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ARTICLE INFO ABSTRACT
Keywords: The determination of volatile compounds is essential for the chemical characterisation of honey’s
Greek honey aroma and its correlation to its sensory profile and botanical origin. The present study describes
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the development, optimization and validation of a new, simple and reliable method for the
determination of volatile compounds in honey using headspace solid-phase microextraction
combined with gas chromatography/mass spectrometry (HS-SPME-GC-MS). The optimization of
the SPME conditions showed that the ratio of honey: water (2:1) and the incubation temperature
(60 °C) are the most critical parameters. Gas chromatography was performed with medium polar
Varian CP-Select 624 column and the experimental Retention Index for a number of compounds
was determined as an additional identification feature for suspect analysis. The simultaneous use
of four internal standards chlorobenzene, benzophenone, 2-pentanol and 4-methyl-2-pentanone
and matrix matched calibration enhanced method accuracy achieving recoveries 73-114 % and
repeatability ranging between 3.9 and 19 % relative standard deviations. Furthermore, the su-
periority of the HS-SPME to static head space technique was verified exhibiting four-to nine-fold
higher sensitivity. Target and suspect screening were applied to 30 Greek honey samples and 53
volatile compounds belonging to different chemical classes, such as alkanes, aldehydes, ketones,
alcohols, and esters were identified with quantified concentrations ranging between 3.1 pg kg™*
(Limonene) up to 20 mg kg™! (Benzeneacetaldehyde). Among the new findings is the detection of
Myrtenol in Greek pine honey and 2,3-butanediol in Greek oak honey. The developed analytical
protocol can be a valuable tool in order to chemically characterize honey based on the volatile
content.
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1. Introduction

Honey is a natural sweetener produced by Apis Mellifera bees [1]. It mainly consists of sugars and water, along with other in-
gredients in minor quantities such as vitamins, minerals, amino acids, flavonoids, carotenoids, phenolic acids, and volatile compounds.
The volatile profile of honey includes alcohols, aldehydes, ketones, esters, hydrocarbons, furans, pyrans, terpenes and benzene de-
rivatives, and provides honey with a unique aroma [2]. Thus, the volatile composition substantially influences honey’s quality and
consumers’ preferences in national and worldwide markets. In Greece, honey is among the most important foods and is considered a
premium product. Its importance for the Greek economy is undeniable. Among the countries of the European Union (EU), Greece was
in third place regarding the number of beehives per beekeeper in 2021, showing an increase of 33.8 % in comparison to the previous
year, while its annual production reached 21000 tons, corresponding to a consumption rate of 1.7 kg per person [3].

Honey’s nutritional and commercial value render the product susceptible to adulteration. Authenticity assessment can decrease
such incidents by verifying its botanical and geographical origin to avoid mislabeling [4]. Consequently, reliable and validated
analytical methodologies are required for honey characterization and authenticity verification. Several research studies have been
conducted to establish honey’s authenticity, and different analytical techniques have been applied to determine honey’s constituents.
Indicatively, honey’s phenolic composition has been mainly studied using Liquid Chromatography coupled to Mass Spectrometry
(LC-MS) [5-71, while Inductively Coupled Plasma Spectroscopy (ICP-MS) and Inductively Coupled Plasma Atomic Emission Spec-
trometry (ICP-AES) have been used for the determination of mineral content [8,9].

Gas chromatography coupled to Mass Spectrometry (GC-MS) has been worldwide used in a number of studies for the authentication
of the botanical, geographical and entomological origin of honey, as well as for the authentication of honey production practices [10].
This analytical technique is characterized by high sensitivity and selectivity as well as by high degree of identification ability through
the mass spectral information provided for each eluted chromatographic peak. GC-MS has been combined with both static headspace
(SHS) and Headspace Solid Phase Microextraction (HS-SPME) for the determination of honey volatile and semi-volatile compounds.
Static headspace was used in the comparative analysis of the volatile composition of honeys from Brazilian stingless bees [11], while
HS-SPME, which is a powerful technique as it is a simple, sensitive, rapid, and low-cost, has been applied to a wider extent [12-18].
Although it is well-known that HS-SPME is more sensitive than SHS, comparison studies between these two techniques based on
validation criteria are rare.

Most of the HS-SPME methods reported in the literature have been optimized in order to determine the optimum extraction
conditions for the volatiles [12,13]. However, it is noted that in the majority of these studies limited validation data are provided,
rendering the quantification results of increased uncertainty, except for few studies such as the one which dealt with the establishment
of authenticity and typicality of sugarcane honey, where a comprehensive validation of the developed methodology was performed
[14]. Moreover, in the available HS-SPME-GC-MS methods for honey volatile determination, either a single internal standard (IS) is
used for the normalization of the analytes, usually benzophenone and 2-pentanol [15-17] or even no internal standard may be re-
ported [10]. This could lead to biased quantified results and/or of increased uncertainty since the volatile analytes belong to different
chemical groups and the correction with the same IS is not always appropriate.

In order to perform a thorough characterization of honey and widen the chemical space of the applied methods, suspect screening is
often performed since not all the eluted peaks can be usually identified with available analytical standards. Retention Index (RI) is an
identification feature that increases reliability of the findings and has been widely used in GC analysis. RI values are correlated with
system stationary phases. In the majority of studies on the volatile content of honey, non-polar analytical columns, such as HP-5 MS,
Rtx-5MS, Rtx-1 or DB-5MS have been used [17-19] as well as polar columns, like DB-WAX and Rtx-WAX [20,21], whereas there is
limited information on the application of alternative medium polar columns such as DB-624 for the determination of volatile content in
honey [22].

The aim of this study was to address the identified gaps in the literature regarding the GC-MS determination of volatile and semi-
volatile compounds in honey and propose a reliable, validated, low-cost analytical method that can contribute to the identification of
compounds responsible for honey’s aroma and serve as a useful tool for authentication studies. Therefore, a novel HS-SPME-GC-MS
method was developed, after a stepwise optimization, that allows the determination of 53 volatiles in honey through target and
suspect screening approaches. In addition, a static headspace SHS GC-MS method was developed and validated, and the figures of
merit of both techniques, HS-SPME and SHS were compared. The developed HS-SPME-GC-MS method uses multiple internal standard
normalization, in order to achieve more accurate quantification of all the volatiles. The applicability of the proposed methodology was
assessed by analysing 30 honey samples belonging to 10 different botanical origins collected from various geographical regions of
Greece.

