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ABSTRACT 

Honey, a natural sweetener produced by honeybees mainly from flower nectar, has been used 

for thousands of years not only for its nutritional value but also for its medicinal properties. As 

a highly priced natural product, quality control, including the authentication of the honey’s 

predominant nectar source, is important but can prove challenging, especially for honeys 

collected from botanically rich areas, such as the pristine natural forests of Western Australia. 

Within this specific regional context, this PhD study explores the use of High-Performance 

Thin Layer Chromatography (HPTLC) as a novel analytical tool for the authentication and 

quality control of honey.  

Methods were developed for (1) the authentication of a honey’s predominant floral source via 

HPTLC fingerprinting of its organic extract coupled with multivariate data analysis; (2) the 

detection and quantification of honey constituents that contribute to its antioxidant activity via 

a novel, validated HPTLC-DPPH analysis; and (3) the qualitative and quantitative analysis of 

major sugars in honey using a novel, validated HPTLC assay. These assays were used to assess 

more than 420 honey samples and in doing so yielded rich data on a diverse range of Western 

Australian honeys, providing an important first steppingstone towards the establishment of a 

comprehensive Australian Honey Library.  

In addition to generating baseline data on these honeys, HPTLC based analytical methods were 

also used as part of a comprehensive short- and long-term stability study involving several 

honeys (Manuka, Marri, Coastal Peppermint alongside an artificial honey comparator). Any 

changes to the composition of their organic extract were tracked via HPTLC fingerprinting, 

changes to their sugar profile captured by quantitative HPTLC analysis, including the 

formation of 5-hydroxyethylfurfural (HMF), a potentially toxic, heat induced sugar degradant, 

and the validated HPTLC-DPPH analysis was used to assess changes in antioxidant band 
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activities triggered by the honeys’ exposure to different temperature conditions over time. The 

findings of this extensive stability study provide important insights into the impact of storage 

and handling on honey quality.  

Furthermore, the HPTLC based sugar analysis was also employed to capture post-harvest 

adulterations of honeys with a range of sugar syrups. Coupled with multivariate data analysis 

the generated data was used to build a prediction model. Despite its common use in the 

identification of honeys’ nectar sources, with its case study of Western Australian Jarrah and 

Blackbutt honeys, this PhD study, moreover, draws into question the value of pollen analysis 

(melissopalynology), especially for honeys harvested from biologically diverse areas, such as 

the pristine forests of Western Australia where co-flowering events are a common occurrence.  

The value of using a single analytical instrument and thus also a single lab for comprehensive 

honey testing has been recognised by Australia’s honeybee industry, which has adopted the 

various HPTLC analyses developed as part of this PhD study as accepted methodologies in its 

comprehensive honey quality assurance system, known as BQUAL. Furthermore, the HPTLC 

based sugar analysis developed as part of this project has since also been incorporated into a 

comprehensive, fully automated analysis system offered by Switzerland based world leader of 

HPTLC technology, CAMAG.  

The methodologies developed in this PhD study are also useful in the assessment of related 

honeybee products, such as bee pollen or propolis. They were also employed in the analysis of 

an unusual type of ‘ant honey’, a culturally and nutritionally important Australian indigenous 

bushfood produced by so-called honeypot ants (Camponotus inflatus) from the secretion of sap 

sucking hemipterans.  
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The findings of this PhD study have already been widely communicated in refereed academic 

journal articles, industry presentations and publications as well as at national and international 

conferences, warranting a thesis by publication. 
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1.1 Introduction 

Honey is a nearly white to dark brown coloured, sweet natural product with fluid to semi-solid 

(or somewhat crystalline solid) consistency. It is produced by bees (e.g. honeybees, Meliponini 

or stingless bees, other social bees), wasps and certain other insects, for which it usually serves 

as a stored food source. Honey has been used for thousands of years as a food and flavouring 

agent as well as a natural medicine [1, 2]. Many human civilizations have appreciated honey 

as a sweet delicacy and also for its presumed medicinal value. The earliest record of honey 

collection goes back almost 8000 years, depicted in a cave rock painting in Bicorp near 

Valencia in eastern Spain and the earliest recorded medicinal use of honey dates back to the 

Ancient Egyptian era [1, 3, 4].  

Most honeys harvested on a commercial scale are produced by the European honeybee (Apis 

mellifera) via a multistep process (Figure 1.1). Bees collect flower nectar and store it in their 

honey stomach before regurgitating it into storage cells on their return to the hive. At that stage 

bees also add enzymes to the nectar, which assist in the breakdown of complex sugars into 

simple sugars [5, 6]. Facilitated by the bees vigorously fanning with their wings, the sugary 

solution is then concentrated by evaporation of water [7, 8]. Once the moisture level drops 

below 20%, bees seal the honey cell, with its content now being classified as mature honey. 

 

Figure 1.1 Flowchart of honey production by bees 
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1.2 Chemical Composition of Honey 

Honey contains vitamins, minerals, amino acids and proteins (including a range of enzymes) 

as well as organic acids, simple phenolics and flavonoids [6, 9, 10]. The organoleptic (i.e. 

colour, taste and aroma) and physico-chemical (e.g. chemical composition, pH, moisture and 

ash content, electrical conductivity) characteristics as well as various bioactivities of honeys 

are influenced by a wide range of factors. These include flower nectar origin, the bee (or other 

insect) species involved in the production, geographical location and climactic conditions as 

well as harvesting, processing, packaging procedures and storage time [9, 11]. One of the most 

important determinants of honey characteristics and quality is its nectar source. To attract 

pollinators, plants offer different types of rewards, sweet nectar being one of them. In essence, 

nectar is a nutrient-rich aqueous solution of sugars, amino acids, proteins, vitamins, minerals, 

simple phenolics, flavonoids and other minor components that ultimately also determine 

honey’s chemical composition [12, 13]. 

To date, more than 400 compounds have been identified in different honeys (Table 1.1). Honey 

constituents can be broadly categorised into three major groups, (1) moisture, (2) sugars and 

(3) non-sugar constituents. Moisture levels in honey vary from 13 to 20%, an exception being 

23% for Heather honey (Calluna) [14]. Sugars are the most important honey compound class, 

making up between 65 and 80% of the total solid. Non-sugar constituents only account for 

approximately 2 to 3% of honey’s chemical composition [15]. They include simple phenolics 

and flavonoids, organic acids, amino acids and proteins (including enzymes), vitamins, 

minerals, lipids, volatile compounds, waxes and pigments. Moreover, flower pollen grains can 

also be found in honey. 

 

 



4 
 

Table 1.1 Examples of compounds identified in honeys around the world 

Components Examples References 

Sugars Monosaccharides: Fructose, glucose 

Disaccharides: Sucrose, rhamnose, trehalose, turanose, 

nigerobiose, isomaltose, maltose, maltulose, trehalulose, 

melibiose, nigerose, palatinose, kojibiose 

Trisaccharides: Erlose, raffinose, maltotriose, melezitose 

Other sugars: Maltotetraose 

[16-22] 

Phenolics and 

flavonoids 

Simple phenolics: 

Methyl syringate, gallic, ellagic, protocatechuic, syringic, 

benzoic, 4-hydroxybenzoic, chlorogenic, vanillic, caffeic, p-

coumaric, ferulic, homogentisic and phenylacetic acids 

Flavonoids: 

Pinocembrin, chrysin, galangin, pinobanksin, luteolin, 

kaempferol, myricetin, 8-methoxy kaempferol, quercetin, 

isorhamnetin, quercetin-3-methyl ether, quercetin-3,7-dimethyl 

ether, rutin, genkwanin, apigenin, tricetin, pinocembrin 

[23-26] 

Organic acids Acetic, aspartic, butyric, benzoic, citric, formic, fumaric, 

galacturonic, gluconic, glutamic, glutaric, glyoxylic, lactic, malic, 

malonic, mandelic, oxalic acid, propionic, phenylacetic, β-

phenyllactic, pyruvic, quinic, shikimic and succinic acid 

[27] 

Amino acids Proline, α-alanine, β-alanine, glutamic acid, aspartic acid, 

histidine, arginine, tyrosine, glycine, valine, threonine, lysine, 

methionine, leucine, tryptophan, asparagine, serine 

[6, 28-30] 
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Proteins and 

Enzymes 

Bee defensin-1, α-glucosidase, β-glucosidase, amylase, glucose 

oxidase, acid phosphatase, diastase 

[31] 

Vitamins Ascorbic acid, thiamine, riboflavin, nicotinic acid, pantothenic 

acid, pyridoxine, biotin, folic acid 

[6, 10] 

Minerals Potassium, magnesium, calcium, iron, phosphorus, sodium, 

manganese, iodine, zinc, lithium, cobalt, lead, cadmium 

[6, 32, 33] 

 

1.2.1 Moisture 

The moisture content of honey plays a critical role in its density, viscosity and osmolarity as 

well as in its crystallisation behaviour with low moisture content and thus high osmotic 

pressure acting as a self-preservation mechanisms [34]. Moreover, moisture content is also an 

indicator of honey maturity with mature honeys tending to have a moisture content lower than 

that of immature honeys, which can be collected from still uncapped cells in the beehive (see 

Figure 1.1). Honeys with low moisture content (<15%) are likely to granulate or crystallise 

whereas honeys with high moisture content (>18%) are more likely to ferment upon storage 

[35]. The moisture content of honey depends on a variety of factors including its nectar origin, 

the bee species involved in its production, weather conditions during nectar collection, its 

maturity upon harvest from the hive and subsequent processing and storage conditions [36]. 

1.2.2 Sugars 

Two monosaccharides, fructose and glucose, are the major sugars present in honey, with minor 

quantities of the disaccharides maltose and sucrose also being found; other sugars can only be 

detected in very minute quantities [16]. The sugars present in honey are associated with many 

of its characteristic properties, such as its sweetness, high energy value, viscosity, 

crystallisation tendency, hygroscopicity as well as its antibacterial and prebiotic activity [22, 

36-39]. The ratio of fructose to glucose content (F/G) is commonly determined as it can serve 
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as a useful indicator for the authentication of some monofloral honeys’ nectar source and also 

because it helps to predict crystallisation behaviour. Honeys with a lower fructose to glucose 

ratio (F/G ≤1.2) tend to crystallise more rapidly due to glucose’s lower levels of water solubility 

compared to that of fructose [40, 41]. The overall sugar profile of honeys can vary significantly, 

depending on their botanical origins, the bee or other insect species involved in their production 

and also their maturity. Melezitose, for example, is a marker of honeydew honey [42, 43] 

whereas trehalulose is widely considered a key sugar constituent of honeys produced by 

stingless bees [44].  

1.2.3 Non-Sugar Constituents 

Simple phenolics and flavonoids play a crucial role in honey’s colour, flavour and bioactivities 

and can also be important in the authentication of its predominant nectar source. Honeys of 

darker colour tend to have higher antioxidant activity, often due to their larger quantities and 

also the qualitative nature of their phenolic constituents [42]. Simple phenolics are products of 

the secondary metabolism of plants, thus their presence in honey is directly linked to its flower 

nectar origin. Along with simple phenolics, flavonoids like flavonols, flavanones, flavones, 

anthocyanidins and isoflavones, exhibit a wide range of biological effects in vitro, including 

antibacterial, anti-inflammatory and anti-allergic activities [26]. 

The mineral content of honey is related to its geographical origin and is also influenced by its 

nectar source, climate and seasonal variations, processing and storage materials used [11, 45, 

46]. It influences honey’s electric conductivity and can be accounted for as ash content. 

Minerals in honey generally originate from air, water or soil. Bees can, for example, be exposed 

to minerals during nectar and pollen collection, while drinking from groundwater sources and 

dew droplets as well as during their flight [11]. 
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Amino acids and proteins can influence honey’s enzymatic, antioxidant and antibacterial 

activities. Higher protein levels lead to lower surface tension and ultimately the production of 

foam and scum by incorporation of air bubbles (a typical feature, for instance, of Buckwheat 

honey) [36]. Certain enzymes in honey are ultimately responsible for its high concentration of 

monosaccharides; amylase and diastase break down complex sugars (e.g. oligo- and poly 

saccharides) into more simple sugars whereas invertase converts the disaccharide sucrose into 

honey’s major monosaccharides glucose and fructose [36]. 

There is a wide range of other compounds that can also be found in honey. Flower pollen, for 

example, can be considered a natural contaminant [47], whereas pesticides and herbicides are 

human induced contaminations associated with the collection of flower nectar. Other artefacts 

arise from the processing of honey such as the presence of 5-hydroxymethylfurfural (HMF), 

which is formed from sugar constituents upon heating [48]. Contaminants such fungal and 

yeast spores, colourless moulds and air dispersed spores, green algae, bacteria as well as starch 

and synthetic fibres can also be introduced into honeys during sampling and storage, alongside 

bristles, scales and pathogenic mites of insect origin [35, 49]. 

1.3 Analysis of Honey 

Honey analysis has in principle two major roles to fulfil although the two roles in practice are 

not mutually exclusive: first, the authentication of the honey’s nectar source(s) and, second, 

the confirmation of honey quality. For ease of discussion the two elements are addressed 

separately in this thesis although it is acknowledged that authentication can be seen as an 

integral part of honey quality control.  

1.3.1 Honey Authentication 

The authentication of its floral origin is the crucial first step in defining honey. Honey is usually 

named after the predominant flower nectar it is produced from, although at times this is 
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replaced by place specific or seasonal names, for instance ‘Pemberton honey’, ‘Margaret River 

honey’, ‘Desert honey’ or ‘Spring honey’. In most cases it is, however, vital to identify or 

confirm the honey’s predominant nectar source to avoid misclassification, which could 

jeopardise other quality control aspects and also erode consumer confidence in the authenticity 

and quality of the product. There are also financial incentives to this task as honeys confirmed 

to be monofloral, thus being of a predominant nectar origin, are highly sought after by 

consumers and often preferred over so-called multifloral honeys due to their consistent and 

often unique characteristics [50-52]. According to the economic principle, when demand rises, 

so does the price of a goods or service. In the context of honey as an increasingly popular 

consumer item, this is well illustrated with the example of New Zealand Manuka honey, which 

is appreciated particularly for its distinct antibacterial properties associated with its specific 

Leptospermum nectar origin. Over the period 2011–2016, bulk premium prices for New 

Zealand Manuka honey have soared from NZ$ 80 to NZ$ 127 and as high as NZ$ 300 in the 

United Kingdom [53], reflecting strong consumer demand (and also astute marketing) [54-56]. 

While not yet as widely known as New Zealand Manuka honey, Western Australian Jarrah 

honey, derived from Eucalyptus marginata trees endemic to the South West of the state and 

appreciated by consumers for its distinct taste, high antibacterial and antioxidant activity, also 

yields significantly higher market prices compared to multifloral honeys produced in Western 

Australia [57]. In light of these examples it is obvious that marketing a honey based on its 

monofloral status can have many advantages, but requires appropriate authentication methods 

as otherwise the industry might be plagued by adulteration and mislabelling scandals that will 

erode consumer confidence. This has already been demonstrated in media reports of allegedly 

adulterated honey in Australian supermarkets [58] and the fact that more NZ Manuka honey is 

sold worldwide than is produced [55]. 
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There are a number of organoleptic, physical and chemical authentication methods that are 

currently employed by the honeybee industry. They all differ in complexity and confidence 

levels and also all face their own specific challenges. 

Authentication methods can be based on: 

i. Organoleptic characteristics 

ii. Physical parameters 

iii. Pollen analysis (melissopalynology)  

iv. Identification and tracking of chemical marker compounds and metabolomes  

v. Sugar composition, especially the honey’s specific fructose to glucose ratio 

The analysis of sugar composition, in particular, is also an important approach to detect pre-

harvest adulterations (i.e. feeding bees sugar syrup solutions) and post-harvest adulterations 

(e.g. addition of water, high fructose corn syrup or other sugars) [2, 59, 60], which will be 

discussed in more detail in Chapter 3. 

