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Abstract: This study evaluates the physicochemical characteristics, antioxidant, antibacterial, and antipro-
liferative properties of rapeseed honey collected from Vojvodina, Serbia, as well as rapeseed honey-based
products enriched with 10% fruit lyophilizate, including sour cherry (Prunus cerasus), strawberry (Fra-
garia), blueberry (Vaccinium myrtillus), raspberry (Rubus idaeus), blackberry (Rubus fruticosus), orange
(Citrus sinensis), and pineapple (Ananas comosus). Honey-based products with lyophilizates were devel-
oped to enhance the relatively limited therapeutic potential of rapeseed honey by incorporating fruit
lyophilizates known to possess bioactive compounds. The moisture content, pH, electrical conductivity,
free acidity, hydroxymethylfurfural (HMF), and mineral composition were analyzed. Sour cherry-
enriched honey exhibited the highest total phenolic content (TPC =102 + 0.18 mg GAE/100 g), while
blueberry-enriched honey had the highest total flavonoid content (TFC = 34.9 & 0.89 mg CAE/100 g)
and total anthocyanin content (TAC =299 + 3.14 mg EC/100 g), with the greatest relative scavenging ca-
pacity (81.0 £ 0.46% of DPPH inhibition). Polyphenol profiling identified phenolic acids and flavonoids,
check for with raspberry-enriched honey showing the highest total polyphenol content (47.0 + 0.98 mg/kg) due
updates to its high ellagic acid content (38.4 £ 1.11 mg/kg). All honey-based products demonstrated moderate
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Plavsic, D Jakimoy, D. Functional particularly in pineapple and blueberry-enriched honey, with ICsj values as 9.04 £ 0.16 mg/mL and
9.95 & 0.24 mg/mL for MCF-7 cells, respectively. Based on all the obtained results, it can be concluded

that the enrichment of rapeseed honey with fruit lyophilizates at a 10% level contributed to an increase
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® Throughout history, honey and other bee products have played significant roles as reli-
gious symbols, nutritional sources, and medicinal substances. Often regarded as one of the

earliest functional foods consumed in its natural state, honey is predominantly composed of
carbohydrates (70-80%), water (up to 20%), and proteins (1%). Beyond these primary con-
This article is an open access article  Stituents, honey contains other components with beneficial properties such as amino acids,
distributed under the terms and organic acids, enzymes, vitamins, minerals, carotenoids, and polyphenolic compounds [1].
conditions of the Creative Commons Contemporary research has confirmed that honey exhibits numerous positive effects
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40/). (such as apigenin, quercetin, myricetin, pinocembrin, and hesperetin) and phenolic acids
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(including caffeic, ferulic, sinapic, gallic, and p-coumaric acids), as well as ascorbic acid,
carotenoids, organic acids, Maillard reaction products, amino acids, peptides, proteins,
and selenium [2,3].

Beyond its antioxidant properties, honey possesses a range of therapeutic benefits.
It also demonstrates antibacterial, bacteriostatic, antimutagenic, anti-inflammatory, an-
tiatherogenic antithrombotic, and other advantageous effects [4-6].

The intensity of the therapeutic effect of honey primarily depends on the type of
honey [7]. There are reports of exceptionally therapeutically effective types of honey, such
as manuka honey [8], as well as those that are less potent, such as rapeseed honey [9]. In
addition, honey has been used in combination with medicinal herbs since ancient times
(honey infused with herbs) [10]. Furthermore, honey-based products containing fruits, such
as honey with added prunes as a traditional Serbian dessert [11] or enriched with algae,
like Spirulina honey, ref. [12] were investigated. Moreover, the new innovative method for
bee feeding with pomegranate, orange, and black carrot concentrates for functional honey
production was established [13].

Berries, including strawberries (Fragaria), raspberries (Rubus idaeus), blueberries (Vac-
cinium spp.), and blackberries (Rubus fruticosus), possess significant potential for honey
enrichment because they are abundant in bioactive components, mainly anthocyanins [14].
Their antioxidant activities, along with their potential cancer-protective and anti-aging
properties, make berries excellent candidates for functional honey production [15] with
significant diversification of the honey’s flavor profile.

Among other fruits, pineapple is distinguished by its high levels of bioactive com-
pounds, minerals, dietary fiber, and nutrients. It has been shown to provide various health
benefits, including anti-inflammatory and antioxidant effects, support for nervous system
function, and the promotion of digestive health [16].

One of the methods of preserving fruits is lyophilization, which reduces the risk of
spoilage and extends the shelf life of the products, preserves nutritional and bioactive
components of the fruits, maintains their taste, aroma, and texture, enables easy handling
and transportation, and eliminates the need for preservatives to stabilize the products [17].
Different lyophilized fruits are commercially available on the market, including in Serbia,
and are used in a variety of products.

Rapeseed honey has been shown to have weaker antioxidant, antibacterial, and an-
tiproliferative effects compared to other honey types that are characteristic of Serbia [9].
The limitations of rapeseed honey’s therapeutic potential provide a strong rationale for
exploring enhancement strategies aimed at augmenting its functional properties. This
study proposes enriching rapeseed honey with fruit lyophilizates, abundant sources of
antioxidants, to enhance its antioxidant, antibacterial, and antiproliferative effects, resulting
in a new range of rapeseed honey-based products.

2. Materials and Methods
2.1. Honey and Honey-Based Samples

The study was carried out on 8 commercially available samples—7 rapeseed honey-
based samples enriched with various lyophilized fruits: sour cherry (Prunus cerasus),
strawberry (Fragaria), blueberry (Vaccinium myrtillus), raspberry (Rubus idaeus), blackberry
(Rubus fruticosus), orange (Citrus sinensis), and pineapple (Ananas comosus) at the level of
10% and the control (rapeseed honey sample). The selection of fruit lyophilizates was made
based on previously conducted consumer preference surveys organized by the producers
of honey-based products, and is also justified from the standpoint of scientific data on
the health potential of the selected fruits. Honey and honey-based products were directly
provided by the local beekeeping farm from the Autonomous Province of Vojvodina, Serbia.

The samples were enclosed in glass containers and maintained at a constant room
temperature (22 £ 1 °C) in a dark environment until further analysis. All assays were
performed in triplicate (n = 3) to ensure the reliability and accuracy of the results.
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2.2. Physicochemical Parameters

Moisture content was assessed using a refractometer (Schmidt/Haensch ATR-ST,
Labexchange—Die Laborgerdteborse GmbH, Burladingen, Germany). A few drops of
honey or honey-based product were placed on the refractometer prism, and the moisture
content was directly read from the display [18].

Free acidity was measured using a titrimetric method. A solution was prepared by
dissolving 10 g of honey or honey-based product in 75 mL of distilled water (free of carbon
dioxide) [18]. The solution was titrated with 0.1 mol/L NaOH (Lacher, Neratovice, Czech
Republic) until reaching a pH of 8.5. The acidity was calculated based on the volume of
0.1 mol/L NaOH required to neutralize 10 g of honey or honey-based product, multiplied
by 10. The final result was expressed in milliequivalents of acid per kilogram of honey or
product (meq/kg).

