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A B S T R A C T

Food adulteration, particularly in honey, poses a global concern due to its impact on product quality and safety. 
In this study, honey samples were produced under controlled feeding conditions, using syrups from C3 and C4 
plants at varying levels. Free acidity, moisture content, pH, electrical conductivity, sugar composition, diastase 
activity, HMF, and proline content were analyzed to evaluate honey quality. While these parameters provided 
valuable insights into general quality and authenticity, they proved to be insufficient for the exact detection of 
adulteration. Although Isotope Ratio Mass Spectrometry (IRMS) is an established tool for this purpose, Elemental 
Analyzer-Isotope Ratio Mass Spectrometry (EA-IRMS) successfully identified C4-type adulteration, but failed to 
detect C3-type adulterants through δ13C analysis alone. The EIM-IRMS (Ethanol Isotope Measurement–Isotope 
Ratio Mass Spectrometry) method, which measures the non-exchangeable hydrogen isotope ratios (δDn) in 
ethanol derived from honey, demonstrates superior sensitivity in detecting C3-type adulteration. Ethanol δDn 
values for adulterated samples differed significantly from controls, enabling clear discrimination.

1. Introduction

Food adulteration remains a significant global concern, character
ized by intentional addition or removal of substances to compromise the 
quality and safety of food products. In particular, adulteration through 
the addition of sugars in products such as honey, grape molasses, fruit 
juices, jams, and dairy products poses a serious challenge. These adul
terations are often economically motivated, where cheaper sugars are 
added to increase volume and provide sweetness at a lower cost (Bansal 
et al., 2017; Essuman et al., 2022).

As a high-value and globally traded natural food, honey is especially 
prone to adulteration, resulting in substantial economic losses for pro
ducers and erosion of consumer confidence (Fakhlaei et al., 2020; Pur
anik et al., 2023). Honey is a complex natural product synthesized by 

Apis mellifera bees through the enzymatic transformation and dehydra
tion of floral nectar (Machado De-Melo et al., 2018). Its composition is 
predominantly characterized by sugars, primarily fructose and glucose, 
but it also contains minor constituents, including organic acids, amino 
acids, proteins, minerals, vitamins, polyphenols, and volatile com
pounds (Majtan et al., 2021). This composition gives honey its charac
teristic flavor and aroma, while also conferring notable bioactive 
properties, including antioxidant, antimicrobial, and anti-inflammatory 
effects. These characteristics enhance both its nutritional value and its 
significance in traditional medicinal practices. Honey quality is typically 
assessed through a series of physicochemical parameters, including 
moisture content, free acidity, electrical conductivity, pH, sugar 
composition, hydroxymethylfurfural (HMF) content, diastase activity, 
and proline concentration (Machado De-Melo et al., 2018). These 
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parameters serve as essential indicators of honey's botanical origin, 
freshness, authenticity, and storage conditions. Despite widespread ef
forts to control quality, its authenticity remains compromised by 
economically motivated adulteration, highlighting the limitations of 
conventional testing methods (Guler et al., 2014). Adulteration, often 
involving the addition of cheaper sugars derived from C3 or C4 plants, 
can significantly alter the nutritional, functional, and sensory properties 
of honey, compromising its quality and consumer trust (Damto et al., 
2024).

The detection of C3 and C4-derived sugars is critical for identifying 
adulteration. These sugars are categorized according to the carbon fix
ation pathways utilized during photosynthesis (Eshete, 2019). C3 plants 
(e.g., wheat, rice, soybeans, and sugar beet) initially produce a 
three-carbon compound, whereas C4 plants (e.g., maize, sugarcane, and 
sorghum) generate a four-carbon compound (Chartrand & Mester, 
2019). These metabolic differences result in distinctive carbon isotope 
ratios, which can theoretically be used to distinguish between sugars 
derived from C3 and C4 sources (Biswas et al., 2023). Several methods 
have been employed to detect adulteration. Raman spectroscopy can 
quickly and non-destructively distinguish structural differences between 
honey and sugar syrups, particularly when coupled with chemometric 
approaches; however, the reliability of the method depends on the 
dataset and the botanical diversity (Shehata et al., 2024). UV-visible 
spectroscopy is preferred for screening purposes due to its ease of 
application and low cost, but it generally reflects general compositional 
changes and does not provide information specific to the source of 
adulteration (Geană et al., 2024). Gas chromatography-based methods 
can reveal changes in volatile component profiles when syrup is added, 
but the results can be influenced by the floral source, storage conditions, 
and processing methods (Arroyo-Manzanares et al., 2019). One of the 
most commonly used techniques is isotope ratio mass spectrometry 
(IRMS), which measures the ratios of isotopes within atoms (Meepho 
et al., 2021). Elements such as carbon, oxygen, nitrogen, and hydrogen, 
together with their isotopes in organic compounds, provide critical in
formation on the geographic origin, quality, and authenticity of food 
products. The carbon isotope ratio δ13C (13C/12C) has been established 
for C3 and C4 plants, typically ranging from approximately − 23‰ to 
− 30‰ (V-PDB) in C3 plants and − 9‰ to − 16‰ (V-PDB) in C4 plants 
(Coplen & Shrestha, 2016). Carbon isotopes are particularly important 
parameters for distinguishing between C3 and C4 plant sources. While 
this approach is effective for detecting adulteration involving 
C4-derived materials, several studies have shown that IRMS and related 
analytical techniques have limited capability in identifying C3-based 
adulteration in processed products. (Martin & Hanote, 1996).

Recent advances have expanded the toolbox for honey authenticity 
testing. Abrahim et al. (2020) demonstrated that compound-specific δ2H 
analysis via Gas Chromatography – Chromium silver reduction/High 
Temperature Conversion-isotope ratio mass spectrometry 
GC-CrAg/HTC-IRMS after MBTFA derivatization is highly effective for 
detecting C4-derived sugar addition, but the derivatization step in
troduces additional complexity, and the detection of C3 adulterants may 
be inherently more challenging with this approach (Abrahim et al., 
2020). Li et al. (2024) proposed an innovative hexamethylenetetramine 
(HMT) -based isotope method that holds promise for detecting 
C3-derived syrups. Initial strong evidence was provided for the detection 
of C3-based sugar adulterants such as invert syrups. This method ad
dresses one of the major challenges associated with conventional IRMS 
or non-exchangeable δ2H approaches: distinguishing between C3 and C4 
sources. However, further validation and assessment of its trans
ferability to routine laboratories are still required. The detection of 
honey adulteration requires multifaceted analytical strategies, as no 
single technique can universally cover all types of fraud. In this context, 
vibrational spectroscopy coupled with chemometrics has emerged as a 
rapid and non-destructive screening tool. Bertotto et al. (2025) com
bined Near-Infrared Spectroscopy (NIR) data with Deep Learning algo
rithms, such as Convolutional Neural Networks (CNN) and Artificial 

Neural Networks (ANN), to classify adulteration with glucose, 
high-fructose corn syrup, and rice syrup. Similarly, Kumar et al. (2025)
employed both NIR and Fourier Transform Infrared Spectroscopy (FTIR) 
with Genetic Algorithm (GA)-based feature selection to distinguish C3 
and C4-derived adulterants with high accuracy. Geană et al. (2024) also 
proposed combining Ultraviolet-Visible (UV-Vis) spectroscopy with 
machine learning. These spectroscopic measurements are highly ad
vantageous as they are non-destructive, rapid, and cost-effective for 
routine quality control. Furthermore, the integration of chemometric 
approaches enables high-dimensional data analysis, allowing robust 
discrimination and calibration through the simultaneous use of a large 
number of variables across extensive sample sets. However, despite 
these advantages regarding speed and cost, these spectroscopic and 
chemometric approaches are fundamentally considered secondary 
analysis methods. The reliability of these techniques is strictly depen
dent on the robustness of the training datasets and the rigorous appli
cation of data preprocessing steps. Without proper and accurate 
preprocessing, these indirect methods often cannot yield results as 
definitive as direct chemical analyses and frequently require a primary 
chemical reference method for model calibration.