2. Material and methods
2.1. Honey samples

A total of 30 Greek honey samples from 10 different botanical origins, namely pine (n = 3), fir (n = 4), oak (n = 2), thyme (n = 4),
heather (n = 3), chestnut (n = 2), orange (n = 3), arbutus (n = 4), sage (n = 3), and carob (n = 2) were collected directly from
beekeepers from all over Greece during the harvesting period of 2019. The botanical origin was firstly assessed by the producers and
confirmed by physicochemical and melissopalynological analysis. All samples were stored in closed glass containers and maintained in
a dark room at 4 °C until analysis in order to prevent unnecessary exposure to the sun and high temperatures, that may lead to honey
degradation or affect the quality of the samples. Details about both the botanical and geographical origins of each sample are given in
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Table S1.

2.2. Chemicals and standard solutions

All reagents used in this study were of analytical grade. Specifically, LC-MS grade methanol (MeOH) was purchased from Merck
(Darmstadt, Germany), ultra-pure water (18.2 MQ cm 1) was provided by a Milli-Q water purification system (Direct-Q UV, Millipore,
Bedford, MA, USA), while sodium chloride (NaCl) was supplied by Lach:ner (Neratovice, Central Bohemia, Czech Republic).

Standard solutions of a mix of carboxylic acids with purity >97.5 % (pentanoic acid, hexanoic acid, heptanoic acid, octanoic acid,
nonanoic acid, decanoic acid, dodecanoic acid, and tridecanoic acid), a mix of alkanes with purity >97.0 % (hexane, heptane, octane,
nonane, decane, undecane, dodecane, tetradecane, pentadecane, hexadecane, heptadecane, and octadecane), isophorone, 3-penta-
none, 1-hexanol, 1-octanol, 1-nonanol, ethyl octanoate, ethyl nonanoate, f-damascenone, and the IS chlorobenzene, benzophe-
none, 2-pentanol and 4-methyl-2-pentanone were purchased from CPAchem (Bogomilovo, Bulgaria). Standards of undecanol, ethyl
hexanoate along with the aldehydes, butanal, pentanal, hexanal, heptanal, octanal, nonanal, decanal, and benzaldehyde were pur-
chased from Sigma Aldrich (Oakville, ON, Canada). The purity of all the previously mentioned analytical standards was >96.0 %. A
mixture of the four IS, benzophenone, chlorobenzene, 2-pentanol and 4-methyl-2-pentanone (purity >99.0 %) was prepared at a
concentration of 100 pg mL~! in MeOH by appropriate dilutions of the individual standards.

2.3. GC-MS analysis

The chromatographic system was a SCION 456-EVOQ TQ from Bruker Daltonics. The injection was performed in splitless mode. A
Varian CP-Select 624 column (30 m x 32 mm i.d. x 1.80 pm film thicknesses) was used to separate the analytes. The oven program was
as follows: initially, the temperature was set at 35 °C for 2 min, then it was increased to 140 °C with a rate of 10 °C min~! and held for 5
min, and finally it was increased to 240 °C and held for another 5 min. Overall, the total time of the chromatographic separation was
32.5 min. Helium was used as the carrier gas (purity 99.999 %) at a flow rate of 1.5 mL min ™. The mass spectra of the analytes were
recorded in 35-500 m/z range. During the analysis, the injector was maintained at 240 °C, while the transfer line temperature was
250 °C. The EI ionization source was held at 240 °C with ionization energy 70 eV. Data processing was performed using Bruker
Daltonics MS workstation.

2.4. Optimization of HS-SPME method

The optimization experiments were performed using one of the pine honey samples of the present study. The untreated honey
sample and the same sample spiked with the target analytes, presented in Section 2.2, at a concentration of 100 pg kg~ ' was analysed
under different SPME conditions. The evaluation of the optimum method parameters was based on the peak areas and relative standard
deviation (RSDs %) of specific target analytes and some suspect analytes that were detected in this pine sample through suspect
screening.

In detail, the effect of the following parameters was evaluated: (i) honey:water ratio, (ii) addition of NaCl, (iii) incubation time, (iv)
incubation temperature, and (v) sampling time. The fiber coating selected for the SPME was divinylbenzene/carboxen/poly-
dimethylsiloxane (DVB/CAR/PDMS). Its selection was based on previous studies according to which this mixed coating provided high
extraction efficiencies regarding a great range of volatiles with different polarities and molecular weights, and exhibited better
extraction properties in comparison to other types, such as polyacrylate (PA), polydimethylsiloxane (PDMS), divinylbenzene (DVB),
and mixture of them (CAR/PDMS, PDMS/DVB) [2,14,23].

The method optimization started by testing of different honey:water ratios since sample dilution is a factor that should be
investigated in order to obtain reproducible results and avoid problems related to sample viscosity [14]. Three different levels of
honey:water ratios were tested in triplicate i) 1:2, ii) 1:1, and iii) 2:1 ratio. Higher levels of honey:water ratio were not investigated in
order to avoid the possibility of saturation effects. Based on the results, the ratio 2:1 was adopted as the optimum, derived from a
dilution of 4 g of honey with 2 mL of water.

As a second step, the addition of NaCl was investigated. In general, the equilibration between the liquid and gas phases is affected
by the addition of inorganic salts. Their presence can change the nature of the molecular interactions and increase the ionic activity,
leading to a higher concentration of volatile compounds in the gas phase. The presence of an inorganic salt, such as NaCl, may affect
extraction efficiency in terms of repeatability and sensitivity [12]. During the optimization experiments, NaCl was added for this
purpose in two different quantities: i) 0.25 g and ii) 0.50 g. The final selected value was 0.25 g.