Electrical conductivity was determined potentiometrically using a 20% v/v solution of
honey or honey-based product, following the method described by Bogdanov [19]. The
moisture content of the samples, assessed by refractometry, was considered when preparing
the dilutions. Measurements were performed using a RIAC CM 100/E conductometer
equipped with an ISI 3418 electrode (Yellow Springs Instruments Inc., Yellow Springs,
OH, USA). The conductometer was calibrated with a standard 0.1 mol/L KClI solution
(Sigma-Aldrich Co. LLC, St. Louis, MI, USA), which had a conductivity of 1413 mS/cm
at 20 °C.

For pH determination, a 20% v/v honey/honey-based product solution prepared as de-
scribed above was utilized. A SevenEasi™ pH meter (Mettler Toledo, Urdorf, Switzerland)
equipped with an InLab 427 electrode (Mettler Toledo, Urdorf, Switzerland) was employed.
Prior to each measurement, the electrode was calibrated using pH value standards of
4.01 £ 0.02 and 7.01 & 0.02 [19].

2.3. Determination of 5-Hydroxymethylfurfural Content

Sample preparation: The extraction of hydroxymethylfurfural (HMF) was carried out
using the method of Rufian-Henares and De La Cueva [20], with modifications as described
by Petisca et al. [21]. Ten grams of the sample were suspended in 5 mL of a water:methanol
mixture (70:30) and vortexed for 1 min. Subsequently, 2.0 mL of Carrez I and Carrez II
solutions (Carl Roth GmbH, Karlsruhe, Germany) were added. The mixture was then
centrifuged at 5000 rpm for 15 min at 4 °C. Two additional extractions were performed
with 2 mL of water:methanol mixture (70:30), until a total of 10 mL of supernatant was
obtained. This combined supernatant was further centrifuged at 8000 rpm for 15 min and
set aside for analysis.

HPLC-DAD analysis: HMF quantification was conducted using an HPLC method
based on the protocols of Ariffin et al. [22] and Tomasini et al. [23], with modifications. A
liquid chromatograph (Agilent 1200 series, Agilent Technologies, Santa Clara, CA, USA)
equipped with a DAD detector and an Eclipse XDB-C18, 1.8 um, 4.6 x 50 mm column
(Agilent) was used for quantification of HMF. Separation was achieved with a column
temperature of 30 °C and a sample injection volume of 2 pL. The mobile phase consisted
of two eluents, H,O (0.1% HCOOH) (Carl Roth GmbH, Karlsruhe, Germany) (A) and
methanol (Carl Roth GmbH, Karlsruhe, Germany) (B). The flow rate was 0.75 mL/min.
The isocratic elution was used with the ratio A:B (90:10, v/v). Detection was conducted at
284 nm. The total run time of the analysis was 5 min. HMF quantification was calibrated
using standard solutions at a concentration range of 1-60 pug/mL.

2.4. Determination of Mineral Content

The mineral content of honey and honey-based products was quantified using atomic
absorption spectrometry (AAS), as described by Sakac et al. [24]. Briefly, 5 g of each sample
was dry-ashed at 550 °C. The concentrations of K, Na, Ca, Mg, Zn, Mn, Fe, and Cu were
determined using a Varian SPECTRAA-10 atomic absorption spectrophotometer (Mulgrave,
Australia). Calibration was conducted with standard solutions of these minerals provided
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by AccuStandard (New Haven, CT, USA). The concentration ranges for the construction
of calibration curves were as follows: for K 15400 ug/mL, for Na 15-400 pg/mL, for Ca
and Mg 0.5-2.0 ug/mL, for Cu and Fe 0.2-4.0 pg/mL, for Mn 0.05-2.0 ug/mL, and for Zn
0.02-0.2 pg/mL. The calibration curves exhibited linearity across the analytical range, with
all R? values exceeding 0.999.

2.5. Determination of Total Phenolic Content

The total phenolic content (TPC) was assessed using the Folin—Ciocalteu assay as
described by Ferreira et al. [25] with some modifications. Honey or a honey-based product
(1 g) was dissolved in 20 mL of distilled water. A total of 8 mL of the aqueous honey or
honey-based solution was mixed with 0.5 mL of Folin—Ciocalteu reagent (Sigma-Aldrich
Co. LLC, St. Louis, MI, USA), previously diluted with distilled water (1:2). After a 3 min
reaction period, 1.5 mL of 25% sodium carbonate solution (Merck, Darmstadt, Germany)
was added to the mixture. The mixture was vortexed, and the tubes were covered and
incubated in a dark place at 25 °C for 2 h. The absorbance of the reaction mixture was
measured at 750 nm using a Shimazu, UV-1800 spectrophotometer (Kyoto, Japan) relative
to the blank sample.

Gallic acid (Sigma-Aldrich Co. LLC, St. Louis, MI, USA) (1.25-31.25 mg/mL) was used
as the standard for constructing the calibration curve, and the total phenolic content was ex-
pressed as gallic acid equivalents (GAE) (mg GAE/100 g of honey/honey-based product).

2.6. Determination of Total Flavonoid Content

A total of 0.5 g of honey or honey-based product was dissolved in 1 mL of distilled
water. To this solution, 0.3 mL of 5% NaNO; (Merck, Darmstadt, Germany) was added
and mixed thoroughly. After a 5-min incubation, 0.3 mL of 10% AICl; (Merck, Darmstadt,
Germany) was introduced, and the mixture was vortexed. Following an additional 6 min
of reaction time, the solution was neutralized by the addition of 2 mL of 1 mol/L NaOH.
The absorbance of the solution was measured at 510 nm using a Shimadzu UV-1800
spectrophotometer (Kyoto, Japan), with a blank sample used as the reference [26].

Catechin (Sigma-Aldrich Co. LLC, St. Louis, MI, USA) (3.1875-102.0 pg/mL) was used
as the standard for constructing the calibration curve, and the total flavonoid content (TFC)
was expressed as catechin equivalents (CAE) (mg CAE/100 g of honey/honey-based product).

2.7. Determination of Total Anthocyanin Content

The anthocyanin content (TAC) was determined according to Barac et al. [27]. Briefly,
anthocyanins were measured in solution obtained by diluting 2 g of sample in 20 mL of
0.1% HCI (Carl Roth GmbH, Karlsruhe, Germany) in methanol. The solution (1 mL) was
transferred to 9 mL of buffer (pH 1.0) (Merck, Darmstadt, Germany). After stabilization
at 4 °C for 2 h, absorbance was measured at 515 and 700 nm using a spectrophotometer
(Shimazu, UV-1800, Kyoto, Japan). The blank was prepared by dissolving 1 mL of 0.1%
HCl in methanol in 9 mL of buffer. The total anthocyanin content was calculated using
measured absorbance, molar extinction coefficient and molar mass of cyanidin-3-glucoside
and expressed as cyanidin-3-glucoside equivalents (EC) (mg EC/100 g of honey/honey-
based product).