The innovative EIM-IRMS® (Ethanol Isotope Measurement–Isotope 
Ratio Mass Spectrometry) method offers a unique molecular fingerprint 
that is impossible to counterfeit by producers or fraudsters 
(Rojas-Rioseco et al., 2024; Smajlovic et al., 2023). The EIM-IRMS® 
technique is based on measuring the relative ratio of non-exchangeable 
hydrogen (D/H)n (expressed as δDn ‰) isotopes within ethanol that has 
been previously distilled quantitatively from fermented samples. The 
measurement of non-exchangeable hydrogen isotopes ((D/H)_n) is of 
critical importance, as these isotopes play a key role in determining the 
original source and authenticity of a compound in food fraud detection 
(Rojas-Rioseco et al., 2024). In traditional isotope analysis methods, the 
exchangeable hydrogen portions present in samples (such as -OH 
groups) can be influenced by environmental factors, making it difficult 
to obtain reliable results (Abrahim et al., 2020). However, since 
non-exchangeable hydrogen atoms remain fixed in a specific location 
within a compound's chemical structure, they can be directly linked to 
the natural origin and remain unaffected by any external interaction 
(Wassenaar et al., 2023). EIM-IRMS technique offers distinct advantages 
over conventional isotope analysis methods, particularly in the detec
tion of adulteration involving C3 plant-derived sugars (Rojas-Rioseco 
et al., 2024). Traditional IRMS methods, relying on δ13C measurements, 
are highly effective in detecting C4-derived sugar adulteration due to the 
significant isotopic differences between C3 and C4 plant sources 
(Rojas-Rioseco et al., 2024). However, these methods are largely insuf
ficient in identifying C3-based adulteration, as both authentic sugars 
and adulterants derived from C3 plants often yield similar δ13C values. 
This limitation significantly reduces the reliability of conventional car
bon isotope analysis for products adulterated with beet sugar or other C3 
sources.

The primary aim of this project is to evaluate the effectiveness of the 
EIM-IRMS method in detecting adulteration in honey samples produced 
by bees fed with syrups derived from different botanical origins, spe
cifically C3 and C4 plants, by comparing the isotopic profiles of honey 
samples generated under controlled feeding conditions.

2. Material & methods

2.1. Experimental Setup for adulterated honey production

A controlled experimental design based on systematic bee-feeding 
trials was employed to produce honey samples adulterated under real
istic apicultural conditions. In total, 36 colonies of Apis mellifera anato
liaca (Yığılca ecotype) were established and requeened with sister 
queens in order to minimize genetic variability among colonies. Similar 
IRMS-based honey adulteration studies employing controlled experi
mental designs have reported reliable discrimination using comparable 
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dataset sizes (Cordella et al., 2005; Wang et al., 2021). The experiment 
was conducted in June 2023 at an isolated apiary at 40◦35′27″N, 
35◦03′01″E. Before starting the experiment, all pre-existing combs were 
removed and substituted with empty frames to guarantee that any honey 
produced during the study was solely attributable to the experimental 
feeding protocol.

The colonies were subjected to controlled sugar syrup feeding over a 
25-day period. Sugar syrups were prepared at a fixed concentration of 
50 g/hg soluble solids and supplied to the colonies at three supple
mentation levels: low, medium, and high. These levels corresponded to 
daily feeding rates of 1, 2, and 3 L/day per colony, resulting in total 
syrup volumes of 25, 50, and 75 L per colony over the feeding period. 
Based on the syrup concentration, the total amounts of sugars supplied 
were approximately 12.5, 25.0, and 37.5 kg per colony for the low, 
medium, and high supplementation levels, respectively. The selected 
feeding proportions were determined based on preliminary feeding 
observations and customary beekeeping practices to ensure consistent 
syrup uptake by the colonies under field conditions.

Four different sugar syrup types were used to represent distinct 
adulteration scenarios: fructose and glucose syrups derived from C4 
plants, invert sugar derived from C3 plants (sugar beet), and sucrose 
syrup of unknown botanical origin. Each syrup type was applied at the 
three supplementation levels, with three replicate colonies per treat
ment. To prevent robbing behavior and cross-feeding effects, syrups 
containing C4-derived sugars (fructose and glucose) and those con
taining sucrose and C3 invert sugar were administered in separate api
aries. Three colonies were maintained without supplementary feeding 
and served as natural honey controls. The detailed composition of the 
syrups, their botanical origins, and the number of colonies per treatment 
are summarized in Table 1.

All experimental groups, including the control colonies, were 
maintained within the same locality and time window, ensuring com
parable environmental exposure. Throughout the honey production 
period, colonies were subjected exclusively to the natural photoperiod, 
with no artificial light applied. During the June 2023 experimental 
period, daytime ambient temperatures varied between approximately 
10 ◦C and 26 ◦C, and 0.7 relative humidity remained, which is consistent 
with the regional climatological averages for early summer. No rainfall 
was recorded at the experimental site during the feeding and honey 
production period. By maintaining uniform environmental conditions 
across all colonies, the influence of weather-related variability on honey 
ripening and physicochemical properties was minimized.

Because the EIM-IRMS-based adulteration detection approach pri
marily relies on stable carbon and hydrogen isotope signatures associ
ated with the botanical origin of sugars, environmental variations within 

the range of standard apicultural conditions are not expected to signif
icantly affect isotopic discrimination between C3 and C4-derived sugars. 
Accordingly, the experimental design enabled attribution of observed 
differences in physicochemical and isotopic parameters predominantly 
to the type and level of syrup feeding rather than to environmental 
factors. The detailed compositions of the sugar syrups are presented in 
Table 1.

2.2. Physicochemical analysis

Physicochemical quality parameters of honey samples were deter
mined using harmonized and internationally accepted analytical 
methods. The moisture content of honey samples was determined ac
cording to the harmonized method of the International Honey Com
mission (IHC, 2009) and expressed as g water/hg sample. The pH was 
measured using a pH meter (HI2030-02, Hanna, USA). Electrical con
ductivity was assessed via a conductivity meter (HI2030-02, Hanna, 
USA) and expressed in millisiemens per centimeter (mS/cm). Free 
acidity was determined by titration with 0.1 mol/L NaOH using a cali
brated pH meter and expressed in milliequivalents of acid per kilogram 
of honey (meq/kg).

Sugar composition (glucose, fructose, sucrose, maltose) was 
analyzed by HPLC equipped with a refractive index detector (Refracto
Max 520, ERC, Tokyo, Japan) and expressed as g/hg. The analytical 
performance of the HPLC–RID method was validated in-house in 
accordance with the Harmonized Methods of the International Honey 
Commission (IHC, 2009). Quantification was carried out using 8-point 
external calibration curves, with correlation coefficients (R2) 
exceeding 0.99 for all analytes. Method precision was confirmed by low 
repeatability values (RSDr), ranging from 0.88 to 1.28 g/hg for major 
sugars (fructose and glucose) and ≤5.35 g/hg for minor sugars (sucrose 
and maltose). Within-laboratory intermediate precision was further 
evaluated by reproducibility experiments performed by different ana
lysts on different days, yielding RSDR values within the acceptable limits 
specified by the IHC reference method. Hydroxymethylfurfural (HMF) 
content was quantified using an HPLC system (Ultimate 3000, Thermo 
Scientific, Waltham, MA, USA) with diode array detection at 285 nm and 
expressed in mg/kg. Diastase activity was evaluated spectrophotomet
rically using the Phadebas® method (Lambda 25 UV-vis spectropho
tometer, PerkinElmer, Wellesley, USA) and expressed as Gothe units per 
gram of honey. Proline content was determined spectrophotometrically 
with the same instrument using the ninhydrin-based assay and 
expressed in mg/kg. All procedures, except moisture analysis, followed 
the harmonized methods described by Bogdanov et al., 1997.

2.2.1. Measurement of total soluble solids in liquid samples
The total soluble solids content of honey samples was determined 

using a refractometer (RX-5000, ATAGO, Japan). The results were 
expressed in g soluble solids/hg honey.

