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Citation: Scripcă, L.A.; Amariei, S.

The Use of Ultrasound for Preventing

Honey Crystallization. Foods 2021, 10,

773. https://doi.org/10.3390/

foods10040773

Academic Editor: Paweł Kafarski

Received: 25 January 2021

Accepted: 1 April 2021

Published: 4 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Faculty of Food Engineering, Stefan cel Mare University of Suceava, 720229 Suceava, Romania; sonia@usm.ro
* Correspondence: scripcalaura@gmail.com

Abstract: The aim of this study was to evaluate the effect of ultrasound treatment for preventing
honey crystallization on the physicochemical and microbiological properties of unifloral honey and
polyfloral honey. Honey samples without any treatment were used as a control group for comparison.
The effect of applying ultrasound treatment was evaluated by studying over time the tendency of
crystallization, the rheological properties of honey and chemical and microbiological properties.
The parameters analyzed for the two groups of samples (treated and untreated with ultrasound),
which did not vary or had small variations during the research were water content, acidity, water
activity, glucose, fructose, sucrose, glucose/water ratio, glucose/fructose ratio. The crystallization
process was installed in the control samples from the first month of the study, and much later in
the treated samples. The color of the untreated samples varied considerably, and the color of the
treated ones remained stable or slightly varied. For the control samples, the smallest variation in
hydroxymethylfurfural (HMF) concentration was in raspberry honey (5%), and the most significant
variation was in honeydew honey (30%). For the treated samples, the largest variation of this
parameter was found in tillia honey (127%), and the smallest variation was in rapeseed honey (26%).
The microbiological quality was higher for the treated samples. In the ultrasound-treated samples of
acacia honey, honeydew honey and grassland honey, yeasts, molds or standard plate counts (SPCs)
were undetectable. For control samples, SPC values were <10–50 cfu/g. Ultrasound-treated samples
maintained their SPC parameter levels or were thus reduced (<10–20 cfu/g). Yeasts and molds were
undetectable or had value between <10 and 10 cfu/g. The yeasts and the molds ranged in the control
samples between <10 and 40 cfu/g.

Keywords: ultrasound treatment; chemical composition of honey; textural and rheological parameters

1. Introduction

Honey is a natural sweet substance produced by Apis mellifera bees, according to
Directive 2001/110 EC [1]. The chemical composition of honey is characterized mainly
by the high percentage of sugars (approximately 80%), glucose and fructose being the
main compounds [2]. The other 20% is water, minerals, vitamins, organic acids, phenolic
compounds, enzymes [3,4].

The ratio of the main sugars, glucose and fructose, is important in the evaluation of the
crystallization tendency of honey [5]. Glucose tends to crystallize spontaneously due to its
low solubility in water [6]. High glucose content and high glucose/fructose ratio determine
the faster crystallization of honey (for example, rapeseed, honeydew, polyfloral honey),
and low values of glucose content and glucose/fructose ratio cause slower crystallization
of honey (acacia, raspberry honey) [7,8]. The glucose/water ratio is considered another
indicator of honey crystallization [9]. The value of the glucose/water ratio below 1.7
indicates that the honey crystallizes slowly, and a value higher than 2.0 indicates rapid
crystallization [10,11]. The ability of honey to crystallize is different depending on its
assortment and source. The appearance of crystallization in honey is an undesirable
process [12] because for consumers this process is a reason to refuse the consumption of
the product [13].
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The prevention of honey crystallization or decrystallization is achieved by thermal
processing [14]. Heat treatment can increase the hydroxymethylfurfural level, even be-
yond the legal limit [14]. Due to heat treatments, changes in enzymatic activity (decrease)
and antioxidants (increase) occur. Color changes can also occur, respectively, browning of
treated honey [14]. Another method used to liquefy honey or prevent the installation of this
process is to treat honey with ultrasound [15]. In the food industry, ultrasonic treatment can
have, among other things, the effect of improving crystallization and changing the texture
of products [15]. This treatment acts on the yeasts it destroys, inhibits the crystallization
of honey and improves its appearance [16]. Ultrasound influences the growth capacity of
cells that resist treatment, reducing the risk of honey fermentation [16]. Ultrasonic and
conventional heating treatments were applied to honey and the results showed that both
treatments had a significant effect on microbial reduction and color, pH, diastase activity
and hydroxymethylfurfural (HMF) concentration changed slightly [17]. Simultaneously,
the ultrasonic samples have improved the content of total polyphenols, total flavonoids
and antioxidant capacity, which makes ultrasonic treatment an alternative way of preserv-
ing honey and maintaining its quality [17]. The thermal process using ultrasound as a
pretreatment, has improved several properties of honeydew honey, such as antioxidant, an-
timicrobial and polyphenol content [18]. Ultrasonic treatment had a different effect on the
properties of honey samples from Northeast India, decreasing total polyphenol content [19].
The application of ultrasound treatment resulted in increased flavonoid content and ex-
ceeding this time caused them to decrease [19]. The ultrasound treatment did not affect the
concentration of HMF and the diastatic activity of sunflower honey; it even improved the
diastatic activity [20]. The concentration of HMF varied differently when applying different
ultrasound treatments. The ultrasound treatment time was important for increasing HMF
concentration [21]. At the same time, the diastatic activity, HMF content, the polyphenols
and flavonoid content of the ultrasound-treated samples varied differently, depending on
their botanical source [22]. The effect of ultrasound on the quality of honey was studied by
comparing the ultrasonic treatment applied for different times, amplitudes and sample vol-
ume, with heat treatment in different temperature conditions. It was observed that treating
a volume of 60 mL of honey for 8 min at an amplitude of 60% did not decrease diastase
activity and did not increase HMF concentration while other physicochemical parameters
such as water content, pH and color were less affected. From a microbiological viewpoint,
this treatment has reduced the number of aerobic mesophilic bacteria, which makes it
an alternative nonthermal technique for processing honey [23]. Ultrasonic treatment for
liquefaction of crystallized honey is an advantageous alternative to conventional heat
treatment. After the ultrasound treatment, the changes of the physicochemical parameters
are followed and it is desired to improve or maintain these parameters of quality [24]. The
use of ultrasound in the case of unifloral honey has shown that it affects increased HMF
content, antioxidant activity and polyphenol content after storage [25]. The ultrasonication
of honey does not cause significant changes in physical properties of these [26]. Ultrasonic
treatment of longan honey under different conditions of temperature, time and amplitude
improved the bioactive compounds of the samples without influencing their nutritional
value [27]. Ultrasonic treatment can replace the conventional heat treatment for honey
with multiple benefits including the reduction and elimination of formed crystals [28,29].
Applying an ultrasound treatment produces a reduction in the number and size of honey
crystals [30].

The aim of this study was to determine the effects of applying ultrasound treatment
on the crystallization tendency of honey and its influence on the quality parameters of
honey, such as water content, acidity, HMF, diastase activity, color and texture. At the same
time, the aim of this research was to identify the effects of the treatment applied on the
microorganisms present in honey and on the microbial growth.
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2. Materials and Methods
2.1. Materials

The honey assortments analyzed were acacia honey, raspberry honey, tillia honey,
polyfloral honey, rapeseed (rape) honey, honeydew honey and grassland honey and
were purchased from authorized local beekeepers from North Romania (commercial
company—Apicola Suceava, Suceava, Romania). The botanical origin of honey was guar-
anteed by the company from which the samples were purchased. The samples were from
the honey production of 2019. Control samples were samples of fresh honey that were not
subjected to ultrasound treatment and were weighed (500 g each). They were stored at
18–20 ◦C, in glass jars, in a dark environment and they were analyzed at one month, three
months, five months, seven months and nine months.

The reagents used were analytically pure. Double deionized water (18 MΩ cm re-
sistivity) was produced by a water purification system (Thermofisher, Germany) and it
was used in all solutions. Sugar standards as d (+) glucose, d (−) fructose and d (+)
sucrose were purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). Phenolph-
thalein indicator and starch solutions were purchased from Lachner (Neratovice, Czech
Republic). Sigma Aldrich (Steinhein, Germany) has provided sodium chloride solution,
para-toluidine, iodine solution, barbituric acid, acetic acid, agar plates, potato-dextrose
agar (PDA), Sabouround agar, and Fluka (Seelze, Germany) has provided a sodium car-
bonate. Sodium chloride solution and sodium hydroxide were purchased from Sigma (St.
Louis, Missouri, USA). Acetonitrile was provided by Scharlau (Barcelona, Spain) and agar
Deoxycholate Citrate Lactose (ADCL) was provided by todylaboratories.

2.2. Methods

Each parameter investigated for each honey sample was determined in triplicate.

2.2.1. Ultrasound Treatment

The fresh honey was weighed (500 g each) in glass jars and subjected to ultrasonic
treatment. The ultrasonic treatment was applied to honey samples, using an ultrasonic
bath (BRANSON 3510, Danbury, CT, USA) fitted with thermostat for temperature control.
The temperature was 20 ◦C, the time was 1 h and the frequency was 42 kHz [21]. The
initial temperature was 20 ◦C and the final temperature (at the end of the ultrasound
treatment) was 25 ◦C. The temperature was controlled by dividing the treatment time (1 h)
into three rounds of 20 min of treatment, with a 20 min pause between each round. The
treated samples were stored at 18–20 ◦C in a dark environment and they were analyzed and
compared to the control samples, from a physicochemical and microbiological viewpoint,
after the application of the treatment at three months, five months, seven months and nine
months.