2.8. DPPH Radical Scavenging Capacity

The DPPH radical scavenging activity was assessed following the method of Noor
et al. [28], with minor modifications. In brief, 0.75 mL of a methanolic solution of honey or
honey-based product (0.2 g/mL) was mixed with 1.5 mL of a 0.09 mg/mL DPPH solution
(Sigma-Aldrich Co., LLC, St. Louis, MI, USA) in methanol. The mixture was incubated at
25 °C for 5 min in a water bath. The absorbance was then measured at 517 nm against the
blank consisting of methanol and honey/honey-based product solution.
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The radical scavenging capacity (RSC) of honey or honey-based products was ex-
pressed as the percentage inhibition of DPPH radical and calculated using the formula:

RSC (DPPH inhibition, %) = [(Ag — A1)/Ag] x 100

where:

A( = Absorbance of radical blank
Aj = Absorbance of test sample

2.9. Polyphenol Profile Analysis

The quantification of polyphenols was done according to the method described in
the paper of Nyarko et al. [29] with some modifications. A total of 7.5 g of honey/honey-
based product was mixed with 15 mL of acidified water (pH 2) and vortexed until fully
dissolved. The mixture was centrifuged at 10,000 rpm for 10 min using an Eppendorf 5804
R centrifuge (Hamburg, Germany) to remove solid impurities. For further purification
solid-phase extraction (SPE) was performed with a SampliQ C18 ODS (500 mg/6 mL)
column (Agilent Technologies, Santa Clara, CA, USA), which was conditioned with 5 mL
of methanol (Carl Roth GmbH, Karlsruhe, Germany) and 5 mL of water. The honey/honey-
based product solution (15 mL) was passed through the column, and excess sugars were
removed with 7.5 mL of water. Phenolic compounds were subsequently eluted with 7.5 mL
of 80% methanol. The eluate was evaporated under a nitrogen stream and stored at —20 °C
until analysis.

Quantification of individual polyphenols was performed using a modified HPLC
method as outlined by Saka¢ et al. [24]. The analysis was conducted with an Agilent
1290 liquid chromatograph (Agilent Technologies, Santa Clara, CA, USA) equipped with a
diode-array detector (DAD) and a Zorbax Eclipse XDB-C18 column (1.8 um, 4.6 x 250 mm;
Agilent Technologies, Santa Clara, CA, USA). An aliquot of 5 uL of the sample was in-
jected into the HPLC system. Separation of polyphenols was achieved with a gradient
elution method utilizing methanol (solvent A) and 0.5% (v/v) formic acid in water (sol-
vent B). The flow rate was maintained at 0.3 mL/min. The gradient program was as
follows: 3% A from 0 to 13 min; 3% A from 13 to 25 min; 5% A from 25 to 34 min; 6%
A from 34 to 35 min; 9% A from 35 to 52 min; 10% A from 52 to 75 min; 25% A from
75 t0 95 min; 45% A from 95 to 110 min; 60% A from 110 to 130 min; 90% A from 130 to
133 min; and returning to 3% A from 133 to 135 min. Prior to injection, samples were
diluted with a mobile phase mixture (A, 10:90%, v/v) and filtered through a 0.45 um
RC syringe filter (Macherey-Nagel GmbH & Co. KG., Diiren, Germany). Detection was
carried out at wavelengths of 280 nm and 320 nm to capture the absorbance of different
polyphenolic compounds. Calibration was conducted with standard solutions of polyphe-
nols provided by Sigma-Aldrich (St. Louis, MI, USA). The concentration ranges for the
construction of calibration curves were as follows: for ellagic acid, 0.1-50 pug/mL; for
rutin, 0.1-5.0 ug/mL; for naringin and naringenin, 0.05-1.0 pg/mL; for quercetin and
protocatechuic acid, 0.05-5.0 ng/mL; for neochlorogenic acid, 0.01-1.0 ug/mL; for caffeic
acid, chlorogenic acid, ferulic acid, and sinapic acid, 0.1-5.0 pg/mL; for p-cumaric acid,
0.1-20 ug/mL; and for quercetin-3-arabinoglucoside, quercetin-3-glucuronide, quercetin-
3-glucoside, and quercetin-3-rutinoside, 0.05-2.5 ng/mL. Retention times (tg) and coef-
ficients of determination (R?) for each polyphenol are presented in Table S1, while the
chromatograms of the polyphenol standards mixture are presented in Figure S1. The results
are expressed in mg of compound per kg of honey/honey-based product. All analyses
were conducted in triplicate.

2.10. Antibacterial Activity Assay

Solutions of honey and honey-based products were prepared by diluting the samples
with sterile distilled water immediately before analysis, resulting in final concentrations of
25.0%, 12.5%, 6.25%, 3.125%, 1.56%, and 0.75%, respectively. These diluted solutions were
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incubated in the dark at 30 °C for 30 min. The antibacterial activity was evaluated against a
panel of bacterial strains: Gram-negative bacteria (Echerichia coli ATCC 10536, Escherichia
coli ATCC 8739, and Proteus hauseri ATCC 13315) and Gram-positive bacteria (Staphylococcus
epidermidis ATCC 12228, Staphylococcus aureus ATCC 25923, and Enterococcus faecalis ATCC
29212). The minimal inhibitory concentration (MIC) was determined using a modified
microdilution method as described by Szweda [30]. Bacterial strains were subcultured on
nutrient agar slants at 37 °C for 24 h, and the bacterial suspensions were adjusted to a
McFarland of 0.5 optical density, corresponding to approximately 1.5 x 108 CFU/mL.

For MIC determination, 10 pL of a 0.01% resazurin (HiMedia, Mumbai, India) solution
was added to each well, and the plates were incubated at 37 °C for 24 h, until the devel-
opment of the red color. The MIC was defined as the lowest concentration of honey or
honey-based product that completely inhibited bacterial growth, indicated by the absence
of red formazan formation.

2.11. In Vitro Antiproliferative Assay—MTT Test

Human solid tumor cell lines were used to investigate the antiproliferative activity
of the tested honey and honey-based products. The cell lines used in this study included
estrogen receptor-positive (ER+) human breast adenocarcinoma MCF-7 (American Type
Culture Collection—ATCC HTB22), cervix carcinoma colon cancer HT-29 (ATCC HTB38),
human cervix adenocarcinoma HeLa (ATCC CCL2), and normal fetal lung fibroblast cell
line MRC-5 (ATCC CCL 171).

The cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, PAA Laborato-
ries GmbH, Pashing, Austria) with 4.5% glucose (Sigma-Aldrich Co. LLC, St. Louis, MI,
USA), supplemented with 10% fetal calf serum (FCS, Sigma) and antibiotics/antimycotics
solution (Sigma-Aldrich Co. LLC, St. Louis, MI, USA). The cell lines were cultured in
25 mL flasks (Costar®, Corning, NY, USA) at 37 °C in an atmosphere of 100% humidity and
5% CO; (Heraeus, Waltham, MA, USA). Exponentially growing viable cells were used for
the assays.

In vitro antiproliferative activity was evaluated using the MTT (3-(4, 5-dimethylthiazole-
2)-2,5-diphenyltetrazolium bromide) (Thermo Fisher Scientific, Waltham, MA, USA) assay
in microwell plates [31]. Exponentially growing cells were harvested, counted using trypan
blue, and seeded into 96-well plates (Costar®, Corning, NY, USA) at an optimal density of
5 x 10 cells per well to ensure logarithmic growth during the assay period. Viable cells
were seeded in a volume of 90 uL per well and pre-incubated in complete medium at 37 °C
for 24 h to allow cell stabilization before adding the samples.

All tested honey and honey-based products, dissolved in 0.9% NaCl solution (Lacher,
Neratovice, Czech Republic), were prepared at five different concentrations ranging from
0.5 to 100 mg/mL and added (10 puL/well) to all wells except the control wells. The
microplates were then incubated for 48 h. Wells containing cells without tested samples
were used as the controls. Three hours before the end of the incubation period, 10 pL
of MTT solution (dissolved at 5 mg/mL in medium and filtered to sterilize and remove
any insoluble residue) was added to all wells. Acid-isopropanol (100 pL of 0.04 mol/L
HCl in isopropanol (Merck, Darmstadt, Germany)) was then added to all wells and mixed
thoroughly to dissolve the dark blue crystals. After a few minutes at room temperature to
ensure complete dissolution of the crystals, the plates were read using a spectrophotometer
plate reader (Multiscan Ascent, Thermo Labsystems, Helsinki, Finland) at 540/690 nm.
Wells containing only medium and MTT, without cells, were used as the blank.

Inhibition of growth was expressed as a percentage of the control, and cytotoxicity
was calculated using the formula:

(1 - Atest/Acontrol) x 100

The ICsg value was defined as the concentration of the sample that inhibited cell
growth by 50% relative to the control (untreated) cells.
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2.12. Statistical Analyses

The data were analyzed using the XLSTAT 2024 software package (Lumivero, Denver,
CO, USA). Results are presented as mean =+ standard deviation. Statistical comparisons
among sample means were conducted using analysis of variance (ANOVA) followed by
Tukey’s Honestly Significant Difference (HSD) test with a significance level of o« = 0.05.

Principal component analysis (PCA) was conducted to identify and clarify the rela-
tionships and underlying patterns among the measured variables.

3. Results and Discussion
3.1. Physicochemical Characterisation

The physicochemical parameters of honey are critical indicators of its quality and
must comply with EU regulations [32]. Considering that investigated honey-based prod-
ucts primarily consist of rapeseed honey (90%) and lyophilized fruits (10%), they were
tested in accordance with the Codex Alimentarius [32]. The physicochemical parameters
assessed included moisture content, electrical conductivity, pH, free acidity, and HMF, as
detailed in Table 1.

Table 1. Physicochemical parameters of rapeseed honey and honey-based products.

Moisture Electrical Conductivity Free Acidity HMF
*

Honey or HEP (%) (mS/cm) pH (meq/kg) (mg/kg)
Rapeseed honey 19.4 + 0.20 be 0.2140.012 3.78 £ 0.09 ba 6.00 £ 0.202 5.02 +0.052
HBP-BlackB 19.8 +0.06 € 0.37 £ 0.02b 3.61 +0.20ba 18.0 + 0.79 <d 5.81 + 0.12 bc
HBP-Orange 19.6 £ 0.35 b¢ 0.60 + 0.01°¢ 3.90 &+ 0.07 b 16.7 +0.38 ¢ 5.93 4 (.35 bc
HBP-PineA 16.3 +£0.402 0.35 +0.03 b 3.97 +0.04¢ 12.1+0.27P 5.05+ 0.032
HBP-RaspB 18.7 +£0.20P 0.55 +0.05 ¢ 3.74 4+ (.10 cba 30.7 £ 1418 633+0.14¢
HBP-BlueB 19.2 4+ 0.60 b¢ 0.36 +0.04 b 3.60 £ 0.06 2 19.3 4 0.80 de 7.10 +£0.444
HBP-StrawB 20.0 +0.15¢ 0.58 + 0.04 ¢ 3.96 + 0.08 20.4 +0.42°¢ 5.61 &+ 0.05 2P
HBP-SourC 19.3 £ 0.17 b¢ 0.42 +0.02b 3.99 +0.14°¢ 2444+ 059 f 632+ 0.07°¢

Means within each column with different letters differ significantly (p < 0.05). * HBP—honey-based product;
BlackB—blackberry; PineA—pineapple; RaspB—raspberry; BlueB—blueberry; StrawB—strawberry; SourC—
sour cherry.

The moisture content of honey is influenced by its botanical origin, ambient regional
humidity, and the conditions under which it is processed and stored [7]. Low moisture
content can lead to caramelization and Maillard reactions during storage, while excessive
moisture can promote fermentation and the production of acetic acid, which is considered
undesirable [33]. In this study, the moisture content of honey/honey-based samples ranged
from 16.2 £ 0.40% to 20.0 £ 0.60% (Table 1). All examined samples complied with the
moisture content regulations established by the Codex Alimentarius Commission [32].

The acidity of honey is influenced by the presence of various organic acids, along with
other compounds such as lactones, esters, and inorganic ions [7]. In accordance with Codex
Alimentarius [32], the permissible maximum acidity level for honey is 50.00 meq/kg. All
honey and honey-based products met this standard (Table 1).

The pH of honey generally ranges between 3.2 and 4.5, which plays a crucial role in its
antimicrobial properties by inhibiting microbial growth. This is particularly effective given
that most pathogens thrive optimally within a neutral pH range of 6.5 to 7.5 [34,35]. The
pH values of the honey and honey-based samples were consistently acidic, varying from
3.60 £ 0.05 for rapeseed honey with blueberry to 3.99 £ 0.14 for rapeseed honey with sour
cherry (Table 1).

The concentration of HMF in honey serves as an indicator of honey degradation,
signaling either improper storage conditions or the use of thermal treatment to dissolve
honey crystals or suppress microbial contamination [36]. The Codex Alimentarius [32]
specifies a maximum allowable HMF concentration of 40.00 mg/kg for honey from non-
tropical. According to Tornuk et al. [37], HMF concentrations below 4.12 mg/kg are
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indicative of fresh honey, while levels up to 10 mg/kg are considered typical for naturally
occurring honey [38]. In this study, the HMF concentrations of the honey and honey-based
products ranged from 5.02 & 0.05 mg/kg for rapeseed honey to 7.10 £ 0.44 mg/kg for
rapeseed honey with blueberry, thereby confirming the freshness of the samples (Table 1).