2.3. Fermentation of honey samples for EIM-IRMS analysis

Ethanol was obtained from the samples by fermentation. Samples of 
varying mass were weighed using an analytical balance (KERN ABT 220- 
5DNM, Balingen, Germany), transferred into plastic bottles, and diluted 
with 200 mL of distilled water. The amount of each sample was adjusted 
according to its soluble solids content. The required sample amount for 
fermentation was calculated using the following formula: 

X=2000/a 

where X is the required sample weight for fermentation (g), and a is the 
soluble solids value of the corresponding sample.

Saccharomyces cerevisiae Bayanus (Lallemand, Lalvin QA23, Mon
treal, Canada) was used as the yeast and added to the sample bottle. The 
bottles were sealed and shaken properly. The fermentation process was 

Table 1 
Experimental design and specifications of sugar syrups used for bee colony 
feeding.

Sugar Source Adulteration Level Number of Colonies

Sucrose (unknown source) Low (25 L per colony) 3
Medium (50 L per colony) 3
High (75 L per colony) 3

Invert sugar (C3) Low (25 L per colony) 3
Medium (50 L per colony) 3
High (75 L per colony) 3

Glucose SBF 10 (C4) Low (25 L per colony) 3
Medium (50 L per colony) 3
High (75 L per colony) 3

Invert sugar (SMF 42) (C4) Low (25 L per colony) 3
Medium (50 L per colony) 3
High (75 L per colony) 3

Control Group Pure honey (no feeding) 3

*SMF refers to Sugar cane Medium Fructose.
*SBF refers to Sugar beet fructose.

B.E. Gulenc et al.                                                                                                                                                                                                                               LWT 242 (2026) 119139 

3 



conducted at 22.6 ◦C for 10 days, or until complete fermentation was 
achieved.

2.4. Distillation of ethanol

The fermented samples were distilled by transferring them into 
distillation flasks. Distillation was performed at 78 ◦C, corresponding to 
the boiling point of ethanol, to isolate ethanol from each sample using 
the EIM-PADS (ethanol isotope measurement–preparation automated 
distillation system, Pančevo, Republic of Serbia). Following distillation, 
the ethanol concentration reached an alcohol strength of 920 mL/L, and 
the ethanol recovery rate was determined to be 980 mL/L.

2.5. Standard protocols for δDn correction

For δDn analysis of samples containing fermentable sugars and dry 
matter exceeding 65 g/hg soluble solids (e.g., honey, sugar syrups, and 
solid sugars), the patented SG Isotech protocol was applied. Internal 
standard samples were prepared by dissolving 20 g of dried matter in 
200 mL of water matrices with different isotopic compositions, followed 
by inoculation with Saccharomyces cerevisiae and alcoholic fermentation. 
After complete fermentation, ethanol was quantitatively extracted. The 
δDn values of ethanol obtained from these standards were correlated 
with the δD values of the corresponding water matrices to construct a 
linear water-correction curve.

The correction factor was calculated as the difference between the 
δDn value of ethanol produced using tap water (applied for all test 
samples) and the δDn value of ethanol corresponding to the specific δD 
of each water matrix. This correction factor was subsequently applied to 
the tested samples to compensate for the methylene group contribution 
and to recalculate accurate δDn values (Rojas-Rioseco et al., 2024).

2.6. Isotopic measurements

2.6.1. Determination of δ13C values of honey with EA-IRMS
Honey samples were prepared for elemental microanalysis using the 

EA-IRMS technique. For each sample, 0.0015–0.0025 mL of honey was 
dispensed and allowed to solidify, after which the material was placed 
into tin capsules (3.3 mm × 5 mm). The capsules were then compressed 
into a cylindrical shape (maximum height: 6 mm; 5 × 9 mm capsule 
format), with the openings sealed by multiple folds to ensure complete 
encapsulation (Smajlovic et al., 2023). Carbon isotope ratios (13C/12C) 
were determined using an Elemental Analyzer (Costech Analytical 
Technologies, Valencia, CA, USA) directly coupled to an isotope ratio 
mass spectrometer (Thermo Finnigan Delta Plus XP, Bremen, Germany) 
via a ConFlo III interface (Bremen, Germany). The δ13C values were 
calibrated against the international reference standard Vienna Pee Dee 
Belemnite (VPDB). Sorghum flour (OAS—IVA33802159—CoA 257737) 
and wheat flour (OAS Cat No. IVA33802157, Certificate No. 114858) 
were used as C4 and C3 reference materials, and δ13C values of these 
standards were determined to be − 13.68‰ and − 27.21‰ (vs. V-PDB), 
respectively. The measured values were within the acceptance range 
specified in the accompanying reference material certificates.

2.6.2. Isolation of honey protein for carbon isotopic measurements by EA- 
IRMS

Honey protein was isolated from honey samples for EA-IRMS mea
surements. Protein extraction from honey was performed according to 
the method described by Padovan et al. (2007). About 10 g of honey was 
diluted with 4 mL of double-distilled water, and proteins were precipi
tated by adding 2 mL of 261.87 g/L M H2SO4 and 2 mL of 10 g/L 
Na2WO4. The mixture was incubated at 80 ◦C for 30 min and centrifuged 
at 500×g for 5 min. The resulting pellet was washed several times with 
distilled water until clear, dried, and ~200 μg of protein was put in tin 
capsules for δ13C analysis by EA-IRMS. 

δ13Cprotein(‰,VPDB)=
((

Rsample

RVPDB

)

− 1
)

*1000 

Δδ13C(‰,VPDB)=Δδ13Cprotein − Δδ13Choney 

‰C4 =

(
Δδ13Cprotein − Δδ13Choney

Δδ13Cprotein − Δδ13CC4ref

)

*1000 

Rsample is 13C/12C ratio of measured in the protein fraction; RVPDBR is the 
ratio of 13C/12C in the VPDB international reference standard; δ13Cprotein is 
stable carbon isotope value of honey protein (‰, VPDB scale); Δδ13C is the 
difference between protein and bulk honey δ13C values (‰);δ13Choney is 
δ13C value of bulk honey (‰, VPDB); ‰C4 is estimated proportion of C4 
sugars in honey (‰); δ13CC4ref is the reference δ13C value of pure C4 sugar.

2.6.3. Determination of δDn with honey EIM-IMRS
Ethanol obtained from the fermentation of honey samples was used 

for EIM-IRMS analysis. The isotopic composition of ethanol was deter
mined using a continuous-flow environmental EIMPyro system (SG 
Isotech D.O.O., Pančevo, Republic of Serbia), equipped with integrated 
dehydration and pyrolysis reactors. The system was coupled via a 
ConFlo III interface to a Finnigan Delta Plus XP isotope ratio mass 
spectrometer (Thermo Electron Corporation, Bremen, Germany).

During analysis, the hydroxyl group of ethanol reacts with hydrogen 
from the methyl group in the presence of a proprietary catalyst at 
temperatures exceeding 350 ◦C. This reaction occurs under an inert 
helium atmosphere, in the absence of air and moisture, enabling com
plete dehydration of the ethanol. EIM-IRMS operates as a continuous- 
flow technique, with a measurement time of approximately 2–3 min 
per sample. A schematic diagram of the EIM-IRMS system is presented in 
Fig. 2.

The EIM method is based on the measurement of non-exchangeable 
hydrogen isotopes in ethylene gas derived from ethanol. The results are 
reported as δDn values (Smajlovic et al., 2023). 

2H(‰)=
Rsample − Rstandard

Rstandard
*1000 

where Rsample is the D/H (deuterium/hydrogen) ratio of the sample, 
Rstandard is the D/H ratio of the standard reference material (AAWES: 
Afusali Authentic Wine Ethanol Standard), and the value of Rstandard was 
established as 211.89 mg/L.