2.2.2. Water Content

The water content of honey samples was determined in triplicate, using Refractometer
RE40 (Mettler Toledo, OH, USA), by measuring the refractive index at 20 ◦C. This analysis
was based on the direct correlation between the refractive index and the solids content of
a sample, and it was necessary to calculate water content according to the Harmonized
Methods of the International Honey Commission [31].

2.2.3. Sugars

Glucose, fructose and sucrose were analyzed according to the Harmonized Meth-
ods [31], by HPLC 10 AD VP (Shimadzu Corp., Kyoto, Japan), with a refractive detec-
tor [32].
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2.2.4. Acidity

The acidity was determined by the classical titration method with 0.1 mol/L NaOH
solution, in the presence of phenolphthalein as indicator. The results were expressed in
mEq/kg of honey [31].

2.2.5. Diastase Activity and Hydroxymethylfurfural Concentration

The analysis of diastase activity was performed by determining the activity of amylase.
The diastase index is defined as the number of milliliters of 1% starch solution which has
been processed in dextrin for 1 h at 45 ◦C at an optimum pH of amylase containing 1 g of
honey. Diastase activity was determined by the Schade procedure.

Diastase activity and hydroxymethylfurfural were determined according to the meth-
ods of the STAS 784–2009 [33]. Hydroxymethylfurfural (HMF) was determined by the
Winkler method. HMF concentration was determined using a Perkin Elmer UV-VIS
LAMBDA EZ201, at a wavelength of 550 nm, equipped with cuvettes with a layer of 1 cm
thickness. The color intensity of the red complex formed by HMF with barbituric acid in
the presence of para-toluidine is proportional to the concentration of HMF.

2.2.6. Water Activity

Water activity was determined with the Aqua Lab 4Tev Duo (Pullman, WA, USA).

2.2.7. Color Measurement

Color was determined using a Chroma Meter Konika Minolta CR-410. CIE L* a* b*
color of the samples was determined using Chroma Meter CR-410 (Konica Minolta, Tokyo,
Japan). In CIE L* a * b * color space, the three values of the coordinates are as follows: L
for lightness has ranged from zero to 100 (from black to white), a* has ranged from −60 to
+60 (from green to red) and b* has a range from −60 to +60 (from blue to yellow). Chroma
Meter was calibrated with reference white porcelain tile (L* = 97.63; a* = 0.31; b* = 4.63)
before the determination [9]. The illuminant used was D65 [34].

Additionally, the Chroma (relative saturation) coordinates and the Hue angle are
calculated as follows from the Equations (1) and (2), [35]:

Chroma =
√

a2 + b2, (1)

Hue Angle(◦) = arctan(b ∗ /a∗), (2)

Yellow Index describes the change in color of a control sample from clear or white to
yellow and it is calculated with Equation (3), [36]:

Yellow Index = 142.86 × b ∗ /L∗, (3)

2.2.8. Texture Profile Analysis

Texture profile analysis (TPA) was determined with a Mark 10 Texture Analyzer
(Mark 10 ESM301 Corporation, Copiague, NY, USA) equipped with a 50 mm disk probe.
The diameter of the balloon was 70 mm. The TPA was performed at a constant speed
of 150 mm/min, up to a depth of 12.5 mm and the honey column was 25 mm. The TPA
analysis has two loading cycles: the first cycle is the compression cycle and is performed
at a degree of deformation between 30 and 80% and the second represents the discharge
cycle and occurs at the same speed as the first cycle. Textural parameters such as hard-
ness, springiness, cohesiveness, adhesiveness, viscosity, chewiness and gumminess were
measured at 20 ± 1 ◦C.

2.2.9. Microbiological Analysis

The microbiological analysis was performed according to ISO quality standards—
Microbiology of food and animal feeding stuffs [32]. Sample preparation was performed
by mixing 10 g of each honey sample with 90 mL of peptone saline (8.5 g/L) to obtain
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the initial dilution. The mixture was then used for the other dilutions. All colonies that
appeared after incubation were counted. The microbial number was expressed in colony
forming units/gram of honey (cfu/g).

2.2.10. Crystals Analysis

Observation of the content of crystals, the presence or absence of crystals in ultrasound-
treated and untreated honey samples was performed with a stereomicroscope (Microscope
Optika SZ A1, Italy) at a magnification of 40X. A 1 mL aliquot of the honey sample was
placed on a lamella fixed with a sample holder.

2.2.11. Statistical Analysis

The results were analyzed by principal component analysis (PCA), Pearson correlation
and descriptive analyses with XLSTAT software (2019, trial version, Yaphank, NY, USA).
PCA evaluated the correlations between the honey types and the sugars, color parame-
ters and texture parameters, analyzed the variation and extracted the main components.
Pearson correlations between the variables were calculated using Pearson’s coefficient (a
p-value < 0.05 was considered statistically significant).

3. Results and Discussion

Physicochemical and microbiological parameters of seven types of honey (acacia, rasp-
berry, tillia, polyfloral, rapeseed, grassland and honeydew) were investigated. Tables 1 and 2
and Supplemental Material Tables S1–S3 present the quality parameters (water content,
sugars, acidity, diastase activity, HMF, water activity, color, texture, yeast, molds, number
of coliforms, number of standard counts, Bacillus cereus) of the honey assortments analyzed
over nine months and the changes that occur during the research on the ultrasound-treated
samples, compared to the control (untreated) sample.

Table 1. Physicochemical analysis of honey samples.

Honey Variety Month Water
Content, %

Glucose,
g/100 g

Fructose,
g/100 g

Sucrose,
g/100 g G/F G/W Acidity,

mEq/kg
Diastase
Activity,
◦Göthe

HMF,
mg/kg

Water
Activity

Acacia

Control
sample

1st 17.50 ± 0.46 27.24 ± 0.15 43.58 ± 0.17 0.90 ± 0.17 0.62 ± 0.32 1.55 ± 0.72 13.5 ± 0.47 18.3 ± 0.38 0.59 ± 0.19 0.56 ± 0.08
3rd 17.50 ± 0.14 27.24 ± 0.45 43.56 ± 0.82 0.89 ± 0.21 0.62 ± 0.07 1.55 ± 0.56 13.5 ± 0.53 18.3 ± 0.20 0.61 ± 0.32 0.56 ± 0.10
5th 17.50 ± 0.61 27.24 ± 0.12 43.57 ± 0.34 0.89 ± 0.09 0.62 ± 0.15 1.55 ± 0.38 13.5 ± 0.32 18.3 ± 0.57 0.62 ± 0.62 0.56 ± 0.16
7th 17.60 ± 0.25 27.24 ± 0.08 43.56 ± 0.48 0.89 ± 0.16 0.62 ± 0.12 1.54 ± 0.02 14.5 ± 0.19 18.3 ± 0.42 0.64 ± 0.45 0.56 ± 0.26
9th 17.60 ± 0.02 27.34 ± 0.76 43.56 ± 0.19 0.90 ± 0.04 0.62 ± 0.09 1.55 ± 0.09 14.6 ± 0.14 18.2 ± 0.24 0.65 ± 0.09 0.56 ± 0.32

Ultrasound
treated
sample

1st 17.50 ± 0.23 27.24 ± 0.57 43.58 ± 0.21 0.89 ± 0.16 0.62 ± 0.25 1.55 ± 0.17 13.9 ± 0.29 18.1 ± 0.07 0.68 ± 0.04 0.55 ± 0.38
3rd 17.30 ± 0.47 27.25 ± 0.36 43.64 ± 0.04 0.89 ± 0.04 0.62 ± 0.12 1.57 ± 0.28 13.7 ± 0.09 17.1 ± 0.11 1.04 ± 0.30 0.55 ± 0.12
5th 17.30 ± 0.19 27.25 ± 0.01 43.64 ± 0.01 0.89 ± 0.64 0.62 ± 0.09 1.57 ± 0.01 13.8 ± 0.25 17.0 ± 0.23 1.18 ± 0.47 0.55 ± 0.25
7th 17.20 ± 0.21 27.25 ± 0.17 43.64 ± 0.47 0.89 ± 0.25 0.62 ± 0.53 1.58 ± 0.29 13.7 ± 0.47 16.8 ± 0.25 1.35 ± 0.23 0.55 ± 0.06
9th 17.20 ± 0.32 27.25 ± 0.04 43.64 ± 0.19 0.89 ± 0.38 0.62 ± 0.33 1.58 ± 0.11 13.7 ± 0.07 16.5 ± 0.12 1.45 ± 0.07 0.55 ± 0.47

Raspberry

Control
sample

1st 16.10 ± 0.13 29.50 ± 0.64 38.52 ± 0.14 2.09 ± 0.12 0.76 ± 0.20 1.83 ± 0.43 13.0 ± 0.64 29.9 ± 0.09 0.78 ± 0.12 0.62 ± 0.21
3rd 16.10 ± 0.42 29.50 ± 0.23 38.52 ± 0.09 2.09 ± 0.06 0.76 ± 0.19 1.83 ± 0.01 13.0 ± 0.38 29.9 ± 0.32 0.78 ± 0.01 0.62 ± 0.23
5th 16.10 ± 0.01 29.50 ± 0.14 38.52 ± 0.23 2.09 ± 0.07 0.76 ± 0.45 1.83 ± 0.30 13.0 ± 0.09 29.9 ± 0.25 0.78 ± 0.07 0.62 ± 0.11
7th 16.20 ± 0.47 29.50 ± 0.09 38.52 ± 0.41 2.09 ± 0.47 0.76 ± 0.06 1.82 ± 0.21 13.5 ± 0.14 29.9 ± 0.30 0.79 ± 0.09 0.62 ± 0.04
9th 16.20 ± 0.10 29.50 ± 0.21 38.52 ± 0.57 2.09 ± 0.32 0.76 ± 0.07 1.82 ± 0.53 13.7 ± 0.11 29.8 ± 0.21 0.82 ± 0.12 0.62 ± 0.42