Subsequently, multivariate experimental design for the optimization of incubation time, incubation temperature and sampling time
was conducted in order to evaluate their potential interferences using the statistical software Develve. It is noted that several studies
have indicated the importance of these parameters in determining the volatile content of honey and following either a univariate or a
multivariate optimization procedure, different values of these factors have been proposed as optimum [2,13,23]. Therefore, the tested
values for the incubation time were 15 min, 20 min, and 30 min, for the incubation temperature 45 °C and 60 °C and for the sampling
time 10 min, 20 min and 30 min. The multivariate experimental design resulted in 18 experiments which are presented in Table S2. For
every experiment, 4 g of honey and 2 mL of aqueous solution of NaCl water (6.25 % w/v) were added in 20-mL vials, the vials were
vortexed for 1.5 min and the defined values of the three tested parameters were applied. Each experiment was performed in triplicate.
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2.5. Final HS-SPME protocol

Four (4) g of honey, 2 mL of distilled water and 0.25 g NaCl were added into a 20-mL screw-cap vial. Next, 10 pL of IS mix was
spiked and the vial was immediately sealed. The honey sample was vortexed for 1.5 min to be well-homogenized, and then it was
incubated for 15 min at 60 °C under continuous stirring. After that, a preconditioned and thermally cleaned fiber of DVB/CAR/PDMS
50/30 pm thick (Supelco) was introduced into the vial and exposed for 10 min to absorb the volatile compounds. Finally, the fiber was
transferred to the GC injector port and desorbed for 8 min.

2.6. IS selection

The suitability of (i) chlorobenzene, (ii) benzophenone, (iii) 2-pentanol, and (iv) 4-methyl-2-pentanone as IS was investigated for
each target analyte. These compounds were selected because they do not naturally occur in honey, they belong to different chemical
classes and they cover a wide range of retention times and molecular masses, enabling the normalization of different kinds of volatiles
present in honey. The effect of each IS on method’s performance characteristics, namely correlation coefficient of standard addition
curve (RZ), RSD %, Recovery %, limit of detection (LOD), and limit of quantification (LOQ) were examined separately for each
compound in order to select the most appropriate one.

2.7. Method validation

Validating the optimized analytical methodology was a crucial step in order to confirm that it is fit-for-purpose. The method
validation focused on linearity, matrix effect, LODs, and LOQs calculation, as well as accuracy (trueness and precision) evaluation,
according to the recommendations of the Association of Official Analytical Chemists.

Linearity was evaluated by preparing standard addition curves. More specifically, an untreated pine honey sample was spiked with
each analyte and then calibration curves were created by plotting the ratio “analyte peak area/IS peak area” versus the corresponding
concentration, and the least squares regression coefficients (R%) were calculated. For the analytes that were determined in the unspiked
pine sample, their calibration curves were constructed by subtracting the peak area of the unspiked sample from the spiked ones.
Matrix effects were calculated for each analyte according to Equation (1) where “Peak area mm” is the response in the matrix-matched
standard, “Peak area unspiked sample” is the analyte’s response in the untreated sample, and “Peak area standard” is the analyte’s
response in a standard solution prepared in solvent.

@

Matrix Effect % — ( 1— Peak area mm — Peak area unspiked sample> 100

Peak area standard

Precision was assessed through repeatability and intermediate precision experiments. The repeatability of the method was
determined by analyzing six replicates of a spiked sample at 3 different concentration levels (10 pg kg%, 50 pg kg ™! and 200 pg kg™
under the same conditions, on the same day, while for intermediate precision, the same experiment was performed on two consecutive
days. Precision was expressed in terms of RSD %.

Trueness was determined in terms of recovery, and was calculated as the ratio of the spiked sample concentration calculated from
the calibration curves versus the nominal concentration [14,24]. The LODs and LOQs for each analyte were calculated as the con-
centration for which the signal-to-noise ratio was 3 and 10, respectively.

2.8. Static headspace method

In the framework of the present work a static headspace method was also developed and validated following the guidance of the
AOAC, similarly to HS-SPME. The optimized parameters from HS-SPME method were kept the same. Thus, 4 g of honey, 2 mL of
distilled water, and 0.25g of NaCl were introduced into a 20-mL screw-cap vial. A volume of 10 pL of IS mix was then spiked into the
vial, and the sample was vortexed for 1.5 min to be well-homogenized. Next, the sample was incubated for 15 min at 60 °C under
continuous stirring. Finally, 1000 pL of sample from the vial headspace obtained using the gas-tight syringe autosampler and were
injected into the chromatographic system.

2.9. Target and suspect screening of honey samples

2.9.1. Target screening

A target compound database was created and used for the evaluation of the method’s optimization, validation, and applicability in
real honey samples. This database included 38 volatiles belonging to different chemical classes, and more specifically, 12 alkanes, 3
esters, 7 aldehydes, 4 ketones, 4 alcohols, and 8 organic acids (Table S3). For these analytes, analytical standards were available, as
presented in Section 2.2. From each of these analytical standards, a working solution with a concentration of 1000 pg mL™! was
prepared and analysed to obtain individual chromatograms and full-scan mass spectra. Extracted Ion Chromatograms (EIC;) were
generated for each analyte using the molecular ions (M ™), and retention time, along with the three most abundant ions, were recorded.
The most abundant ion was used for the quantification of the volatiles in the samples (quantifier ion), while the other two were used for
compound identification (qualifier ions).
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Matrix-matched calibration curves prepared by adding known amounts of the target analytes and the mix of the internal standards
in pine honey sample were used for the quantification of volatiles. The calibration curves plotted the ratio “analyte peak area/IS peak
area” against the corresponding concentration. For the normalization of each volatile, the most suitable IS was used based on the
derived results from the IS selection procedure (Section 3.2 and Table S8 in supplementary material). In terms of quality assurance one
level recovery tests were performed in the rest of the examined honey varieties during the analysis of the samples. The recoveries
obtained were in agreement with those obtained with the pine variety.

2.9.2. Suspect screening

A suspect list of 31 volatile compounds was created based on a literature review on the volatile compounds identified in Greek and
international honey samples (Table S4) [3,7,15]. Using the program NIST MS SEARCH, the spectra of these selected compounds were
exported to a created file, which was imported into the final method by using the Bruker MS Workstation and Method Editor programs.
Thus, the identification of these volatiles was achieved by matching their mass spectra, derived from the analysed honey samples, with
those of the National Institute of Standards and Technology library (NIST search 2.3). For the identification, a similarity threshold
higher than 80 % was necessary [14,19].

