activity after multi-stage
processing (19.5 mg/g SAE) remained comparable to that obtained following individual
treatments (21.1 mg/g SAE). Previous studies have shown that natural bee pollen exhibits
anti-inflammatory activity linked to its polyphenolic and flavonoid content, influencing
inflammatory pathways and enzyme activity [54-56]. However, limited information is
available regarding the effects of fermentation and enzymatic hydrolysis on its BSA-DI
potential.

The relatively modest increases observed after spontaneous fermentation suggest
that fermentation by the native microbial communities present in bee pollen may have a
more limited effect on the recovery of bioactive compounds under the conditions applied
in the present study. Spontaneous fermentation is a naturally occurring process that takes
place when environmental conditions are favourable, initiated by native microbial com-
munities present in the pollen. These microorganisms typically include bacterial genera
such as Pseudomonas and Lactobacillus, along with yeast species like Saccharomyces [25]. In
contrast, bacterial fermentation using selected lactic acid bacteria (L. rhamnosus, L. reuteri,
B. animalis, L. acidophilus) resulted in a more pronounced enhancement of all measured
parameters, which may be attributed to the specific metabolic and enzymatic activities of
the applied strains, potentially facilitating the release of bound phenolic compounds and
improving their extractability. L. acidophilus fermentation demonstrated the highest im-
pact on the measured bioactive compounds contents and activities of biologically active
compounds across the samples, which may be associated with its reported carbohydrate
metabolism and glycosidase activity, potentially facilitating the release of compounds
from the pollen matrix and phenolic glycosides and increasing their bioaccessibility [57].
However, the endogenous microbiota of the pollen samples was not characterized in the
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present study; therefore, its specific contribution to the observed effects cannot be deter-
mined.

Enzymatic hydrolysis may have facilitated the release and recovery of phenolic and
flavonoid compounds [29,30]. When combined with fermentation, either in sequential or
reverse order, intermediate effects were observed, suggesting a synergistic or partially
overlapping action of microbial and enzymatic processes. These effects may be associated
with changes in the pollen matrix and microbial metabolism, although the specific struc-
tural changes were not directly examined in the present study.

The highest effects, as expected, were observed after combined bioprocessing treat-
ments. Compared with the individual natural bee pollen samples, TPC increased signifi-
cantly by 3.7-5.0-fold, TFC by 4.0-4.2-fold, RSA by 4.9-6.3-fold, and BSA-DI by 3.7-5.3-
fold, depending on the sample and treatment combination. It is difficult to identify a single
superior treatment, as the response was influenced by the individual bee pollen sample
(Figure 3, Tables S1-54). Nevertheless, the greatest increases were most frequently ob-
served when Clara-diastase was combined with bacterial fermentation, irrespective of
whether hydrolysis preceded fermentation or vice versa.

Notably, the Clara-diastase treatment also demonstrated promising results when
combined with spontaneous fermentation, yielding 3.0—4.6-fold increases across the ana-
lysed samples. The pronounced effect of this sequential treatment may be associated with
enhanced accessibility and recovery of phenolic and other bioactive compounds following
enzymatic treatment. Since the pollen samples were autoclaved prior to hydrolysis, mi-
crobial activity originating from the native pollen microbiota is unlikely to be the primary
mechanism underlying the observed changes. Instead, the continued release of bioactive
compounds from the pollen matrix and, potentially, residual enzymatic activity may have
contributed to the observed increases in TPC, TFC, RSA, and BSA-DI. However, the spe-
cific structural changes induced by enzymatic hydrolysis were not directly assessed in the
present study.

Total phenolic content, mg/g
5

w

SIF ety

KLPD TLS TRG MRMPL SL UIN PNVZ KNS ALTS VLNS

B Natural BESpontaneous OLAcd HLAcd+VisL BVisL OVisL+LAcd

Figure 3. Changes in total phenolic content (TPC, mg/g RUE) in bee pollen during spontaneous
fermentation, single Lactobacillus acidophilus fermentation, single Viscozyme L hydrolysis, and their
combined treatments (10 technical replicates; RSD < 3.5%; abbreviations are given in Tables 2 and
3). All values differed significantly from those of natural bee pollen (p < 0.05).