Electrical conductivity, which indicates the mineral content in honey, ranged from
0.21 to 0.60 mS/cm (Table 1). The rapeseed honey sample showed the lowest conduc-
tivity at 0.21 & 0.05 mS/cm. In contrast, honey samples containing lyophilized orange,
raspberry, and strawberry had higher conductivity values of 0.55 &+ 0.06, 0.58 £ 0.07,
and 0.60 £ 0.01 mS/cm, respectively. All samples complied with the conductivity limits
established by the Codex Alimentarius [32].

3.2. Mineral Content

Previous studies have indicated a low mineral content in rapeseed honey samples
compared to other honey types. Kedzierska-Matysek et al. [39] showed that rapeseed honey
samples exhibited a total mineral content of 370 mg/kg. Furthermore, Sakac et al. [9] also
found low amounts of minerals in rapeseed honey compared to other honey types that
were characteristic of the Western Balkans (except acacia honey).

Numerous studies have demonstrated that fruits are rich sources of minerals. Pereira
et al. [40] highlighted the high mineral content in berries, particularly in terms of K, Ca, and
Na levels. Consequently, the addition of lyophilized fruits to rapeseed honey significantly
enhanced the mineral profile of the resulting products (Table 2).

Table 2. Mineral content of rapeseed honey and honey-based products.

Na Ca K Mg Zn Mn Fe Cu Total

Honey or HBP *

(mg/kg)

Rapeseed honey ~ 44.0+13.8* 10141572 307 +50.4 2 3284512 0254+004° 037+006° 265+0.63%  0.08+0.01° 488 + 83.8
HBP-BlackB 6354104 178 +275° 627 +£103b 114+ 176°  1.894+029° 1784274 4774074  066+0.109 1008 + 158
HBP-Orange 88.6+145¢ 324 +5024 875+ 1449  936+1459 2274035 0624+010* 533+£082° 052+£008 1390 £+ 218
HBP-PineA 8724+ 143%  1264+1953 706+ 1164  72.74+113° 277+043°  124+190°¢ 444+068°  1.09+0.17°¢ 1013 £ 159
HBP-RaspB 850+ 14.0% 160 4+248b 1017 +167¢ 87.0+135¢ 275+042° 153 +2369 548+0.84> 052+008% 1373 +£215
HBP-BlueB 942 £155°  1854+28.7°  466+765% 669+ 104> 412+0639 158+2449 5524+0.85P 031+£005b 838+ 131
HBP-StrawB 754 +124  1724£267° 1029 +166° 958+ 14849  170+026° 2.04+031° 104+160°¢ 030+005P 1387 £ 217
HBP-SourC 62.5+103P  155+239P  628+103>  7284+11.3P 0.8040.122 071+£0.11* 561+086>  0.20+0.032 925 + 145

Means within each column with different letters differ significantly (p < 0.05). * HBP—honey-based product;
BlackB—blackberry; PineA—pineapple; RaspB—raspberry; BlueB—blueberry; StrawB—strawberry; SourC—
sour cherry.

The most abundant element in honey-based products was K (307 4= 50.4-1029 + 169.0 mg/kg),
followed by Ca (101 + 15.7-324 + 50.2 mg/kg), Mg (32.8 + 5.08-114 + 17.6 mg/kg), and
Na (62.5 + 10.3-94.2 £ 15.5 mg/kg) (Table 2). The mineral enrichment of rapeseed honey
with lyophilized berry fruits was in line with the findings of Pereira et al. [40].

The highest total of all investigated mineral contents was found in honey-based
samples with strawberry, raspberry, and orange, with values of 1387 £ 217, 1373 + 215,
and 1390 + 218 mg/kg, respectively. These results indicate that the addition of lyophilized
fruits significantly influenced the overall mineral composition of the honey (Table 2).

3.3. Antioxidant Potential

The antioxidant activity of honey is primarily attributed to polyphenols [41]. Polyphe-
nolic compounds are known for their ability to reduce oxidative damage by acting as
antioxidants. They can directly neutralize free radicals or remove them through a series
of reactions together with the action of antioxidant enzymes [42]. Flavonoids contribute
significantly to the overall antioxidant efficacy of honey, providing beneficial effects in
various diseases [4]. Additionally, the antioxidant activity of phenolic acids present in
honey is also notable [43].

Table 3 presents the content of total phenols, total flavonoids, total anthocyanins, and
the antiradical activity on DPPH radicals of the investigated samples.
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Table 3. Total phenolic content (TPC), total flavonoid content (TFC), total anthocyanin content (TAC),
and DPPH radical scavenging capacity (RSC) of rapeseed honey and honey-based products.

Honey or HBP * TPC TFC TAC RSC [N
(mg GAE/100 g) (mg CAE/100 g) (mg EC/100 g) (% of DPPH Inhibition)

Rapeseed honey 124 +0512 1.83 +0272 n.d. 3594+0.772
HBP-BlackB 93.6 +0.90¢ 17.7 £ 1.124 125 +0.754 69.3 +1.18¢
HBP-Orange 83.5+0.32°¢ 8.17 +0.38b 21+1612 45.0+0.28b
HBP-PineA 80.7 + 0.38 P 7124+ 059P 20.1 +1.07°2 46.6 £ 0.25b
HBP-RaspB 85.8 +0.72 4 12.9 4+ 041 ¢ 85.5 +2.27°¢ 58.6 + 0.54 ¢
HBP-BlueB 98.8 + 0.66 349 +0.89¢ 299 + 3.14 ¢ 81.0 + 0.46 8
HBP-StrawB 873+ 0.644 11.0 £ 096" 50.7 +£2.54b 60.9 +0.16 4
HBP-SourC 102 £0.18 8 17.8 +£1.01¢ 84.6 + 0.67 € 7704034 f

Means within each column with different letters differ significantly (p < 0.05). * HBP—honey-based product;
BlackB—Dblackberry; PineA—pineapple; RaspB—raspberry; BlueB—blueberry; StrawB—strawberry; SourC—
sour cherry. GAE—gallic acid equivalent; CAE—catechin equivalent; EC—cyanidin-3-glucoside equivalent;
RSC—relative scavenging capacity; n.d.—not detectable.

In rapeseed honey, the total phenolic content was determined to be 12.4 4 0.51 mg
GAE/100 g, which is a typical value for this honey type from Serbia [9,44]. Several studies
have indicated that rapeseed honey generally has lower polyphenol content and antioxidant
activity compared to other monofloral and polyfloral honeys [45,46]. Consequently, berries,
known for their high polyphenol levels [47], were suitable candidates for enhancing the
total phenolic content of rapeseed honey. The highest phenolic content was achieved with
the sour cherry lyophilizate, which had a value of 102 £ 0.18 mg GAE/100 g (Table 3).