Furthermore, the experimental Retention Indexes (RIs) of the detected volatiles were calculated using the mixture of alkanes
(C4—Cgp) according to equation (2) [25]. Measurement of RIs of chemical compounds and comparison with available retention-data
collections represents the usual approach in compound identification. These calculated RIs were compared with corresponding
values obtained from literature, using a column with a similar polarity. Regarding RI’s it has to be noted that, in the vast majority of
studies presenting the determination of honey volatiles, non-polar columns, such as HP-5 MS, Rtx-5MS or DB-5MS, have been used [13,
17,19]. Moreover, the use of polar columns like DB-WAX and Rtx-WAX, has also been reported [20,21,26]. None of these columns is
equivalent to CP-Select 624 which was used in the present study. The published references on the determination of volatiles in honey
with this type of column is limited to only one [22]. For this reason, we extended our search in other food matrices [27,28]. However,
there were still no available data for some compounds.

RI=100 x “ =" 4100 x n @

iyt — Iy

where,

ty: Retention time of suspect analyte

ty: Retention time of n-alkanes eluting immediately before the compound

tm+1): Retention time of n-alkanes eluting immediately after the compound.

Semi-quantification was achieved based on the ratio of peak areas of the detected volatiles to those of the selected IS multiplied by
the final concentration of the IS, considering a response factor (RF) equal to 1 for all the compounds.

Table 1
Statistical analysis of the multivariate experimental design data of HS-SPME. (A: Incubation temperature, B: incubation time and C: sampling time).
Esters Alkanes Aldehydes Ketones Acids Alcohols

R? 0.946 0.912 0.974 0.962 0.856 0.947
Total SS 5.4 x 108 1.4 x 10" 4.5 x 1012 1.9 x 10%3 1.6 x 10'3 2.5 x 103
Total df 17 17 17 17 17 17
p-value A 0.00 0.00 0.00 0.00 0.00 0.00
p-value B 0.14 0.85 0.68 0.46 0.11 0.17
p-value C 0.05 0.08 0.01 0.02 0.01 0.02
p-value A x B 0.02 0.26 0.11 0.10 0.04 0.01
p-value A x C 0.66 0.02 0.29 0.02 0.45 0.63
p-value B x C 0.31 0.57 0.35 0.83 0.19 0.25
Coefficient A 5.4 x 10° 3.7 x 108 1.6 x 107 9.8 x 10° 2.6 x 10° 1.2 x 107
Coefficient B —-6.2 x 107 6.9 x 10° 3.2 x 10° —-4.6 x 10° 6.1 x 10° 8.9 x 10°
Coefficient C -8.8 x 107 7.4 x 107 2.7 x 10° 1.7 x 10° 1.4 x 10° 1.7 x 10°
Coefficient A x B 1.1 x 108 4.2 x 107 1.3 x 10° —1.0 x 10° 7.8 x 10° 2.6 x 10°
Coefficient A x C -1.7 x 107 -1.0 x 108 8.5 x 10° 1.8 x 10° —2.7 x 10° 3.0 x 10°
Coefficient B x C 4.8 x 107 2.6 x 107 8.8 x 10° -1.6 x 10° -9.8 x 10° 8.5 x 10°
Effect A 17 12 25 19 9.1 24
Effect B -1.6 0.19 0.4 -0.78 1.8 1.5
Effect C -2.3 -2.0 3.5 2.8 4.1 2.7
Effect A x B 3.0 1.2 1.8 -1.8 2.4 4.6
Effect A x C -0.5 -2.8 1.1 -3.0 -0.79 -0.51
Effect B X C 1.1 0.60 0.90 -0.22 -1.4 -1.2
Min Area 1.3 x 107 1.2 x 10° 3.1 x 107 2.0 x 107 1.7 x 10° 3.2 x 107
Max Area 1.6 x 108 1.8 x 10° 4.1 x 107 4.8 x 107 9.3 x 10° 6.6 x 107
Mean Area 8.5 x 107 1.5 x 10° 3.5 x 107 3.4 x 107 6.4 x 10° 4.5 x 107
Std Dev 5.7 x 107 2.1 x 108 3.6 x 10° 2.1 x 10° 2.8 x 10° 1.6 x 10°
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3. Results and discussion
3.1. Method optimization

The results of the honey:water ratio optimization revealed that the 2:1 ratio was more effective than 1:1 and 1:2 achieving higher
sensitivity in terms of peak area and better precision in terms of RSD% as summarized in Table S5 for nine target analytes. This is also
illustrated in Fig. S1 where the peak areas of benzeneacetaldehyde, isophorone and nonane are compared for the different ratios
honey: water. In more detail it is shown that:

(a) Benzeneacetaldehyde was not detected at all when the honey:water ratio was 1:2, with its peak area being higher (1.4 x 10%)
when the ratio was 2:1 than the corresponding one under the 1:1 phase ratio (7.3 x 10%). RSDs % were similar under 1:1 (4.5 %)
and 2:1 (4.4 %) ratios.

(b) The mean peak area of isophorone was 5.5 x 10° (RSD 7.8 %) under a honey:water ratio of 1:2. When the ratio was increased to
1:1, the peak area was almost doubled (1.2 x 10° with RSD 6.9 %), and a further increase to 2:1 led to ever better sensitivity and
precision (1.5 x 10°, RSD 6.0 %).

(c) Nonane detection was significantly increased under a honey:water ratio of 2:1 (3.4 x 10° and 3.5 %) in comparison with both
1:1 (2.4 x 10°% and 7.5 %), and 1:2 (2.2 x 10° and 9.9 %).

Regarding the effect of NaCl content on analytes’ responses, no statistically significant difference was observed between the peak
areas obtained with the two tested values 0.25 g and 0.50 g of NaCl (Fig. S2 and Table S6). Based on these results, the addition of 0.25 g
of NaCl was selected. These results are in agreement with those of other studies, which demonstrated that adding extra salt did not
significantly affect the extraction of volatile compounds [11].