The observed results suggest that the combination of fermentation and enzymatic
hydrolysis can significantly enhance the antioxidant properties of bee pollen. To the best
of our knowledge, the sequential application of spontaneous or bacterial fermentation and
enzymatic hydrolysis in both possible orders has not been systematically investigated for
bee pollen with a focus on enhancing the recovery of bioactive compounds and related in
vitro activities. Sequential hydrolysis and fermentation have been widely applied in the
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treatment of agro-industrial by-products for the recovery of functional ingredients [58,59]
and as a pretreatment strategy for bioethanol production [60,61]. In the case of bee pollen,
previous studies have mainly focused on fermentation using single strains or mixed mi-
crobial cultures [58,62,63], rather than combining fermentation and enzymatic hydrolysis
within a multi-stage bioprocessing approach.

Plausible, enzymatic hydrolysis followed by bacterial fermentation enhances the ac-
tivity of bee pollen by increasing the availability of low-molecular-weight bioactive com-
pounds prior to microbial action. Hydrolysis breaks down complex structures into smaller
peptides, amino acids, and phenolic-related compounds, generating a substrate more ac-
cessible to microbial metabolism [64]. This facilitates selective microbial transformation
and may preserve or further enhance biologically active molecules formed during hydrol-
ysis [33,63,64].

3.2. Chemometric Evaluation of Bioprocessing Treatments

Bee pollen samples (10 in total), collected from different regions of Lithuania, were
analysed in this study following the application of single- and multi-stage bioprocessing.
As presented above (Table 2), 8 single-stage and 30 multi-stage fermentation treatments
were applied across all samples. Total phenolic compound content, total flavonoid con-
tent, radical scavenging activity, and inhibition of heat-induced BSA denaturation were
each measured 10 times for every pollen sample in its raw form (natural bee pollen, used
as the control) as well as after fermentation under 38 described different conditions. In
total, a dataset of size of [390 x 10] comprising 39 treatments applied to each of the 10 bee
pollen samples, with 10 repeated measurements per treatment, was generated for TPC,
TFC, RSA, and BSA-DI.

Following the statistical analysis plan described in Section 2.8, one-tailed (right-
tailed) Student’s t-tests were performed to evaluate whether bioprocessing resulted in sta-
tistically significant increases in TPC, TFC, RSA, and BSA-DI. The tested hypotheses were:
(1) the mean values of the measurands after single-stage bioprocessing are greater than
those of natural bee pollen (control); (2) the mean values of the measurands after multi-
stage bioprocessing are greater than those of natural bee pollen (control); and (3) the mean
values of the measurands after multi-stage bioprocessing are greater than those after sin-
gle-stage bioprocessing.

The first and second groups of directional hypotheses remained statistically signifi-
cant after application of the Bonferroni correction at a significance level of 0.05, confirming
that both single-stage and multi-stage bioprocessing produced significant increases in
TPC, TEC, RSA, and BSA-DI compared with the untreated control samples. In contrast,
the comparison between single-stage and multi-stage bioprocessing revealed that not all
multi-stage treatment combinations outperformed their single-stage counterparts. In par-
ticular, multi-stage processes employing spontaneous fermentation as the first processing
stage exhibited lower overall performance than most single-stage bioprocessing ap-
proaches using bacteria or enzymes. A similar trend was observed for treatment with the
enzyme Clara-Diastase, which, when applied as a single-stage process, yielded signifi-
cantly greater improvements of the measured characteristics than most of the investigated
multi-stage bioprocessing combinations. These findings indicate that the incorporation of
an additional processing stage strongly depends on the specific combination and sequence
of the applied treatments. Figure 4 presents the detailed results of the discussed third
group of hypothesis tests.
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Figure 4. Student’s t-test comparison of increases in total flavonoid content (TFC), radical scaveng-
ing activity (RSA), and inhibition of heat-induced bovine serum albumin denaturation (BSA-DI)
following multi-stage versus single-stage bioprocessing at a significance level of p <0.05. Statistically
significant increases with multi-stage bioprocessing are indicated by solid colors. Treatment abbre-

viations are given in Table 2.
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The subsequent correlation analysis revealed very strong correlations among all
measured characteristics (Figure S1). The lowest Pearson correlation coefficient was ob-
served between RSA and BSA-DI (0.910, at level p < 0.05), while the highest was found
between TPC and BSA-DI (0.990, at level p < 0.05). A composite variable, weighted sum
(WS), was derived to provide an integrated representation of the four measured charac-
teristics: TPC, TFC, RSA, and BSA-DI. WS was constructed based on the relationships
among these characteristics, as assessed by correlation analysis. As the correlation coeffi-
cients were highly similar in magnitude, no individual characteristic showed a substan-
tially different contribution to the common response pattern. Therefore, equal weights
were assigned to the four components in the WS calculation. The WS was used as an inte-
grated comparative indicator of treatment effects, while the individual characteristics
were retained for separate statistical analysis and interpretation.