1.3.1.1 Authentication based on organoleptic characteristics 

Some monofloral honeys are characterised by their very distinct taste, aroma, colour and 

crystallisation behaviour, which support an organoleptic approach to their authentication. 

However, this is not without challenges as in light of the fact that honeys are very rarely 100% 

monofloral [61] it is difficult to define cut-off points for these parameters to determine at what 

level the honey no longer can be considered monofloral. Depending on the uniqueness of the 

organoleptic profile it might also be challenging to distinguish honeys of different floral 

origins. Moreover, organoleptic properties can be influenced not only by the presence of co-

flowering nectars, but also processing and storage conditions. Raw honeys, for example, tend 

to crystallise more rapidly than processed honeys, making the crystallisation behaviour a 

somewhat arbitrary authentication characteristic. Furthermore, the interpretation of 
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organoleptic characteristics naturally varies from person to person, hence the confidence level 

of organoleptic honey authentication is very low [35]. 

1.3.1.2 Authentication based on physical parameters 

A very simple approach to authentication can be physical, in the sense that beekeepers observe 

the behaviour of bees and place hives near melliferous plants they intend to target for their 

honey production. However, this approach is plagued by very low levels of confidence, as it 

hinges on the beekeepers’ ability to correctly identify the respective flowering plants. 

Moreover, beekeepers cannot restrict the movement and foraging behaviour of bees. As highly 

intelligent creatures, bees can fly up to 14 km in a day (though their usual range is 2 – 3 km) 

[62], so they can actively select from which plant to harvest nectar and will be driven in their 

decision not necessarily by proximity but by taste and / or nutritional preferences [63, 64]. 

Bees’ foraging behaviour depends on a number of factors including bee species, melliferous 

plant species, the nutritional value of the respective nectar and pollen, the time of day, weather 

conditions, geographical circumstances and the bee colony’s general health [65, 66]. As natural 

pollinators, native bees, for example have evolved with flower species and are known to prefer 

native flowers over invasive and introduced species. It is also well demonstrated that the 

nutritional value of nectar and pollen varies widely between different flower species [67-69]. 

Thus, bees actively decide which melliferous plants they visit in accordance with their 

nutritional demands. In times of high energy needs, bees prefer high sugar containing nectars 

and generally tend to visit flowers that produce abundant amounts of nectar. For growth, 

immunity and maintaining a healthy bee colony, however, bees visit flowers rich in pollen as 

flower pollen, compared to flower nectar, contains much higher levels of proteins, fats and 

vitamins [70, 71]. Certain species of melliferous plants secrete nectar mainly at certain times 

in the day [67, 72] and due to possible changes in weather condition, bees also have to adapt 

their collecting behaviour in sync with peak nectar secretion periods.  
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1.3.1.3 Authentication based on pollen analysis 

Another popular method of authentication is quantifying flower pollen as natural contaminants 

of honey [47]. The rationale for this approach is that while visiting a flower for nectar 

collection, bees will naturally be exposed to the flower’s pollen and thus these pollen grains 

can subsequently be found in honey as evidence of the honey’s floral nectar origin. Identifying 

pollen grains in honey, an approach commonly known as melissopalynology, is a popular 

method of authentication [73, 74]. In melissopalynological analysis, the pollen grains present 

in honey are counted and a cut-off point method is commonly adopted for authentication, i.e. 

if certain pollen grains are present at (or above) a certain percentage (usually 45% or above) 

[75, 76] then the honey is considered to be derived from that particular species. This approach 

is, however, questioned by parts of the industry and academic circles where it is argued that as 

a natural contaminant, flower pollen is unrelated to the chemistry of the honey. The pollen 

characteristics of honeys can easily be manipulated by the bees or by fraudulent beekeeping 

activities. Critics of this authentication method argue that bees can visit flowers which only 

produce nectar but no pollen (e.g. some thyme flowers) [77] or flowers that only produce pollen 

but no nectar (e.g. kiwifruit - Actinidia deliciosa) [78]. Furthermore, in some species pollen 

grains are inaccessible to bees during nectar collection (e.g. Rewarewa - Knightia excelsa and 

Tawari - Lxerba brexioides) [77] and honeys produced from extrafloral nectaries (e.g. cotton - 

Gossypium hirsutum, rubber trees - Hevea brasiliensis and castor-oil plants - Ricinus 

communis) naturally do not contain any pollen on which the honey’s authentication could be 

based. Moreover, as discussed above in more detail, bees can actively choose to collect nectar 

from one species and pollen from another, driven by their specific nutritional needs [61, 63, 

79, 80]. Such behaviour can be expected to be more common in botanically rich areas which 

offer a diverse range of melliferous species. Honeys produced in such areas might thus be more 

difficult to be authenticated on the basis of pollen analysis compared to honeys harvested from 
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monocultures (e.g. canola/rape, clover pasture). Moreover, bees can remove pollen while 

storing collected nectar in their honey stomach [4, 5, 81], they can also, accidentally or 

deliberately, add pollen during the honey’s maturation processes (see Figure 1.1) and pollen 

grains can further be added to honey as airborne particles [47]. Beekeeping practices can also 

play a critical role in the pollen profile of honeys, like feeding pollen to bees, mixing different 

frames of honeys or even extracting honeys from different hives during honey collection [61]. 

Next to these external factors, the actual microscopic authentication of pollen grains can itself 

be challenging. In some cases, different species of flower pollen are indistinguishable when 

viewed under a light microscope (e.g. Manuka - Leptospermum scoparium and Kanuka - 

Kunzea ericoides) [82]. In light of the above challenges, specifically for honeys harvested from 

botanically rich areas, it can be argued that melissopalynology might be more suited to the 

identification of the range of melliferous plants flowering at the time of nectar collection and 

thus should be seen more as an indicator of the geographical area and time of collection than 

as a honey authentication tool. With this, the level of confidence in pollen analysis as an 

authentication tool for certain honeys is, thus, relatively low. 

1.3.1.4 Authentication based on chemical marker compounds 

The authentication of honeys can also be based on chemical analyses, one of the most popular 

methods of chemical authentication being the detection and quantification of unique marker 

compounds for specific honeys. Table 1.2 summarises some of these chemical markers and the 

adopted analytical method. 
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Table 1.2 Examples of specific chemical marker compounds in honeys 

Honey Marker 

compounds 

Instrumentation Ref. Drawbacks 

Manuka  

(Leptospermum 

scoparium) 

Methylglyoxal 

(MGO), 

Leptosperin 

Fluorescence 

spectroscopy, High-

Performance Liquid 

Chromatography 

(HPLC) − MS/MS 

[83-

86] 

MGO also found in 

Australian Jelly Bush 

Honey 

(Leptospermum 

polygalifolium) [87] 

Methyl syringate 

(MSYR) and 

leptosin (methyl 

syringate 

4-O-β-D-

gentiobiose) 

 [86, 

88] 

Methyl syringate also 

found in Robinia 

(false acacia) and 

Rape honeys [45] 

Gallic acid Ultra-Performance 

Liquid 

Chromatography 

(UPLC) – PDA -

MS/MS 

[89] Also found in Acacia 

and Sage (Salvia 

officinalis) honeys 

[90] 

Sunflower  

(Helianthus 

annuus) 

Quercetin High-Performance 

Liquid 

Chromatography 

(HPLC) 

[91] Also found in Manuka 

honey [92] 
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Acacia  

(Robinia 

pseudoacacia) 

Chlorogenic acid  Liquid 

Chromatography (LC) 

- ECD 

[93] Also found in Mint 

honey [40] 

Rapeseed  

(Brassica spp) 

Ellagic acid Liquid 

Chromatography (LC) 

- ECD 

[93] Also found in Heather 

honey [91] 

Chaste  

(Castanea 

sativa) 

Ferulic acid, 

morin, 

kaempferol 

High-Performance 

Liquid 

Chromatography 

(HPLC)–DAD–

MS/MS 

 

[94] Ferulic acid also 

found in Chestnut, 

Sunflower, Lavender 

and Acacia honeys 

[91]; morin found in 

Rapeseed honey [9]. 

Citrus  

(Citrus sinensis) 

Hesperetin High-Performance 

Liquid 

Chromatography 

(HPLC) 

[95] Also found in Sage 

honey [40] 

Rosemary  

(Rosmarinus 

officinalis) 

Kaempferol High-Performance 

Liquid 

Chromatography 

(HPLC) 

[96] Also found in Chaste 

honey, Manuka [92] 

and Sage honeys [40] 

Heather  

(Erica spp) 

Abscisic acid, 

ellagic acid 

High-Performance 

Liquid 

Chromatography 

(HPLC) 

[97] Also found in 

Rapeseed, Lime (Tilia 

europaea) and Acacia 

honeys [91] 
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Strawberry tree  

(Arbutus unedo) 

Homogentisic 

acid 

High-Performance 

Liquid 

Chromatography 

(HPLC) -DAD/MS 

[98]  

Lavender  

(Lavandula spp) 

Naringenin, 

luteolin 

Capillary zone 

electrophoresis 

[99] Naringenin also found 

in Rapeseed honey [9] 

Acacia  

(Robinia 

pseudoacacia) 

Kaempferol, 

rhamnosides, 

Ferulic acid, 

abscisic acids 

High-Performance 

Liquid 

Chromatography 

(HPLC) 

[91] Kaempferol also 

found in Chaste, 

Manuka [92], and 

Sage honeys [40] ; 

Abscisic acid also 

found in Rapeseed, 

Lime tree and Acacia 

honeys [91] 

Thyme  

(Thymus 

capitatus) 

Rosmarinic acid Capillary zone 

electrophoresis 

[99] Also found in Sage 

honey [90] 

 

As can be seen from the examples presented in Table 1.2, a major drawback of authentication 

on the basis of chemical markers is that these compounds might not be unique to the specific 

honey but are also found in other honeys. They might also be present in only low quantities 

and thus might be difficult to reliably detect. Moreover, it is relatively easy to add a specific 

marker compound to a honey, which would be an adulteration nearly impossible to detect if 

the authentication is purely based on the detection and quantification of this single compound. 
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In this light, chemical authentication based on certain marker compounds also presents with 

relatively low levels of confidence.  

1.3.1.5 Authentication based on sugar composition  

Another very easy and popular approach of chemical authentication is the detection and 

quantification of major and minor sugars present in honey. Some sugars can be used as unique 

marker compounds, for instance melezitose as a marker of honeydew honey and trehalulose of 

stingless bee honey as they are only found in detectable quantities in these specific honeys [44]. 

But even the quantification of the ubiquitous honey sugars fructose and glucose can assist in 

honey authentication. As glucose is less soluble in water than fructose, honeys with low 

fructose to glucose (F/G) ratios tend to crystallize rapidly. Certain honeys have characteristics 

F/G ratios, for example, Jarrah honey typically has a F/G ratio of above 1.6, which can be used 

in honey authentication. However, there is no cut-off point determined for what is considered 

a typical F/G ratio of specific honeys, and honeys of different floral origin might have very 

similar fructose to glucose profiles, rendering their F/G ratio unsuitable for honey 

authentication. Furthermore, a honey’s F/G profile can easily be manipulated by adding sugars 

or sugar syrups (an activity known as post-harvest adulteration) or by feeding bees sugar 

solutions (i.e. pre-harvest adulteration).  

There are also other chemical tests that can be performed to authenticate honeys, such as the 

determination of its electric conductivity, pH, mineral content, phenolics and flavonoid 

signature and associated performance in antioxidant assays (e.g. Ferric Reducing Antioxidant 

Power (FRAP), 2,2′-diphenyl-1-picrylhydrazyl Radical (DPPH)), but these approaches are 

vaguely defined and there are no clear cut-off point values to assist with authentication and the 

definition of what constitutes a particular monofloral honey.  
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1.3.2 Quality Control of Honeys 

Organisations like Apimondia, the International Federation of Beekeepers' Associations and 

other organisations working within the apicultural sector, as well as the Codex Alimentarius 

Commission, which has published a specific standard for honey [14, 100], are mainly 

concerned with quality control aspects other than the authentication of honeys’ nectar origins. 

They stipulate a number of simple physico-chemical tests (Table 1.3) that need to be performed 

to ascertain the quality of honeys. In essence, these tests confirm that the product in question 

is honey and that it is safe to be consumed.  

Table 1.3 Physico-chemical quality control parameters and their corresponding values [14, 

100] 

Parameter Value Exceptions 

Moisture ≤ 20% W/W Heather honey (≤ 23% W/W) 

Fructose and Glucose 

Content (sum of both) 

≥ 60% W/W Honeydew honey, blends of honeydew 

honey with blossom honey (≥ 45% W/W) 

Sucrose Content ≤ 5% W/W ≤ 10% W/W: Alfalfa (Medicago sativa), 

Citrus spp., False Acacia (Robinia 

pseudoacacia), French Honeysuckle 

(Hedysarum), Menzies Banksia (Banksia 

menziesii), Red Gum (Eucalyptus 

camaldulensis), Leatherwood (Eucryphia 

lucida), Dwarf Leatherwood (Eucryphia 

milliganii) honey 

 

≤ 15% W/W: Lavender (Lavandula spp.), 

Borage (Borago officinalis) honey 
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Water insoluble content ≤ 0.1% W/W Pressed honeys (≤ 0.5% W/W) 

Free acidity ≤ 50 mEq acid /kg  

Diastase activity ≥ 8 Schade units Low natural enzyme content honeys (≥ 3 

Schade units) 

5-Hydroxymethylfurfural 

(HMF) content 

≤ 40 mg/kg Honeys from regions with tropical 

ambient temperatures and blends of these 

honeys (≤ 80 mg/kg) 

Electrical Conductivity ≤ 0.8 mS/cm Honeydew and Chestnut honeys (≥ 0.8 

mS/cm) 

 

The above mentioned physico-chemical parameters can be analysed by various 

instrumentations and scientific methodologies. Some parameters can be determined quite 

easily, others require more complex and expensive instrumentation. A multitude of analytical 

methods are currently employed, each addressing particular aspects of honey quality and each 

facing its own set of challenges (Table 1.4). 

Table 1.4 Common analytical approaches to assess honey quality 

Instruments Parameters Ref. Challenges / Drawbacks 

High-Performance 

Liquid Chromatography 

(HPLC) 

(including hyphen 

techniques such as 

HPLC - RID, HPLC - 

Phenolic 

acids - marker 

[40, 89, 

91, 92, 

94-98] 

• Special sample preparation 

required 

• Long analysis time [101, 102] 

• Low detection limit for sugars 

• Not suitable to differentiate 

between honeys [103] 

Organic 

Acids 

[104] 

Protein and 

amino acids 

[28, 29, 

105] 
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ELSD, HPLC - DAD, 

HPLC - DAD/MS)  

Sugars [19, 39, 

106-108] 

Gas Chromatography 

(GC) 

(including hyphen 

techniques such as GC-

FID, GC-MS) 

Volatile 

components 

[109-114] • Special sample preparation 

required [115] 

• Expensive instrumentation 

• Not suitable for regular quality 

control purposes 

• Complex chromatograms and 

high degree of peak overlaps 

[102] 

 

Sugars [16, 116, 

117] 

Nuclear Magnetic 

Resonance (NMR) 

Spectroscopy 

Phenolic 

acids - marker 

[98] • Special sample preparation 

required 

• Expensive instrumentation [101] 

• Not suitable for regular quality 

control purposes [103] 

• High operational costs [101] 

• Spatial reference database 

required 

• Expert personnel for data 

interpretation required [101] 

Sugars [118, 

119] 

Non-specific [120-123] 

Infra-Red (IR) 

Spectroscopy 

Sugars or 

Non-specific 

[124-130] • Limited analytical capacity (only 

suitable for detection / 

quantification of sugars)  



20 
 

• Not always able to discriminate 

between different honeys 

Fourier Transfer 

Infrared (FT-IR) 

Spectroscopy 

Sugars or 

Non-specific 

[17, 126, 

131-135] 

• Limited analytical capacity (only 

suitable for detection / 

quantification of sugars)  

• Not always able to discriminate 

between different honeys [103] 

Isotope Ratio Mass 

Spectroscopy (IRMS) 

Sugars or 

13C/12C 

isotope ratio 

[136-146] • Limited analytical capacity (only 

suitable for detection / 

quantification of sugars)  

• Not always able to discriminate 

between different honeys 

Fluorescence 

Spectroscopy 

Sugars [147, 

148] 

 

Laser-Induced 

Breakdown 

Spectroscopy 

Non-specific [149, 

150] 

• Expensive instrumentation 

• Not suitable for regular quality 

control purposes 

X-Ray Spectroscopy Non-specific [151] • Expensive instrumentation 

• Not suitable for regular quality 

control purposes 

 

As can be seen from the information provided in Table 1.4, multiple analytical methods are 

currently in use for honey analysis. They are, however, often limited in their general use and 

might only address a particular aspect of the chemical analysis of honey (e.g. used only for 
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sugar analysis). Moreover, many approaches rely on relatively expensive equipment and highly 

trained operators for the analysis itself and/or the ensuing data interpretation.  