The results of the multivariate experimental design for the incubation time, incubation temperature and sampling time are sum-
marized in Table 1. Incubation temperature was coded as A, incubation time as B and sampling time as C. For the evaluation of results,
the under-optimization analytes were divided into six groups based on their chemical class. Evaluating the derived p-values, incu-
bation temperature is the most important factor of the optimization procedure (p « 0.05). More specifically, an incubation temperature
of 60 °C improved the response of all analytes. This observation is in accordance with previous scientific research, in which the leading
role of the incubation temperature was highlighted [2]. On the other hand, incubation time was not statistically important since the
p-values for all the tested chemical classes were greater than 0.05. Another factor that was statistically important for some compounds
(p < 0.05) was sampling time, as it had a positive effect on the extraction of ketones, aldehydes, alcohols and especially organic acids.
However, the less volatile alkanes seemed to be unaffected by sampling time, while the response of esters expressed as peak areas were
reduced when the sampling time was higher.

Regarding the interaction between the investigated factors, the p-value of incubation time x sampling time was >0.05 in all cases.
A simultaneous increase of both incubation temperature and time provided an increase in the response of esters, alcohols, and organic
acids, while the simultaneous increase of incubation temperature and extraction time had a negative effect on alkanes and ketones. R?
indicates how efficiently the data is fitting the regression model. The lower value was that of organic acids (0.856), while aldehydes
had the highest R? (0.974). The majority of chemical classes had a satisfactory R > 0.90.

Summarizing the results, the highest temperature (60 °C) was selected as the optimum one for the final protocol. The shortest
incubation time (15 min) was selected since this parameter proved to be in all cases statistically insignificant. This value of incubation
time has also been selected in other optimized methods and allows shorter analysis time [2,13]. Finally, a 10-min sampling time was
selected. In Fig. S3, the effects of equilibration time, equilibration temperature, and sampling time on the extraction of alcohols and
aldehydes are illustrated.

3.2. Selection of the IS

All four IS were applied for the normalization of all target analytes’ peak areas for the determination of correlation coefficient of
standard addition curve (R?), RSD %, Recovery %, LOD and LOQ. An example of the IS optimization methodology is presented in
Table S7 regarding the normalization of octanal, while the selected IS for all the investigated analytes are presented in Table S8. The
chemical similarity of the IS to the analytes, as well as their retention times, appeared to be the two most important parameters
affecting mainly the repeatability of the signals’ ratio “analyte peak area/IS peak area” since the higher the similarity between analyte
and IS the higher the similarity in extraction and chromatographic behavior.

It is noted that the method’s performance on the last eluting analytes (RT > 20 min) was substantially improved when the analytes’
peak areas were normalized with benzophenone peak area (RT = 27.8 min), and the same behavior was observed for organic acids,
which are compounds with lower volatility. Benzophenone was also found to normalize benzaldehyde better, maybe due to their
similar chemical structure consisting of a benzene ring. For the correction of the other analytes, 2-pentanol was found to be the most
effective IS for alcohols, while 2-pentanone-4-methyl was the most suitable one for aldehydes and ketones. Regarding other analytes,
such as esters and alkanes, for which no IS of the same chemical class was available, the best results were obtained with chlorobenzene.

To the best of our knowledge, this is the first time that such a thorough investigation regarding the suitability of the IS used in honey
volatiles is reported. A single IS has been used for the correction of volatiles in the vast majority of studies [16,19]. Some researchers
corrected all the identified volatiles with benzophenone [15,17] and also 2-pentanol has been used as a single IS [21]. However, this
study clearly indicates that the application of methods using only one IS for the determination of volatile compounds from different
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classes is not the most appropriate analytical approach.

3.3. Method validation

Table 2 summarizes the validation data of the developed HS-SPME GC-MS method for 6 indicative analytes (isophorone, 1-nonanol,
ethyl octanoate, octanal, nonane and nonanoic acid), belonging to different chemical classes. The results of the full validation of the
method are presented in the supplementary material (Tables S9-S10). Regarding the linearity of the HS-SPME method, satisfactory
linearity with correlation coefficients higher than 0.98 was achieved for all the analytes apart from the organic acids, dodecanoic and
tridecanoic. Moreover, 25 out of 36 compounds achieved R? > 0.99. Considering the evaluation of the matrix effect, the majority of
volatiles showed a positive effect. Furthermore, 20 volatiles showed a matrix effect % > +20, indicating ion enhancement, while 5
compounds showed a matrix effect% < —20, indicating ion suppression. The fact that a large number of compounds showed a matrix
effect more than +20 % makes the preparation of matrix-matched calibration curves necessary for the adequate quantification of
volatiles. Moreover, regarding recoveries, repeatability and intermediate precision, all analytes in all concentration levels conformed
to the guidance of AOAC [29] achieving recoveries between 73 and 114 %, repeatability ranging between 1.2 and 18 RSD %, and
intermediate precision 2.9-24 RSD %. Finally, LODs ranged from 2.12 pg kg™! (decane) to 11.5 pg kg™ ! (tridecanoic acid).

In general, every developed method needs to be validated, and its performance needs to be evaluated by checking the quality
parameters of analytical methods in terms of accreditation requirements and predefined acceptability limits. However, validated
methods for the determination of volatiles in honey are limited. The validation procedure in this study not only verifies that the
developed method provides satisfactory results and is suitable and efficient for the determination of honey volatiles but also provides
validation data for a large number of compounds belonging to different chemical classes for which no previous reference exists in the
literature.