2.6.3.1. Determination of δDn criteria for honey authenticity. In a previ
ous period, within the framework of the Marie Skłodowska-Curie Ac
tions Horizon Europe project SuChAQuality, which involved 11 
international partners from Türkiye, Serbia, Germany, the United 
Kingdom, Chile, Pakistan, South Africa, and Poland, more than 1500 
honey samples from diverse geographical regions were analyzed to 
establish authentic δDn criteria based on verified honey samples. 
Approximately 500 of these samples originated from South Africa and 
comprised Macadamia, Orange Blossom, Eucalyptus, and predomi
nantly Fynbos honeys. Several hundred samples were collected from the 
Balkan region and Central Europe (Austria, Germany, and Switzerland), 
mainly representing Acacia, Sunflower, and multifloral honeys. In 
addition, twenty blind samples from India were included in a compar
ative study organized by the Indian National Reference Laboratory for 
honey authenticity testing within the framework of the IAEA–UN 
INTACT FOOD initiative, which aimed to compare analytical techniques 
currently applied worldwide for honey authenticity assessment. A 
limited number of Manuka honey samples from New Zealand were also 
analyzed.

For authenticity evaluation, a large set of artificially prepared 
adulterated (“fake”) honey samples was examined, produced by the 
addition of different sugar syrups. Furthermore, several hundred refer
ence samples of sugar syrups, crystalline sugars, and molasses were 
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analyzed. These reference materials originated from a wide range of 
geographical regions, including Pakistan, India, Poland, Germany, the 
United Kingdom, Mexico, Chile, Brazil, and Türkiye.

The ethanol δDn values obtained from all authentic honey and 
reference samples were used to establish acceptance criteria for honey 
authenticity. It was determined that fully authentic honeys consistently 
exhibit ethanol δDn values within the range of − 219 to − 231 ‰ relative 
to AAWES. Analytical precision limits were defined by calculating the 
reproducibility standard deviation, which was 3.5 ‰ for the EIM-IRMS 
method. Based on this precision, a tolerance zone for ethanol δDn values 
of authentic honeys was established, ranging from − 215.5 to − 234.5 ‰ 
relative to AAWES.

In addition, twenty blind honey samples from India were analyzed 
within a comparative study designed to evaluate the accuracy and inter- 
method agreement of different analytical techniques. This study was 
organized by the Indian National Reference Laboratory for honey 
authenticity testing within the framework of the IAEA–UN INTACT Food 
project (2019–2024), which aimed to compare methodologies currently 
applied worldwide for honey authenticity assessment. The techniques 
evaluated included NMR profiling, LC-HRMS, EIM-IRMS, EA/LC-IRMS, 
LC-MS/MS, and ICP-MS.

The comparative results demonstrated that EIM-IRMS showed the 
highest level of agreement with EA/LC-IRMS (85%), whereas lower 
agreement levels were observed for NMR (53%), LC-HRMS (80%), LC- 
MS/MS (36%), and ICP-MS (39%). Moreover, EIM-IRMS exhibited 
greater sensitivity for detecting honey adulteration compared to EA/LC- 
IRMS. Notably, in the final three samples of the blind set, EIM-IRMS 
successfully detected adulteration with purified invert sugar syrups 
derived from C3 industrial plants, which were not identified by EA/LC- 
IRMS (IAEA, 2025).

The accuracy of adulteration detection was based on the clear 
discrimination between authentic and adulterated honey samples using 
ethanol δDn values, particularly for C3-derived sugars that cannot be 
reliably detected using δ13C analysis alone. The applicability of the EIM- 
IRMS method is further supported by its reliance on standard fermen
tation procedures and continuous-flow IRMS instrumentation, making it 
compatible with routine laboratory workflows. Method reliability was 
demonstrated through low intra-group variability, clearly defined 
reproducibility limits, and consistent performance across replicate 
samples and blind reference materials.

2.7. Statistical analysis

All experimental data were analyzed using the Minitab software 
(Minitab Inc., Coventry, UK). Analysis of variance (ANOVA) was applied 
to assess significant differences among samples. Prior to ANOVA, the 
underlying assumptions were evaluated, and outliers were excluded 

from the dataset when necessary. Data normality was assessed using the 
Anderson–Darling test, while homogeneity of variances was verified 
using Levene's test. No significant deviations from ANOVA assumptions 
were observed (p > 0.05), supporting the use of parametric analysis. 
Multiple comparisons were performed using Tukey's post hoc test at a 
95% confidence level. All experiments were conducted in triplicate.

3. Results and discussion

3.1. Physicochemical analysis

The physicochemical parameters examined (free acidity, HMF, 
moisture, pH, electrical conductivity, diastase activity, and proline 
content) were all influenced by both the sugar source (C3 vs. C4) and the 
adulteration level (Tables 2 and 3). In C4-derived syrups, such as SMF 42 
and glucose, low-level additions increased free acidity and HMF content, 
whereas higher concentrations produced dilution effects, in agreement 
with previous observations that glucose has a strong acid production 
potential at low concentrations (Kropf et al., 2010; Pita-Calvo et al., 
2017; White, 1994). In contrast, C3-derived invert sugar consistently 
reduces free acidity, conductivity, and enzymatic activity across all 
levels, while simultaneously promoting HMF formation due to the 
higher reactivity of glucose–fructose mixtures toward Maillard and 
caramelization reactions (Capuano & Fogliano, 2011; Ciursa & Oroian, 
2021; Kanelis et al., 2022; Manoochehri et al., 2020). Sucrose adulter
ation also led to a decrease in acidity with increasing concentration, 
which may reflect its low acid production potential or altered bee 
metabolism (Lee et al., 2018). Although moisture changes varied by 

Table 2 
Impact of different sugar sources and adulteration levels on the physicochemical properties of honey samples.

Sugar Source Adulteration Level Free Acidity (meq/kg) HMF (mg/kg) Moisture Content (g/hg) pH Electrical Con. (mS/cm)

Control - 26.67 ± 0.58a 0.81 ± 0.08f 20.50 ± 0.42a 3.79 ± 0.02b 0.29 ± 0.03ab

Corn Starch (C4) SMF 42 Low 2.24 ± 0.13d 20.67 ± 1.53c 19.54 ± 0.13a 3.83 ± 0.02b 0.22 ± 0.01de

SMF 42 Medium 2.36 ± 0.14d 26.67 ± 2.52a 18.66 ± 0.17b 3.86 ± 0.04ab 0.24 ± 0.01cd

SMF 42 High 2.67 ± 0.38cd 24.50 ± 0.71abc 18.06 ± 0.48bc 3.98 ± 0.06a 0.20 ± 0.00efg

Glucose Low 1.67 ± 0.11e 28.33 ± 1.15a 18.11 ± 0.28c 3.92 ± 0.03ab 0.31 ± 0.01a

Glucose Medium 2.29 ± 0.05d 25.33 ± 0.58ab 17.49 ± 0.16d 3.90 ± 0.01ab 0.27 ± 0.01b

Glucose High 1.40 ± 0.12e 21.00 ± 1.41c 17.48 ± 0.04d 3.91 ± 0.01ab 0.27 ± 0.01b

Unknown Sucrose Low 0.22 ± 0.05g 21.33 ± 1.53c 17.86 ± 0.07dc 3.20 ± 0.05e 0.26 ± 0.01bc

Sucrose Medium 0.26 ± 0.03g 22.67 ± 1.53bc 19.48 ± 0.14a 3.29 ± 0.05e 0.25 ± 0.01bc

Sucrose High 0.42 ± 0.19g 13.33 ± 0.58d 16.25 ± 0.12ef 3.51 ± 0.03d 0.19 ± 0.00fg

Beet (C3) Invert Low 4.48 ± 0.28b 10.33 ± 0.58d 16.66 ± 0.13e 3.59 ± 0.05cd 0.18 ± 0.01gh

Invert Medium 2.93 ± 0.25c 11.00 ± 1.00d 16.40 ± 0.07e 3.61 ± 0.07cd 0.21 ± 0.00def

Invert High 5.62 ± 0.23a 10.33 ± 0.58d 15.82 ± 0.05f 3.66 ± 0.03c 0.16 ± 0.01h

Different letters show the significant differences in a column (p < 0.05).

Table 3 
Diastase number and proline value for the samples.