The heatmap diagram of averaged, normalized and ordered in ascending order ac-
cording to WS, is presented in Figure 5. The heatmap representing the incremental nor-
malized changes in the measured characteristics of the pollen samples, confirmed a clear
positive effect of multi-stage bioprocessing on the yield of bioactive compounds. The vis-
ualization indicated the presence of at least three distinct groups of treatments, namely
low-, medium-, and high-yield groups.

The low-yield group comprised natural bee pollen and primarily single-stage bio-
processing, as well as multi-stage bioprocessing in which spontaneous fermentation was
applied as the initial step. In contrast, the high-yield group consisted predominantly of
multi-stage bioprocessing processes, particularly those involving Clara-diastase, Visco-
zyme L, and cellulase in at least one stage. The most effective combinations were observed
when these enzymes were applied during the initial stage of bioprocessing. This finding
suggests that the initial enzymatic may have contributed substantially to the observed
changes in the pollen biochemical profile, potentially by facilitating the disruption of the
pollen matrix and increasing the extractability of bioactive compounds. However, the
structural changes underlying these effects were not directly investigated in the present
study. Notably, the use of these enzymes in single-stage bioprocessing did not result in
comparably high yields. Among all tested multi-stage bioprocessing treatments of bee
pollen, the optimal treatment was the combination of Clara-diastase and L. acidophilus.

The medium-yield group represented an intermediate cluster of fermentation treat-
ments, characterized by moderate increases in all measured bioactive parameters. Com-
pared to the low-yield group, the medium-yield treatments demonstrated a clear im-
provement in bioactive compound extraction, revealing that the introduction of addi-
tional bioprocessing steps enhances overall efficiency. However, their performance re-
mained consistently below that of the high-yield group, indicating that not only the num-
ber of stages but also the specific combination and sequence of enzymes and/or bacterial
strains played a critical role.
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Figure 5. Heatmap of measured total phenolic content (TPC), total flavonoid content (TFC), radical
scavenging activity (RSA), and inhibition of heat-induced bovine serum albumin denaturation

(BSA-DI), together with derived weighted sum (WS). Treatment abbreviations are given in Table 2.

ANOVA was applied to assess and reveal the distinctiveness of investigated bee pol-
len samples from various regions of Lithuania based on the measured characteristics. This
analysis was conducted on natural bee pollen samples prior to any treatment to charac-
terize the variability of the starting materials used in the subsequent multi-stage biopro-
cessing experiments. Figure 6 illustrates the ANOVA results for TPC, TFC, RSA, and BSA-
DI, respectively.
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Figure 6. ANOVA results of tested samples pair-wise comparison based on the measured total phe-
nolic content (TPC), total flavonoid content (TFC), radical scavenging activity (RSA), and inhibition
of heat-induced bovine serum albumin denaturation (BSA-DI). NS—no significant difference ob-

served. Samples abbreviations are given in Table 1.

The rationale for this analysis was to assess whether the collected sample set encom-
passed sufficient variability in the measured characteristics to provide a heterogeneous
set for evaluating and generalizing the effects of the bioprocessing treatments. If the sam-
ples were excessively similar, the range of pollen characteristics would be limited, poten-
tially restricting the applicability of the observed treatment effects to a specific type of
pollen. Conversely, the presence of appreciable variability among the pollen samples pro-
vides a broader basis for evaluating the robustness of the treatment effects.

The ANOVA results revealed that the samples differed significantly, although statis-
tically significant differences were not observed for all comparisons indicating similar bi-
oactivity profiles. For example, some geographically proximate sample pairs, including
VLNS (Vilnius)-ALTS (Alytus), MRMPL (Marijampolé)-TRG (Tauragé), and PNVZ
(Panevézys)-UTN (Utena), did not exhibit statistically significant differences for the in-
vestigated characteristics. Overall, the observed variation among the ten samples
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indicated that the experimental set encompassed a range of initial pollen characteristics
suitable for evaluating the effects of the subsequent multi-stage bioprocessing treatments.
Following the evaluation of the samples, the same analysis methodology was applied
to the fermentation treatments investigated in this study. The aim was to determine
whether statistically significant differences existed among the treatments, given the rap-
idly increasing number of possible multi-stage bioprocessing strategies, arising not only
from the variety of enzymes and bacterial strains used but also from the sequence of their
application. Only multi-stage bioprocessing was included in this analysis, as this ap-
proach had previously been shown to provide better results than single-stage processes.
Figure 7 presents the ANOVA results of pairwise comparisons of the mean values of the
derived WS variable, illustrating the outcomes of hypotheses testing for equality and the
identification of statistically significant differences among the applied treatments.