In light of this, it can be seen as advantageous to develop a comprehensive suite of analyses 

that address various aspects of honey authentication and quality control using a single 

instrument only. Ideally such an approach should also be based on simple sample preparation, 

convenient and basic instrumental operation and simple data analysis. As will be demonstrated 

in this thesis, High-Performance Thin Layer Chromatography (HPTLC) fulfils these 

requirements and thus offers a novel, convenient and versatile approach to honey analysis. 

1.3.3 High-Performance Thin Layer Chromatography (HPTLC) as a novel honey 

authentication and quality control tool  

High-Performance Thin Layer Chromatography (HPTLC) is a sophisticated, yet easy and 

convenient to use technique for the analysis of natural products. Over the past decades planar 

chromatography has progressed from a semi-quantitative technique (i.e. Thin-Layer 

Chromatography, TLC) to a semi-automated analysis suite with a wide range of qualitative and 

quantitative analysis capabilities (i.e. HPTLC) [152, 153]. Planar chromatography is a form of 

liquid chromatography where a suitable liquid mobile phase transports a mixture of substances 

across a flat stationary phase. The separation of individual substances from the mixture is based 

on their different affinities to the mobile and stationary phase. As the separation takes place 

inside a close development chamber, a third, gaseous phase also influences the 

chromatographic process. The position of the separated compounds on the stationary phase at 

completion of the experiment is communicated as Retention Factor (Rf), defined as the ratio 

of the movement of the substance and that of the mobile phase [154, 155].    

A typical HPTLC process consists of (semi)automated sample application, development, 

scanning of the plate and data analysis. The use of high quality HPTLC plates and the ability 
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to control and automate crucial analysis steps (e.g. sample application, development, 

derivatisation) combined with fully automated image analysis allows for qualitative and also 

quantitative analyses with high levels of repeatability, precision and accuracy. While its 

usefulness has been demonstrated for the qualitative and quantitative analysis of a wide range 

of botanicals [156-163], only a limited number of HPTLC studies have been carried out using 

honey [48, 164-169]. 

The overarching aim of this thesis is to explore the use of HPTLC in honey analysis. As an 

increasingly popular analytical method in natural product chemistry, HPTLC was hypothesised 

to be also a powerful tool for honey analysis, given its complex chemical composition. The 

anticipated benefits of developing novel HPTLC analytical approaches to honey analysis are 

the relatively low consumable costs and high sample throughput because of the possibility of 

applying multiple samples and standards in a single run. The instrumentation is also easy to 

use and provides rapid turnaround because development times are generally very short. The 

possibility of multiple detection modes and specific derivatisation using the same plate [170, 

171] also make HPTLC analysis a potentially very useful complementary analytical method 

for honey quality control, in particular in an industrial setting.  

This thesis focuses specifically on the HPTLC analysis of honeys produced in Western 

Australia. A brief snapshot of its geographical context is provided in the following section. 

1.4 Biogeographic Characteristics of Western Australia 

Western Australia (WA) with its unique biogeographic characteristics as a temperate mesic 

zone surrounded by oceans and deserts is extraordinarily rich in endemic flora and is home to 

eight of Australia’s 15 biodiversity hotspots (Figure 1.2) [172]. Across the Australian continent 

there are approximately 18,800 flowering plants of which 93.25% are endemic [173]. 
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Furthermore, about 2,000 species of native bees are found in Australia, approximately 800 of 

them in WA, many of them are endemic to Australia’s largest state [174].  

 

Figure 1.2 Western Australian Biodiversity Hotspots: 8 - Fitzgerald River Ravensthorpe, 9 - 

Busselton Augusta, 10 - Central and Eastern Avon Wheatbelt, 11 - Mount Lesueur-Eneabba, 

12 - Geraldton to Shark Bay Sand Plains, 13 - Carnarvon Basin, 14 - Hamersley-Pilbara, and 

15 - North Kimberley  

The European honeybee, Apis mellifera, is extensively cultivated for commercial honey 

production. In 2014-15, the honey industry in Australia had an estimated gross value of 

production of AU$ 101 million [175]. Western Australia plays a vital role in Australia’s honey 

industry, not only because about 1,730 of Australia’s 13,390 registered beekeepers reside in 
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the State [175], but also because the honeys produced in WA are of very high quality; as one 

of very few regions in the world where honey is commercially produced, WA is (still) free of 

Varroa mite infestations, which elsewhere necessitate pesticide treatment of bee hives, 

potentially leading to traces of pesticides in honey. However, despite this commercial 

importance and WA honeys’ ‘green and clean’ image, there are very few published studies 

describing the phytochemical profile and potential bioactivity of WA honeys. This translates 

into a significant gap in current knowledge on the phytochemical characteristics, authentication 

and quality control of these honeys, which this thesis aims to address. 

 

1.5 Research Objectives 

1. To develop and validate HPTLC fingerprinting for reliable, convenient and rapid 

authentication of the floral source of Western Australian honeys; 

2. To compile an HPTLC fingerprint and chromatogram database of Western Australian 

honeys for future reference; 

3. To develop and validate HPTLC based quality control tools for rapid and reliable 

quantification of sugars, and detection and quantification of sugar adulterants as well as 

building a prediction-based model using HPTLC-multivariate data analysis; 

4. To correlate HPTLC fingerprints to phytochemical parameters and bioactivity data of 

honeys and to determine whether changes to these characteristics are reflected and thus 

trackable in the respective HPTLC fingerprints and chromatograms; 

5. To assess HPTLC as a rapid and reliable in-process analytical tool for quality control of 

honeys.  

 

  



25 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



26 
 

 

CHAPTER 2 
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2.1 Executive Summary 

As outlined in greater detail in the introduction (Chapter 1), honey is produced from flower 

nectar and its chemical composition is therefore directly linked to its floral origin. While it 

might be challenging to discriminate between honeys on the basis of their sugar composition, 

given that most complex nectar sugars are broken down by bee enzymes into simple sugars 

(mainly glucose, fructose and to a lesser extent sucrose and maltose), the non-sugar fraction of 

honey offers a distinct point of difference. Each honey is characterised by a specific non-sugar 

constituent profile [167, 169], derived from its nectar source, which can be used to authenticate 

its floral origin. With the analysis of 423 Western Australian honeys, this chapter demonstrates 

that an analysis of honeys’ non-sugar fraction by High-Performance Thin Layer 

Chromatography (HPTLC), when coupled with suitable background metadata (e.g. hive 

location, collection date), is suitable to determine or confirm their predominant nectar source. 

The generated data in the form of key identification bands that can be considered the respective 

honey’s distinct floral HPTLC signature, can thus be employed as a honey authentication tool. 

This novel HPTLC fingerprinting technique has been used to start building a Western 

Australian honey library, which currently serves as a template for the establishment of a future 

Australia wide honey library under the stewardship of the Cooperative Research Centre for 

Honey Bee Products (CRC HBP) (http://traceability.crchoneybeeproducts.com/batch0002/) 

and BQUAL, established by the Australian Honey Bee Industry Council (AHBIC) as an 

independently developed and audited safety program (http://bqual.com.au/About).  

As HPTLC fingerprinting could be seen to challenge pollen analysis as an authentication 

technique for determining a honey’s nectar origin, this chapter also presents the major 

drawbacks of melissopalynology as a widely employed approach to honey authentication in 

the specific context of Western Australian honeys harvested from areas of rich botanical 

diversity. A member of the Bee Industry Council of WA (BICWA) supplied eleven honey 
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samples along with their pollen analysis report to our laboratory. Based on their 

melissopalynological analysis, five honeys were classified as Jarrah (Eucalyptus marginata) 

honey, five as Blackbutt (Eucalyptus patens) honey and one as being of mixed floral origin. A 

thorough investigation was conducted on these eleven honeys, including the recording of their 

main physico-chemical parameters and antioxidant properties alongside the HPTLC profile of 

their organic extracts. The investigation could demonstrate that despite their 

melissopalynological classification into two honey groups, there was no statistically significant 

chemical or bioactivity difference between these eleven samples. The finding was further 

supported by consistent HPTLC profiles, allowing to conclude that the honeys were all from 

the same predominant floral origin, thus drawing into question the value of pollen analysis as 

a honey authentication tool. The findings of this study were published as a peer-reviewed 

research article in Current Research in Food Science.  

Despite consistency in their HPTLC fingerprinting patterns, as natural products the chemical 

composition of honeys of the same predominant floral origin still presents some minor 

variations, not least because honeys are rarely truly monofloral and there will, thus, always be 

evidence of minor co-flowering nectars in the form of additional HPTLC bands in the obtained 

fingerprint. It is therefore very important to develop a reference standard, representative of a 

honey from a particular predominant floral origin, to assist with honey authentication efforts. 

As part of this thesis, a novel approach based on HPTLC analysis of honeys’ non-sugar 

fractions coupled with multivariate data analysis was developed to tackle these challenges. 

Using the iconic Western Australian Jarrah (E. marginata) honey as a case example, this novel 

approach was published as a peer reviewed journal article in PLOS ONE. 
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In summary, this chapter presents 

1) the HPTLC fingerprints of the non-sugar fraction of 423 Western Australian honeys, and 

the typical HPTLC signatures derived from these fingerprints that can be used as an 

authentication tool for WA honeys; 

2) the peer-reviewed critique on pollen analysis as a honey authentication tool, specifically in 

the context of WA honeys derived from botanically rich natural areas; 

3) the peer reviewed research paper on the preparation of a dynamic reference standard for 

the authentication of honey (and by extension also other natural products).  

 

 

2.2 Research Objectives 

With the information provided in this chapter, the following research objectives of this PhD 

study are addressed: 

Objective 1: Develop and validate HPTLC fingerprinting for reliable, convenient and rapid 

authentication of the floral source of Western Australian honeys. 

Objective 2: Compile an HPTLC fingerprint and chromatogram database of Western 

Australian honeys for future reference. 
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2.3 Introduction 

Being home to eight of Australia’s fifteen biodiversity hotspots [172], the endemic flora of 

Western Australia (WA) offers many possibilities for obtaining unique monofloral honeys. 

Prominent examples, and popular among consumers in the State and beyond, are Jarrah 

(Eucalyptus marginata), Marri (Corymbia calophylla), Redbell (Calothamnus spp.), Karri 

(Eucalyptus diversicolor), Powderbark (Eucalyptus accendes) and Wandoo (Eucalyptus 

wandoo) honeys [41]. As briefly mentioned in the introduction chapter (Chapter 1), Western 

Australian honeys, sourced from the State’s pristine forests and other botanically rich and 

diverse areas, tend to be appreciated as being ‘clean and green’ and also as unique honeys, 

being derived from the State’s often endemic flora. Unlike Manuka (Leptospermum spp.) 

honey, WA Jarrah and Marri honeys, for example, have been found to be so-called peroxide 

honeys, with their antibacterial properties mainly being related to the enzymatic generation of 

hydrogen peroxide [176, 177]. However, very little is known about the chemical composition, 

bioactivity profile and thus potential future therapeutic use of these and other WA monofloral 

honeys. In order to support the Western Australian beekeeping industry, it is therefore 

paramount to collate scientific data on the wide range of often unique WA honeys.  

In recent years, High-Performance Thin-Layer Chromatography (HPTLC) has been 

increasingly recognised as a powerful analysis tool for the qualitative and quantitative analysis 

of natural products and phytomedicines [178]. It facilitates the separation and potentially also 

quantification of various constituents using a semi-automated set-up. A typical HPTLC 

instrumentation consists of (semi-)automated sample application, development, scanning of the 

plate and data analysis [179]. The use of high-quality HPTLC plates and the ability to control 

and automate crucial analysis steps (e.g., sample application, development, and derivatisation) 

combined with fully automated image analysis allows for qualitative and also quantitative 

analyses with high levels of repeatability, precision and accuracy. Scanning of the plate or 
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visualisation of the separated constituents is normally carried out at white light, 254 nm and/or 

366 nm with or without derivatisation. The usefulness of the technique has been demonstrated 

for the qualitative and quantitative analysis of a wide range of botanicals [180]. 

This PhD project has contributed to this task by carrying out HPTLC fingerprinting of 423 WA 

honeys. In combination with data on their physicochemical characteristics (e.g. pH, colour, 

water content) and bioactivities (antibacterial, antioxidant), the collated information can be 

used as the basis for future, more in-depth investigations of select honeys with unique chemical 

signatures and / or high levels of bioactivities and thus therapeutic potential. 

 

2.4 Materials and Methods 

2.4.1 Collection of Western Australian honeys   

In total, 423 Western Australian honeys from a variety of floral sources and collected over 

several flowering seasons, most of them considered monofloral by beekeepers, have been 

obtained since 2017 under the umbrella of the Cooperative Research Centre for Honey Bee 

Products (CRC HBP) in collaboration with the Bee Industry Council of Western Australia 

(BICWA). The honeys were assigned a unique reference number to allow ongoing tracking 

and data linkage, and details on the honeys provided by the beekeepers (e.g. date of harvest, 

location, most likely floral source) were also recorded. The initial identification of the honeys 

in terms of their predominant floral origin was performed by the beekeepers, mainly based on 

the availability of flowering nectar, the honeys’ organoleptic characteristics and the location of 

the apiary / hives at the time of harvest. The honey samples were stored in glass containers at 

room temperature protected from light until analysis.  
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Figure 2.1 Biogeographic Subregions of Western Australia (total number 53) [181] 

 

Table 2.1 Western Australian honey collection summary 

Sample Code Common name and botanical name as provided by 

beekeeper 

Number 

of samples 

ACA Acacia (Acacia acuminate) 1 

ALM Almond (Prunus dulcis) 1 

BAG Bull Banksia (Banksia grandis) 1 

BAM Menzies Banksia (Banksia menziesii) 10 

BAN Banksia sp. 5 

BAP Orange Banksia (Banksia prionotes) 1 

BAS Parrot Bush (Banksia sessilis)  16 
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BAV Banksia victoriae 1 

BLA Blackbutt (Eucalyptus patens) 13 

BLC Coastal Blackbutt (Eucalyptus todtiana) 9 

BLG Goldfields Blackbutt 1 

BLO Bloodwood (Corymbia zygophylla) 4 

BRO Brown Mallet (Eucalyptus astringens) 5 

BUL Bullich (Eucalyptus megacarpa) 1 

CAL Callistemon (Callistemon spp.) 8 

CAN Canola (Brassica napus) 3 

CAP Capeweed (Arctotheca calendula) 1 

CHA Chamelaucium 1 

CLI Clivicola (Eucalyptus clivicola) 1 

COA Coastal (most likely multifloral) 3 

ERE Eremophila  3 

EUC Eucalyptus (Eucalyptus spp.) 9 

FLO Flooded Gum (Eucalyptus rudis) 2 

GIM Gimlet (Eucalyptus salubris) 1 

GOL Goldfields (most likely multifloral) 8 

GRE Grevillea (Grevillea spp.) 3 

JAR Jarrah (Eucalyptus marginata) 58 

KAR Karri (Eucalyptus diversicolor) 24 

LEP Leptospermum (Leptospermum spp.) 19 

LOP Lophostemon (Lophostemon confertus) 2 

MAL Mallee  10 
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MAR Marri (Corymbia calophylla) 38 

MEL Melaleuca  9 

MER Merrit (Eucalyptus flocktoniae) 3 

MOO Moort (Eucalyptus platypus) 10 

MUL Multifloral 9 

NUY Nuytsia floribunda 1 

ORA Orange Blossom (Citrus sinensis) 1 

PEA Field Pea (Pisum sativum) 1 

PEP Peppermint (Agonis flexuosa) 24 

POW Powderbark (Eucalyptus accedens) 15 

RED Red Bell (Calothamnus spp.) 11 

SCH Scholtzia  2 

SPO Spotted Gum (Corymbia maculata) 1 

SPR Spring (most likely multifloral) 4 

TAG Tagasaste (Cytisus proliferus) 3 

TAX Taxandria  1 

TED Tedera 3 

TIN Tingle 1 

TUA Tuart 3 

XXX Unknown  6 

WAN Wandoo (Eucalyptus wandoo) 15 

WAT Watermelon (Citrullus lanatus) 4 

WHI Whitegum (Eucalyptus wandoo) 13 

WIL Wildflower (most likely multifloral) 4 
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YAT Yate (ALL) (Eucalyptus cornuta) 13 

YOR York Gum (Eucalyptus loxophleba) 3 

TOTAL 423 

 

2.4.2 Analysis of the Organic Extracts of WA Honeys by High-Performance Thin Layer 

Chromatography 

2.4.2.1 Chemicals and Reagents 

Chemicals and reagents used in this study and their suppliers: Vanillin (Sigma-Aldrich, St. 