A significant content of flavonoids was detected in honey samples enriched with
lyophilized berries, particularly in the honey sample with blueberry, which contained
34.9 + 0.89 mg ECA /100 g. This represents up to 30 times more flavonoids than the control
sample of rapeseed honey, which had 1.83 £ 0.27 mg ECA /100 g (Table 3). Grabek-Lejko
et al. [48] investigated the effect of adding blackberry and raspberry fruits to rapeseed
honey and observed a significant increase in total flavonoid content compared to the control
sample, consistent with our findings. However, it is important to note that their research
was conducted with non-commercial products, while our study specifically focused on
enhancing commercially available rapeseed honey through the addition of lyophilized
fruit. Numerous studies also highlight the richness of berries, especially blueberries,
in anthocyanins [49-51].

Anthocyanins are polyphenols that act as natural pigments and antioxidants, contributing
to the visual appeal and nutritional value of various foods, and potentially offering protective
effects against chronic diseases. According to our research, all honey-based samples enriched
with lyophilized fruits exhibited higher anthocyanin content compared to the control sample,
in which anthocyanins were not detected (Table 3). The highest anthocyanin content was
found in the sample with lyophilized blueberries (TAC =299 + 3.14 mg EC/100 g). Other
samples with lyophilized blackberry, raspberry, and sour cherry also exhibited notably high
anthocyanin levels, with contents of 125 & 0.75, 85.5 & 2.27, and 84.6 £ 0.67 mg EC/100 g,
respectively.

The antioxidant capacity of honey and honey-based products was assessed by mea-
suring the percentage inhibition of DPPH radicals (Table 3). This capacity exhibited a
consistent trend with total phenolic content (TPC), total flavonoid content (TFC), and total
anthocyanin content (TAC), showing high correlation coefficients (r = 0.770, r = 0.896, and
r = 0.810, respectively) (Table S2, Figure S2). Among the tested honey and honey-based
products, the highest relative antioxidant capacity was observed in blueberry-enriched
honey (RSC = 81.0 & 0.46%), followed by honey enriched with sour cherry (77.0 &= 0.34%)
and blackberry (69.3 &+ 1.18%). In contrast, rapeseed honey had the lowest relative antioxi-
dant capacity (35.9 £ 0.77%), consistent with our previous findings [9]. The incorporation
of fruit lyophilizates significantly enhanced the antioxidant potency of the honey-based
products by increasing their phenolic compounds and overall antioxidant capacity (Table 3).
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3.4. Polyphenol Profile

Rapeseed honey produced in Vojvodina has been previously characterized as hav-
ing low polyphenol content [9,52]. In contrast, fruits, particularly berries, are known
for their rich polyphenol profiles [14]. Consequently, it was anticipated that the addi-
tion of fruit lyophilizates would significantly enhance the polyphenol profile of rapeseed
honey (Table 4).

Table 4. Polyphenol profile of rapeseed honey and honey-based products.

Honev or HBP * Rapeseed HBP- HBP- HBP- HBP- HBP- HBP- HBP-
y Honey BlackB Orange PineA RaspB BlueB StrawB SourC
Eiﬁi‘;ﬁ;‘d 0.15+006%  1.3840.01% nd. 1.12 £0.11% 384 +1.11¢ 236 +031" 9.86 4+ 0.59 0.47 +0.082
(nlfg;lﬁ‘g) 030+0052  346+029¢ nd. 0.59 £ 0.06 2 1.73 £ 0.07° 3.83 +£0.38°¢ 0.33 £ 0.042 0.56 & 0.07
I(\Tri;‘;fg; nd. 0.13 +0.032 nd. nd. nd. 0.52 +0.05® nd. 0.21 40,022
hi?;;‘/gﬁg)‘“ 0.01+£0.002  0.04 % 0.003 2 0.04 £0.003 2 0.03+0.009  0.01 % 0.006 2 022 +0.01° 0.08 +0.003*  0.06 % 0.008 2
Quercetin 0.10 £0.012 ab ab 0.11 +£0.022 b 223 +021°¢ b 0.069 =+ 0.0052
(mg/kg) ) } 0.30 & 0.01 0.29 + 0.04 . X 0.32 + 0.04 . ) 0.49 + 0.03 X )
Protocatechuic
acid nd. 0.27 +£0.02° 0.35 + 0.05 b 0.09 +0.012 0.11 +0.012 1.26 +0.09 4 0.38 £ 0.01°¢ 0.34 4 0.02 b
(mg/kg)
Neochlorogenic
acid n.d. 0.68 +0.07° 0.03 +0.00 @ nd. nd. n.d. n.d. 0.03 +0.00°
(mng/kg)
Cfg;‘/cfg“)‘d 047 £0.042 059 4 0.05% 1.30 £ 0.09¢ 0.82 £ 0.07° 0.90 £ 0.04° 428 +£0.18¢ 058 +0.02% 080+ 0.06
Chl?ﬁgﬁ‘;md 011+£001%  431+0.16¢ 036+ 0073  0.25+0.02% 0.19 + 0.02 % 0.38 + 0.04 b 0.22 +0.03 % 0.53 + 0.06
p'c(‘:;‘;/rl‘fg;":‘d 02140032 0834009 136 +£0.11° 143 +0.15° 2214023¢ 135+ 0.11° 1.28 +0.12° 12.8 + 0314
F‘(’;‘é‘jlfg)‘d 0.20 £+ 0.022 1.04 +0.13°¢ 0.23 +0.03 % 0.63 =+ 0.07 b 298 +0.194 3.02+0.174 032+002%  030=+002%
S‘gigl/ckagc)ld 01540012  0.16+0.022 0.28 + 0.022 1.15+0.15¢ 0.16 £0.022 0.53 +0.03¢ 0.41 + 0.03 b 0.15+0.022
Quercetin-3-
arabinoglucoside n.d. n.d. n.d. nd. n.d. 1.63 +0.18 n.d. n.d.
(mg/kg)
Quercetin-3-
glucuronide n.d. n.d. 0.25 +0.02 n.d. n.d. n.d. nd. nd.
(mg/kg)
Quercetin-3-
glucoside nd. 0.15 £ 0.022 1.61 £0.15° 0.23 £ 0.022 n.d. 1.834+0.14° 0.02 % 0.00 2 n.d.
(mg/kg)
Quercetin-3-
rutinoside n.d. 3.834+020°¢ nd. nd. nd. 0.92 +0.08° 0.36 & 0.032 0.49 4+ 0.032
(mg/kg)
(Sgﬁfg) 1.70 £ 0.11 172 4024 6.09 & 0.05 6.46 +0.18 47.0 +0.98 243 4+0.82 14.3 + 046 16.7 +0.28

Means within each column with different letters differ significantly (p < 0.05). * HBP—honey-based product;
BlackB—blackberry; PineA—pineapple; RaspB—raspberry; BlueB—blueberry; StrawB—strawberry; SourC—sour
cherry. n.d.—not detectable.