| [ Increase (p < 0.05) [ |Decrease (p < 0.05) [ NS (p = 0.05) [ Diagonal |

Figure 7. ANOVA results of multi-stage bioprocessing pair-wise comparison based on the weighted
sum (WS) of measured total phenolic content (TPC), total flavonoid content (TFC), radical scaveng-
ing activity (RSA), and inhibition of heat-induced bovine serum albumin denaturation (BSA-DI).
Statistically significant increases or decreases refer to the bioprocesses on the vertical axis relative
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to the corresponding bioprocesses on the horizontal axis. NS—no significant difference observed.

Treatment abbreviations are given in Table 2.

The presented Figure 7 illustrates that a number of combinations of enzymes and
bacterial strains yielded similar results, with no statistically significant differences ob-
served. Notably, all combinations involving spontaneous fermentation as the initial step
exhibited statistically significant outcomes that differed from all other tested treatments.
This suggests that the microflora introduced during spontaneous fermentation, originat-
ing from bee saliva, may be distinct from that associated with the bacterial strains applied
in this study. However, these combinations generally resulted in lower yields of the meas-
ured characteristics. The most favourable results were observed when the Clara-diastase
enzyme was applied during the initial pollen treatment step, producing significantly dis-
tinct outcomes from all other treatments, when this enzyme was not involved. In conclu-
sion, as shown in Figure 5, the highest yields were obtained from multi-stage biopro-
cessing combinations that included Clara-diastase, Viscozyme L, and Cellulase. ANOVA
analysis confirmed that this trend was consistent, demonstrating that multi-stage bee pol-
len treatment incorporating these enzymes yields reproducible and distinct outcomes, es-
pecially when applied in the initial single-stage.

To reveal the similarities among the applied bioprocessing approaches and to classify
them according to their overall bioactivity, hierarchical cluster analysis (HCA) was per-
formed using the averaged weighted-sum (WS) variable as the input. The WS variable
served as an integrated indicator combining the four measured characteristics (TPC, TFC,
RSA, and BSA-DI), thereby enabling comparison of the overall treatment performance.
The resulting dendrogram is presented in Figure 8. The cophenetic correlation coefficient
of the hierarchical clustering was 0.74, indicating a good correspondence between the
original pairwise distances and the dendrogram representation and supporting the relia-
bility of the identified cluster structure. The dendrograms of TPC, TFC, RSA and BSA-DI
are presented in Figures S2-S5, respectively.
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Figure 8. HCA clustering of treatments applied to bee pollen using weighted sum WS variable.

Treatment abbreviations are given in Table 2.

As anticipated from the heatmap (see Figure 5), hierarchical cluster analysis revealed
three distinct clusters of pollen treatments. The first cluster comprised natural pollen,
spontaneous fermentation and its combinations, as well as single-stage bacterial fermen-
tations. Notably, this group did not include enzyme-based treatments, except for combi-
nations involving spontaneous fermentation, which did not demonstrate significant im-
provements.

The second cluster consisted primarily of multi-stage bioprocessing in which bacte-
rial treatment was applied as the initial stage. This group also included single-stage hy-
drolysis using Clara-diastase, Viscozyme L, and cellulase, as previously noted, suggesting
that enzymatic hydrolysis may be more effective than bacterial fermentation under the
tested conditions. This trend was especially pronounced in the third (high-yield) cluster,
which comprised the most effective enzyme combinations, followed by bacterial fermen-
tation in the second stage, enhancing the yield of measured TPC, TFC, RSA, and BSA-DI.
The only exception to this trend was the L. acidophilus bacterial strain, which fell into high-
yield cluster (cluster III) and exhibited measured characteristics comparable to those of
the enzymatic treatments.

3.3. Study Limitations

Several limitations of the present study should be acknowledged. The evaluation was
based on total phenolic content (TPC), total flavonoid content (TFC), radical scavenging
activity (RSA), and inhibition of heat-induced bovine serum albumin denaturation (BSA-
DI). Although these assays are useful for comparing bioprocessing treatments, DPPH and
BSA-DI provide preliminary in vitro assessments and do not fully reflect biological re-
sponses in vivo. Further studies using appropriate in vivo models would be valuable for
validating these findings.