Louis, MO, USA), 4,5,7-trihydroxyflavanone (Alfa Aesar, England, UK), silica gel 60 F254 

HPTLC glass plates (20 cm × 10 cm) (Merck KGaA, Darmstadt, Germany), anhydrous 

magnesium sulphate (Scharlau, Barcelona, Spain). Solvents used in this study and their 

suppliers: Methanol (Scharlau, Barcelona, Spain), dichloromethane (Merck KGaA, Darmstadt, 

Germany), ethanol, ethyl acetate and formic acid (Ajax Finechem Pvt Ltd., Sydney, Australia), 

toluene (Asia Pacific Specialty Chemicals Ltd, Sydney, Australia). 

 

2.4.2.2 Standard Solution and Reagent Preparation  

A reference solution of 0.5 mg/mL of 4,5,7-trihydroxyflavanone in methanol was prepared. A 

mixture of toluene: ethyl acetate: formic acid (6:5:1, v/v/v) was used as the mobile phase. A 

vanillin spraying reagent was prepared by adding 2 mL of sulfuric acid to 100 mL vanillin 

solution (1 g/100 mL in ethanol). 

 

2.4.2.3 Honey Extraction 

To prepare the honey extract samples, approximately 1 g of each honey was mixed with 2 mL 

of deionised water in a glass stoppered tube and shaken well to produce a homogenous solution. 

The aqueous honey solution was then extracted three times with 5 mL of dichloromethane. The 
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combined organic extracts were dried at ambient temperature under a fume hood. The dried 

extracts were stored at 4 °C until further analysis. 

 

2.4.2.4 High Performance Thin Layer Chromatography (HPTLC) Fingerprinting 

The dried honey extracts were reconstituted in 100 μL of dichloromethane. Four microliters of 

the reference solution and 5 μL each of the respective honey extracts were applied as 8 mm 

bands at 10 mm from the lower edge of the HPTLC plate at a rate of 150 nL s−1 using a 

semiautomated HPTLC application device (Linomat 5, CAMAG, Muttenz, Switzerland). The 

chromatographic separation was performed on silica gel 60 F254 HPTLC plates (glass plates 20 

× 10 cm, Merck KGaA, Darmstadt, Germany) in a saturated (33% relative humidity) automated 

development chamber (ADC2, CAMAG). The plates were pre-saturated with the mobile phase 

for 5 min, automatically developed to a distance of 70 mm at room temperature and dried for 

5 min. The obtained chromatographic results were documented using a HPTLC imaging device 

(TLC Visualizer 2, CAMAG) under white light, 254 nm and 366 nm, respectively. The 

chromatographic images were digitally processed and analysed using specialised HPTLC 

software (VisionCATS v3.1, CAMAG), which was also used to control the individual 

instrumentation modules. 

After initial documentation of the chromatographic results, each plate was derivatised with 3 

mL of vanillin reagent. The derivatised plates were heated for 3 min at 115 °C (CAMAG TLC 

Plate Heater III) and then cooled to room temperature and analysed under white light and 366 

nm using the HPTLC imaging device. 

 

2.4.2.5 Analysis of HPTLC Data  

The obtained HPTLC fingerprints were carefully analysed for similarities in bands (e.g. Rf 

values, colour) and corresponding peak profiles (e.g. peak intensity ratios). Although at times 
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slight differences in parameters (e.g. peak intensity and height) among honeys from the same 

botanical origin might occur due to external factors such as geographic origin, collection 

season, mode of storage, processing and age of the honey, key marker bands in honeys of the 

same botanical origin can be determined to derive typical HPTLC signatures suitable for honey 

authentication. Based on visual observation key marker bands present in all honeys of the same 

floral source (e.g. Jarrah) were identified. Then, depending on the presence of additional bands 

and the intensity of those potential additional bands, the samples were categorised into three 

groups (a) samples meeting criteria, (b) samples of mixed floral origin (might contain other 

nectar sources), and (c) outliers / mislabelled samples. Those samples which only presented 

the key marker bands were regarded as ‘samples meeting criteria’. Those samples which had 

additional bands along with the key marker bands were regarded as ‘mixed floral origin (might 

contain other nectar sources)’. Samples which did not present the key marker bands, despite 

the beekeepers having identified them as being a particular monofloral honey, were considered 

‘outliers / mislabelled samples’. 

 

2.5 Results 

A total of 423 WA honey samples were collected for this study. Among them, the HPTLC 

images of the organic extracts of 245 honeys in nine different categories were deemed adequate 

to provide consistent organic extract fingerprints and are described in the following sections. 

For the remaining 178 honey samples there were either not enough individual samples in the 

respective categories to derive commonalities or the samples lacked the quality to produce a 

HPTLC profile consistent with the category’s typical organic extract fingerprint. Background 

information and HPTLC fingerprints of these 178 honey samples are included in 

Supplementary Files (Table ST2.1, Table ST2.2, Figure S2.10 - S2.14).  
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2.5.1 HPTLC Analysis of Jarrah (Eucalyptus marginata) Honeys 

2.5.1.1 Floral Description and Distribution 

 

Figure 2.2 Jarrah (Eucalyptus marginata) tree, flowers and buds 

(Source: florabase.dpaw.wa.gov.au) 

 

Jarrah (Eucalyptus marginata), a tall tree growing to a height of 40 m, is endemic to the south-

west corner of Western Australia. The region has a Mediterranean climate (hot dry summers 

and cold wet winters) with a median annual rainfall between 650 mm and 1300 mm [182]. 

Jarrah trees have leaves 8-13 cm long and curved in shape and they blossom with abundant 

white to creamy flowers. The flowering season typically runs between September and January. 

Pollen quality in support of bee health is excellent [183], except that Jarrah pollen lacks two 

essential amino acids (Isoleucine and Histidine) [69]. 
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2.5.1.2 Sample Collection 

Table 2.2  Jarrah honey samples collected for HPTLC analysis 

Sample Code 
Floral Source as 

provided by Beekeepers 

Biogeographical Region  

(see Figure 2.1) 

JAR-009 Jarrah Northern Jarrah Forest 

JAR-050 Jarrah Northern Jarrah Forest 

JAR-066 Jarrah + Wattle Southern Jarrah Forest 

JAR-068 Jarrah  Northern Jarrah Forest 

JAR-069 Jarrah  Northern Jarrah Forest 

JAR-075 Jarrah Northern Jarrah Forest  

JAR-076 Jarrah Swan Coastal Plain  

JAR-078 Jarrah  No data 

JAR-119 Jarrah Dandaragan Plateau 

JAR-146 Jarrah Swan Coastal Plain /Northern Jarrah Forest 

JAR-147 Jarrah Swan Coastal Plain 

JAR-148 Jarrah Southern Jarrah Forest 

JAR-165 Jarrah No Data 

JAR-169 Jarrah Northern Jarrah Forest 

JAR-172 Jarrah Northern Jarrah Forest 

JAR-173 Jarrah  Northern Jarrah Forest 

JAR-205 

Coastal Black Butt / 

Jarrah  Swan Coastal Plain  

JAR-224 Jarrah Northern Jarrah Forest 

JAR-234 Jarrah Swan Coastal Plain /Northern Jarrah Forest 
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JAR-258 Jarrah Southern Jarrah Forest 

JAR-263 Jarrah  No Data 

JAR-265 Jarrah Northern Jarrah Forest 

JAR-266 Jarrah Northern Jarrah Forest 

JAR-269 Jarrah Northern Jarrah Forest 

JAR-270 Jarrah No Data 

JAR-271 Jarrah  No Data 

JAR-287 Jarrah / Wildflower Northern Jarrah Forest/Southern Jarrah Forest 

JAR-295 Jarrah / Blackbutt Northern Jarrah Forest 

JAR-298 Jarrah Swan Coastal Plain /Northern Jarrah Forest 

JAR-299 Jarrah Swan Coastal Plain /Northern Jarrah Forest 

JAR-300 Jarrah Swan Coastal Plain  

JAR-302 Jarrah Swan Coastal Plain  

JAR-303 Jarrah No Data 

JAR-304 Jarrah No Data 

JAR-305 Jarrah Southern Jarrah Forest 

JAR-306 Jarrah Southern Jarrah Forest 

JAR-313 Jarrah  Northern Jarrah Forest 

JAR-328 Jarrah Southern Jarrah Forest 

JAR-338 Jarrah Northern Jarrah Forest 

JAR-339 Jarrah Northern Jarrah Forest 

JAR-340 Jarrah Northern Jarrah Forest 

JAR-341 Jarrah Northern Jarrah Forest 

JAR-342 Jarrah Northern Jarrah Forest 
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JAR-343 Jarrah Northern Jarrah Forest 

JAR-344 Jarrah Northern Jarrah Forest 

JAR-345 Jarrah Northern Jarrah Forest 

JAR-346 Jarrah Northern Jarrah Forest 

JAR-347 Jarrah Northern Jarrah Forest 

JAR-348 Jarrah Northern Jarrah Forest 

JAR-364 Jarrah Jarrah Forest 

JAR-367 Jarrah / Avocado Southern Jarrah Forest 

JAR-368 Jarrah Southern Jarrah Forest 

JAR-370 Jarrah Jarrah Forest 

JAR-371 Jarrah Jarrah Forest 

JAR-372 Jarrah Jarrah Forest 

JAR-373 Jarrah Jarrah Forest 

JAR-402 Jarrah Northern Jarrah Forest 

JAR-432 Jarrah, Leptospermum Jarrah Forest 

Total 58 

 

2.5.1.3 HPTLC Fingerprints of Jarrah Honeys’ Organic Extracts 

 

a 
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b 

 

c 

 

d 

Figure 2.3 Images taken at (a) 254 nm; (b) 366 nm; (c) White light after derivatisation and (d) 

366 nm after derivatisation with vanillin reagent; Track 1—4,5,7-trihydroxyflavanone, Track 2 

- 59— JAR; 5 µL honey extracts respectively (high resolution images are attached as 

Supplementary Figure S2.1) 

 

Table 2.3 Visual Analysis of Jarrah Honey Fingerprints 

JAR Eucalyptus marginata 

Key marker 

bands 

254 nm developed One dark band at RF 0.40 is dominant 

366 nm developed Two distinct bands at Rf 0.32 (bright blue) and 

at Rf 0.1 (yellow). 

White light 

derivatised 

Two characteristic bands at Rf 0.4 (red) and Rf 

0.23 (dark brown) with an additional very faint 

green band at Rf 0.30 
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366 nm derivatised Five distinct bands at Rf 0.22 (beige), Rf 0.31 

(green), Rf 0.35 (grey); Rf 0.39 (orange 

brown), Rf 0.44 (blue green) 

Signature bands Key identification bands are two characteristic bands at Rf 0.4 (red) and 

Rf 0.23 (dark brown) with an additional very faint green band at Rf 0.30 

at white light, and five distinct bands at Rf 0.22 (beige), Rf 0.31 (green), 

Rf 0.35 (grey); Rf 0.39 (orange brown), Rf 0.44 (blue green) at 366 nm 

derivatised 

Samples 

meeting criteria 

JAR-09, JAR-50, JAR-66, JAR-68, JAR-69, JAR-75, JAR-165, JAR-

169, JAR-172, JAR-234, JAR-258, JAR-263, JAR-265, JAR-266, JAR-

270, JAR-287, JAR-295, JAR-302, JAR-303, JAR-304, JAR-313, JAR- 

328, JAR-338, JAR-340, JAR-342, JAR-343, JAR-344, JAR-345, JAR-

346, JAR-347, JAR-348, JAR-364, JAR-367, JAR-368, JAR-372, JAR-

373, JAR-402, JAR-432 

Mixed floral 

origin (might 

contain other 

nectar sources) 

JAR-76, JAR-78, JAR-119, JAR-146, JAR-147, JAR-148, JAR-173, 

JAR-205, JAR-224, JAR-269, JAR-271, JAR-298, JAR-299, JAR-300, 

JAR-339, JAR-341, JAR-370, JAR-371 

Outliers / 

mislabelled 

samples 

JAR-305, JAR-306 

 

2.5.1.4 Results of HPTLC Analysis of Jarrah Honeys 

A total of 58 Jarrah honey samples, harvested mainly from the Northern Jarrah Forest 

biogeographical region (Figure 2.1), were collected from various beekeepers in WA. Each 
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sample was given a unique identifier code for ease of traceability (Table 2.2). Based on the 

visual inspection of the HPTLC fingerprints of all the collected Jarrah samples in all four light 

conditions (Table 2.3), 38 of them were regarded as meeting the criteria for Jarrah honey and 

18 of them were considered to be of mixed floral origin. They appeared to also contain other 

nectar sources resulting in additional bands in their respective fingerprints. Among those 

samples, JAR-147, JAR-147, JAR-148, JAR-271, JAR-339 and JAR-341 appeared to contain 

Banksia sessilis nectar (evident in two characteristic blue bands at Rf 0.40 and 0.46 at white 

light – see Section 2.5.5: Banksia sessilis HPTLC signature). Samples JAR-305 and JAR-306 

did not present bands typical for Jarrah honey and were thus considered ‘mislabelled’. 