The honey-based product enriched with raspberry lyophilizate exhibited the highest
total polyphenol content of 47.0 &+ 0.98 mg/kg, primarily due to its high ellagic acid content
(38.4 £ 1.11 mg/kg) (Table 4). Additionally, the honey-based product containing strawberry
lyophilizate was also noted for its ellagic acid content (9.86 £ 0.59 mg/kg), consistent with
literature indicating that ellagic acid comprises more than 50% of the total polyphenolic
compounds in both strawberries and raspberries [53].

The rapeseed honey mixed with blueberry lyophilizate was characterized by a high total
polyphenol content of 24.3 £ 0.82 mg/kg and a diverse range of phenolic compounds, includ-
ing rutin (3.83 £ 0.38 mg/kg), naringin (0.52 £ 0.05 mg/kg), naringenin (0.22 % 0.01 mg/kg),
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quercetin (223 £ 0.21 mg/kg), protocatechuic acid (1.26 = 0.09 mg/kg), caffeic acid
(4.28 £ 0.18 mg/kg), and ferulic acid (3.02 &= 0.17 mg/kg), all of which are known for
their antioxidant properties [54]. This product also contained quercetin derivatives such
as quercetin-3-arabinoglucoside, quercetin-3-glucoside, and quercetin-3-rutinoside, which
are associated with notable health benefits, including anti-inflammatory, antioxidant, and
cardioprotective effects [55]. The results for the honey-based product enriched with blue-
berry lyophilizate (Table 4) are consistent with those presented in Table 3 regarding total
polyphenol content (TPC) and total anthocyanin content (TAC).

The enrichment of rapeseed honey with pineapple and orange lyophilizates con-
tributed the least to the total polyphenol content compared to other fruit lyophilizates
(Table 4). Notably, the honey-based product enriched with pineapple lyophilizate con-
tained the highest level of sinapic acid (1.15 £ 0.15 mg/kg) among the investigated
products (Table 4).

3.5. Antibacterial Activity

The antibacterial properties of honey can be attributed to a combination of factors,
including its acidity and osmolarity [56], as well as the presence of hydrogen peroxide [57].
Additionally, honey’s polyphenols contribute significantly to its antibacterial activity [58].
Methyl syringate has also been shown to exhibit antioxidant activity against superoxide
anion radicals, thereby functioning as an antibacterial agent in honey [59].

Rapeseed honey is known to exhibit the weakest antibacterial potential compared to
other honey types typical of the Western Balkans region [9]. Therefore, it was anticipated
that enriching rapeseed honey with fruit lyophilizates would enhance its antibacterial
activity due to the increased polyphenol content.

Antibacterial activity against Gram-negative and Gram-positive bacteria was assessed,
with results presented as minimal inhibitory concentration (MIC) values in Table 5.

Table 5. Antibacterial analysis of rapeseed honey and honey-based products.

MIC (%) Against Different Strains of Bacteria

Honey or HBP*  Focherichia coli  Escherichia coli En;;zz;c;icscus Stap ZZ:Z;ZCC”S St:l;l:iyeiz;:?;icsus Proteus hauseri
ATCC 8739 ATCC10536 ATCC 29212 ATCC 25923 ATCC 12228 ATCC13315

Rapeseed honey >25 >25 >25 >25 >25 >25
HBP-BlackB 25 25 25 25 12.5 25
HBP-Orange >25 >25 25 25 25 25
HBP-PineA >25 25 25 12.5 25 >25
HBP-RaspB 25 25 25 12.5 12.5 25
HBP-BlueB 25 25 25 25 12.5 25
HBP-StrawB >25 25 25 12.5 25 25
HBP-SourC 25 25 25 25 12.5 25

The determination of MIC (minimum inhibitory concentrations) was performed in triplicate. * HBP—honey-based
product; BlackB—blackberry; PineA—pineapple; RaspB—raspberry; BlueB—blueberry; StrawB—strawberry;
SourC—sour cherry.

All honey-based products demonstrated antibacterial activity, showing greater effec-
tiveness against Gram-positive bacteria, particularly Staphylococcus epidermidis and Staphy-
lococcus aureus.

The varying susceptibility of Gram-positive and Gram-negative bacteria to antibacte-
rial agents is attributed to structural differences in their cell walls, as described by Saka¢
et al. [9]. Gram-negative bacteria exhibit reduced permeability to hydrophobic compounds,
which, combined with their surface hydrophobicity and the presence of porin proteins,
further influences their susceptibility to antibacterial agents [50].

Honey-based products enriched with lyophilized berry fruits demonstrated a sig-
nificant effect on Gram-positive bacteria, particularly Staphylococcus aureus and Staphylo-
coccus epidermidis (Table 5). High negative correlations were observed between the TPC
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and antibacterial activity against Staphylococcus epidermidis (r = —0.941), Staphylococcus
aureus (r = —0.751), and Enterococcus faecalis (r = —0.965), highlighting the important role of
lyophilizate polyphenols in inhibiting Gram-positive bacteria. Additionally, total flavonoid
content was negatively correlated with the antibacterial activity against Staphylococcus
epidermidis (r = —0.712) (Table S2). Phenolic acids and flavonoids, particularly quercetin,
kaempferol, and monoglycoside anthocyanins found in berries, were identified as potent
antibacterial agents [60], which is supported by our findings. Grabek-Lejko et al. [48] also
observed that honey enriched with Rubus showed the highest sensitivity in Staphylococcus
aureus. Several studies have confirmed the antimicrobial activity of berry fruits against
Gram-positive bacteria, especially Staphylococcus strains [50,60].

3.6. Antiproliferative Activity

The most potent honey-based products were those with pineapple lyophilizate
(IC50MCF7 29,04 +0.16 mg/mL and IC50HT2% =28.34-0.91 mg/mL) and blueberry lyophilizate
(IC50M“F7 =9.95 £ 0.24 mg/mL and ICs'M? = 23.1 4 0.66 mg/mL), showing notable efficacy
against breast (MCF-7), cervix (HeLa), and colon (HT-29) cancer cell lines (Table 6).

Table 6. Effects of rapeseed honey and honey-based products on the growth of selected human cell
lines (expressed as ICs values (mg/mL)).

Cell Lines
Honey or HBP *
MCEF-7 HT-29 HeLa MRC-5
Rapeseed honey >100 © >100 ¢ >100 ¢ >100"°
HBP-BlackB >100 © >100 © >1004 >100°
HBP-Orange >100°¢€ 484 +2.09°¢ >100 4 >100 P
HBP-PineA 9.04+0.162 28.3 40912 3424+ 1.252 >100 P
HBP-RaspB 24.6 +0.52° >100 ¢ 79.9 +3.33°¢ >100°
HBP-BlueB 9.95+0.242 >100© 23.1+0.66° >100b
HBP-StrawB >100 ¢ >100© >100 4 >100 b
HBP-SourC 30.8 £1.13¢ 85.2 +3.054 >100 ¢ >100b
Standard glucose 35.6 +2.58 4 32.0 £ 040" 3394+131°% 43.7 £3.50?