Ultrasound
treated
sample

1st 16.20 ± 0.47 29.50 ± 0.19 38.53 ± 0.13 2.10 ± 0.12 0.76 ± 0.29 1.82 ± 0.12 13.1 ± 0.63 27.8 ± 0.04 0.81 ± 0.30 0.62 ± 0.12
3rd 16.50 ± 0.09 29.50 ± 0.04 38.53 ± 0.02 2.10 ± 0.47 0.76 ± 0.30 1.78 ± 0.07 13.0 ± 0.32 27.9 ± 0.46 1.10 ± 0.21 0.62 ± 0.06
5th 16.50 ± 0.53 29.50 ± 0.01 38.53 ± 0.09 2.10 ± 0.46 0.76 ± 0.07 1.77 ± 0.42 13.0 ± 0.01 27.6 ± 0.09 1.19 ± 0.47 0.62 ± 0.53
7th 16.50 ± 0.64 29.50 ± 0.22 38.54 ± 0.19 2.10 ± 0.21 0.76 ± 0.32 1.78 ± 0.09 13.0 ± 0.64 27.5 ± 0.23 1.27 ± 0.19 0.62 ± 0.07
9th 16.50 ± 0.15 29.50 ± 0.01 38.54 ± 0.75 2.10 ± 0.09 0.76 ± 0.64 1.78 ± 0.12 12.8 ± 0.06 27.1 ± 0.64 1.38 ± 0.63 0.62 ± 0.12

Tillia

Control
sample

1st 17.20 ± 0.15 35.36 ± 0.23 30.09 ± 0.04 1.52 ± 0.21 1.17 ± 0.09 2.05 ± 0.30 20.0 ± 0.01 23.8 ± 0.11 0.36 ± 0.12 0.52 ± 0.06
3rd 17.10 ± 0.12 35.36 ± 0.04 30.08 ± 0.61 1.52 ± 0.19 1.17 ± 0.11 2.06 ± 0.01 20.0 ± 0.29 23.8 ± 0.32 0.36 ± 0.01 0.52 ± 0.21
5th 17.10 ± 0.04 35.36 ± 0.01 30.08 ± 0.42 1.52 ± 0.01 1.17 ± 0.06 2.06 ± 0.06 20.0 ± 0.12 23.8 ± 0.63 0.36 ± 0.25 0.52 ± 0.23
7th 17.10 ± 0.42 35.36 ± 0.64 30.08 ± 0.53 1.53 ± 0.80 1.17 ± 0.44 2.06 ± 0.29 22.0 ± 0.21 23.7 ± 0.01 0.39 ± 0.42 0.52 ± 0.29
9th 17.10 ± 0.21 35.36 ± 0.24 30.08 ± 0.01 1.53 ± 0.49 1.17 ± 0.63 2.06 ± 0.30 22.6 ± 0.14 23.6 ± 0.30 0.40 ± 0.00 0.52 ± 0.01

Ultrasound
treated
sample

1st 17.10 ± 0.41 35.35 ± 0.53 30.09 ± 0.04 1.53 ± 0.45 1.17 ± 0.12 2.06 ± 0.29 20.1 ± 0.42 22.9 ± 0.27 0.43 ± 0.12 0.52 ± 0.64
3rd 17.00 ± 0.14 35.35 ± 0.08 30.09 ± 0.09 1.52 ± 0.14 1.17 ± 0.07 2.07 ± 0.25 20.0 ± 0.30 22.7 ± 0.64 0.79 ± 0.42 0.52 ± 0.01
5th 17.00 ± 0.38 35.35 ± 0.42 30.09 ± 0.23 1.52 ± 0.07 1.17 ± 0.30 2.07 ± 0.01 20.0 ± 0.11 22.4 ± 0.29 0.85 ± 0.06 0.52 ± 0.32
7th 17.00 ± 0.07 35.33 ± 0.01 30.09 ± 0.42 1.52 ± 0.32 1.17 ± 0.11 2.07 ± 0.63 19.8 ± 0.38 22.1 ± 0.07 0.94 ± 0.25 0.52 ± 0.06
9th 17.00 ± 0.15 35.33 ± 0.33 30.09 ± 0.06 1.53 ± 0.09 1.17 ± 0.01 2.07 ± 0.06 19.8 ± 0.64 21.8 ± 0.01 0.98 ± 0.30 0.52 ± 0.09

Polyfloral

Control
sample

1st 17.10 ± 0.09 40.16 ± 0.15 28.80 ± 0.21 1.23 ± 0.39 1.39 ± 0.07 2.34 ± 0.09 27.0 ± 0.09 19.2 ± 0.12 0.95 ± 0.14 0.58 ± 0.07
3rd 17.20 ± 0.10 40.16 ± 0.27 28.80 ± 0.38 1.23 ± 0.36 1.39 ± 0.07 2.33 ± 0.53 27.0 ± 0.29 19.2 ± 0.63 0.96 ± 0.38 0.57 ± 0.21
5th 17.10 ± 0.32 40.16 ± 0.64 28.80 ± 0.14 1.23 ± 0.21 1.39 ± 0.06 2.34 ± 0.04 27.0 ± 0.01 19.2 ± 0.32 0.97 ± 0.29 0.57 ± 0.11
7th 17.10 ± 0.53 40.16 ± 0.12 28.80 ± 0.29 1.23 ± 0.17 1.39 ± 0.07 2.34 ± 0.12 29.2 ± 0.11 19.0 ± 0.07 0.99 ± 0.42 0.57 ± 0.29
9th 17.10 ± 0.02 40.16 ± 0.61 28.80 ± 0.04 1.23 ± 0.08 1.39 ± 0.14 2.34 ± 0.21 29.4 ± 0.12 19.0 ± 0.29 1.01 ± 0.04 0.57 ± 0.07

Ultrasound
treated
sample

1st 17.30 ± 0.21 40.17 ± 0.04 28.80 ± 0.53 1.24 ± 0.25 1.39 ± 0.30 2.32 ± 0.25 27.0 ± 0.04 17.8 ± 0.22 1.27 ± 0.11 0.58 ± 0.25
3rd 17.10 ± 0.25 40.17 ± 0.26 28.80 ± 0.14 1.25 ± 0.21 1.39 ± 0.07 2.34 ± 0.21 26.9 ± 0.21 17.1 ± 0.53 1.25 ± 0.09 0.58 ± 0.07
5th 17.10 ± 0.32 40.17 ± 0.35 28.80 ± 0.04 1.25 ± 0.29 1.39 ± 0.12 2.34 ± 0.06 27.0 ± 0.11 16.9 ± 0.11 1.43 ± 0.10 0.58 ± 0.32
7th 17.10 ± 0.55 40.17 ± 0.12 28.80 ± 0.28 1.25 ± 0.06 1.39 ± 0.19 2.34 ± 0.18 27.0 ± 0.25 16.4 ± 0.63 1.61 ± 0.07 0.58 ± 0.06
9th 17.10 ± 0.38 40.17 ± 0.64 28.80 ± 0.23 1.25 ± 0.25 1.39 ± 0.08 2.34 ± 0.07 27.0 ± 0.04 16.3 ± 0.23 1.72 ± 0.30 0.58 ± 0.25

Rapeseed

Control
sample

1st 16.60 ± 0.23 46.30 ± 0.09 23.70 ± 0.21 0.97 ± 0.11 1.95 ± 0.09 2.78 ± 0.29 23.6 ± 0.25 18.5 ± 0.21 0.31 ± 0.04 0.61 ± 0.07
3rd 16.70 ± 0.11 46.30 ± 0.37 23.70 ± 0.04 0.95 ± 0.07 1.95 ± 0.09 2.77 ± 0.32 23.6 ± 0.29 18.5 ± 0.29 0.31 ± 0.25 0.61 ± 0.25
5th 16.70 ± 0.47 46.30 ± 0.18 23.70 ± 0.16 0.95 ± 0.29 1.95 ± 0.29 2.77 ± 0.12 23.8 ± 0.22 18.4 ± 0.63 0.33 ± 0.12 0.61 ± 0.29
7th 16.70 ± 0.21 46.30 ± 0.67 23.70 ± 0.24 0.95 ± 0.21 1.95 ± 0.25 2.77 ± 0.22 24.3 ± 0.63 18.2 ± 0.04 0.35 ± 0.11 0.61 ± 0.06
9th 16.70 ± 0.19 46.30 ± 0.58 23.70 ± 0.33 0.95 ± 0.01 1.95 ± 0.06 2.77 ± 0.32 24.7 ± 0.07 18.0 ± 0.25 0.35 ± 0.07 0.61 ± 0.21

Ultrasound
treated
sample

1st 16.50 ± 0.64 46.30 ± 0.45 23.60 ± 0.21 0.95 ± 0.17 1.96 ± 0.07 2.80 ± 0.22 23.6 ± 0.64 17.9 ± 0.21 0.60 ± 0.29 0.61 ± 0.07
3rd 16.50 ± 0.08 46.30 ± 0.04 23.60 ± 0.13 0.95 ± 0.41 1.96 ± 0.09 2.80 ± 0.29 23.6 ± 0.30 17.8 ± 0.12 0.71 ± 0.04 0.61 ± 0.06
5th 16.40 ± 0.13 46.30 ± 0.41 23.60 ± 0.04 0.95 ± 0.21 1.96 ± 0.04 2.82 ± 0.19 23.6 ± 0.07 17.7 ± 0.53 0.71 ± 0.30 0.61 ± 0.25
7th 16.30 ± 0.47 46.30 ± 0.64 23.60 ± 0.64 0.95 ± 0.47 1.96 ± 0.12 2.84 ± 0.64 23.4 ± 0.06 17.1 ± 0.09 0.74 ± 0.10 0.61 ± 0.64
9th 16.30 ± 0.38 46.30 ± 0.14 23.60 ± 0.42 0.95 ± 0.01 1.96 ± 0.31 2.84 ± 0.07 23.4 ± 0.42 16.5 ± 0.38 0.76 ± 0.23 0.60 ± 0.12
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Table 1. Cont.