 

2.5.2 HPTLC Analysis of Marri (Corymbia calophylla) Honeys 

2.5.2.1 Floral Description and Distribution 

Marri (Corymbia calophylla), also known as WA Red Gum and distributed throughout the 

coastal and forest areas in Western Australia, is a large tree that can grow up to 40 metres in 

height [183]. Its flowering season spans between February and March [68, 69, 183] with 

commercial honey collection being concentrated between the Dandaragan-Ongerup and 

Albany regions. The pollen quality of Marri to support bee health is considered to be good 

[183].  
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Figure 2.4 Marri (Corymbia calophylla) tree, flowers and buds  

(Source: florabase.dpaw.wa.gov.au) 

 

2.5.2.2 Sample Collection 

Table 2.4  Marri honey samples collected for HPTLC analysis  

Sample Code 
Floral Source as 

provided by Beekeepers 

Biogeographical Region   

(see Figure 2.1) 

MAR-007 Marri Northern Jarrah Forest 

MAR-022 Marri Lesueur Sandplain 

MAR-051 Marri  Northern Jarrah Forest 

MAR-052 Marri Northern Jarrah Forest 

MAR-053 Marri Avon Wheatbelt 

MAR-054 Marri Avon Wheatbelt 

MAR-055 Marri Warren 
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MAR-058 Marri Swan Coastal Plain Perth/Northern Jarrah 

Forest 

MAR-061 Marri Swan Coastal Plain 

MAR-062 Marri Northern Jarrah Forest 

MAR-063 Marri Northern Jarrah Forest 

MAR-065 Marri Northern Jarrah Forest 

MAR-071 Redgum  Northern Jarrah Forest 

MAR-074 Redgum Northern Jarrah Forest  

MAR-117 Marri  Dandaragan Plateau 

MAR-118 Marri / Jarrah  Dandaragan Plateau 

MAR-120 Marri No Data 

MAR-121 Marri / Wildflower mix No Data 

MAR-192 Marri No Data 

MAR-203 Marri Northern Jarrah Forest 

MAR-204 Marri Northern Jarrah Forest 

MAR-212 Marri No Data 

MAR-225 Marri / Redgum Northern Jarrah Forest 

MAR-233 Marri Swan Coastal Plain Perth/Northern Jarrah 

Forest 

MAR-267 Marri  Northern Jarrah Forest 

MAR-309 Marri Dandaragan Plateau 

MAR-315 Marri Swan Coastal Plain 

MAR-316 Marri Swan Coastal Plain 

MAR-322 Marri Northern Jarrah Forest 
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MAR-323 Marri Northern Jarrah Forest/Southern Jarrah 

Forest 

MAR-325 Marri No Data 

MAR-329 Marri Northern Jarrah Forest 

MAR-366 Red Gum Northern Jarrah Forest/Southern Jarrah 

Forest 

MAR-369  Marri Jarrah Forest 

MAR-374  Marri Northern Jarrah Forest/Southern Jarrah 

Forest 

MAR-375  Marri Northern Jarrah Forest/Southern Jarrah 

Forest 

MAR-376  Marri Northern Jarrah Forest/Southern Jarrah 

Forest 

MAR-409 Red Gum (Marri) Warren 

TOTAL  38 

 

2.5.2.3 HPTLC Fingerprints of Marri Honeys’ Organic Extracts 

 

a 
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b 

 

c 

 

d 

Figure 2.5 Images taken at (a) 254 nm; (b) 366 nm; (c) White light after derivatisation and (d) 

366 nm after derivatisation with vanillin reagent; Track 1—4,5,7-trihydroxyflavanone, Track 2 

– 39 — MAR; 5 µL honey extracts respectively (high resolution images are attached as 

Supplementary Figure S2.2) 

 

Table 2.5  Visual Analysis of Marri Honey Fingerprints 

MAR Corymbia calophylla 

Key marker 

bands 

254 nm developed Two bands at Rf 0.40 and Rf 0.46 

366 nm developed One band at Rf 0.32 (dull blue) 
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White light 

derivatised 

Two distinctive bands at Rf 0.4 (bright red) and 

at Rf 0.45 (orange – brown) 

366 nm derivatised Three distinct bands at Rf 0.38 (orange), at Rf 

0.4 (yellow) and at Rf 0.48 (light blue) 

Signature bands Key identification bands are two bands at Rf 0.40 and Rf 0.46 at 254 nm 

developed, two distinctive bands at Rf 0.4 (bright red) and at Rf 0.45 

(orange – brown) at white light derivatised, and three distinct bands at Rf 

0.38 (orange), at Rf 0.4 (yellow) and at Rf 0.48 (light blue) at 366 nm 

derivatised 

Samples 

meeting criteria 

MAR-58, MAR-61, MAR-62, MAR-63, MAR-65, MAR-71, MAR-

117, MAR-118, MAR-120, MAR-121, MAR-192, MAR-203, MAR-

204, MAR-212, MAR-233, MAR-315, MAR-322, MAR-323, MAR-

329, MAR-366, MAR-369, MAR-374, MAR-375 

Mixed floral 

origin (might 

contain other 

nectar sources) 

MAR-52, MAR-53, MAR-54, MAR-55, MAR-74, MAR-267, MAR-

309, MAR-316, MAR-325, MAR-376, MAR-409 

Outliers / 

mislabelled 

samples 

MAR-07, MAR-22, MAR-51, MAR-225 

 

2.5.2.4 Results of HPTLC analysis of Marri honeys 

A total of 38 Marri samples were collected from various beekeepers across WA (Table 2.4). 

Based on the visual inspection of the HPTLC fingerprints of all collected Marri samples in all 

four light conditions, 23 of them were regarded as Marri samples and 11 of them appeared to 
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be contaminated with other nectar sources. Samples MAR-07, MAR-22, MAR-51 and MAR-

225 did not show any of the bands considered typical for Marri honey and were thus considered 

mislabelled. 

 

2.5.3 HPTLC Analysis of Karri (Eucalyptus diversicolor) Honeys  

2.5.3.1 Floral Description and Distribution 

Karri (Eucalyptus diversicolor), which is distributed throughout what is known as the ‘Karri 

areas’ in Karridale, Manjimup, Walpole, Torbay and throughout the Porongorups in WA, is a 

tree that can grow up to 90 m in height. It flowers throughout the year [69, 183] with its floral 

cycle dependant on cumulative rainfall [184]. Its pollen quality to support bee health is 

considered to be poor [183].  

 

Figure 2.6 Karri (Eucalyptus diversicolor) tree and flower buds 

(Source: florabase.dpaw.wa.gov.au) 
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2.5.3.2 Sample Collection 

Table 2.6  Karri honey samples collected for HPTLC analysis  

Sample Code Floral Source as provided 

by Beekeepers 

Biogeographical Region 

(see Figure 2.1) 

KAR-013 Karri Warren 

KAR-122 Karri Warren 

KAR-123 Karri Warren 

KAR-124 Karri Warren 

KAR-145 Karri Warren 

KAR-158 Karri Warren  

KAR-159 Karri Warren  

KAR-160 Karri Warren  

KAR-161 Karri Warren  

KAR-162 Karri Warren  

KAR-163 Karri Warren 

KAR-164 Karri Warren 

KAR-167 Karri, Clover Warren 

KAR-174 Karri Warren 

KAR-178 Karri Warren 

KAR-186 Karri No Data 

KAR-193 Karri Warren 

KAR-202 Karri Northern Jarrah Forest 

KAR-214 Karri No Data 

KAR-221 Karri No Data 
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KAR-226 Karri Warren 

KAR-262 Karri  No Data 

KAR-308 Karri Warren 

KAR-424 Karri Warren 

TOTAL 24 

 

2.5.3.3 HPTLC Fingerprints of Karri Honeys’ Organic Extracts 

 

a 

 

b 
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c 

 

d 

Figure 2.7 Images taken at (a) 254 nm; (b) 366 nm; (c) White light after derivatisation and (d) 

366 nm after derivatisation with vanillin reagent; Track 1—4,5,7-trihydroxyflavanone, Track 2 

- 25— KAR; 5 µL honey extracts respectively (high resolution images are attached as 

Supplementary Figure S2.3) 

 

Table 2.7  Visual Analysis of Karri Honey Fingerprints 

KAR Eucalyptus diversicolor 

Key marker 

bands 

366 nm developed One band at Rf 0.31 (dull blue) 

366 nm derivatised Multiple faint bands at Rf 0.30, Rf 0.36, Rf 

0.47, and Rf 0.56 
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Signature bands Key identification bands are multiple faint bands at Rf 0.30, Rf 0.36, Rf 

0.47 and Rf 0.56 at 366 nm derivatized. 

Samples 

meeting criteria 

KAR-122, KAR-123, KAR-160, KAR-161, KAR-162, KAR-164, 

KAR-174, KAR-226 

Mixed floral 

origin (might 

contain other 

nectar sources) 

KAR-13, KAR-124, KAR-145, KAR-158, KAR-159, KAR-163, KAR-

167, KAR-193, KAR-202, KAR-221, KAR-308 

Outliers / 

mislabelled 

samples 

KAR-178 (may be Jarrah), KAR-187 (probably contaminated Jarrah), 

KAR-193, KAR-214, KAR-262 

 

2.5.3.4 Results of HPTLC analysis of Karri honeys 

A total of 24 Karri honey samples, originating mainly from the Warren biogeographical area, 

were collected from various WA beekeepers (Table 2.6). Visual inspection of the HPTLC 

fingerprints of all collected Karri samples in all four light conditions allowed to conclude that 

8 of them could be regarded as Karri samples, whereas 11 of them seemed to contain other 

nectar sources. Samples KAR-178, KAR-187, KAR-193, KAR-214 and KAR-262 appeared to 

be mislabelled with KAR-178 matching the typical Jarrah HPTLC signature and KAR-187 

being predominantly of Jarrah nectar origin with additional co-flowering nectar sources. 

 

 

 



55 
 

2.5.4 HPTLC Analysis of Red Bell (Calothamnus spp.) Honeys 

2.5.4.1 Floral Description and Distribution 

There are two dominant species of Calothamnus spp. used in honey production, One-Sided 

Bottlebrush (Calothamnus quadrifidus) and Silky-Leaved Blood Flower (Calothamnus 

sanguineus). Calothamnus spp. is an evergreen shrub that can grow to a height of about 1.5 to 

2.5 m [185] with a distribution throughout the South-West and Swan coastal plain of WA. It 

flowers between June and August and offers quality pollen to support bee health [183]. 

  

Figure 2.8 Red Bell (Calothamnus spp.) shrub and flowers 

 (Source: florabase.dpaw.wa.gov.au) 

 

2.5.4.2 Sample Collection 

Table 2.8 Red Bell honey samples collected for HPTLC analysis  

Sample Code 
Floral Source as provided 

by Beekeepers 

Biogeographical Region 

(see Figure 2.1) 

RED-086 Red Bell Swan Coastal Plain 

RED-095 Red Bell  Swan Coastal Plain 

RED-101 Red Bell  Swan Coastal Plain 

RED-102 Red Bell  Swan Coastal Plain 
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RED-103 Red Bell  Swan Coastal Plain 

RED-106 Red Bell Swan Coastal Plain 

RED-134 Calothamnus No Data 

RED-166 Red Bell No Data 

RED-255 Red Bell Swan Coastal Plain 

RED-332 Red Bell Swan Coastal Plain 

RED-412 Red Bell  Swan Coastal Plain 

TOTAL 11 

 

2.5.4.3 HPTLC Fingerprints of Red Bell Honeys’ Organic Extracts 

 

a 
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b 

 

c 
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d 

Figure 2.9 Images taken at (a) 254 nm; (b) 366 nm; (c) White light after derivatisation and (d) 

366 nm after derivatisation with vanillin reagent; Track 1—4,5,7-trihydroxyflavanone,  Track 

2 - 13— RED; 5 µL honey extracts respectively (high resolution images are attached as 

Supplementary Figure S2.4) 

 

Table 2.9  Visual Analysis of Red Bell Honey Fingerprints 

RED Calothamnus spp. 

Key marker 

bands 

366 nm developed Two bands at Rf 0.22 and Rf 0.31 

White light 

derivatised 

Three distinctive bands at Rf 0.30 (faint but 

important to distinguish from other nectar 

sources), Rf 0.41 (dark blue) and Rf 0.48 (light 

blue) 
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366 nm derivatised Three distinct bands at Rf 0.30, Rf 0.35 and Rf 

0.42 (red brown) 

Signature bands Key identification bands are three bands at Rf 0.30 (faint but very 

important for authentication), Rf 0.41 (dark blue), Rf 0.48 (light blue) at 

White light. Note: The fingerprint is very similar to that of Banksia 

sessilis (see Section 2.5.5), but two bands, a faint additional band visible 

at white light (Rf 0.33) and another at 366 nm derivatised (Rf 0.36, light 

green), serve to distinguish between the two honeys. 

Samples 

meeting criteria 

RED-86, RED-95, RED-101, RED-102, RED-106, RED-103, RED-

134, RED-166, RED-332, RED-412 

Mixed floral 

origin (might 

contain other 

nectar sources) 

RED-255 

 

2.5.4.4 Results of HPTLC analysis of Red Bell honeys 

A total of 11 Red Bell honey samples, mainly harvested from the Swan Coastal Plain, were 

collected from various WA beekeepers (Table 2.8). Based on visual inspection of the HPTLC 

fingerprints of all the collected Red Bell honey samples in all four light conditions, 10 of them 

were regarded as Red Bell samples and one of them appeared to contain a different nectar 

source.   
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2.5.5 HPTLC analysis of Banksia (Banksia spp.) Honeys  

2.5.5.1 Floral Description and Distribution 

Several Banksia species can be found in WA, among them Bull Banksias (Banksia grandis), 

Red or Menzies Banksias (Banksia menziesii), Orange Banksias (Banksia prionotes) and a 

species known as Parrot Bush (Banksia sessilis or Dryandra sessilis) [183]. Their flowering 

seasons differ, Bull Banksias are in bloom between September and October, Red or Menzies 

Banksias from March to August, Orange Banksias from February to June and the Parrot Bush 

tends to flower between July and mid-October [183]. Nectar production is often abundant to 

the extent that even birds and some mammals are attracted to the plants to feed [186].  