Values represent means & SD of four (test samples and standard) or eight (control). Means within each column
with different letters differ significantly (p < 0.05). * HBP—honey-based product; BlackB—blackberry; PineA—
pineapple; RaspB—raspberry; BlueB—blueberry; StrawB—strawberry; SourC—sour cherry. HeLa—HeLa human
cervical carcinoma cell line; MCF-7—MCF-7 human breast adenocarcinoma cell line; HT-29—HT-29 human
colorectal adenocarcinoma cell line; MRC-5—MRC-5 human lung cell line.

None of the investigated honey and honey-based products affected the growth of
MRC-5 cells derived from healthy lung tissue (IC5oMRC5 5 100 mg/mL). The ICsy values
for glucose as the standard ranged from 32.0 & 2.58 to 43.7 &+ 3.50 mg/mL, indicating that
only certain honey-based products contain bioactive compounds, beyond sugars, which
expressed antiproliferative activities on examined cancer cell growth.

Rapeseed honey exhibited low activity against the investigated cancer cell lines
(Table 6). This finding aligns with Saka¢ et al. [9], who reported that among nineteen honey
samples from the Western Balkans, rapeseed honey showed the weakest antiproliferative
effects on tested cancer cell lines.

Honey enriched with blueberry lyophilizate demonstrated significant antiproliferative
activity against cancer cell lines (Table 6). Zhao et al. [51] confirmed that blueberries, rich
in anthocyanins, exert strong antiproliferative effects on HeLa and MCF-7 cancer cell lines.
This aligns with our findings (Table 6) and corresponds to the elevated total anthocyanin
content (Table 3) in the blueberry lyophilizate-containing honey:.

Despite Carmo et al. [61] emphasizing the critical role of polyphenols in inhibiting
cancer cell growth, our results suggest that additional mechanisms or compounds may
also play a significant role. Notably, the honey-based product enriched with lyophilized
pineapple exhibited the highest activity against cancer cell lines, despite its lower total
polyphenol content compared to berry-enriched products (Table 3). This can be attributed
to pineapple’s high content of bromelains, a complex mixture of plant cysteine proteolytic
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enzymes [62]. Numerous studies have confirmed the antitumor effects of these enzymes,
particularly on MCF-7 and HT-29 cancer cell lines [63-65], which supports our findings.

3.7. Principal Component Analysis (PCA)

The PCA analysis revealed distinct clustering and positioning among honey-based
products enriched with various lyophilized fruits, indicating variability in their phenolic
content, flavonoid levels, anthocyanin concentrations, antioxidant capacity, and antibacte-
rial and antiproliferative activities (Figure 1). Notably, samples enriched with sour cherry,
blueberry, raspberry, and blackberry lyophilizates clustered closely together in the PCA
biplot, suggesting similar profiles with high phenolic and flavonoid content, significant
antioxidant capacity, and notable anthocyanin levels. Although the PCA plot also shows
several microbial strains near this cluster, the previously presented MIC values indicate that
the most significant antibacterial activity was observed against Staphylococcus epidermidis
and Staphylococcus aureus, with only raspberry-enriched honey demonstrating a strong
inhibitory effect against both strains. This alignment in the PCA plot may suggest general
compositional similarities, although distinct antibacterial efficacy is selectively observed in
certain strains.

5 HBP-PineA
= .
HT-29
*
Staphylococeus aureus
HeLa »
1 /
. .MCF—? Enterococcus feacalis
HBP-Orange 7
& 7 TPC
z = :
P
ol Escherichia coli ATCC 10536
- *
= 0 -‘ Staphylococcus epidenmis
= HBP-StrawB
=]
RSC
TAC
Proteus hausert
u Escherichiacoli ATCC 8739
-1 ] HBP-BlackB
Rapessed honey
-2
- L
=25 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
F1(55.39%)
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Figure 1. Principal component analysis (PCA) of antioxidative, antibacterial and antiproliferative
properties of honey/honey-based products enriched with lyophilized fruits.

On the other hand, the strawberry-enriched honey was positioned near the center of
the plot, reflecting a more neutral profile. This central position suggests that strawberry-
enriched honey does not exhibit pronounced distinguishing characteristics across the mea-
sured variables, in contrast to the other honey-based products. Conversely, the pineapple-
enriched honey separated itself from the other samples in the PCA plot, highlighting its
unique characteristics, particularly with respect to antiproliferative activity. Although other
analytical methods indicated moderate values for this sample, its specific inhibitory effects
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against the HT-29 and HeLa cell lines suggest a distinct profile of bioactive compounds or
mechanisms that may selectively inhibit cancer cell growth in vitro.

Distinct from all other samples, rapeseed honey was positioned separately in the
PCA plot. This sample exhibited lower levels of phenols, flavonoids, anthocyanins, and
antioxidant capacity compared to the other samples. The clear separation of rapeseed honey
from the honey-based products suggests that its bioactive composition is significantly
different, whereas the addition of lyophilized fruit notably enhances its antioxidant and
antibacterial activities.

Overall, the PCA analysis effectively visualizes the differences between rapeseed
honey and rapeseed honey-based samples, highlighting the unique bioactive and composi-
tional profiles imparted by various lyophilized fruit enrichments, particularly in terms of
antioxidant, antibacterial, and antitumor properties.

4. Conclusions

Rapeseed honey-based products containing 10% lyophilized fruits including sour
cherry (Prunus cerasus), strawberry (Fragaria), blueberry (Vaccinium myrtillus), raspberry
(Rubus idaeus), blackberry (Rubus fruticosus), orange (Citrus sinensis), and pineapple (Ananas
comosus) were developed to enhance the antioxidant, antibacterial, and antiproliferative
properties of rapeseed honey. The enrichment of rapeseed honey with fruit lyophilizate
resulted in increased levels of phenolic compounds, total flavonoids, total anthocyanins,
and improved DPPH radical scavenging capacity. The polyphenol profile revealed the pres-
ence of both phenolic acids and flavonoids in the enriched honey-based samples. Among
them, the product containing raspberry lyophilizate exhibited the highest total polyphenol
content, as measured by HPLC, attributed to its significant ellagic acid content. All enriched
honey-based products displayed moderate antibacterial activity against Staphylococcus au-
reus and Staphylococcus epidermidis. The strongest antiproliferative activity against breast
(MCEF-7), cervical (HeLa), and colon (HT-29) cancer cell lines was observed in honey-based
products containing pineapple and blueberry lyophilizates.
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