Honey Variety Month Water
Content, %

Glucose,
g/100 g

Fructose,
g/100 g

Sucrose,
g/100 g G/F G/W Acidity,

mEq/kg
Diastase
Activity,
◦Göthe

HMF,
mg/kg

Water
Activity

Honeydew

Control
sample

1st 16.20 ± 0.04 42.60 ± 0.38 27.70 ± 0.02 0.87 ± 0.38 1.53 ± 0.23 2.62 ± 0.29 14.0 ± 0.01 17.6 ± 0.25 0.96 ± 0.25 0.61 ± 0.07
3rd 16.00 ± 0.12 42.60 ± 0.08 27.70 ± 0.19 0.87 ± 0.47 1.53 ± 0.30 2.66 ± 0.25 14.0 ± 0.32 17.6 ± 0.01 1.01 ± 0.06 0.62 ± 0.21
5th 16.00 ± 0.28 42.60 ± 0.01 27.70 ± 0.44 0.87 ± 0.53 1.53 ± 0.04 2.66 ± 0.01 14.0 ± 0.48 17.6 ± 0.30 1.01 ± 0.47 0.62 ± 0.30
7th 16.00 ± 0.32 42.60 ± 0.20 27.70 ± 0.47 0.87 ± 0.01 1.53 ± 0.12 2.66 ± 0.07 14.0 ± 0.25 17.5 ± 0.48 1.03 ± 0.29 0.62 ± 0.07
9th 16.00 ± 0.19 42.60 ± 0.04 27.70 ± 0.01 0.87 ± 0.14 1.53 ± 0.07 2.66 ± 0.04 14.2 ± 0.41 17.4 ± 0.23 1.03 ± 0.38 0.62 ± 0.10

Ultrasound
treated
sample

1st 16.00 ± 0.42 42.59 ± 0.25 27.71 ± 0.30 0.87 ± 0.21 1.53 ± 0.07 2.66 ± 0.34 14.0 ± 0.12 17.5 ± 0.07 1.25 ± 0.22 0.61 ± 0.29
3rd 15.90 ± 0.01 42.59 ± 0.07 27.71 ± 0.48 0.87 ± 0.29 1.53 ± 0.30 2.67 ± 0.35 13.9 ± 0.21 17.1 ± 0.63 1.38 ± 0.10 0.61 ± 0.07
5th 15.90 ± 0.54 42.59 ± 0.64 27.71 ± 0.19 0.87 ± 0.25 1.53 ± 0.29 2.67 ± 0.29 13.7 ± 0.06 17.0 ± 0.42 1.48 ± 0.38 0.61 ± 0.19
7th 15.90 ± 0.04 42.59 ± 0.04 27.71 ± 0.01 0.87 ± 0.30 1.53 ± 0.06 2.67 ± 0.27 13.6 ± 0.30 16.2 ± 0.38 1.66 ± 0.12 0.61 ± 0.42
9th 15.80 ± 0.12 42.59 ± 0.18 27.71 ± 0.63 0.87 ± 0.12 1.53 ± 0.14 2.69 ± 0.25 13.6 ± 0.01 16.0 ± 0.19 1.69 ± 0.14 0.61 ± 0.53

Grassland

Control
sample

1st 16.10 ± 0.38 36.20 ± 0.43 38.60 ± 0.38 1.18 ± 0.07 0.93 ± 0.29 2.24 ± 0.63 17.6 ± 0.07 29.7 ± 0.53 0.55 ± 0.09 0.55 ± 0.25
3rd 16.10 ± 0.53 36.20 ± 0.39 38.60 ± 0.21 1.16 ± 0.32 0.93 ± 0.18 2.24 ± 0.14 17.6 ± 0.09 29.7 ± 0.46 0.54 ± 0.29 0.55 ± 0.21
5th 16.00 ± 0.64 36.20 ± 0.32 38.60 ± 0.42 1.16 ± 0.29 0.93 ± 0.12 2.26 ± 0.22 17.6 ± 0.32 29.7 ± 0.09 0.55 ± 0.30 0.55 ± 0.11
7th 16.10 ± 0.14 36.20 ± 0.21 38.60 ± 0.01 1.16 ± 0.11 0.93 ± 0.30 2.24 ± 0.12 18.0 ± 0.47 29.7 ± 0.48 0.58 ± 0.47 0.55 ± 0.07
9th 16.10 ± 0.18 36.20 ± 0.28 38.60 ± 0.23 1.16 ± 0.25 0.93 ± 0.06 2.24 ± 0.30 18.5 ± 0.07 29.7 ± 0.21 0.59 ± 0.12 0.55 ± 0.42

Ultrasound
treated
sample

1st 16.00 ± 0.47 36.19 ± 0.02 38.61 ± 0.07 1.16 ± 0.63 0.93 ± 0.06 2.26 ± 0.07 17.7 ± 0.23 28.3 ± 0.53 0.76 ± 0.39 0.55 ± 0.06
3rd 16.00 ± 0.01 36.20 ± 0.09 38.70 ± 0.47 1.16 ± 0.14 0.93 ± 0.11 2.26 ± 0.11 17.6 ± 0.47 29.0 ± 0.01 0.84 ± 0.21 0.55 ± 0.11
5th 16.00 ± 0.14 36.20 ± 0.19 38.70 ± 0.63 1.16 ± 0.64 0.93 ± 0.01 2.26 ± 0.21 17.5 ± 0.32 25.8 ± 0.09 0.99 ± 0.01 0.55 ± 0.47
7th 16.00 ± 0.23 36.20 ± 0.17 38.70 ± 0.53 1.16 ± 0.09 0.93 ± 0.25 2.26 ± 0.01 17.5 ± 0.63 24.8 ± 0.12 1.18 ± 0.38 0.55 ± 0.25
9th 16.00 ± 0.32 36.20 ± 0.38 38.70 ± 0.21 1.16 ± 0.01 0.93 ± 0.23 2.26 ± 0.25 17.5 ± 0.19 24.4 ± 0.47 1.26 ± 0.14 0.55 ± 0.09

Every value is a mean of three determinations (n = 3) ± standard deviations. G/F: glucose to fructose ratio; G/W: glucose to water content
ratio; HMF: hydroxymethylfurfural.

Table 2. Results of microbiological determination of honey sample.

Honey Variety Month
Microorganism (cfu/g)

SPC Bacillus
Cereus TC Yeasts Molds

Acacia

Control
sample

1st <10 - - <10 -
3rd <10 - - <10 -
5th <10 - - 10 -
7th 10 - - 10 -
9th 10 - - 10 -

Ultrasound
treated
sample

1st - - - - -
3rd - - - - -
5th - - - - -
7th - - - - -
9th - - - - -

Raspberry

Control
sample

1st 30 - - 20 <10
3rd 30 - - 20 <10
5th 30 - - 20 <10
7th 30 - - 30 10
9th 40 - - 30 30

Ultrasound
treated
sample

1st <10 - - <10 <10
3rd <10 - - <10 <10
5th <10 - - <10 <10
7th 10 - - 10 <10
9th 10 - - 10 <10

Tillia

Control
sample

1st 20 - - 10 10
3rd 20 - - 10 10
5th 20 - - 20 20
7th 30 - - 20 30
9th 30 - - 30 40

Ultrasound
treated
sample

1st <10 - - - 10
3rd 10 - - - 10
5th 10 - - - 10
7th 10 - - - 10
9th 10 - - - 10

Polyfloral

Control
sample

1st <10 - - <10 20
3rd <10 - - 20 20
5th <10 - - 20 30
7th 10 - - 30 30
9th 20 - - 40 40

Ultrasound
treated
sample

1st <10 - - - 10
3rd <10 - - - 10
5th <10 - - - 10
7th <10 - - - 10
9th <10 - - - 10
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Table 2. Cont.