  
Bull Banksias (Banksia grandis) Red or Menzies Banksias (Banksia 

menziesii) 

  

  
Orange Banksias (Banksia prionotes) Parrot Bush (Banksia sessilis) 

  

Figure 2.10 Banksia (Banksia spp.) tree and flowers  

(Source: florabase.dpaw.wa.gov.au) 
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2.5.5.2 Sample Collection 

Table 2.10  Banksia honey samples collected for HPTLC analysis  

Sample Code 
Floral Source as provided 

by Beekeepers 

Biogeographical Region 

(see Figure 2.1) 

BAN-005 Banksia, wildflower Swan Coastal Plain 

BAS-006 Parrotbush, Hakea trifurcata, 

wildflower 

Swan Coastal Plain 

BAN-016 Banksia, Yate Swan Coastal Plain 

BAG-023 Banksia (Bull) Lesueur Sandplain 

BAM-042 Banksia Dandaragan Plateau 

BAV-048 Banksia (orange) Dandaragan Plateau 

BAP-056 Banksia Swan Coastal Plain 

BAS-079 Banksia Lesueur Sandplain 

BAN-080 Banksia Swan Coastal Plain 

BAM-081 Banksia Swan Coastal Plain 

BAM-082 Banksia Swan Coastal Plain 

BAM-083 Banksia Swan Coastal Plain 

BAS-084 Banksia Swan Coastal Plain 

BAM-085 Banksia Swan Coastal Plain 

BAM-087 Banksia Swan Coastal Plain 

BAS-088 Banksia  Swan Coastal Plain 

BAS-098 Banksia Swan Coastal Plain 

BAM-099 Banksia Swan Coastal Plain 

BAS-104 Banksia  Swan Coastal Plain 
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BAS-107 Banksia  Swan Coastal Plain 

BAS-108 Banksia  Swan Coastal Plain 

BAS-109 Banksia  Swan Coastal Plain 

BAS-112 Banksia  Swan Coastal Plain 

BAM-114 Banksia  Southern Jarrah Forest 

BAM-115 Banksia  Swan Coastal Plain 

BAN-229 Banksia Dandaragan Plateau 

BAS-243 Parrotbush Swan Coastal Plain 

BAS-249 Parrotbush Lesueur Sandplain 

BAS-311 Parrotbush Swan Coastal Plain 

BAS-318 "Dryandra Parrot Bush" 

Hakea 

Swan Coastal Plain 

BAM-331 Banksia menziesii Swan Coastal Plain 

BAN-356 Banksia Heath Esperance Plains / Recherche 

BAS-365 Parrotbush Swan Coastal Plain 

BAS-406 Parrotbush Swan Coastal Plain 

TOTAL 34 

 

2.5.5.3 HPTLC Fingerprints of Banksia Honeys’ Organic Extracts 

 

a 
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b 

 

c 

 

d 

Figure 2.11 Images taken at (a) 254 nm; (b) 366 nm; (c) White light after derivatisation and (d) 

366 nm after derivatisation with vanillin reagent; Track 1—4,5,7-trihydroxyflavanone, Track 2 

- 35— BAS/BAM/BAP/BAV; 5 µL honey extracts respectively (high resolution images are 

attached as Supplementary Figure S2.5) 

 

Table 2.11  Visual Analysis of Banksia sessilis Honey Fingerprints 

BAS Banksia sessilis 

Key marker 

bands 

White light 

derivatised 

Two bands at Rf 0.41 (dark blue) and Rf 0.47 

(light blue) 
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366 nm derivatised One band at Rf 0.42 (red brown) 

Signature bands Key identification bands are two blue bands at Rf 0.41 (dark blue), Rf 

0.47 (light blue) at white light, and Rf 0.42 (red brown) at 366 nm 

derivatised 

Samples 

meeting criteria 

BAS-79, BAS-88, BAS-98, BAS-104, BAS-107, BAS-108, BAS-112, 

BAS-249, BAS-406 

Mixed floral 

origin (might 

contain other 

nectar sources) 

BAS-06, BAS-243, BAS-84, BAS-365 

Outliers / 

mislabelled 

samples 

BAS-109, BAS-311, BAS-318 

 

Table 2.12  Visual Analysis of Banksia menziesii Honey Fingerprints 

BAM Banksia menziessii 

Key marker 

bands 

254 nm developed One band Rf 0.22 

White light 

derivatised 

Two bands at Rf 0.22 (orange) and Rf 0.39 

(orange) 

366 nm derivatised Two bands at Rf 0.22 (grey green) and Rf 0.39 

(light brown) 

Signature bands Key identification bands are a band at Rf 0.22 at 254 nm developed, 

two bands at Rf 0.22 (orange) and Rf 0.39 (orange) at white light, and 
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two bands at Rf 0.22 (grey green) and 0.39 (light brown) at 366 nm 

derivatised 

Samples 

meeting criteria 

BAM-42, BAN-80, BAM-81, BAM-82, BAM-83, BAM-85, BAM-87, 

BAM-99, BAM-114, BAM-115 

Mixed floral 

origin (might 

contain other 

nectar sources) 

BAM-331 

 

2.5.5.4 Results of HPTLC analysis of Banksia honeys 

A total of 34 Banksia honey samples, mainly harvested from the Swan Coastal Plain, were 

collected from various WA beekeepers (Table 2.10). Based on a visual inspection of the 

HPTLC fingerprints of all the collected Banksia samples in all four light conditions, 9 of them 

can be considered as being Banksia sessilis (BAS) honeys and 11 of them Banksia menziesii 

(BAM) samples. Four appeared to be Banksia sessilis honeys, but evidence of other nectar 

sources could be found, similarly one sample, identified as Banksia menziesii honey, also 

contained nectar of other species. Sample BAS-109, BAS-311 and BAS-318 appeared to be 

mislabelled. Unfortunately, not enough Bull Banksia (Banksia grandis) and Orange Banksia 

(Banksia prionotes) honey samples could be obtained to derive their typical HPTLC 

fingerprints.  
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2.5.6 HPTLC Analysis of Wandoo (Eucalyptus wandoo) or White Gum (Eucalyptus 

redunca) Honeys 

2.5.6.1  Floral Description and Distribution 

Western Australian beekeepers commonly describe Wandoo honey as Wandoo White Gum 

Honey [187] or White Gum honey [188]. The trees are distributed throughout the Great 

Southern and Wheatbelt regions (Figure 2.1) [183]. Their flowering season varies, depending 

on their particular geographical location [69]. As their pollen is deficient in isoleucine, it is 

considered of poor quality to support bee health [183].  

  

Wandoo (Eucalyptus wandoo)  White Gum (Eucalyptus redunca) 

Figure 2.12 Wandoo and Whitegum tree, flowers and buds  

(Source: florabase.dpaw.wa.gov.au) 

 

2.5.6.2 Sample Collection 

Table 2.13  Wandoo White Gum Honey samples collected for HPTLC analysis  

Sample Code Floral Source as provided by 

Beekeepers 

Biogeographical Region 

(see Figure 2.1) 

WAN-008 White Gum Northern Jarrah Forest 
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WAN-026 White Gum Northern Jarrah Forest/Avon 

Wheatbelt 

WAN-027 White Gum Northern Jarrah Forest/Avon 

Wheatbelt 

WAN-028 White Gum Northern Jarrah Forest 

WAN-029 White Gum Avon Wheatbelt 

WAN-037 Wandoo, Jarrah Northern Jarrah Forest  

WHI-090 White Gum Northern Jarrah Forest  

WHI-094 White Gum Avon Wheatbelt 

WHI-096 White Gum Northern Jarrah Forest 

WHI-097 White Gum Northern Jarrah Forest  

WAN-133 Wandoo, Yate Lesueur Sandplain 

WAN-153 White Gum / Wandoo Northern Jarrah Forest 

WAN-154 White Gum / Wandoo Avon Wheatbelt 

WAN-155 White Gum / Wandoo Northern Jarrah Forest 

WAN-156 White Gum / Wandoo Avon Wheatbelt 

WAN-157 White Gum / Wandoo Avon Wheatbelt 

WHI-194 White Gum Northern Jarrah Forest 

WHI-209 White Gum Northern Jarrah Forest 

WHI-211 White Gum No Data 

WHI-227 White Gum Northern Jarrah Forest 

WAN-236 Wandoo Northern Jarrah Forest 

WAN-242 Wandoo Northern Jarrah Forest 

WHI-246 White Gum Avon Wheatbelt 
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WHI-248 White Gum Avon Wheatbelt 

WHI-250 White Gum Northern Jarrah Forest 

WHI-251 White Gum Avon Wheatbelt 

WAN-363 Wandoo Jarrah Forest 

WHI-408 White Gum Jarrah Forest 

TOTAL 28 

 

2.5.6.3 HPTLC Fingerprints of Wandoo / White Gum Honeys’ Organic Extracts 

 

a 

 

b 



69 
 

 

c 

 

d 

Figure 2.13 Images taken at (a) 254 nm; (b) 366 nm; (c) White light after derivatisation and (d) 

366 nm after derivatisation with vanillin reagent; Track 1—4,5,7-trihydroxyflavanone, Track 2 

- 29— ; 5 µL honey extracts respectively (high resolution images are attached as Supplementary 

Figure S2.6) 

 

Table 2.14  Visual Analysis of Wandoo / White Gum Honey Fingerprints 

WAN/WHI Eucalyptus wandoo / Eucalyptus redunca 

Key marker 

bands 

254 nm developed Three bands at Rf 0.34, 0.39, 0.45 

366 nm developed One band at Rf 0.30 

White light 

derivatised 

Three bands at Rf 0.34, 0.39, 0.45 

366 nm derivatised Three bands at Rf 0.34 (bright blue), 0.39 

(light blue), 0.45 (light blue) 
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Signature bands Key identification bands are three bands at Rf 0.34, 0.39 and 0.45 at 

245 nm developed, white light and 366 nm derivatised. 

Samples 

meeting criteria 

WAN-08, WAN-26, WAN-27, WAN-28, WAN-29, WHI-90, WHI-94, 

WHI-96, WHI-97, WAN-153, WAN-154, WAN-156, WAN-157, WHI-

194, WHI-227, WAN-236, WAN-242, WHI-246, WHI-248, WHI-250, 

WHI-251, WHI-408 

Mixed floral 

origin (might 

contain other 

nectar sources) 

WAN-37, WAN-133, WAN-155, WHI-209 

Outliers / 

mislabelled 

samples 

WHI-211, WAN-363 

 

2.5.6.4 Results of HPTLC analysis of Wandoo White Gum honeys 

A total of 28 Wandoo White Gum honey samples, harvested mainly from the Northern Jarrah 

Forest and the Avon Wheatbelt biogeographical region, were collected from various WA 

beekeepers (Table 2.13). Based on the visual inspection of the HPTLC fingerprints of all the 

collected Wandoo White Gum samples in all four light conditions, 22 of them could be 

considered as Wandoo White Gum honey samples. Four of them appeared to contain other 

nectar sources as well, whereas sample WHI-211 and WAN-363 might be mislabelled.  
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2.5.7 HPTLC Analysis of Yate (Eucalyptus cornuta) Honeys 

2.5.7.1 Floral Description and Distribution 

Yate (Eucalyptus cornuta) and Swamp Yate or Flat-topped Yate (Eucalyptus occidentalis) are 

distributed from the Vasse River to Dalyup and can also be found in the Stirling Ranges and in 

the Frankland River region. These Eucalypts flower between late December and February and 

their pollen quality is considered good and therefore supports bee health [183].  

 

Figure 2.14 Yate (Eucalyptus cornuta) tree, flowers and buds  

(Source: florabase.dpaw.wa.gov.au) 

 

2.5.7.2 Sample Collection 

Table 2.15  Yate honey samples collected for HPTLC analysis  

Sample Code 
Floral Source as provided by 

Beekeepers 

Biogeographical Region 

(see Figure 2.1) 

YAT-001 Yate Gum Fitzgerald 

YAT-011 Yate Fitzgerald 
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YAT-015 Yate Fitzgerald 

YAT-171 Yate No Data 

YAT-187 Yate Fitzgerald 

YAT-210 Yate Fitzgerald 

YAT-215 Yate  No Data 

YAT-320 Yate Fitzgerald 

YAT-334 Yate Western Mallee 

YAT-355 Yate Flat topped Esperance Plains / Recherche 

YAT-360 Yate Flat topped Esperance Plains / Recherche 

YAT-405 Yate Western Mallee 

YAT-407 Yate Western Mallee 

TOTAL 13 

 

2.5.7.3 HPTLC fingerprints of Organic Extracts of Yate 

 



73 
 

a 

 

b 

 

c 



74 
 

 

d 

 Figure 2.15 Images taken at (a) 254 nm; (b) 366 nm; (c) White light after derivatisation and (d) 

366 nm after derivatisation with vanillin reagent; Track 1—4,5,7-trihydroxyflavanone, Track 2 

- 14— YAT; 5 µL honey extracts respectively (high resolution images are attached as 

Supplementary Figure S2.7) 

 

Table 2.16 Visual analysis of Yate Honey Fingerprints 

YAT Eucalyptus cornuta 

Marker Bands 254 nm developed Three bands at Rf 0.33, Rf 0.42, and Rf 0.49 

366 nm developed One band at Rf 0.33 

White light 

derivatised 

Three bands at Rf 0.35 (green), Rf 0.38 (red), 

and 0.43 (brick red) 

366 nm derivatised Three bands at Rf 0.38 (faint red), Rf 0.42 

(faint orange), and Rf 0.47 (faint blue or 

orange) 
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Signature bands Key identification bands are Rf 0.35 (green), Rf 0.38 (red), and Rf 0.43 

(brick red) at White light; Rf 0.38 (faint red), Rf 0.42 (faint orange), and 

Rf 0.47 (faint blue or orange) at 366 nm derivatised 

Samples 

meeting criteria 

YAT-01, YAT-11, YAT-15, YAT-171, YAT-187, YAT-334, YAT-405, 

YAT-407 

Mixed floral 

origin (might 

contain other 

nectar sources) 

YAT-320, YAT-355 

Outliers / 

mislabelled 

samples 

YAT-210, YAT-215, YAT-360 

 

2.5.7.4 Results of HPTLC analysis of Yate honeys 

A total of 13 Yate honey samples, the majority of them harvested from the Fitzgerald or 

Western Mallee biogeographical region, were collected from various WA beekeepers (Table 

2.15). Based on the visual inspection of the HPTLC fingerprints of all the collected Yate 

samples in all four light conditions, it can be concluded that 8 of them were Yate honey 

samples. Two of them contained evidence of co-flowering nectars whereas samples YAT-210, 

YAT-215 and YAT-360 appeared to be mislabelled.  
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 2.5.8 HPTLC Analysis of Coastal Peppermint (Agonis flexuosa) Honeys 

2.5.8.1 Floral Description and Distribution 

Coastal Peppermint (Agonis flexuosa) grows to about 10 m in height, produces small white 

flowers and is distributed across the coastal sand plains in the Perth and Busselton regions 

(Figure 2.1). It flowers between September and October and its pollen quality in support of bee 

health is considered inadequate [183]. 

 

Figure 2.16 Coastal Peppermint (Agonis flexuosa) tree and flowers  

(Source: florabase.dpaw.wa.gov.au) 

 

2.5.8.2 Sample Collection 

Table 2.17 Coastal Peppermint honey samples collected for HPTLC analysis  

Sample Code Floral Source as provided by 

Beekeepers 

Biogeographical Region 

(see Figure 2.1) 

PEP-038 Peppermint Southern Jarrah Forest 

PEP-039 Peppermint Fitzgerald 

PEP-190 Peppermint Southern Jarrah Forest 
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PEP-191 Peppermint  Swan Coastal Plain 

PEP-201 Coastal Peppermint Northern Jarrah Forest 

PEP-206 Coastal Peppermint Warren 

PEP-240 Peppermint Swan Coastal Plain 

PEP-260 Peppermint Southern Jarrah Forest 

PEP-264 Coastal Peppermint  No Data 

PEP-272 Coastal Peppermint Swan Coastal Plain 

PEP-273 Coastal Peppermint No Data 

PEP-274 Coastal Peppermint No Data 

PEP-275 Coastal Peppermint No Data 

PEP-276 Coastal Peppermint Swan Coastal Plain Perth 

PEP-277 Coastal Peppermint Southern Jarrah Forest 

PEP-278 Coastal Peppermint Southern Jarrah Forest 

PEP-279 Coastal Peppermint Warren 

PEP-280 Coastal Peppermint No Data 

PEP-281 Coastal Peppermint No Data 

PEP-282 Coastal Peppermint Warren  

PEP-283 Coastal Peppermint Warren/Northern Jarrah Forest 

PEP-284 Coastal Peppermint Warren  

PEP-310 Peppermint Southern Jarrah Forest 

PEP-350 Peppermint (Coastal) No Data 

TOTAL 24 
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2.5.8.3 HPTLC Fingerprints of Coastal Peppermint Honeys’ Organic Extracts 

 

 

a 

 

b 

 

c 
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d 

Figure 2.17 Images taken at (a) 254 nm; (b) 366 nm; (c) White light after derivatisation and (d) 

366 nm after derivatisation with vanillin reagent; Track 1—4,5,7-trihydroxyflavanone, Track 2 

- 25— PEP; 5 µL honey extracts respectively (high resolution images are attached as 

Supplementary Figure S2.8) 

 

Table 2.18  Visual Analysis of Coastal Peppermint Honey Fingerprints 

PEP Agonis flexuosa 

Key marker 

bands 

366 nm developed Two bands Rf 0.11 (yellow) and Rf 0.33 

(bright blue) 

White light 

derivatised 

Two bands Rf 0.38 (blue) and Rf 0.49 (orange)  

366 nm derivatised Three bands Rf 0.30 (bright blue), Rf 0.38 

(brick red) and Rf 0.50 (bright red) 

Signature bands Key identification bands are Rf 0.11 (yellow) and Rf 0.33 (bright blue) 

at R366 developed, two bands Rf 0.38 (blue) and Rf 0.49 (orange) at 

white light derivatised, and three bands Rf 0.30 (bright blue), Rf 0.38 

(brick red) and Rf 0.49 (bright red) at 366 nm derivatised 
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Samples 

meeting criteria 

PEP-38, PEP-39, PEP-190, PEP-201, PEP-206, PEP-264, PEP-272, 

PEP-273, PEP-274, PEP-275, PEP-276, PEP-277, PEP-278, PEP-280, 

PEP-281, PEP-282, PEP-283, PEP-284, PEP-310 

Mixed floral 

origin (might 

contain other 

nectar sources) 

PEP-191, PEP-240, PEP-260, PEP-350 

Outliers / 

mislabelled 

samples 

PEP-279 

 

2.5.8.4 Results of HPTLC analysis of Coastal Peppermint honeys 

A total of 24 Coastal Peppermint honey samples were collected from various WA beekeepers 

(Table 2.17). Based on a visual inspection of the HPTLC fingerprints of all the collected 

Coastal Peppermint honey samples in all four light condition, 29 of them could be considered 

to be Coastal Peppermint honeys, four appeared to contain other nectars while sample PEP-

279 might be mislabelled.  