Sugar Source Adulteration 
Level

Diastase 
Number

Prolin (mg/kg)

Control - 24.37 ± 1.04a 565.07 ± 9.69d

Corn Starch 
(C4)

SMF 42 Low 15.96 ± 0.55d 589.67 ± 8.66cd

SMF 42 Medium 15.68 ± 0.06d 524.67 ± 10.08de

SMF 42 High 8.49 ± 0.06g 515.86 ± 4.73de

Glucose Low 19.63 ± 0.55b 957.48 ± 3.46a

Glucose Medium 13.35 ± 0.42e 811.44 ± 5.88b

Glucose High 17.83 ± 0.22c 666.17 ± 9.38c

Unknown Sucrose Low 21.16 ± 0.47b 457.74 ± 8.03e

Sucrose Medium 20.58 ± 0.63b 424.17 ± 6.02e

Sucrose High 14.01 ± 0.26e 259.35 ± 6.35f

Beet (C3) Invert Low 8.65 ± 0.29g 213.33 ± 11.79f

Invert Medium 10.70 ± 0.27f 265.17 ± 3.00f

Invert High 2.73 ± 0.62h 182.29 ± 11.35f

Different letters show the significant differences in a column (p < 0.05).
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syrup type, C4 syrups generally resulted in a more pronounced increase 
in moisture content compared with C3-derived syrups. In addition, pH 
values increased with higher levels of adulteration, consistent with 
previous reports on sugar-induced changes in honey acidity 
(Gebremariam & Brhane, 2014; Oroian et al., 2018). Enzymatic and 
amino acid markers were also affected. Diastase activity decreased with 
increasing adulteration, especially with invert sugar and SMF 42 syrups, 
consistent with earlier reports that syrups can impair enzymatic func
tionality (Pecanac & Golic, 2023; Radu et al., 2021; Wendimagegn et al., 
2021). Proline levels, generally considered an indicator of maturity and 
authenticity (Terrab et al., 2002; Truzzi et al., 2014), declined under 
high adulteration, particularly with C3 invert syrup, suggesting a sup
pression of protein-related metabolism (Abdel-Aal et al., 1993). In 
summary, conventional physicochemical markers are valuable for 
routine sugar profiling but are inadequate for detecting all adulteration 
types. Current EU and Codex Alimentarius quality criteria fail to identify 
C3-derived sugar syrups designed to bypass standard controls, empha
sizing the need for advanced, multiparametric analytical approaches. 
Table 4 presents the sugar composition of control and adulterated honey 
samples, including the contents of fructose, glucose, sucrose, and 
maltose (g/hg of honey). The control sample exhibited a typical natural 
honey profile, characterized by fructose and glucose as the predominant 
sugars, alongside lower levels of sucrose and maltose (Buba et al., 2012; 
El Sohaimy et al., 2015; Tafere, 2021). In contrast, honey adulterated 
with SMF 42 (C4) showed increased glucose levels, especially at higher 
adulteration rates. Sucrose levels remained low across all SMF 42 sam
ples, suggesting that invertase enzymes may still be active, converting 
sucrose into simpler sugars that is typical in natural honey (Oddo et al., 
1999). In glucose-adulterated samples (C4), an increase in adulteration 
levels led to a significant reduction in fructose content, whereas maltose 
levels rose. This trend is attributable to the composition of the syrup and 
the limited ability of bees to metabolize excess glucose. Adulteration 
with invert syrup derived from sugar beet led to significantly decreased 
fructose and glucose levels, and increased sucrose and maltose levels, 
particularly at high adulteration levels. One explanation is that the bees’ 
invertase activity may be suppressed because the syrup already in
corporates hydrolyzed sugars. If sucrose in the syrup is not fully con
verted into glucose and fructose during invert sugar production, the 
remaining sucrose may accumulate in the honey due to incomplete 
enzymatic processing by bees in the colonies. Oddo et al. (1999) indi
cated that high sucrose levels in honey suggest incomplete enzymatic 
inversion (Oddo et al., 1999). Moreover, as shown by Brar et al. (2023)
and Kanelis et al. (2022), the type of syrup fed to bees is a critical factor 
affecting the chemical composition and authenticity of honey, with 
atypical sugar profiles serving as key indicators of adulteration (Brar 
et al., 2023; Kanelis et al., 2022).

3.2. Total soluble solids and isotopic measurements

3.2.1. Total soluble solids
The names and compositions of the prepared honey samples, along 

with their measured soluble solids values, are presented in Table 5. The 
highest soluble solids value was found in sample I3–3, produced by bees 
fed on high levels of invert sugar syrup (3 L day/colony). In contrast, the 
lowest soluble solids value was recorded in K–2, a control sample pro
duced without supplementary feeding. This difference is likely due to 
the type and concentration of sugars used during feeding. Soluble solids 
values in honey generally reflect total soluble solids and serve as an 
estimate of sugar content (Karabagias et al., 2016). In this study, soluble 
solids values may be attributed to more intensive and varied syrup 
feeding. These results support the hypothesis that feeding regimes, 
particularly syrup composition and concentration, significantly influ
ence the physicochemical properties of honey. Invert sugar syrup, 
especially at high concentrations, contains a high proportion of easily 
soluble sugars, leading to elevated soluble solids values. Conversely, 
control samples reflect the natural sugar profile of floral nectar, resulting 
in lower soluble solids measurements. Kamal et al. (2019) observed that 
sugar syrup feeding influenced both honey yield and soluble solids 
values, reporting a range of 74.5 g/hg to 81.5 g/hg in samples obtained 
from bees fed with different syrup types and amounts which have 
slightly lower soluble solids value than the values in this study (Kamal 
et al., 2019).

3.2.2. Combined δ13C and δDn values with EA-IRMS and EIM-IRMS
As shown in Table 6, the δ13C and δDn values of both the honey 

samples and their corresponding honey proteins were calculated. Honey 
was produced by feeding bees on glucose, sucrose, fructose, and invert 
sugar syrups across three different colonies under low, medium, and 
high supplementation levels. Invert sugar syrup was derived from C3- 
type plants, while fructose and glucose syrups were obtained from C4- 
type plants. The botanical origin of the sucrose used in the sucrose 
syrup remained unknown. Adulteration with C4-type sugars is typically 
detected by monitoring changes in δ13C values. In this study, the δ13C 
values of the three control samples, produced naturally without any 
supplemental feeding, were found to be − 24.76 ± 0.05‰ (V-PDB), 
− 25.19 ± 0.14‰ (V-PDB), and − 25.67 ± 0.09‰ (V-PDB). In contrast, 
the δ13C values of honey samples adulterated with C4-type syrups 
ranged between − 17.53‰ (V-PDB) and − 22.35‰ (V-PDB). El Hawari 
et al. (2021) reported that authentic honey samples from various 
botanical origins in the Lebanon region exhibited δ13C values between 
− 26.5‰ (V-PDB) and − 24.5‰ (V-PDB), whereas samples adulterated 
with C4-type sugars showed values between − 11.2‰ (V-PDB) and 
− 25.1‰ (V-PDB) (El Hawari et al., 2021). These results confirm that the 
δ13C range of adulterated samples in the present study is consistent with 

Table 4 
Quantitative determination of individual sugar profiles in pure and adulterated honey samples using HPLC-RID.