3.4. Comparison of HS-SPME with static headspace

The obtained validation results from the SHS-GC-MS method are found in Tables S11-512. Comparison of the two methods reveals
that the organic acids could not be determined by SHS in contrast to the HS-SPME, probably due to their lower volatility [30]. A
number of 28 common volatile compounds belonging to the groups of alkanes, esters, ketones, aldehydes, and alcohols were included
in the validation and comparison of the two techniques, while in the SPME validation set, 8 organic acids were also included
(Table S13). Regarding linearity, the superiority of the HS-SPME method is highlighted by the fact that 25 out of 30 compounds
presented higher R? values with HS-SPME than with the SHS method. Moreover, in SHS-GC-MS, R? values ranged between 0.9645 for
ethyl nonanoate and 0.9990 for benzaldehyde whereas the corresponding R? values range for HS-SPME ranged between 0.9832
(octadecane) and 0.9993 (nonanal). Among the 28 common volatiles, 20 of them in HS-SPME and 25 in SHS showed a matrix effect
higher than +20 %. Moreover, in HS-SPME, all analytes at all concentration levels conformed to the guidance of the AOAC regarding
both their repeatability and their intermediate precision [29]. On the contrary, the repeatability for some of the analytes prepared
under SHS was not acceptable. An example is ethyl octanoate, whose RSD % value ranged from 21 to 29, failing to meet the re-
quirements of the evaluated concentration levels. In general, even the volatiles whose RSD % values were acceptable with both
methods presented better precision with HS-SPME (e.g., isophorone). Recovery results also proved to be more satisfactory when the
analysis was performed using HS-SPME in comparison to SHS. In HS-SPME, all analytes met the requirements of the AOAC, but
regarding SHS, there were analytes that presented either lower or higher recovery % values (octanal: 76 %, p-damascenone: 138% at
the low concentration level).

Finally, using HS-SPME, LODs ranged from 2.12 pg kg™! (decane) to 11.5 pg kg™ ! (tridecanoic acid) whereas the lowest LOD
achieved with SHS, was that of benzaldehyde (11.2 pg kg™!) and the highest that of decanal (24.4 pg kg ™).

All in all, the HS-SPME method showed better method performance at all the evaluated validation parameters justifying that it is a
more efficient technique regarding the determination of volatiles, not only considering its increased sensitivity and its wider range of
chemical analytes but also due to its improved validation results. The comparison of HS-SPME and HS methods is illustrated in terms of

Table 2
Validation data of HS-SPME method. (LL: Low Level: 10 pg kg~ ', ML: Medium Level: 50 pg kg !, HL: High Level: 200 ug kg 1).
Isophorone 1-Nonanol Ethyl Octanoate Octanal Nonane Nonanoic acid
Corelation coefficient (Rz) 0.9985 0.9985 0.9981 0.9992 0.9991 0.9900
LOD (pg kg™ ") 3.2 3.0 2.3 2.7 2.9 8.0
LOQ (ng kg™ 9.6 9.0 6.9 8.0 8.6 24
Repeatability RSD% HL 2.3 5.3 3.5 2.5 5.1 6.3
ML 6.5 7.4 13 6.8 7.6 13
LL 8.1 11 14 12 9.2 11
Intermediate Precision HL 4.7 9.8 8.4 3.2 8.2 9.9
RSD% ML 7.8 8.7 12 7.7 8.3 14
LL 6.3 11 19 9.0 9.8 14
Recovery% HL 95 929 99 97 97 98
ML 94 98 101 94 100 93
LL 95 113 95 91 105 96
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linearity (Fig. 1A), accuracy (Fig. 1B), repeatability (Fig. 1C), intermediate precision (Fig. 1D) and LOD (Fig. 1E). Organic acids were
not detected at all using the SHS methodology, so they were not included in the comparison.

3.5. Analysis of honey samples using HS-SPME-GC-MS

3.5.1. Target screening

A total of 30 honey samples were analysed using the final HS-SPME method, and 22 compounds were detected and quantified. The
results are presented in Table 3. It was observed that octane was more abundant in honeydew honey samples and especially in fir
variety, with an average concentration equal to 0.57 mg kg~ ’. The fir variety also had the highest amount of nonanal, with a mean
concentration equal to 0.19 mg kg™ '. These results are in accordance with published literature, according to which increased con-
centration of these analytes in the fir variety is reported [31,32]. Another dominant aldehyde identified in all varieties was benzal-
dehyde. This volatile was more abundant in the thyme variety, as it has been reported before [25]. Oak was the richest variety
regarding alcohol content, and particularly 1-hexanol, 1-octanol, and 1-nonanol. Ethyl octanoate, and nonanoate were esters that were
identified in traces in some samples, but their average concentrations were below the LOQ in almost all varieties. Similarly, hexanoic,
octanoic, nonanoic, and decanoic organic acids were detected in minor concentrations and only in pine and chestnut honeys. The
norisoprenoid p-damascenone appeared to be characteristic for carob honey quantified at 0.086 mg kg™, similar to another study of
Portuguese honey [32]. In addition, another norisoprenoid, a-isophorone, was determined at the high levels of 13 mg kg~ ! in arbutus
honey samples of the present study. a-Isophorone has been determined as indicative of Greek arbutus variety [15]. These two
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Table 3
Average concentrations (mg kg 1) of the target analytes.

Botanical origin of honey (number of samples)

Analyte Pine (N Fir (N = Oak (N Thyme (N Heather (N Orange (N Sage (N Chestnut (N Arbutus (N Carob (N
=3) 4) =2) =4) =3) =3) =3) =2) =4) =2)
Heptane 0.024 0.019 0.0072 0.014 0.013 0.013 0.011 0.021 ND 0.0092
Octane 0.49 0.57 0.35 0.057 0.18 0.15 0.29 0.32 0.06 0.32
Nonane 0.017 0.025 0.026 0.027 0.023 0.019 0.022 0.023 0.0095 0.017
Decane 0.016 0.0075 0.0098 0.0084 0.0087 0.011 0.0099 0.0068 <LOQ <LOQ
Undecane ND ND 0.012 0.013 ND ND ND ND ND <LOQ
1-Hexanol 0.018 <LOQ 0.045 <LOQ <LOQ ND <LOQ 0.021 <LOQ <LOQ
1-Octanol <LOQ <LOQ 0.021 ND ND ND ND <LOQ ND <LOQ
1-Nonanol 0.030 0.018 0.032 <LOQ ND <LOQ <LOQ 0.031 <LOQ ND
Hexanal 0.010 0.012 ND 0.017 0.016 ND 0.027 0.016 ND <LOQ
Heptanal ND 0.009 ND ND 0.014 ND 0.011 <LOQ ND ND
Octanal 0.015 0.022 0.012 0.021 0.018 0.011 0.0099 0.014 0.012 0.0096
Nonanal 0.17 0.19 0.022 0.034 0.027 0.032 0.034 0.028 0.023 0.041
Decanal 0.017 0.028 0.012 0.015 0.015 0.010 0.011 0.013 0.010 0.021
Benzaldehyde 0.10 0.095 0.052 0.42 0.28 0.093 0.20 0.19 0.040 0.048
Ethyl octanoate ~ <LOQ <LOQ <LOQ <LOQ <LOQ ND <LOQ <LOQ <LOQ <LOQ
Ethyl <LOQ 0.0089 <LOQ ND ND ND ND 0.0077 <LOQ ND
nonanoate
a-Isophorone ND 0.030 0.041 ND 0.36 ND ND 0.010 13 0.073
p-Damascenone 0.012 ND ND 0.012 0.009 ND ND 0.010 ND 0.086
Hexanoic acid <LOQ ND ND ND ND ND ND <LOQ ND ND
Octanoic acid 0.028 <LOQ <LOQ ND ND ND ND 0.023 ND <LOQ
Nonanoic acid 0.024 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 0.028
Decanoic acid <LOQ <LOQ <LOQ <LOQ <LOQ ND ND <LOQ ND <LOQ