Honey Variety Month
Microorganism (cfu/g)

SPC Bacillus
Cereus TC Yeasts Molds

Rapeseed

Control
sample

1st 40 - 20 <10
3rd 40 - - 30 <10
5th 40 - - 30 <10
7th 40 - - 40 10
9th 50 - - 40 20

Ultrasound
treated
sample

1st 20 - - - <10
3rd 20 - - - <10
5th 20 - - - <10
7th 20 - - - <10
9th 20 - - - <10

Honeydew

Control
sample

1st <10 - - <10 <10
3rd <10 - - <10 <10
5th <10 - - <10 <10
7th <10 - - <20 10
9th <10 - - <20 10

Ultrasound
treated
sample

1st - - - - -
3rd - - - - -
5th - - - - -
7th - - - - -
9th - - - - -

Grassland

Control
sample

1st <10 - - <10 <10
3rd <10 - - <10 <10
5th <10 - - <10 <10
7th <10 - - <10 <10
9th <10 - - <20 <10

Ultrasound
treated
sample

1st - - - - -
3rd - - - - -
5th - - - - -
7th - - - - -
9th - - - - -

SPC: Standard Plate Count; TC: Total Coliforms; “-“: undetectable.

3.1. Water Content

Monitoring and control of the water content of honey are important because this
parameter significantly influences the crystallization process [12]. The G/W ratio is an
important indicator of the tendency and degree of crystallization of honey, but it is not
the only one [37]. According to Codex Alimentarius [38], water content should not exceed
20% in honey, to avoid the fermentation process during storage caused by osmotolerant
yeasts [39]. The water content also influences the fluidity of honey and some texture
properties such as adhesiveness, water activity, microbiological properties and microbial
growth [40]. The water content of honey decreases during storage [41].

Water activity is used to determine the stability of honey. A value of water activity
below 0.60 indicates good stability of honey and it does not allow microbial growth [42]. A
water activity value higher than 0.60 can favor the growth of xerophilic molds, osmotolerant
yeasts and halophilic bacteria [43]. Water activity values measured in this study are
consistent with results reported by other scientists [44].

The values of the water content of the seven types of honey analyzed and treated were
normal and did not exceed the maximum limit of 20%, which means that they complied
with legal regulations established by the Codex Alimentarius [38]. The water content of the
analyzed samples varied relatively slightly (had minor variations) during the nine months
of research. The lowest water content was found in the ultrasound-treated honey sample,
with 15.8% in the ninth month of the research, and the highest content of 17.6% was found
in acacia honey.

The variation of water content for the untreated samples was between 0.5% and 1.23%.
The smallest variation was registered for acacia, tillia and polyfloral honey, and the largest
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for honeydew honey. In the case of the treated samples, the water content was constant for
grassland honey and had a 1.85% variation in raspberry honey and 0.5% variation in tillia
honey. For the control sample of acacia honey, a G/W ratio was 1.54. This value was the
lowest of the analyzed samples and the highest value of this parameter was registered for
rapeseed honey, respectively 2.84.

The water activity of the analyzed samples changed little after the application of the
ultrasound treatment and within 9 months of storage. The highest value of water activity
was in raspberry and in honeydew honey, respectively, equal to 0.62, and the lowest value
was 0.52, found in tillia honey.

These results confirm that a G/W ratio less than 1.3 would cause a partial and slow
crystallization, respectively; the crystallization is complete and fast when this ratio is
equal to or greater than 2.1 [45]. The decrease in the water content of the samples during
ultrasound treatment can be due to the mechanical effects of breaking the microbubbles,
which increases the mass transfer; simultaneously, the honey tends to occupy the previous
place occupied by the microbubbles, resulting in shear forces.

Marghitas, et al. [46] observed in Romanian honey similar results of water content,
reporting values between 16.6% and 20%, while Abramovic et al. [47] reported values of
water content between 13.4% and 18.6% for floral honey from Slovenia. The water content
of Argentine honey was between 17.9% and 18.5%, as reported by Maldonado et al. [48]
and had values between 13.8% and 20%, as reported by Chirife et al. [49].

El Sohaimy et al. [50] reported G/W ratio values of 0.72 for Kashmiri honey, 1.56
for Yemeni honey, 1.38 for Saudi honey and 1.45 for Egyptian honey and Chua et al. [51]
reported in their study that the G/W ratio for the four types of honey analyzed ranged
from 1.03 for forest honey to 1.89 for acacia honey. The results obtained in our study are in
accordance with the results reported by these scientists.

Water activity is directly correlated with the water content of honey and it had no
significant variations, which indicated the stability of all honey samples in time. Similar
results were obtained by Mădaş et al. [52] for acacia honey and by Łuczycka et al. [53] for
three types of Polish honey: rapeseed honey, polyfloral and goldenrod honey. The average
values of water activity in Slovenian honeydew honey and polyfloral honey were similar
to those in our study (0.52–0.66) [54].

3.2. Sugars

The main sugars (glucose, fructose and sucrose) in the treated and the untreated
samples were analyzed for a period of nine months. The results obtained are shown in
Table 1.

The sugar content evaluation is important because it can give clues about the purity of
honey or its authenticity [55]. Fructose and glucose are major sugars in honey, representing
approximately 30–40% of honey components. Sucrose is naturally present in honey in a
much smaller amount, ideally under 5%. This percentage varies depending on the botanical
origin [56]. A high concentration of sucrose in honey indicates that honey was harvested
too early before sugar was completely converted to glucose and fructose under the action
of invertase or due to bees being fed with sugar syrup in spring [57]. Higher glucose
content in honey indicates a faster crystallization and implicitly higher fructose content,
and slower crystallization. The ratio between the two sugars is ideally between 0.9 and
1.35. The fructose to glucose ratio less than 1.0 indicates a rapid crystallization of honey
and a ratio above 1.0 indicates a slow honey crystallization [50].

Subjecting honey samples to ultrasound treatment does not influence the sugar levels
in honey. The lowest content of glucose was found in acacia honey, −27.34 g/100 g honey,
and the highest one in rapeseed honey, −46.30 g/100 g honey. This indicates that acacia
honey will crystallize slowly and rapeseed honey will crystallize faster. In acacia honey,
the highest fructose content is 43.64 g/100 g and rapeseed honey has the lowest content of
fructose, −23.60 g/100 g. The highest level of sucrose concentration was in ultrasound-
treated samples of raspberry honey with 2.10 g/100 g and the lowest level of sucrose in
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honeydew honey with 0.87 g/100 g. The G/F ratio was smaller than 1.0 for the analyzed
acacia, raspberry and grassland honey. These kinds of honey have a smaller tendency to
crystallize. A higher ratio value of 0.93 was found for grassland honey and the lowest
value of 0.62 was found for acacia honey. Tillia, polyfloral, rapeseed and honeydew honey
have a G/F ratio > 1.0, which means that they will crystallize faster. Rapeseed honey has
the highest value of this parameter, indicating rapid crystallization.

It was found that a G/F ratio of 2.5/1 is the critical ratio in the crystallization of
honey [8]. A higher G/W ratio of 2.84 was found for rapeseed honey, and a lower ratio
was found for acacia honey (1.54).

Homrani et al. [58] found results similar to those obtained by us, as glucose contents in
Algerian honey harvested from several areas was between 23.1 g/100 g and 34.1 g/100 g,
and fructose was between 33 g/100 g and 44.4 g/100 g. In another study, Tomczyk et al. [59]
reported results mostly different from those presented in this study; in the sugar content
of five types of honey, polyfloral, tillia, forest, rapeseed and acacia, the lowest glucose
content was 28.43 ± 1.37 g/100 g in tillia honey and the highest was in rapeseed honey,
32.92 ± 2.80 g/100 g. The lowest fructose content was 34.67 ± 0.31 g/100 g in forest honey,
the highest fructose content was 39.23 ± 3.08 g/100 g found in polyfloral honey and the
G/F ratio was between 0.77 and 0.90 for tillia honey and rapeseed honey, respectively.
Values of glucose content in honey from different botanical origins analyzed by Zielinska
et al. [60] varied between 17.0 g/100 g and 36.3 g/100 g for lime honey and polyfloral honey,
respectively, and fructose content varied from 28.3 g/100 g for lime honey to 53.8 g/100 g
for buckwheat honey.

3.3. Acidity

The acidity of honey is important because this parameter can influence the stability,
shelf life and texture of honey [19]. The level of free acidity can indicate the degree of
freshness of honey [61]. High acidity indicates the existence of fermentative processes of
sugars present in honey and organic acid content produced by the oxidation of glucose
under the action of glucose oxidase [62]. These compounds are directly related to sensory
properties such as the honey flavor.

In this study, the acidity values were normal; they did not exceed 50 meq/kg, the
maximum legal limit. Ultrasonic treatment applied to seven types of honey influenced the
acidity of the samples. The acidity of the control samples increased from the first to the
last month of the study and the acidity values of the ultrasound-treated samples decreased
during the study. The acidity of the control samples had the largest variation for tillia
honey, which increased by 13% and the lowest variation of 4% for rapeseed honey. The
acidity of the treated samples decreased. The most significant decrease of 12% was found
in the case of rapeseed honey, the acidity of grassland honey remained constant, and for
the other types of honey, the acidity decreased by 1–2%.