 

2.5.9 HPTLC Analysis of Powderbark (Eucalyptus accedens) Honeys 

2.5.10.1 Floral Description and Distribution 

Powderbark (Eucalyptus accedens), a 2.5 to 15 m tall tree which flowers between mid-January 

and mid-March, is widely distributed through the Avon Wheatbelt, Geraldton Sandplains, 

Jarrah Forest and Swan Coastal Plain [69, 183] . Its pollen quality is considered to be excellent 

in support of bee health [183]. 
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Figure 2.18 Powderbark (Eucalyptus accedens) tree and buds  

(Source: florabase.dpaw.wa.gov.au) 

 

2.5.9.2 Sample Collection 

Table 2.19  Powderbark honey samples collected for HPTLC analysis  

Sample Code Floral Source as provided by 

Beekeepers 

Biogeographical Region 

(see Figure 2.1) 

POW-035 Powderbark Northern Jarrah Forest  

POW-036 Powderbark Northern Jarrah Forest  

POW-127 Powderbark No Data 

POW-128 Powderbark No Data 

POW-131 Powderback / Redgum Lesueur Sandplain 

POW-213 Powderbark No Data 

POW-220 Powderbark Northern Jarrah Forest 

POW-222 Powderbark / Wandoo No Data 

POW-223 Powderbark Avon Wheatbelt 

POW-247 Powderbark / whitegum  Avon Wheatbelt 
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POW-252 Powderbark Northern Jarrah Forest 

POW-253 Powderbark / Redgum Northern Jarrah Forest 

POW-254 Powderbark Northern Jarrah Forest 

POW-256 Powderbark Northern Jarrah Forest 

POW-257 Powderbark Northern Jarrah Forest 

TOTAL 15 

 

2.5.9.3 HPTLC fingerprints of Organic Extracts of Powderbark 

 

a 
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b 

 

c 
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d 

 Figure 2.19 Images taken at (a) 254 nm; (b) 366 nm; (c) White light after derivatisation and 

(d) 366 nm after derivatisation with vanillin reagent; Track 1—4,5,7-trihydroxyflavanone, 

Track 2 - 16— POW; 5 µL honey extracts respectively (high resolution images are attached 

as Supplementary Figure S2.9) 

 

Table 2.20 Visual analysis of Powderbark fingerprints 

POW Eucalyptus accedens 

Marker Bands 254 nm developed Three bands at Rf 0.34, Rf 0.39, and Rf 0.45 

366 nm developed One band at Rf 0.30 

White light 

derivatised 

Three bands at Rf 0.34 (orange), 0.39 (brick 

red), 0.45 (yellow) 

366 nm derivatised Three bands at Rf 0.34, 0.39, 0.45 

Signature bands Key identification bands are three bands at Rf 0.34, 0.39 and 0.45 at 

254 nm developed, white light derivatised and 366 nm derivatised 

Samples 

meeting criteria 

POW-35, POW-213, POW-220, POW-222, POW-223, POW-247, 

POW-252, POW-254, POW-257 
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Mixed floral 

origin (might 

contain other 

nectar sources) 

POW-36, POW-127, POW-128, POW-256 

Outliers / 

mislabelled 

samples 

POW-131, POW-253 

 

2.5.9.4 Results of HPTLC analysis of Powderbark honeys 

A total of 15 Powderbark honey samples were collected from various WA beekeepers (Table 

2.19). Based on visual inspection of the HPTLC fingerprints of all the collected Powderbark 

samples in all four light conditions, it appears that 9 of them were monofloral Powderbark 

honey samples, 4 seemed to contain additional nectar sources and samples POW-131 and 

POW-253 might be incorrectly labelled and might instead be derived from Marri nectar. 

 

2.6. General Discussion 

Given its natural origin, slight variations in the chemical composition of honey, not only from 

season to season but also from hive location to hive location can be expected. However, as is 

demonstrated in the summaries provided in the previous section, distinctive and consistent 

banding patterns can be seen in honeys of the same botanical origin, even when collected from 

different regions, by different beekeepers and in different years. It can therefore be concluded 

that the derived HPTLC fingerprints are indeed reflective of the honeys’ predominant nectar 

sources and can therefore be used in honey authentication. It is possible to discriminate between 

HPTLC fingerprints and also to derive commonalities purely based on a visual inspection of 
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the four images that are generated as part of the developed testing methodology. However, it 

might also be advantageous to remove any human element from the assessment and instead 

derive typical HPTLC fingerprints by statistical means. This work is currently under way as an 

extension of the analytical groundwork developed in this PhD study. 

The non-sugar HPTLC fingerprinting profiles, comprising the HPTLC images and also their 

corresponding chromatograms, of the collected WA honeys have been collated in a database, 

which also contains other relevant data gathered in this project and/or by other researchers 

within the Cooperative Research Centre for Honey Bee Products (CRC HBP). The extensive 

data set comprises basic phytochemical parameters as well as antimicrobial and antioxidant 

data of the honeys. This database will continue to be maintained and continuously expanded 

beyond the lifespan of this PhD project by researchers associated with the CRC HBP. 

It is interesting to note that in most cases the visual interpretation of the respective HPTLC 

fingerprints is aligned with the beekeepers’ assessments of the honeys’ predominant nectar 

source. As the obtained HPTLC fingerprints are reflective of the various honeys’ chemical 

compositions and with this are also directly correlated with the chemistry of their floral nectar 

origins, they might be a better analytical tool for honey authentication than pollen analysis. 

This assessment is supported by a published case study, which will be presented in the next 

section, followed by a peer reviewed article which outlines how HPTLC fingerprinting can be 

used to derive a dynamic reference standard for honey authentication. 
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Graphical Abstract 

 

2.7.1 Abstract 

This study reports on the analysis of eleven Jarrah (Eucalyptus marginata) honeys, of which 

nearly half (n = 5) were re-classified as Blackbutt (E. patens) honey on the grounds of the 

predominant flower pollen identified by melissopalynology. Based on a comprehensive 

analysis of the honeys’ physico- and phytochemical characteristics and antioxidant activity 

data, taking into account pH, electrical conductivity, refractive index and Brix values as well 

as moisture content, individual fructose and glucose content and derived fructose to glucose 

ratio alongside total phenolic content and antioxidant activity determined by the DPPH assay, 

no statistically significant difference was found amongst the eleven honeys classified by pollen 

analysis into two honey groups, ‘Jarrah’ or ‘Blackbutt’. This study therefore draws into 

question the value of melissopalynology as an analysis tool to authenticate Jarrah honey.  
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2.7.2 Introduction 

As a honey’s nectar source is the main determinant of its commercial and therapeutic value, 

authentication of its floral origin is an important quality control aspect. Pollen analysis (also 

known as melissopalynology) has been used for many years for the determination of the 

botanical origin of honey, especially in Europe [73, 189, 190]. It records the type and relative 

quantity of different pollen grains found in honey by microscopic analysis with the dominant 

pollen being considered as a marker for the honey’s nectar source [191, 192]. However, while 

melissopalynology might be an adequate approach for many European honeys, there are cases, 

in particular when honey is not harvested from areas with limited floral diversity (e.g. from 

agricultural monocultures where bees are used for pollination services or from tree plantations) 

but from areas of rich natural diversity (e.g. natural bushlands or pristine forests) where the 

technique seems to fail the industry and where strong criticism has thus been voiced. A recent 

study by Sniderman et al. [190] has demonstrated that pollen analysis is not suitable for the 

authentication of Australian eucalyptus honeys or generally honeys derived from pristine 

natural sources where the flowering seasons of different floral species might overlap.  

It must also be highlighted that honey is produced from flower nectar, not from flower pollen 

[193]; hence, flower pollen can be considered a natural honey contaminant [47]. Bees collect 

flower pollen to complement their nutritional needs [194, 195]; at times the flower pollen they 

collect might therefore be from a different botanical source than the nectar they collect and use 

to produce honey. In cases where there is not much botanical diversity (e.g. monocultures, 

plantations) the plants visited by bees to collect nectar might happen to be the same as the 

plants from which nectar is collected, but the more choice bees have (e.g. when foraging in 

naturally diverse areas) the more refined their foraging might be – they might collect pollen to 

meet their protein needs but might visit potentially different flowers to collect nectar for honey 

production, which acts as a main source of carbohydrates. In this light, in particular in an 
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Australian context where honeys are often harvested from areas rich in botanical diversity, 

melissopalynology is a controversial method for honey authentication.  

Furthermore, Molan [61] pointed out that honey, which has been filtered with diatomaceous 

earth, has no pollen left that could be used for its authentication. Also, honey produced from 

secretions of extrafloral nectaries (a major source of honey produced from cotton plants 

(Gossypium hirsutum), castor-oil plants (Ricinus communis) and rubber trees (Hevea 

brasiliensis)) does not contain any pollen to identify its floral origin. Similarly, in Rewarewa 

(Knightia excelsa) and Tawari (Lxerba brexioides) trees endemic to New Zealand, bees are 

impeded from pollen access during nectar collection [77], leading to an undercount of the 

respective pollen in the honey produced from these botanical sources. Moreover, thyme honey 

often has a low total pollen count as only some thyme flowers produce nectar and pollen, 

whereas others produce nectar only [77]. Even for the well-researched Mānuka honey (derived 

from Leptospermum scoparium), the limitations of melissopalynology have been demonstrated 

as Mānuka pollen appear visually to be almost identical to Kānuka (Kunzea ericoides) when 

investigated under a light microscope [82].  

Taking all of the above into account, the value of melissopalynology for honey authentication 

might be called into question as it might not always act as a suitable tool to authenticate the 

nectar source of the honey; indeed, it can be argued that pollen analysis might be more suited 

to the confirmation of the honey’s geographical origin or provenance [73, 196, 197] and also 

the time of its collection as pollen grains, as natural honey contaminants, may provide evidence 

for many (but not necessarily all) of the floral sources the bees visited [193].  

In order to determine if the findings of pollen analysis, in a specific Australian context, are in 

alignment with honey chemistry and thus in this instance an adequate predictor of a honey’s 

floral origin, this study investigated the chemical characteristics as well as antioxidant 
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properties of eleven honey samples considered by a beekeeper to be Jarrah (Eucalyptus 

marginata) honey. Subsequent melissopalynological analysis carried out by a commercial 

laboratory reclassified five honey samples as Blackbutt (Eucalyptus patens) honey and one as 

multifloral honey. 

2.7.3 Materials and Methods 

2.7.3.1 Chemicals and Reagents 

Chemicals and reagents used in this study and their suppliers: Fructose, Maltose, Aniline, 

Vanillin, Folin and Ciocalteu’s Phenol Reagent 2N (Sigma-Aldrich, St. Louis, MO, USA), 

4,5,7-trihydroxyflavanone (Alfa Aesar, England, UK), 2,2-Diphenyl-1-picrylhydrazyl 

(DPPH*) (Fluka AG, Buchs SG, Switzerland), Anhydrous sodium sulfate and Silica gel 60 

F254 HPTLC glass plates (20 cm × 10 cm) (Merck KGaA, Darmstadt, Germany), Boric acid 

(Pharma Scope, Welshpool, WA, Australia), Glucose, Sucrose, Sodium carbonate anhydrous 

(Chem-Supply Pty Ltd., St. Gillman, SA, Australia), Gallic acid, Diphenylamine, Phosphoric 

acid (Ajax Finechem Pvt Ltd., Sydney, Australia). 

Solvents used in this study and their suppliers: Methanol (Scharlau, Barcelona, Spain), 

Dichloromethane (Merck KGaA, Darmstadt, Germany), Ethanol, Ethyl acetate and Formic 

acid (Ajax Finechem Pvt Ltd., Sydney, Australia), 1-Butanol (Chem-Supply Pty Ltd., St. 

Gillman, SA, Australia), 2-Propanol and Toluene (Asia Pacific Specialty Chemicals Ltd, 

Sydney, Australia).  

2.7.3.2 Honey Samples 

Eleven honey samples were collected (Jan 2020 to Feb 2020) and identified by the beekeeper 

as Jarrah honey based on the geographical location of the hives, the predominant species 

flowering at the hive sites and the honey’s organoleptic characteristics. Subsequent pollen 

analysis, however, provided a different assessment, reclassifying the predominant nectar 
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source of over half of the honeys (Table 2.21). All eleven honeys were therefore subjected to 

a comprehensive analysis of their physico- and phytochemical characteristics and antioxidant 

activity. The effect of filtration removing pollen grains present in the samples was also 

investigated. The chosen filter size (0.45 µm, Filtropur S, Sarstedt AG & Co. KG, Nümbrecht, 

Germany) ensured the effective removal of the pollen given that E. marginata pollen grains 

are generally between 15.5 and 21.0 µm and those of E. patens between 19.0 and 23.0 µm 

[198]. The samples were stored in glass jars at room temperature in the dark for the duration 

of the study. 

Table 2.21 Beekeeper assessment and pollen analysis results 

Sample 

Code 

Major Pollen content (%) Predominant Nectar Source 

Jarrah 

(Eucalyptus marginata) 

Blackbutt 

(Eucalyptus 

patens) 

Based on 

pollen analysis 

Beekeeper’s 

assessment 

S1 76 13 Jarrah Jarrah 

S2 75 11 Jarrah Jarrah 

S3 53 41 Jarrah Jarrah 

S4 79 10 Jarrah Jarrah 

S5 76 17 Jarrah Jarrah 

S6 38 46 Mixed flora Jarrah 

S7 32 56 Blackbutt Jarrah 

S8 29 60 Blackbutt Jarrah 

S9 27 67 Blackbutt Jarrah 

S10 28 63 Blackbutt Jarrah 

S11 20 70 Blackbutt Jarrah 
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2.7.3.3 Determination of physico-chemical properties 

Key physico-chemical characteristics such as pH, refractive index, moisture content, colour 

and fructose to glucose ratio were obtained by standard analytical methodologies. In brief, the 

pH of each honey was measured by dissolving 1 g of honey in 7.5 ml of carbon-dioxide free 

water [100] and the resulting pH of the solution was determined with a calibrated pH meter 

(Thermo Scientific™ Orion™ 3-Star Benchtop pH Meter). The electrical conductivity of a 

20% (w/v) honey solution was measured at 22 °C using an Electrical Conductometer (Eutech 

PC 2700 - Eutech Instruments) and expressed as milliSiemens per centimetre (mS/cm) [199]. 

Refractive index and Brix value were determined simultaneously by spreading a sample of 

each honey over the entire surface of the reading window of a digital refractometer (HI96801, 

Hanna Instruments, Rhode Island, USA). The honey samples’ moisture content was derived 

from the respective Brix reading as 100% - Brix. Colour was determined by dissolving each 

honey in sterile distilled water to 50% (w/v) before measuring the optical density (OD) at both 

450 nm and 720 nm [176] (Molecular Devices Spectra Max 190 Microplate Reader). The 

difference between the two OD measurements was multiplied by 1000 and expressed as milli-

absorbance units (mAU). Colour values were determined for all honeys both before and after 

passing through a 0.7 μm glass fibre filter. 