ND: Non-Detected (<LOD).

compounds, f-damascenone and a-isophorone, are among the dominant volatile compounds determined in several varieties of honey
from different countries [32].

3.5.2. Suspect screening

Following the suspect screening workflow presented in Section 2.9.2, all of the 31 volatiles from our suspect database were
determined in at least one honey sample. An example of the identification of phenylethyl alcohol is presented in Fig. 2. Fig. 2A il-
lustrates the total ion chromatogram and the extracted qualifier ion chromatogram of phenylethylalcohol (m/z = 91) at its retention
time (tg = 17.60 min). The full scan spectrum at the same retention time is presented in Fig. 2B along with the reference spectrum and
the similarity score of the NIST library which is greater than 80 %. In Table 4, the quantifier and qualifier ions of the suspect analytes,
as well as their retention time, both experimental and derived from literature RIs, are included.

Following a semi-quantification procedure, the average concentration of each suspect analyte of the investigated varieties was
calculated. The results are found in Table 5. Interesting conclusions are derived from the results. In pine samples, a-pinene was more
abundant (approx. 0.14 mg kg™!) in comparison to the other honey varieties. This is in accordance with other scientific studies about
honey, which have presented increased concentrations of this analyte in pine honey samples [25,32]. Myrtenol is another compound
that was detected in some pine samples, but it was absent from all the other varieties. The presence of myrtenol in pine samples from
Turkey has also been reported [33]. However, this compound has never been detected in Greek pine samples in the past, according to
the literature. Fir was the richest honey in 2-nonanone. The presence of this compound as a potential marker in fir honey has been
proposed in the literature [25]. In addition, 2,3-butanediol was more abundant in oak honey samples. Although this compound seems
to be indicative of this botanical origin, to the best of our knowledge, it has never been found in Greek oak honeys before, although it
has been determined in Greek pine honeys [34]. Moreover, it has been proposed as an indicative compound of the oak variety from
Slovakia [35] and, in general, of honeydew honey [36]. Thyme honey was characterized by the highest amounts of phenylethyl alcohol
and furan-2-pentyl [3,25,31]. In the case of heather honey, the higher amounts of 4-methoxybenzaldehyde, 3-furaldehyde, ethyl, and
methyl benzoate are distinguished [25,32,37]. Orange honey was the type of honey in which the compounds 3-hepten-2-one, lilac
aldehyde, dill ether, and methyl anthranillate were most abundant. Especially the last two analytes were only identified in orange
samples and were absent in the other varieties. Other scientific studies have also indicated the presence of these compounds in the
orange variety [3,38,39]. Sage honey showed the highest amounts of benzeneacetaldehyde, a characteristic compound of this variety
[40]. Acetophenone and aminoacetophenone were more abundant in the chestnut variety, also in accordance with previous studies on
international honey varieties [11,32,41], while p-isophorone, and 2,5 dimethyl furan were indicative of the arbutus variety [32,42].
Finally, carob honey was characterized by increased concentrations of hotrienol, 3-methylbutanoic acid, linalool and methyl non-
anoate [43].
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Fig. 2. Phenylethyl alcohol identification workflow.
4. Conclusions

The present work describes the development and validation of a HS-SPME-GC/MS method for the determination of volatile
compounds in honey samples. During the optimization of the method, it was demonstrated that the honey:water ratio and the in-
cubation temperature consist the two most critical parameters for the efficient extraction of the volatiles. Special attention was drawn
to the quantification of the target analytes using four different IS — based on structural similarity and method performance features of
the individual analytes — as well as matrix matched calibration curves. The method was successfully validated in terms of linearity,
recovery, repeatability, matrix effect, LODs and LOQs. Comparison of the novel and validated HS-SPME-GC/MS method to a validated
static head space-GC/MS method was performed and highlighted the advantages of SPME over SHS as regards mainly sensitivity,
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Table 4

Identification features of the suspect analytes.

Compound

Molecular Formula

Experimental tg (min)

Quantifier ion (m/z)

Qualifier ion (I) (m/z)

Qualifier ion (II) (m/2)

RI experimental

RI literature

2,5-Dimethyl furan
Octene
3-Hepten-2-one
Prenol

2,3-Butanediol
3-Furaldehyde
3-methylbutanoic acid
2-Furanmethanol
o-Pinene

Methyl hexanoate
Furan-2-pentyl
1-octen-3-ol
6-Methyl-5-hepten-2-one
Limonene
p-Isophorone
Benzeneacetaldehyde
2-Nonanone
Acetophenone
Linalool

Methyl octanoate
Methyl benzoate
Hotrienol

Phenylethyl alcohol
Lilac aldehyde (Isomer)
Ethyl benzoate

Dill ether

Methyl nonanoate
Myrtenol
4-Methoxybenzaldehyde
2-Aminoacetophenone
Methyl anthranilate

CeHgO
CgHie
CyH;20
CsH;00
C4H1002
CsH404
CsH1002
CsHgO2
CioHie
C7H140,
CoH;40
CgHi60
CgH140
CioHie
CoH140
CgHgO
CoH; 50
CgHgO
C10H150
CoH1502
CgHgO2
C10H160
CgH100
C10H1602
CoH1002
C10H160
C10H2002
C10H160
CgHgO2
CgHgNO
CgHgNO,