Similar to the results of our study, Lazarević et al. [63] reported the lowest mean free
acid value of 11.6 meq/kg for acacia honey and the highest value was 27.2 meq/kg for a
sunflower honey sample. Baloś et al. [64] reported mean acidity values such as 13.08 ± 8.41
meq/kg for meadow honey, 5.44 ± 1.56 meq/kg for acacia honey, 12.17 ± 6.73 meq/kg
for linden honey, 13.61 ± 6.12 meq/kg for polyfloral honey and 19.33 ± 8.70 meq/kg
for forest honey. Ratiu et al. [65] analyzed from a physicochemical viewpoint several
samples of honey harvested from different states of the world and reported free acidity
values such as 20 meq/kg for acacia honey and 36.6 meq/kg for rapeseed honey, both
harvested from Romania, 44 meq/kg for Brazilian polyfloral honey and honey samples,
80 meq/kg for polyfloral honey, 16.5 meq/kg for acacia honey, 21 meq/kg for raspberry
honey, 24 meq/kg and 12.8 for rapeseed honey and 31 meq/kg for honeydew honey, all
samples originating from Poland. In another study on honey, after 18 months of storage
at room temperature, the acidity of the rapeseed honey samples remained constant at
22.21 ± 4.62 meq/kg, a result reported by Kedzierska et al. [66]. Janghu et al. [23] obtained
similar results regarding the decrease of the acidity value of the control sample of different
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types of honey analyzed and the acidity of the ultrasound-treated samples. This treatment
presents an advantage in terms of product stability: a lower value of honey acidity means
better product stability and inhibition of microbial growth. Similarly, an increase in acidity
was observed in the case of storing alfalfa and lotus honey for one year, the lowest value of
acidity being 20.7 ± 2.3 meq/kg in lotus honey and the highest being 25.6 ± 2.7 meq/kg
in thyme honey [67].

3.4. Diastase Activity

The diastase enzyme is found naturally in honey [68]. The diastatic activity of honey
is correlated with the source of nectar and with the geographical origin of honey [59,69].
Diastase activity is an indicator of honey freshness [70]. This enzyme is sensitive to
temperature; its determination is important because it can indicate honey overheating
but also poor storage conditions [71]. The diastase activity (DN) can be an indicator of
long-term storage; its value decreases in time and also at heat treatments applied over
60 ◦C [72]. Results were expressed in Göthe units per gram of honey [31].

The highest values of diastase activity of the analyzed control samples were found in
raspberry honey and grassland, 29.9◦ Göthe, and 29.7◦ Göthe, respectively, and the lowest
values were found in the treated samples, acacia honey, rapeseed honey and honeydew
honey, equal to 16.5◦ Göthe, 16.5◦ Göthe and 16.0◦ Göthe, respectively. Control samples
from the seven types of honey analyzed had insignificant variations in diastatic activity.
This parameter decreased for all samples. Within control samples, rapeseed honey had
the largest variation in diastatic activity during the 9 months of our research, equal to 0.5◦

Göthe from 18.5◦ to 18.0◦ Göthe, and the diastatic activity of grassland honey remained
constant at −29.7◦ Göthe.

In the case of ultrasound-treated samples, this parameter had a much broader variation
than the untreated ones. In acacia honey, in the treated sample, the diastatic activity varied
between 18.1◦ and 16.5◦ Göthe, for raspberry honey it varied between 27.8◦ and 27.1◦

Göthe, in tillia honey between 22.9◦ and 21.8◦ Göthe, in polyfloral honey between 17.8◦

and 16.3◦ Göthe, in rapeseed honey between 17.9◦ and 16.5◦ Göthe, in honeydew honey
between 17.5◦ and 16.0◦ Göthe and in grassland honey between 29.0◦ and 24.4◦ Göthe.

These results show that the ultrasound treatment application, at a frequency of 42 kHz,
has the same effect for all the types of honey subject to our analysis; specifically it acts on
diastase, reducing the value of its activity in time. The decrease of diastatic activity in the
treated samples is much higher than in the control samples.

The decrease of enzyme activity in honey samples was caused by ultrasonic energy that
produces cavitation and acoustic flux [73]. The latter has generated mechanical, thermal
and chemical effects that have inactivated the enzymes from honey [74]. Simultaneously,
the decrease in diastatic activity after ultrasound treatment was caused by the loss of
enzyme biological activity as ultrasound modified the secondary and tertiary structure of
the enzymes [75].

Onur et al. [20] reported different results to those obtained in our study and showed
that ultrasonic treatment at a frequency of 24 kHz on sunflower, cotton and canola honey
has no effect on the diastatic activity of the treated honey, this parameter remaining constant
for the samples of sunflower, canola and cotton honey, equal to 13.9. Patrignani et al. [76]
reported values of diastatic activity between 21.13 and 29.58 for four types of Argentinian
honey. The decrease in diastatic activity was reported in a study by Kedzierska et al. [66];
during eighteen months, this quality parameter decreased by 24.4% from 21.44, results that
were in accordance with our result.

3.5. Hydroxymethylfurfural Determination

Hydroxymethylfurfural (HMF) is a byproduct that is formed during the Maillard
reaction or the decomposition of hexose in an acidic medium [77]. To these reactions are
added nonenzymatic chemical changes that also produce a series of browning pigments [78].
Hydroxymethylfurfural is a cytotoxic, genotoxic and organotoxic compound [79]. Recent
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studies have concluded that HMF can be present in low concentrations in natural honey,
being an indicator of its freshness. The concentration of HMF depends on other parameters
of honey, such as light exposure, pH, acidity, water content [68,80]. According to the
European legislation and the Codex Alimentarius, the concentration of HMF allowed in
honey can vary up to 40 mg/kg (80 mg/kg in tropical honey) [1,38].

The temperature in ultrasonic bath increased up to 25 ◦C during ultrasound treatment.
This temperature rise of 5 ◦C, from 20 ◦C to 25 ◦C, did not cause changes in the HMF
content. The HMF content in the ultrasound-treated samples increased immediately after
the application of the treatment and continued to increase along the 9 months of study. The
increase in the HMF content in the control samples was much lower compared to the treated
samples. In the case of the control samples, the smallest variation in HMF concentration
was 5% in raspberry honey, and the most significant variation was 30% in honeydew
honey. In the case of the treated samples, the largest variation of this parameter was
found in tillia honey with 127%, and the smallest variation of 26% was in rapeseed honey.
Ultrasound forms free radicals in the treated honey samples. Therefore, the stronger the
ultrasound treatment, the more free radicals form, which in turn can lead to the formation
of HMF [23,81,82].

Similar results to the results obtained in our study regarding the increase of HMF
concentration in ultrasound-treated samples were obtained by Phawatwiangnak et al. [22]
and Onur et al. [20]. Solis Silva et al. [25] showed that the largest increase in HMF content
appeared after 15 min of ultrasound treatment and after 120 days of storage. Onur et al. [20]
showed through their study that the ultrasonic treatment applied on three types of honey
determined the increase of HMF content in canola honey from 0.90 to 1.05 ppm, in cotton
honey from 1.05 to 1.15 ppm and the decrease of HMF content in sunflower honey from 2.37
to 1.57 ppm. Patrignani et al. [76] analyzed four types of honey and reported values between
3.27 mg/kg for Patagonian Forest honey and 24.7 mg/kg for Parana Delta and Islands. Isla
et al. [83] reported mean HMF values between 4.0 ± 1.3 mg/kg and 49.0 ± 2.2 mg/kg for
thirteen samples of Argentinian honey. The study by Kedzierska et al. [78] showed that
the storage of rapeseed honey at a temperature of 20–26 ◦C determined an increase in the
initial value of the HMF concentration of 19.74 mg/kg by 543%.

3.6. Color Analysis

The color of honey depends on the content of minerals, phenolic compounds, flavonoids
and storage conditions [84].

The color parameter analyzed was L*, a*, b* and calculated the Chroma, Hue angle
and Yellow index. These results are illustrated in Figure 1, L*, a*, b*. Modifications were
more visible in the case of control samples than in those treated with ultrasound.

In the case of acacia honey, the brightness varied the least, by 0.3% for the control
sample and by 0.2% for the treated sample. The brightness of other types of honey varied
more. The rapeseed honey had the largest variation in the control sample, of 22%, and
in the treated sample the variation was only 13%. The lowest lightness was found in the
control sample of honeydew (16.17), and the highest in acacia honey (46.26). a* parameter
represents the green component (negative a* values) and it was present in all samples of
acacia honey, tillia honey and rapeseed honey. The highest value of the green compound
was found in the ninth month, in the control sample of rapeseed honey (−5.24). The
red parameter (positive values of a*) was found in raspberry honey, polyfloral honey,
honeydew honey and grassland honey. The highest value of the red parameter was found
in the ninth month, in the control sample of honeydew (8.17), and the lowest value was
found in the control sample of grassland honey (1.32), also in the ninth month.

The brightness of the control sample of the seven types of honey varied according
to the type of honey, and whether the samples were ultrasound-treated or not analyzed
also varied, but it also depended on the application of ultrasound treatment or not. The
crystallization tendency in acacia honey was low, having the G/F ratio = 0.62, G/W = 1.55,
the brightness value was high, and rapeseed honey had a high crystallization tendency and
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low brightness, G/F ratio = 1.96, G/W = 2.84. The application of the ultrasonic treatment
affected the later installation of the crystallization in the seven types of honey and it
improved the stability of their color parameters for a longer time. The most significant
variations of the color parameters were observed in rape honey; in the control sample
parameter, a* varied by 139%, parameter b* by 18%, Chroma by 33% and Hue angle by 16%,
and the Yellow index had the highest increase of 17% in the control sample of raspberry
honey. All these variations were due to the formation of glucose crystals that lighten the
colors and alter the transparency of the samples.
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Regarding the Chroma parameter (Table S1), the sample values were variable; the
untreated samples had a much larger variation than the treated ones. The only exception
was the acacia honey with insignificant color variation because both the control sample
and the ultrasound-treated one did not crystallize. The highest value of Chroma was found
in rapeseed honey (6.07) and the lowest in honeydew honey (1.53). The largest variation
was found in rapeseed honey (6.04–3.99) and the slightest in acacia honey (4.66–4.63).
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The Hue angle had negative values in acacia, tillia and rapeseed honey, which also had
negative values of the parameter a*. The largest variation was recorded in rapeseed honey
and the smallest in acacia honey. The Yellow index had been more obviously modified in
time for the control samples than for the ultrasound-treated samples. The lowest value of
the Yellow index was found in a treated sample of acacia honey. The color of the honey
samples was characterized by shades of red, yellow and green, the samples of raspberry,
polyfloral, honeydew and grassland honey being located in the first quadrant of the CIE
color space a* b* because the coordinates a* and b* had positive values. The negative values
of the parameter a* of the honey samples of acacia, tillia, and rapeseed placed them in the
second quadrant, being also characterized by shades of yellow and green.