The botanical origin of the pollen samples was not determined by palynological anal-
ysis; therefore, differences in floral composition may have contributed to variability
among samples. The findings should consequently be interpreted in relation to the tested
pollen samples and their geographic origin rather than specific botanical sources.

Fermentation kinetics were not monitored in detail, and changes in pH, viable-cell
numbers, microbial dynamics, and metabolite production were not determined. Because
treatment durations were optimized separately for each bioprocess and therefore differed
between single-stage and multi-stage treatments, the contribution of treatment type rela-
tive to total incubation time cannot be fully separated. Further studies should address
these aspects, together with microbiological safety, process mass balance, economic feasi-
bility, and scalability, to support evaluation of the mechanisms and practical applicability
of the proposed bioprocessing approach.

4. Conclusions

The study describes proposed multi-stage bioprocessing approach involving bacte-
rial fermentation, spontaneous fermentation, and enzymatic hydrolysis to evaluate
changes in total phenolic content (TPC), total flavonoid content (TFC), radical scavenging
activity (RSA), and heat-induced bovine serum albumin denaturation inhibition (BSA-DI)
from bee pollen collected from various regions of Lithuania. BSA-DI was used as a pre-
liminary in vitro indicator of potential anti-inflammatory activity.

The present study demonstrated that single- and multi-stage bioprocessing can sub-
stantially modify the measured bioactive-related properties of bee pollen collected from
different regions of Lithuania. In natural bee pollen, TPC, TFC, RSA, and BSA-DI ranged
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from 5.8 to 13.3 mg/g RUE, 3.7 to 8.4 mg/g RUE, 4.3 to 9.9 mg/g RUE, and 8.7 to 18.8 mg/g
SAE, respectively. Among the single-stage treatments, Clara-diastase generally produced
the highest values, reaching 16.8-37.85 mg/g RUE for TPC, 11.7-25.9 mg/g RUE for TFC,
10.6-18.6 mg/g RUE for RSA, and 25.0-54.7 mg/g SAE for BSA-DI across the tested pollen
samples.

Multi-stage bioprocessing resulted in further increases in the measured parameters.
The combination of Clara-diastase and Lactobacillus acidophilus produced the highest TPC
and BSA-DI values, reaching 28.8-48.6 mg/g RUE and 42.9-70.8 mg/g SAE, respectively,
across the tested pollen samples. For TFC and RSA, similarly high values were obtained
with Clara-diastase combined with L. acidophilus and Viscozyme L combined with L. aci-
dophilus, reaching 15.0-35.0 mg/g RUE and 22.1-49.0 mg/g RUE, respectively. The com-
prehensive statistical analysis proved that observed differences were statistically signifi-
cant under the tested conditions.

Overall, the findings suggest that combining enzymatic hydrolysis with bacterial fer-
mentation may represent a promising strategy for enhancing the measured bioactive-re-
lated properties of bee pollen. However, treatment performance varied depending on the
enzyme, microorganism, treatment sequence, and pollen sample. Microbiological safety
of the multi-day fermentation processes was not assessed in the present study; therefore,
further studies investigating microbial growth, endogenous pollen microbiota, fermenta-
tion metabolites, and microbiological safety, together with process mass balance, eco-
nomic feasibility, and scalability, would be valuable for assessing the safety and practical
applicability of the proposed bioprocessing approach.
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https://www.mdpi.com/article/10.3390/foods15173056/s1, Table S1. Changes in total phenolic con-
tent of bee pollen samples from different regions of Lithuania after various treatment methods; Ta-
ble S2. Changes in total flavonoid content of bee pollen samples from different regions of Lithuania
after various treatment methods; Table S3. Changes in radical scavenging activity of bee pollen sam-
ples from different regions of Lithuania after various treatment methods; Table S4. Changes in in-
hibition of heat-induced bovine serum albumin denaturation of bee pollen samples from different
regions of Lithuania after various treatment methods; Figure S1. Pearson correlation coefficients and
scatterplots of total phenolic content (TPC), total flavonoid content (TFC), radical scavenging activ-
ity (RSA), and inhibition of heat-induced bovine serum albumin denaturation (BSA-DI); Figure S2.
HCA clustering of bee pollen treatments based on total phenolic content (TPC). Treatment abbrevi-
ations are given in Table 2; Figure S3. HCA clustering of bee pollen treatments based on total flavo-
noid content (TFC). Treatment abbreviations are given in Table 2; Figure S4. HCA clustering of bee
pollen treatments based on radical scavenging activity (RSA). Treatment abbreviations are given in
Table 2; Figure S5. HCA clustering of bee pollen treatments based on inhibition of heat-induced
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