Sugar Source Adulteration Level Fructose(g/hg) Glucose (g/hg) Sucrose (g/hg) Maltose (g/hg)

Control - 35.77 ± 1.27b 32.77 ± 0.55de 1.58 ± 0.40f 1.56 ± 0.37e

Corn Starch (C4) SMF 42 Low 33.49 ± 0.57c 36.14 ± 0.85a 0.48 ± 0.01hi 1.08 ± 0.01e

SMF 42 Medium 35.03 ± 0.25b 35.33 ± 0.17ab 0.85 ± 0.07gh 1.12 ± 0.08e

SMF 42 High 33.55 ± 0.17c 36.78 ± 1.26a 1.18 ± 0.05fg 1.33 ± 0.20e

Glucose Low 28.51 ± 0.21d 33.880.52bcd 0.36 ± 0.02i 4.25 ± 0.23d

Glucose Medium 28.26 ± 0.53d 34.17 ± 0.29bc 0.68 ± 0.01hi 4.51 ± 0.08d

Glucose High 23.30 ± 0.44f 33.33 ± 0.45cd 0.49 ± 0.06hi 6.86 ± 0.61c

Unknown Sucrose Low 37.15 ± 0.12a 31.55 ± 0.16ef 2.18 ± 0.06e 1.15 ± 0.08e

Sucrose Medium 35.87 ± 0.25b 32.14 ± 0.69de 1.54 ± 0.13f 0.98 ± 0.23e

Sucrose High 35.20 ± 0.66b 30.28 ± 0.24f 3.83 ± 0.13d 1.53 ± 0.20e

Beet (C3) Invert Low 23.39 ± 0.53f 27.84 ± 0.67g 11.51 ± 0.40b 8.46 ± 0.12b

Invert Medium 26.31 ± 0.12e 31.26 ± 0.53ef 5.73 ± 0.26c 7.00 ± 0.14c

Invert High 19.80 ± 0.19g 24.71 ± 0.26h 15.74 ± 0.04a 9.43 ± 0.14a

Different letters show the significant differences in a column (p < 0.05).
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those observed in other geographical and botanical contexts. Moreover, 
in a study conducted by Tosun (2013) on honey adulteration, the δ13C 
values of 12 different honey samples, which were regarded as authentic, 
were measured using the EA-IRMS method (Tosun, 2013). The average 
δ13C values for bulk honey and honey protein were reported as − 25.73 
± 0.29‰ (V-PDB) and − 25.52 ± 0.27‰ (V-PDB), respectively. In the 

same study, honey samples adulterated with various corn syrups yielded 
average δ13C values of − 11.2‰ (V-PDB) and − 11.5‰ (V-PDB). More
over, it was noted that adulteration with sucrose syrup derived from 
sugar beet (C3 plant) could not be distinguished using these δ13C values 
alone.

In this study, sucrose syrup of unknown origin yielded δ13C values 
between − 18.52 ± 0.24‰ (V-PDB) and − 19.96 ± 0.27‰ (V-PDB), 
suggesting that the sucrose source was likely from C4 plants, specifically 
sugarcane. Since the δ13C values of proteins synthesized by bees are not 
affected by sugar adulteration, the difference between the δ13C values of 
honey and its protein can be used as an indicator of adulteration. A 
difference of less than 1‰ between the δ13C values of honey and its 
protein fraction was established as the threshold for classifying samples 
as non-adulterated (Chen et al., 2019). As shown in Table 5, this dif
ference was found to be less than 1‰ in the control samples and in most 
of the C3-adulterated samples. However, this study once again demon
strated that C3-type adulteration cannot be reliably detected solely 
through δ13C values.

To conclusively identify adulteration with a C3-derived source, 
analysis of the hydrogen isotope ratio (δDn) in ethanol extracted from 
the sample by EIM-IRMS is essential. The distinct differences in δDn 
values compared to control samples emphasize the significance of δDn- 
based methods in reliably detecting such adulteration. The EIM-IRMS 
method relies on the complete intramolecular dehydration of ethanol 
to form ethylene. Compared to ethanol, ethylene offers greater chemical 
stability, which makes it a more suitable analyte for isotope ratio mass 
spectrometry (IRMS). This stability facilitates accurate measurement of 
the deuterium-to-hydrogen ratio (δD) (Smajlovic et al., 2014). The main 
challenge in accurately determining δDn values of the product is the 
presence of oxygen-bound hydrogen atoms readily exchanging with 
hydrogen in ambient water and water vapor (Schuler et al., 2022). 
However, the EIM-IRMS method only focuses on the analysis of 
non-exchangeable hydrogen isotopes, specifically those bonded to the 
methyl and methylene groups of ethanol, rather than the easily 
exchangeable hydrogen atoms present in the hydroxyl group (Smajlovic 
et al., 2014). The δDn ethanol values of honey samples adulterated with 
C4-type sugars were found to range between − 198.93 ± 0.87‰ 
(AAWES) and − 225.22 ± 0.90‰ (AAWES). Rojas-Rioseco et al. (2024)
reported δDn ethanol values for cane sugars (C4) ranging from 
− 233.24‰ (AAWES) to − 197.84‰ (AAWES) across samples from 
different origins, as measured by the EIM method, aligning well with the 
results obtained in the present study.

Fig. 1 presents a two-dimensional scatter plot derived from the direct 
combination of two independent isotopic parameters: the δ13C values of 
bulk honey and the ethanol δDn values obtained via EIM-IRMS. No 
multivariate statistical techniques were employed in this analysis. While 
C4 adulterated samples clustered within the upper δ13C and mid-range 
δDn region, C3-adulterated samples exhibited significantly more nega
tive δDn values, enabling effective discrimination beyond the limits of 
traditional δ13C analysis. The green area illustrated in the graph repre
sents the zone in which samples are considered authentic according to 
δDn criteria. Based on δ13C and δDn ethanol values, all samples except 
for the unadulterated control group (− 234.01 ± 1.28‰ AAWES, 
− 232.42 ± 1.37‰ AAWES, − 233.58 ± 0.21‰ AAWES) were success
fully identified as adulterated. No significant correlation was found 
between the amount of sugar syrup used during feeding and the isotopic 
values obtained. In other words, it could not be concluded that colonies 
fed with higher volumes of syrup produced honey with a higher degree 
of adulteration. Therefore, it might be stated that the origin of the sugar 
used for feeding plays a more crucial role in the detection of adulteration 
than the quantity of the syrup itself. The highest δ13C value was recorded 
in the colony fed with high levels of fructose syrup, measured at 
− 17.53‰ (V-PDB). In contrast, the lowest δDn ethanol value was 
observed in a colony fed with moderate levels of invert sugar, measured 
at − 251.27‰ (AAWES). The addition of beet sugar would result in a 
more negative δD value of ethylene, as it alters the deuterium content 

Table 5 
Comparison of total soluble solids (g/hg) across different botanical origins and 
adulteration intensities.

Sample Feeding Content Total Soluble solids (g/ 
hg)

G 1–1 Glucose-Colony 1-Low Adulteration (1 L/day) 79.627 ± 0.023m

G 1–2 Glucose-Colony 2-Low Adulteration (1 L/day) 79.543 ± 0.040m,l

G 1–3 Glucose-Colony 3-Low Adulteration (1 L/day) 79.840 ± 0.053l

G 2–1 Glucose-Colony 1-Medium Adulteration (2 L/ 
day)

80.710 ± 0.036g

G 2–2 Glucose-Colony 2-Medium Adulteration (2 L/ 
day)

80.397 ± 0.035ı,j,k

G 2–3 Glucose-Colony 3-Medium Adulteration (2 L/ 
day)

80.500 ± 0.053h,ı,j

G 3–1 Glucose-Colony 1-High Adulteration (3 L/day) 80.290 ± 0.046k

G 3–2 Glucose-Colony 2-High Adulteration (3 L/day) 80.377 ± 0.015j,k

G 3–3 Glucose-Colony 3-High Adulteration (3 L/day) 80.637 ± 0.032g,h

F 1–1 Fructose-Colony 1-Low Adulteration (1 L/day) 77.623 ± 0.006t

F 1–2 Fructose-Colony 2-Low Adulteration (1 L/day) 78.287 ± 0.035r

F 1–3 Fructose-Colony 3-Low Adulteration (1 L/day) 77.927 ± 0.015s

F 2–1 Fructose-Colony 1-Medium Adulteration (2 L/ 
day)

79.270 ± 0.026◦ ,p

F 2–2 Fructose-Colony 2-Medium Adulteration (2 L/ 
day)

79.803 ± 0.006l

F 2–3 Fructose-Colony 3-Medium Adulteration (2 L/ 
day)

79.333 ± 0.015o

F 3–1 Fructose-Colony 1-High Adulteration (3 L/day) 81.750 ± 0.070d

F 3–2 Fructose-Colony 2-High Adulteration (3 L/day) 80.547 ± 0.081g,h,ı

F 3–3 Fructose-Colony 3-High Adulteration (3 L/day) 79.123 ± 0.217p

I 1–1 Invert Sugar-Colony 1-Low Adulteration (1 L/ 
day)