All samples had light color due to the crystallization of glucose, which is reflected
in the value of a* and b*, through a decrease in luminosity and yellow index. The light-
ening and the decrease of the Hue angle were observed during storage at all temperature
conditions studied by Zábrodská et al. [85].

Bertoncelj et al. [86] analyzed samples from six varieties of honey from Slovenia and
reported average color parameter values for a polyfloral honey such as L* = 53.87, a* = 2.25
and b* = 46.45. There were significant differences between the values of color parameters
obtained in this study and a study by Halagarda et al. [87] in which twenty-two samples of
eleven varieties of Polish honey were analyzed. As an exemplification, L* varied between
23.18 in honeydew honey and 59.91 in a sample of polyfloral honey, a* had values between
−1.61 and 11.6 for two polyfloral honey samples, and the values of parameter b* were
between 7.59 for a rapeseed honey sample and 31.33 for a polyfloral honey sample. Kuś
et al. [88] reported values of the parameter L* between 41.5 in buckwheat honey and 86.2
in black locust honey, of a* between −1.6 and 31.9, and of b* between 19.6 and 69.2 in
black locust and buckwheat honey, respectively. Janghu et al. [23] reported a decrease in
brightness 29.1 ± 0.9 to 28.8 ± 0.3 in the ultrasound-treated sample and an increase in red
(+a*) and yellow (+b*) values in the ultrasound-treated samples compared to the control
samples, with values ranging from 2.21 ± 0.04 to 2.5 ± 0.3, respectively, from 18.5 ± 0.6 to
20.1 ± 0.5. Similar results were reported for floral honey in Thailand, where the smallest
changes in a* and b* values were observed in ultrasound samples treated at 80 and 40%
amplitude for 30 min [17].

3.7. Texture Analysis

Texture analysis (Figure 2) showed that the ultrasound-treated samples kept the
parameters unchanged for a longer time or changed less because the applied treatment
decreased the crystal formation rate, while the control samples changed the parameter
texture in the first months of research.

The texture parameters of the acacia honey sample varied the least, due to its much
lower glucose content, resulting in the formation of a small number of crystals, a hypothesis
supported by the analysis of crystals. The hardness increased by 2%, springiness by 3%,
cohesiveness and adhesiveness increased by 1%, viscosity by 5%, chewiness by 7% and
gumminess by 4%.

The largest variation of the texture parameters was observed in rapeseed honey.
The texture parameters of the untreated rapeseed honey sample varied the most,

hardness and gumminess varying by 237% and 239%, respectively, viscosity by 126%,
cohesiveness by 21%, adhesiveness by 57% and chewiness by 64%. This correlated with the
changes in color, the significant decrease in sample brightness and the massive presence
of glucose crystals. The increase in hardness, viscosity, cohesiveness, gumminess and
chewiness, as well as the decrease in elasticity and adhesiveness is explained by the change
in the interatomic and intermolecular forces caused by the formation of glucose crystals in
the supersaturated solution.

The results showed that as the crystal phase increased due to the crystallization of
glucose in the control samples, a solid structure was formed in which the crystals created a
matrix characterized by a cohesiveness that increased in time, thus changing the texture



Foods 2021, 10, 773 14 of 25

of the honey samples. Once the crystallization process started, the hardness, viscosity,
chewiness and cohesiveness increased due to the increasing number and size of crystals.
The adhesiveness and springiness decreased in all samples, and the gumminess varied
differently depending on the botanical origin of the honey.

One of the findings of our study regarding the increase of honey viscosity due to the
crystallization process and the possibility to decrease it by applying low- and medium-
intensity and low-frequency ultrasonic treatment are consistent with the works of other
scholars on this matter. Ultrasonic treatment can be a viable method to alter glucose
crystallization and to prevent the formation of crystallized honey [89].

Recrystallization appeared in ultrasound-treated polyfloral honey samples after 100 days,
with a hardness value of 100 N, and in ultrasound-treated buckwheat honey samples
after 150 days, with a hardness value of 140 N. The hardness of the ultrasound-treated
samples varied during storage under the influence of the variables of the treatment itself
(frequency, duration, amplitude). The hardness of polyfloral honey had the lowest value
and recrystallized the fastest, the hardness value of lime honey was slightly higher, and
buckwheat honey had the highest hardness value and recrystallized the slowest [89].
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Onur et al. [20] reported in their study that the viscosity of ultrasound-treated samples
was 10.99 ± 2.11 Pa·s and was approximately ten times lower than the viscosity of untreated
samples, which were equal to 100.72 ± 4.47 Pa·s. Kabbani et al. [90] studied the viscosity
of rosemary honey during ultrasound treatment and reported a decrease in this physical
parameter of approximately ten-fold from 12,733 ± 25 mPa·s to 1266 ± 11 mPa·s after
9 min of ultrasound treatment.

3.8. Microscopic Crystals Analysis

Figure 3 shows the differences between the crystals of the seven types of honey
analyzed in the first month and last month.
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From the presented images, it is observed in all samples, both treated and untreated,
in the first month there are a few, fine, uniform, small dimensions crystals. The microscopic
images from the last month showed differences between the types of honey analyzed and
between the treated and control samples of the same honey. In acacia honey, in the first
month, fine crystals were observed, small and distributed relatively evenly. In the last
month, the size of the crystals did not change considerably, but they were more numerous
in the control sample than in the one treated with ultrasound. Microscopic images for tillia
honey showed in the first month, both in the control and in the ultrasound-treated samples,
elongated crystals, unevenly distributed, and their frequency in the field was lower in the
treated sample than in the control sample. In the ninth month, the number, size and shape
of the crystals changed in the control sample.

Few crystals were present in grassland and raspberry honey in the first month, and
in the ninth month they were presented in the form of crystal bouquets, uniform agglom-
erations of small crystals in the control sample and less frequently in the treated sample,
the crystals being larger for raspberry honey. In grassland honey, in the last month, the
images showed larger crystals, shaped like needles; their frequency in the field was lower
compared to the large number and smaller size of crystals in the control sample.

In the first month, the polyfloral honey presented in both treated and untreated sample
a few small dimensions crystals, with predominantly elongated shapes, along with other
shapes. In the ninth month, the control sample presented an agglomeration of larger size
crystals, and the ultrasound-treated sample showed bouquets of needle-shaped crystals
with a much lower frequency in the field than the control sample.

For honeydew honey, significant differences were observed in the ninth month mi-
croscopic images; respectively, the crystal bouquets were observed in both the treated and
untreated samples. In the control sample, the crystals were larger and more numerous, and
in the treated sample, ultrasonic crystals in the form of a bouquet of needles were smaller
and fewer. Rapeseed honey did not present any special crystals in the first month, both in
the treated and the untreated sample. Yet, in the ninth month, large pentagonal and hexag-
onal crystals were observed, covering the entire field. Meanwhile, in the ultrasound-treated
sample a reduction in both frequency and size of the crystals was observed.

Acacia honey best preserved its crystalline properties in time and rapeseed honey
underwent the most radical changes. These changes were correlated with the glucose
and fructose content of the analyzed samples, the glucose being the one that crystallizes
faster. Furthermore, the color and texture parameters changed, once the crystals appeared.
As crystals appeared, the brightness of the samples decreased, the values of hardness,
cohesiveness, viscosity and gumminess increased, and springiness, adhesiveness and
chewiness decreased.

Kabbani et al. [90] studied the behavior of rosemary honey crystals during ultrasound
treatment and reported the liquefaction of samples being an effective way to reduce the
size of the glucose crystals while also improving the uniform distribution in the product.

3.9. Microbiological Analysis

The values obtained for parameters of yeasts, molds, Bacillus cereus, total coliforms
(TC) and SPC for control samples and ultrasound-treated samples were within acceptable
limits according to the latest standards.

Honey samples analyzed presented no health hazards, and the pathogenic microflora
was undetectable. The quality of the samples was superior from a microbiological view-
point, in correlation with the values of the parameters presented in Table 2.

The application of ultrasound treatment reduced or maintained the values of the
microbiological parameters. Bacillus cereus and total coliforms were undetectable in all
honey samples analyzed.