6.99

8.48

8.85

9.13

10.07
10.64
11.11
11.17
11.54
11.58
12.66
12.90
13.12
13.41
14.65
15.06
15.66
15.71
15.81
16.02
16.07
16.19
17.6

18.23
18.57
18.87
19.28
19.77
21.75
22.78
23.41

96
41
55
71
45
95
60
98
93
74
81
57
43
68
81
91
43
105
71
74
105
71
91
55
105
137
74
79
135
120
119

95
56
97
41
43
96
43
81
92
87
82
72
69
93
96
92
58
77
43
87
77
43
92
43
77
109
87
91
136
135
92

43
57
43
86
57
39
41
41
77
99
138
43
108
79
95
120
57
51

725
795
814
828
875
903
928

882 [22]
905 [22]
920 [22]
948 [27]
1006 [27]
1025 [28]
1048 [27]
1123 [22]
1140 [28]
1151 [22]

1161 [22]
1120 [22]
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Table 5

Average concentrations (mg kg~ 1) of the suspect screening analytes.

Botanical origin of honey (number of samples)

Analyte Pine (N = 3) Fir (N = 4) Oak (N = 2) Thyme (N = 4) Heather (N = 3) Orange (N = 3) Sage (N = 3) Chestnut (N = 2) Arbutus (N = 4) Carob (N = 2)
2,5-Dimethyl furan 0.043 0.11 0.17 0.099 0.027 0.014 0.015 0.18 1.5 0.066
Octene 0.14 0.17 0.11 0.074 0.025 ND ND 0.21 0.016 ND
3-Hepten-2-one ND ND ND 0.0079 ND 0.29 0.052 0.0097 ND 0.014
Prenol 0.15 0.14 0.19 0.078 0.16 0.10 0.13 0.20 0.16 0.091
2,3-Butanediol 1.1 0.19 9.2 0.13 0.099 0.12 0.41 4.4 1.0 0.23
3-Furaldehyde 0.19 0.46 0.10 0.52 1.6 0.55 0.29 0.24 0.48 0.30
3-methylbutanoic acid 0.69 0.17 0.38 0.89 0.32 ND 0.30 0.61 0.11 1.11
2-Furanmethanol 0.12 0.12 0.36 0.038 0.084 0.024 0.039 0.22 0.19 0.092
a-Pinene 0.14 0.038 0.039 0.0031 0.071 ND 0.015 0.016 0.010 0.032
Methyl hexanoate 0.017 0.026 0.021 0.029 0.021 0.021 0.022 0.028 0.025 0.023
Furan-2-pentyl 0.32 0.34 0.71 1.5 0.27 0.15 0.65 0.57 0.92 0.51
1-octen-3-ol 0.71 0.67 0.90 0.51 0.94 ND 0.92 0.60 0.48 1.2
6-Methyl-5-hepten-2-one ND 0.11 0.079 0.20 0.12 1.1 ND ND ND 0.074
Limonene 0.013 0.0061 0.0031 0.019 0.0039 0.011 0.0048 0.021 0.0061 0.011
p-Isophorone ND ND ND ND 0.19 ND ND ND 4.7 ND
Benzeneacetaldehyde 1.7 1.3 1.5 16 3.8 2.0 20 2.6 1.7 1.6
2-Nonanone 0.052 0.091 0.044 0020 ND ND ND 0.057 0.029 0.018
Acetophenone 0.067 0.055 0.068 0.073 0.087 ND 0.10 0.94 ND 0.054
Linalool 0.32 0.71 1.6 0.29 0.27 1.7 1.7 0.76 0.16 2.5
Methyl octanoate 0.058 0.049 0.077 0.036 0.031 0.019 0.034 0.061 0.046 0.063
Methyl benzoate 0.035 0.021 0.090 0.015 0.49 ND 0.013 0.057 0.016 ND
Hotrienol 0.11 0.083 0.54 0.54 0.14 0.49 0.31 1.5 0.40 5.7
Phenylethyl alcohol 0.027 0.026 0.038 0.34 0.030 0.021 0.035 0.041 0.038 0.035
Lilac aldehyde (Isomer) ND 0.25 ND 0.28 ND 2.4 0.19 0.31 ND 0.14
Ethyl benzoate ND 0.069 ND ND 0.87 ND ND 0.31 0.56 0.12
Dill ether ND ND ND ND ND 11 ND ND ND ND
Methyl nonanoate 0.085 0.074 0.062 0.048 0.037 0.028 0.052 0.082 0.043 0.13
Myrtenol 0.24 ND ND ND ND ND ND ND ND ND
4-Methoxybenzaldehyde ND ND ND 0.23 3.7 ND ND ND ND ND
2-Aminoacetophenone ND ND 0.030 ND ND ND ND 1.2 ND ND
Methyl anthranilate ND ND ND ND ND 1.7 ND ND ND ND

ND: Non-Detected (<LOD).
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analyte coverage, linearity and repeatability. The developed method can be applied for target and suspect screening of volatiles in
honey and provides, for the first time, experimental values of the Retention Indexes for a number of compounds with the alternative
medium polar Varian CP-Select 624 column as an additional identification feature for suspect analysis. The method was applied to 30
honey samples of 10 botanical origins and 53 compounds were identified following target and suspect screening workflows. Octane,
nonanal, benzaldehyde, f-damascenone and a-isophorone were among the target analytes with the highest concentrations and fre-
quency of appearance. Indicative examples of suspect compounds identified in the tested samples were myrtenol, 2,3-butanediol,
linalool, and methyl anthranilate. It is noteworthy that it is the first time that myrtenol is detected in Greek pine honey and 2,3-buta-
nediol in Greek oak honey. The proposed methodology is very promising for the thorough chemical characterization of honey volatile
profile. The analysis of a larger number of samples, the extension of the target and suspect databases and the application of sophis-
ticated chemometric approaches could be a valuable tool for the chemical interpretation of honey aroma and for establishment of
honey authenticity protocols.
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