81.937 ± 0.076c

I 1–2 Invert Sugar-Colony 2-Low Adulteration (1 L/ 
day)

81.500 ± 0.010e

I 1–3 Invert Sugar-Colony 3-Low Adulteration (1 L/ 
day)

81.250 ± 0.010f

I 2–1 Invert Sugar-Colony 1-Medium Adulteration 
(2 L/day)

81.753 ± 0.032d

I 2–2 Invert Sugar-Colony 2-Medium Adulteration 
(2 L/day)

81.627 ± 0.025d,e

I 2–3 Invert Sugar-Colony 3-Medium Adulteration 
(2 L/day)

81.650 ± 0.010d,e

I 3–1 Invert Sugar-Colony 1-High Adulteration (3 L/ 
day)

82.510 ± 0.010a,b

I 3–2 Invert Sugar-Colony 2-High Adulteration (3 L/ 
day)

82.370 ± 0.010b

I 3–3 Invert Sugar-Colony 3-High Adulteration (3 L/ 
day)

82.560 ± 0.036a

S 1–1 Sucrose-Colony 1-Low Adulteration (1 L/day) 79.837 ± 0.035l

S 1–2 Sucrose-Colony 2-Low Adulteration (1 L/day) 80.660 ± 0.010g,h

S 1–3 Sucrose-Colony 3-Low Adulteration (1 L/day) 80.673 ± 0.040g

S 2–1 Sucrose-Colony 1-Medium Adulteration (2 L/ 
day)

78.180 ± 0.00r

S 2–2 Sucrose-Colony 2-Medium Adulteration (2 L/ 
day)

79.400 ± 0.00n,o

S 2–3 Sucrose-Colony 3-Medium Adulteration (2 L/ 
day)

78.813 ± 0.006q

S 3–1 Sucrose-Colony 1-High Adulteration (3 L/day) 81.620 ± 0.010d

S 3–2 Sucrose-Colony 2-High Adulteration (3 L/day) 81.593 ± 0.040d,e

S 3–3 Sucrose-Colony 3-High Adulteration (3 L/day) 81.490 ± 0.082e

K -1 Control-No Feeding 77.460 ± 0.056t,u

K -2 Control-No Feeding 77.390 ± 0.04u

K -3 Control-No Feeding 77.443 ± 0.021u

Different letters show the significant differences in a column (p < 0.05).
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specifically in the methyl and methylene groups, thereby affecting the 
overall isotopic composition of the ethylene molecule (Smajlovic et al., 
2014). In this study, the results obtained for products adulterated with 
invert syrup (C3-type sugars) were found to be more negative than 
control samples (no adulteration); this is consistent with the previous 
statement.

To further validate the practical accuracy and reliability of the 
established δDn thresholds beyond controlled experimental colonies, 
previously unknown retail honey samples from South Africa were 
analyzed blindly and subsequently classified using the proposed 
analytical approach. The macadamia, lucerne, and sunflower honey 
samples exhibited δDn (ethanol) and δ13C honey values that were 
internally consistent and fell within the expected isotopic ranges for 
authentic honeys, despite differences in botanical origin (Fig. 1). Spe
cifically, the Macadamia sample exhibited a δDn value of − 221.01 ±
0.33‰ (AAWES) and a δ13C value of − 27.58 ± 0.22‰ (V-PDB). The 
Lucerne and Sunflower samples showed δDn values of − 222.96 ± 0.97‰ 

and 229.36 ± 0.57‰ (AAWES), respectively, with corresponding δ13C 
values of − 26.86 ± 0.10‰ and − 26.19 ± 0.13‰ (V-PDB). None of the 
unknown samples showed isotopic patterns indicative of sugar syrup 
adulteration, demonstrating that the method accurately discriminates 
authentic honeys without prior knowledge of sample identity. The 
successful identification of these retail samples as authentic honey, 
based on our established δDn criteria, provides the empirical evidence 
for method accuracy and validation.

Recent studies have focused on the performance of various adulter
ation detection methods and showed significant results. Magdas et al. 
(2021) combined stable isotope ratios with elemental markers to ach
ieve excellent geographical classification (>98%), yet the approach re
quires extensive datasets and access to multi-element instrumentation, 
which may limit routine application. While this research primarily tar
geted adulteration, the distinct shifts observed in these physicochemical 
parameters (Table 2) and isotope ratios (Table 6) reinforce the value of 
using a multiparametric dataset for honey characterization without the 

Table 6 
Assessment of honey authentication through stable isotope ratios (δ13Choney, δ13Cprotein and δDethanol) and quantitative detection of C4 sugar percentages in pure and 
adulterated samples.

Sample Adulteration 
Type

δ13C honey value (‰, 
V-PDB)

δ13C honey protein value 
‰,V-PDB)

Δ δ13C honey and honey protein 
(‰,V-PDB)

Percentage of C4 sugar found 
(g/hg)

δDn ethanol value 
(‰)