In the ultrasound-treated samples of acacia honey, honeydew honey and grassland
honey, yeasts, molds or SPCs were undetectable. For control samples, SPC values were
<10–10 cfu/g in acacia honey, 30–40 cfu/g in raspberry honey, 20–30 cfu/g in tillia honey,
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<10–20 cfu/g in polyfloral honey, 40–50 cfu/g in rapeseed honey and <10 cfu/g in honey-
dew and grassland honey. Ultrasound-treated samples maintained their SPC parameter
levels or were thus reduced: <10–10 cfu/g in raspberry honey and tillia honey, <10 cfu/g in
polyfloral honey and 20 cfu/g in rapeseed honey. Yeasts were undetectable in ultrasound
samples of acacia, tillia, polyfloral, rapeseed, honeydew and grassland honey, and rasp-
berry honey had a value of <10–10 cfu/g. The yeasts were present in the control samples,
the values varying thus: <10–10 cfu/g in acacia honey, 20–30 cfu/g in raspberry honey,
10–30 cfu/g in tillia honey, <10–40 cfu/g in polyfloral honey, 20–40 cfu/g in rapeseed
honey, <10–20 cfu/g in honeydew and grassland honey. In the acacia honey, in both the
control sample and the treated one, molds were not detected. Furthermore, the treated
samples of honeydew and grassland honey did not show molds. In the control sample of
honeydew honey, mold was detected: <10–10 cfu/g, respectively, <10 cfu/g in grassland
honey, <10–30 cfu/g in raspberry honey, 10–40 cfu/g in tillia honey, 20–40 cfu/g in polyflo-
ral honey, <10–20 cfu/g in rapeseed honey. In the ultrasound-treated samples, mold values
varied as follows: <10 cfu/g in raspberry honey and in rapeseed honey, 10 cfu/g in tillia
and polyfloral honey.

The reduction and inactivation of microorganisms in the analyzed honey samples
are the result of physicochemical processes that take place during treatment. Physical
processes are based on rapidly changing mechanical loads, cavitation with several related
phenomena such as cellular resonance. Chemical processes involve the generation of free
radicals through the decomposition of water into oscillating bubbles. The cell membranes
of microorganisms are perforated with the formation of free radicals, and extrusion of the
intracellular matrix destroys the microorganisms [91–95].

Similar results were obtained by Onur et al. [20], Chaven et al. [96] and Yikmiş
et al. [91] on reducing the values of microbiological parameters. Onur et al. reported a
decrease of total coliforms from (5.2 ± 0.2) 103 to (1.8 ± 0.1) 102 or removing yeasts from
(0.2 ± 0.1) 102 and molds from (0.6 ± 0.1) 105. Similar results to those obtained by us were
obtained by Starek et al. [92], who reported improvement in the microbiological quality of
tomato juice by microbial reduction after ultrasound treatment (at 40 W for five minutes
and at 28 W for ten minutes).

3.10. Statistical Analysis

The statistical analysis showed that there are strong correlations between analyzed
parameters. All values are significant at p < 0.05. Pearson correlation (Supplementary
Material Table S3) was performed for each type of analyzed untreated honey sample. The
Table S3a (acacia honey) shows that there are positive correlations between the G/F ratio
and the G/W ratio (0.961), HMF (0.945), between the G/W ratio and HMF (0.950), between
color parameter b *, Chroma and springiness (0.945), adhesiveness (0.915) and negative
correlations between G/F ratio and diastase activity (ID), (−0.960), water activity (−0.940),
between G/W ratio and ID (−0.976), water activity (−0869). Both positive and negative cor-
relations were identified between color and texture parameters. As the brightness decreases,
hardness, cohesiveness, viscosity, chewiness and gumminess increase, which indicates the
installation of the crystallization process. Table S3b (raspberry honey) presents a positive
correlation of glucose content with HMF and water activity (1.000–perfect correlation),
hardness (0.905), between G/F ratio and the ID (0.881), and negative correlation between
diastase activity (ID) and water content, fructose and sucrose. Between the color and
texture parameters, there were strongly positive and negative correlations. The brightness
decreased with an increase in viscosity. In Table S3c (tillia honey) positive correlation was
observed between fructose content and adhesiveness (0.871) and negative correlation with
hardness (−0.912). Both positive and negative correlations existed between color and some
texture parameters such as viscosity, chewiness and gumminess. Positive correlations exist
in Table S3d (polyfloral honey) between glucose content and sucrose (0.954), HMF (0.877),
adhesiveness (0.992) and negative correlation with ID (−0.944). Here, the HMF content
increases proportionally to glucose content and decreases proportionally to the value of
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the diastase (ID) activity. Water activity showed positive correlations with the parameter
L*(0.851), springiness (0.900), adhesiveness (0.859), chewiness (0.887) and gumminess
(0.916) and negative correlation with viscosity (−0.891). The color parameters correlated
positively and negatively with some texture parameters such as hardness, springiness,
cohesiveness, viscosity, chewiness and gumminess. Table S3e with the correlations obtained
for the analyzed samples of rapeseed honey show negative correlations between water
content and HMF (−0.932), cohesiveness (−0.953), fructose content and HMF (−0.977),
cohesiveness (−0.940), between diastatic activity and gumminess (−0.884). Positive corre-
lations were observed between glucose content and water activity (1.000), G/F and G/W
ratios correlated with a texture-cohesiveness parameter (0.933 and 0.953). The analyzed
color parameters correlated positively and negatively with some texture parameters such
as hardness, springiness, cohesiveness and adhesiveness. Table S3f (honeydew honey)
shows strong negative correlations between glucose content and HMF (−0.897), diastase
activity and HMF (−0.932), between sucrose and viscosity (−0.872). HMF was positively
correlated with springiness (0.864) and fructose (0.897). Color parameters correlated with
hardness, cohesiveness, adhesiveness, viscosity, chewiness and gumminess. The brightness
decreased along with decreasing adhesiveness and gumminess. Table S3g, containing the
correlations obtained for the analyzed samples of grassland honey, show positive correla-
tions between fructose and HMF (0.892), adhesiveness (0.875), gumminess (0.912), between
sucrose content and water activity (1.000). Negative correlations were observed between
G/F ratio and adhesiveness (−0.888) and gumminess (−0.954). Analyzed color parameters
correlated positively and negatively with some texture parameters such as hardness and
viscosity. Springiness was correlated only with parameters L*, a* and H.

To emphasize the difference between the seven types of honey, and the parameters
analyzed in the first and last month, we performed the analysis of the main components
(PCA), and the results are presented in the biplot in Figures 4 and 5. The PCA method
limited all data in two main components, the active variables being glucose content (G),
G/F ratio, G/M ratio, diastase index (ID), hydroxymethylfurfural concentration (HMF),
water activity (Wa), some color parameters, and texture parameters as hardness (Ha),
springiness (Spr), adhesiveness (Ad), cohesiveness (Co), viscosity (Vi), chewiness (Ch) and
gumminess (Gu). The significance level alpha was 0.05.

The PCA method narrowed the data into two main components covering 92.51% (for
the results obtained in the first month of the research) and 81.62% (for the results obtained
in the last month of the research) of the variability; thus, PC1 represented 69.02% and
60.61% of data, respectively, and PC2 represented 23.49% and 21.02%, respectively.

From PCA illustrated in Figure 4, one can observe that polyfloral honey, honeydew
honey, rapeseed, tillia and grassland have similarities in results, and they have higher
values of water activity, hardness, viscosity, adhesiveness, gumminess, cohesiveness, chewi-
ness and G/F, G/W ratio, diastase activity, HMF concentration than acacia honey.

Figure 5 shows the distribution of physicochemical parameters changes, texture and
color parameter changes and, to conclude, the application of ultrasound treatment is
significantly correlated with glucose content, G/F and G/W ratios and hardness with
higher values in the case of rapeseed honey, which crystallizes rapidly. On the opposite
side of the graph, there are acacia and raspberry honey that had lower values of the
parameters listed above, an indication of a slower crystallization compared to rapeseed
honey. These two figures illustrating PCA show a significant difference in these seven
types of honey, a difference that consists in high glucose content in rapeseed honey and its
influence on crystallization, which is confirmed by the texture of the samples analyzed.

Ultrasonic treatment has improved the microbiological quality of the analyzed honey.
Yeasts were found in 100% of the untreated samples. Yeasts were present in 14% of
the ultrasound-treated samples. Molds were found in 85% of the control samples. The
applied ultrasound treatment reduced the number of molds by 66%. Molds were found
in 57% of the treated samples. The SPC results show that for 100% of the untreated
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samples this parameter was detectable. SPC was reduced by ultrasonication in 42% of the
treated samples.
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4. Conclusions

Honey crystallization causes changes in color, textural and rheological parameters,
phase separation. It affects consumer acceptance and creates logistic difficulties for produc-
ers in the process of storage and handling of honey. There are serious concerns, on these
grounds, towards preventing this process.

Significant changes in physicochemical, textural and microbiological parameters were
found in the control samples. Ultrasound-treated samples kept their properties longer and
the parameter changes were minor. Sugar content remained constant for both the treated
and control samples.

Microbiological parameters have been improved by ultrasound treatment.
Statistical analysis showed strong correlations of the G/F and G/W ratios with some

texture and color parameters that characterize the crystallization process.
This research highlights the effect of applying ultrasonic treatment to different types

of honey on physicochemical parameters, color, texture parameters, microbiological pa-
rameters and the appearance of crystals in time. The analyses carried out made it possible
to highlight the importance of treatment to prevent microbial growth in all honey types
analyzed. Furthermore, the effect of ultrasound treatment on quality parameters analyzed
was different for each type of honey and this was also highlighted. The positive influence
of ultrasound on the texture of honey, the maintenance of it for a longer period of time
(nine months) was evidenced by texture curves and microbiological results. The ultrasound
treatment applied did not increase the HMF concentration above 40 mg/kg (maximum
limit according to EU legislation).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10040773/s1, Table S1: Color parameters of honey samples, Table S2: Texture parameters
of honey samples, Table S3 (a–g): Pearson correlation.
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