G 1-1 C4 − 20.56 ± 0.04m − 26.80 ± 0.56k,l 6.23 36.46 − 221.28 ± 0.93k

G 1-2 C4 − 21.57 ± 0.027o − 27.07 ± 0.23l 5.50 31.66 − 222.74 ± 1.17l,m

G 1-3 C4 − 22.35 ± 0.19r − 27.03 ± 0.41l 4.69 27.03 − 223.14 ± 0.82l,m

G 2-1 C4 − 20.45 ± 0.28l,m − 26.82 ± 0.19k,l 6.37 37.21 − 225.18 ± 0.69n

G 2-2 C4 − 21.56 ± 0.26o − 26.55 ± 0.09j,k 5.00 29.64 − 221.15 ± 0.36k

G 2-3 C4 − 20.79 ± 0.18n − 26.82 ± 0.25k,l 6.03 35.22 − 225.22 ± 0.90n

G 3-1 C4 − 21.86 ± 0.18q − 24.83 ± 0.19a,b 2.98 19.66 − 224.27 ± 1.14m, 

n

G 3-2 C4 − 21.50 ± 0.30o − 25.33 ± 0.28c,d 3.83 24.50 − 223.65 ± 0.79l,m

G 3-3 C4 − 20.72 ± 0.25n − 25.67 ± 0.27d,e 4.94 30.95 − 222.73 ± 0.96l

F 1-1 C4 − 21.84 ± 0.28q − 26.28 ± 0.29ı,j 4.45 26.82 − 214.08 ± 0.94g,h

F 1-2 C4 − 20.26 ± 0.28k − 25.71 ± 0.31e,f 5.45 34.04 − 216.63 ± 0.48ı,j

F 1-3 C4 − 9.60 ± 0.55h,ı − 26.13 ± 0.06ı 6.53 39.73 − 213.44 ± 0.78e,f, 

g

F 2-1 C4 − 20.28 ± 0.40k,l − 26.18 ± 0.12ı 5.90 35.80 − 212.93 ± 1.14e,f

F 2-2 C4 − 21.66 ± 0.26◦ ,p − 27.44 ± 0.07m 5.79 32.62 − 217.73 ± 1.19j

F 2-3 C4 − 21.74 ± 0.16p,q − 26.02 ± 0.08f,g,h,ı 4.28 26.22 − 206.03 ± 1.26c

F 3-1 C4 − 17.91 ± 0.11b − 27.55 ± 0.02m 9.64 54.01 − 203.85 ± 0.76b

F 3-2 C4 − 17.83 ± 0.19b − 26.98 ± 0.20l 9.15 52.96 − 198.93 ± 0.87a

F 3-3 C4 − 17.53 ± 0.23a − 26.29 ± 0.35ı,j 8.77 52.84 − 207.92 ± 0.80c,d

I 1-1 C3 − 25.77 ± 0.25v,w − 25.66 ± 0.04d,e − 0.11 − 0.70 − 238.26 ± 1.04p

I 1-2 C3 − 25.99 ± 0.13x − 25.75 ± 0.13ı,f,g − 0.24 − 1.50 − 242.96 ± 0.74q

I 1-3 C3 − 25.87 ± 0.30w,x − 25.47 ± 0.09c,d,e − 0.40 − 2.53 − 242.84 ± 0.47q

I 2-1 C3 − 25.71 ± 0.21u,v,w − 25.69 ± 0.08e,f − 0.02 − 0.10 − 251.27 ± 0.77r

I 2-2 C3 − 25.87 ± 0.23w,x − 25.47 ± 0.06c,d,e − 0.40 − 2.55 − 242.04 ± 0.77q

I 2-3 C3 − 25.53 ± 0.15u − 25.64 ± 0.28c,d,e 0.11 0.72 − 250.38 ± 1.09r

I 3-1 C3 − 25.06 ± 0.16t − 26.34 ± 0.36ı,j 1.28 7.71 − 239.47 ± 0.83p

I 3-2 C3 − 24.76 ± 0.04s − 26.10 ± 0.11h,ı 1.34 8.19 − 243.20 ± 0.52q

I 3-3 C3 − 24.87 ± 0.23s − 25.78 ± 0.05r,f,g,h 0.91 5.65 − 242.50 ± 0.51q

S 1-1 C4 − 18.97 ± 0.12f − 24.67 ± 0.24a,b 5.70 38.06 − 215.19 ± 0.56h,ı

S 1-2 C4 − 19.69 ± 0.46h,ı − 25.55 ± 0.07c,d,e 5.87 37.00 − 207.69 ± 0.98c,d

S 1-3 C4 − 19.59 ± 0.12g,h − 25.69 ± 0.13e,f 6.10 38.16 − 213.41 ± 1.08e,f, 

g

S 2-1 C4 − 19.96 ± 0.27j − 24.54 ± 0.11a 4.58 30.86 − 212.10 ± 0.79e

S 2-2 C4 − 19.49 ± 0.32g − 24.51 ± 0.16a 5.02 33.90 − 214.11 ± 0.87f,g, 

h

S 2-3 C4 − 19.74 ± 0.16ı − 24.71 ± 0.08a,b 4.97 33.11 − 214.52 ± 0.52g,h

S 3-1 C4 − 18.15 ± 0.22c − 24.96 ± 0.22b 6.81 44.65 − 207.74 ± 0.90c,d

S 3-2 C4 − 18.80 ± 0.23e − 24.84 ± 0.28a,b 6.05 39.94 − 208.94 ± 1.04d

S 3-3 C4 − 18.52 ± 0.24d − 24.75 ± 0.20a,b 6.23 41.41 − 212.22 ± 0.70e

K 1-1 - − 24.76 ± 0.05s − 25.73 ± 0.03e,f 0.97 6.02 − 234.01 ± 1.28o

K 1-2 - − 25.19 ± 0.14t − 25.31 ± 0.17c 0.12 0.75 − 232.42 ± 1.37o

K 1-3 - − 25.67 ± 0.09u,v − 26.07 ± 0.01g,h,ı 0.40 2.45 − 233.58 ± 0.21o

Different letters show the significant differences in a column (p < 0.05).
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need for multi-element instrumentation. Alimoradian et al. (2025)
compared conventional physicochemical methods (ISIRI standards) 
with Elemental Analyzer-Isotope Ratio Mass Spectrometry (EA-IRMS) 
and demonstrated that IRMS detected adulteration that conventional 
tests missed. However, the researchers explicitly emphasized that while 
the EA-IRMS method effectively detects C4- derived sugars due to 
distinct isotopic shifts, it is often insufficient for distinguishing C3 plant 
sugars (beet/rice) because their isotopic values significantly overlap 
with those of natural honey. This emphasis is directly supported by this 
experimental data; as shown in Table 6, the δ13C values for C3 groups 
showed substantial overlap with pure honey, whereas the C4-based 
groups were easily distinguished by their isotopic shifts.

Beyond spectral fingerprinting methods, targeted chemical analyses 
offer high sensitivity for the detection of specific adulteration markers. 
In a comprehensive European Union study (Paiano et al., 2025), Liquid 

Chromatography-High-Resolution Mass Spectrometry (LC-HRMS) was 
utilized to detect specific markers such as 2-acetylfuran-3-glucopyrano
side (AFGP) for rice syrup (C3) and foreign oligo-/polysaccharides. 
While this method is effective in identifying suspicious samples, targeted 
methods face a significant limitation; these markers can be removed 
from the product using advanced filtration methods such as resin tech
nology, or they may be absent in highly refined syrups, which can lead to 
potential false-negative results.

In this context, the EIM-IRMS method represents a complementary 
analytical approach. Although it is less compound-specific and requires 
a fermentation step, making it slower than direct instrumental tech
niques, it provides a robust and high-throughput solution for δ2D_n 
measurements in honey-derived ethanol. Furthermore, while EIM-IRMS 
typically benefits from large reference datasets, the broad geographical 
and botanical diversity of the calibration samples used in this study 

Fig. 1. Bivariate scatter plot of δ13C values of bulk honey versus ethanol δDn values obtained by EIM-IRMS.

Fig. 2. Schematic representation of the EIM-IRMS analytical workflow.
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yields sufficiently representative reference values despite the smaller 
dataset size. Consequently, EIM-IRMS can be regarded as a viable 
alternative that, in combination with emerging analytical techniques, 
contributes to a more comprehensive and reliable framework for honey 
authenticity assessment.

3.2.3. Limitations of the study
Although the experiments were conducted under controlled and 

realistic beekeeping conditions, the honey samples investigated repre
sent a limited range of botanical origins. In addition, while the EIM- 
IRMS method offers high analytical specificity, it requires additional 
resources in terms of sample preparation time, fermentation and distil
lation steps, and access to specialized IRMS instrumentation. These re
quirements may restrict immediate routine implementation in 
laboratories lacking the necessary infrastructure or technical expertise. 
Consequently, further inter-laboratory and large-scale validation studies 
are required to comprehensively demonstrate method performance and 
practical feasibility prior to routine application. Although the δDn 
specificity ranges were established using a broad reference dataset, 
expanded studies encompassing a wider range of geographical origins 
and botanical diversity would further strengthen the robustness and 
universal applicability of the method.

4. Conclusion

This study demonstrates the effectiveness and high discriminatory 
power of the EIM-IRMS (Ethanol Isotope Measurement–Isotope Ratio 
Mass Spectrometry) method as a definitive tool for detecting sugar syrup 
adulteration in honey. The core innovation of the approach lies in the 
measurement of non-exchangeable hydrogen isotope ratios (δDn) in 
ethanol derived from honey sugars, yielding a stable structural isotopic 
fingerprint that is not affected by the isotopic overlaps inherent to 
conventional δ13C analysis. As a result, EIM-IRMS successfully resolved 
C3-based adulteration in 39 experimentally adulterated honey samples, 
confirming its problem-solving capability in scenarios where the 
incumbent δ13C method is known to be insufficient.

While conventional physicochemical and isotopic methods remain 
essential for routine quality control and detection of C4-derived adul
terants, EIM-IRMS provides the necessary forensic precision to identify 
the most sophisticated forms of fraud. Its accuracy was further validated 
through the blind analysis of previously unknown honey samples, which 
were correctly classified using ethanol δDn values. Clear separation be
tween authentic and adulterated samples, particularly those adulterated 
with C3-derived syrups undetectable by δ13C analysis alone, highlights 
the unique diagnostic strength of this approach.

The applicability of EIM-IRMS is supported by its reliance on stan
dard fermentation procedures and continuous-flow IRMS instrumenta
tion, enabling integration into established laboratory workflows. 
Method reliability was demonstrated through low intra-group vari
ability, well-defined reproducibility limits, and consistent performance 
across replicate samples and blind reference materials.

Future research should extend this validation through multi-site, 
large-scale studies using ‘tailor-made’ honeys that more closely reflect 
industrial adulteration strategies. Ultimately, integrating δDn analysis 
into food authenticity legislation alongside existing δ13C standards will 
be essential to modernize inspection systems, effectively counter 
emerging fraud practices, and ensure long-term food integrity and 
consumer protection.
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