2.7.3.4 Determination of total phenolics content and antioxidant properties 

The antioxidant property of each honey sample was determined in triplicate by recording total 

phenolics content as well as antioxidant activity measured in a DPPH assay. In brief, the total 

phenolic content of 200 µL of aqueous 20% (w/v) honey solution was determined 

colorimetrically after treatment with 1 ml of Folin-Ciocalteu reagent followed, after 5 min, by 

the addition of 800 µL of Na2CO3. The absorbance was taken at 760 nm (Cary 60 UV-Vis 

Spectrophotometer, Agilent Technologies, CA, United States) after 2 h incubation in the dark 

at ambient temperature. The sample’s total phenolics content was expressed as mg Gallic acid 
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equivalent (GAE) per 100 g of honey from the mean of the three measurements [200]. For the 

DPPH assay, 10 µL of a 20% (w/v) aqueous honey solution were mixed with 190 µL of 0.130 

mM methanolic solution of DPPH* reagent and 100 µL aqueous 100 mM NaC2H3O2 buffer 

(pH 5.5) and the absorbance was measured after 120 min at 520 nm using a BMG Labtech 

POLARstar Optima Microplate Reader. The sample’s radical scavenging activity, expressed 

as % DDPH* inhibition, was calculated as the mean of triplicate samples and expressed as 

µmol Trolox equivalent (TE) per kg of honey [33]. 

2.7.3.5 High-Performance Thin Layer Chromatography (HPTLC) Analyses 

2.7.3.5.1 Organic Extract Analysis by HPTLC 

High Performance Thin Layer Chromatography (HTPLC) derived fingerprints of the honeys’ 

organic extracts with and also without prior filtration (0.45 µm, Filtropur S, Sarstedt AG & Co. 

KG, Nümbrecht, Germany) to remove any residual pollen grains, were obtained. The organic 

extracts of the samples were analysed as described by Locher et al. [165, 166]. In brief, 

approximately 1 g of each honey was dissolved in 2 mL of de-ionised water. Duplicate samples 

were prepared, and half the samples were filtered (0.45 µm, Filtropur S, Sarstedt AG & Co. 

KG, Nümbrecht, Germany) prior to extraction, the other half were extracted without this 

filtration step. The extraction was carried out either with Dichloromethane (DCM) only or with 

a mixture of Acetonitrile (ACN): Dichloromethane (1:1 ; v/v). The organic solutions were dried 

with Na2SO4 anhydrous, and the resulting extracts following solvent evaporation were stored 

at 4 °C. Prior to HPTLC fingerprinting, the extracts were reconstituted in 100 µL 

Dichloromethane (for DCM extracts) or Methanol (for ACN: DCM extracts). For the HPTLC 

analysis, glass plates (20 x 10 cm, Silica gel 60 F254) were prepared by applying the organic 

honey extracts (5 µL) as 8 mm bands at 8 mm from the lower edge of the HPTLC plate at a 

rate of 150 nLs-1 using a semi-automated HPTLC application device (Linomat 5, CAMAG). 

The chromatographic separation for each plate was performed at ambient temperature in a 
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saturated (33% relative humidity) automated development chamber (ADC2, CAMAG) to a 

distance of 70 mm using a mixture of Toluene: Ethyl acetate: Formic acid (6:5:1, v/v/v for 

DCM extracts and 1:6:1, v/v/v for ACN:DCM extracts) as mobile phase. The obtained 

chromatographic results were documented using a HPTLC imaging device (TLC Visualizer 2, 

CAMAG) under 254 nm and 366 nm, respectively. All chromatographic images were digitally 

processed and analysed using a specialised HPTLC software (visionCATS, CAMAG) which 

was also used to control the individual instrumentation modules. 

After initial documentation of the chromatographic results the plate was then derivatised with 

3.0 mL of Vanillin-Sulfuric acid reagent using a TLC derivatiser (CAMAG Derivatiser) and 

heated for 3 min at 115 °C using a CAMAG TLC Plate Heater III. The plate was cooled to 

room temperature and analysed again with the HPTLC imaging device under white light and 

at 366 nm. 

2.7.3.5.2 Sugar Analysis by HPTLC 

The detection and quantification of major sugars in the honey samples was carried out as 

described by Islam et al. [201, 202]. In brief, aqueous methanolic honey solutions (1 mg/mL) 

were prepared and 2 μL of the solutions were applied as 8 mm bands at 8 mm from the lower 

edge of the HPTLC plate (glass plates 20 x 10 cm, silica gel 60 F254) at a rate of 50 nLs-1 using 

a semi-automated HPTLC application device (Linomat 5, CAMAG). Standard solutions of 

glucose and fructose (both at 250 μg/mL) were also applied at 1 μL, 2 μL, 3 μL and 4 μL. 

Chromatographic separation was performed at ambient temperature in a saturated (33% relative 

humidity) automated development chamber (ADC2, CAMAG) to a distance of 85 mm using 

1-Butanol:2-Propanol:Boric acid (5.0 mg/mL in water) in a ratio of 3:5:1 (v/v/v) as mobile 

phase. The plate was derivatised with 2.0 mL of Aniline-Diphenylamine-Phosphoric acid 

reagent (CAMAG Derivatiser) and the derivatised plate was heated for 10 min at 115 °C 
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(CAMAG TLC Plate Heater III), then cooled to room temperature and analysed with the 

HPTLC imaging device under transmission white (T white) light. The chromatographic images 

were digitally processed and analysed using a specialised HPTLC software (visionCATS, 

CAMAG) which was also used to control the individual instrumentation modules. 

2.7.3.6 Statistical Analysis 

All experiments were performed in triplicates, and the obtained quantitative results were 

expressed as the mean ± standard deviation. One-way analysis of variance (ANOVA) was 

performed, where a p-value of less than 0.05 was considered statistically significant. 

2.7.4 Results and Discussion 

2.7.4.1 Physico-chemical properties of analysed honeys 

Table 2.22 presents the pH, electrical conductivity, refractive index, Brix value, moisture 

content, as well as colour readings (prior and after filtration through a 0.7 μm glass fibre filter) 

for all 11 honeys. Honey is acidic in nature with its pH typically ranging from 3.42 to 6.10 

[203, 204]. All the samples analysed (S1 – S11) were also acidic and their pH was found to be 

within a narrow range between 5.15 and 5.66. Electrical Conductivity (EC) is strongly 

correlated with the total elemental content in honey and typically ranges between 0.1 and 3 

mS/cm [100]. The samples analysed in this study (S1 – S11) had EC readings of 1.39 to 1.60 

mS/cm. The samples’ moisture content was found to be between 17.10 and 18.00%, which are 

all below the maximum acceptable moisture content of 20% set by the Codex Alimentarius for 

Honey [14]. The samples’ relatively consistent moisture content correlates to the total sugar 

content captured in Brix values ranging from 82.0 to 82.9 and associated refractive indices of 

between 1.496 and 1.498. The colour value before filtration for the analysed samples ranged 

from 403.70 to 538.70 mAU and after filtration from 295.70 to 368.10 mAU. 
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Although the beekeeper’s assessment was that all of the samples were derived from the same 

nectar source and should be classified as Jarrah (E. marginata) honey, melissopalynology 

painted a different picture, grouping them into two distinct groups, 5 Jarrah (E. marginata) 

honeys (Samples # S1-5) and 5 Blackbutt (E. patens) honeys (Samples # S7-11) with one of 

the honeys (Sample # S6) being classified as multifloral. Table 2.23 present descriptive 

statistics (average / min / max) of the various physico-chemical characteristics for all 11 honey 

samples (Group A), as well as for the 5 samples classified as Jarrah honey (Group J) and  the 

5 samples reclassified as Blackbutt honey (Group B) based on pollen analysis.  

Table 2.22 Physico-chemical characteristics of the honey samples 

Sample 

Code pH 

Electrical 

Conductivity 

(mS/cm) 

Refractive 

Index 

(nD20) Brix 

Moisture 

Content 

(%) 

Colour 

Before 

Filtration 

(mAU) 

Colour 

After 

Filtration 

(mAU) 

S1 5.35 1.41 1.498 82.7 17.3 470.7 329.9 

S2 5.15 1.42 1.497 82.6 17.4 538.7 368.1 

S3 5.66 1.60 1.496 82.0 18.0 484.1 347.3 

S4 5.29 1.39 1.498 82.9 17.1 528.4 351.8 

S5 5.34 1.43 1.497 82.4 17.6 483.7 325.1 

S6 5.38 1.48 1.498 82.8 17.2 469.4 318.3 

S7 5.54 1.57 1.497 82.6 17.4 486.8 355.0 

S8 5.49 1.56 1.498 82.7 17.3 484.9 346.7 

S9 5.54 1.60 1.498 82.7 17.3 468.1 352.0 

S10 5.41 1.44 1.497 82.6 17.4 403.7 295.7 

S11 5.45 1.52 1.498 82.8 17.2 433.6 299.3 
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Table 2.23 Descriptive statistics (mean / min / max) of the various physico-chemical data 

 
pH 

Electrical 

Conductivity 

(mS/cm) 

Refractive 

Index 

(nD20) Brix 

Moisture 

Content 

(%) 

Colour 

Before 

Filtration 

(mAU) 

Colour 

After 

Filtration 

(mAU) 

Group 

A 

       

average 5.42 1.49 1.50 82.62 17.38 477.46 335.38 

min 5.15 1.39 1.50 82.00 17.10 403.70 295.70 

max 5.66 1.60 1.50 82.90 18.00 538.70 368.10 

Group J 
       

average 5.36 1.45 1.50 82.52 17.48 501.12 344.44 

min 5.15 1.39 1.50 82.00 17.10 470.70 325.10 

max 5.66 1.60 1.50 82.90 18.00 538.70 368.10 

Group 

B 

       

average 5.49 1.54 1.50 82.68 17.32 455.42 329.74 

min 5.41 1.44 1.50 82.60 17.20 403.70 295.70 

max 5.54 1.60 1.50 82.80 17.40 486.80 355.00 

Group A – all honey samples 

Group J – samples classified as Jarrah honey based on pollen analysis 

Group B – samples classified as Blackbutt honeys based on pollen analysis 

 

As can be seen from the data presented in Table 2.23, a reduction in colour was noted for all 

samples after filtration, which indicates that pollen grains and other particulate matter 

contribute to the colour reading of the honey samples. Statistical analysis (one-way ANOVA) 

demonstrated that there is no statistically significant difference between Group J and Group B 



99 
 

in pH (p = 0.1807), electrical conductivity (p = 0.9248), refractive index (p = N/A), Brix (p = 

0.4250), colour before (p = 0.0613) or after filtration (p = 0.3668). Thus, it can be concluded 

that the two honey groups as identified by melissopalynology had very similar pH, electrical 

conductivity, refractive index and Brix values as well as very similar colour readings before 

and after filtration.  

2.7.4.2 Total phenolic content and antioxidant properties 

A similar picture emerges from the analysis of the honey samples’ total phenolics content and 

their antioxidant activity measured in the DPPH assay prior to and after filtration (0.45 µm) to 

remove any pollen grains. Table 2.24 presents the data for all samples collated from these 

analyses. Across all samples (S1 – S11), the total phenolics content ranged between 34.75 and 

38.80 mg GAE per 100 g honey for the unfiltered samples and between 30.49 and 34.40 mg 

GAE per 100 g after filtration. With respect to their antioxidant activity, the samples were 

found to have antioxidant activity values ranging from 2338.17 to 3042.50 µmol TE/kg honey 

prior to filtration and between 2243.51 and 2551.60 µmol TE/kg for the filtered samples. Table 

2.25 shows descriptive statistics (average / min / max) for the data generated when all samples 

are analysed together (Group A) as well as for those samples classified, based on pollen 

analysis, as Jarrah honey (Group J) and for those samples classified as Blackbutt honeys (Group 

B).  

Table 2.24 Total phenolics content and antioxidant activities of the honey samples 

Sample 

Code 

Total phenolics content  

(mg GAE/100g) 

DPPH Total Antioxidant Activity 

(µmol TE/kg) 

Non-Filtered Filtered Non-Filtered Filtered 

 

Mean ± SD Mean ± SD Mean ± SD Mean ± SD 

S1 35.67 ± 0.28 32.68 ± 0.39 2808.57 ± 41.98 2243.51 ± 98.26 
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S2 36.67 ± 1.12 31.81 ± 0.74 3034.82 ± 72.92 2367.59 ± 149.50 

S3 35.73 ± 0.62 32.22 ± 1.54 2911.87 ± 181.80 2265.06 ± 188.11 

S4 34.75 ± 0.76 30.49 ± 0.59 2875.54 ± 114.14 2343.70 ± 60.34 

S5 36.22 ± 0.58 32.62 ± 1.00 2630.88 ± 126.56 2385.69 ± 145.40 

S6 38.67 ± 0.48 32.72 ± 1.83 3042.50 ± 46.89 2306.06 ± 61.62 

S7 37.09 ± 0.34 33.29 ± 1.33 2899.46 ± 177.71 2384.12 ± 155.58 

S8 38.80 ± 2.19 34.40 ± 1.52 2885.92 ± 154.93 2551.60 ± 127.99 

S9 37.82 ± 0.15 33.83 ± 1.06 2475.98 ± 89.20 2367.63 ± 196.59 

S10 35.49 ± 0.70 31.30 ± 1.39 2338.17 ± 64.52 2248.97 ± 216.60 

S11 35.75 ± 1.23 30.84 ± 0.60 2458.41 ± 73.20 2298.73 ± 26.08 

 

Table 2.25 Descriptive statistics (mean / min / max) for total phenolics content and DPPH 

antioxidant activity 

 
Total phenolics content (mg 

GAE/100g) 

DPPH total antioxidant (µmol 

TE/kg) 

Non-Filtered Filtered Non-Filtered Filtered 

Group A 
    

average 36.61 32.38 2760.19 2342.06 

min 34.75 30.49 2338.17 2243.51 

max 38.80 34.40 3042.50 2551.60 

Group J 
    

average 35.81 31.96 2852.34 2321.11 

min 34.75 30.49 2630.88 2243.51 

max 36.67 32.68 3034.82 2385.69 

Group B 
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average 36.99 32.73 2611.59 2370.21 

min 35.49 30.84 2338.17 2248.97 

max 38.80 34.40 2899.46 2551.60 

Group A – all honey samples  

Group J – samples classified as Jarrah honey based on pollen analysis 

Group B – samples classified as Blackbutt honeys based on pollen analysis 

 

Across all honeys a drop in antioxidant activity and total phenolics content can be noticed after 

filtration, which indicates that pollen grains present in these honeys contribute to the overall 

antioxidant activity [205], but this effect is similar in both groups and therefore does not seem 

to be greatly influenced by the specific type of pollen that is predominately present in the 

samples. While slight differences recorded in individual total phenolics contents and the DPPH 

assay data can be assumed to be reflective of natural variations between the samples, statistical 

analysis (one-way ANOVA) found no statistically significant differences between Group J and 

Group B with respect to total phenolics content of non-filtered (p = 0.1292) and filtered (p = 

0.3716) samples, nor in the DPPH total antioxidant activity of those samples that were filtered 

(p = 0.1117) or not filtered (p = 0.4271) prior to the assay. 

2.7.4.3 HPTLC analysis of organic honey extracts 

HPTLC analysis is able to capture very rich information. HPTLC banding patterns, capturing 

Rf value, colour and intensity of each band that is obtained for a honey’s organic extract at 254 

nm and 366 nm prior to, as well as at 366 nm and white light after derivatisation, are 

representative of the honey’s nectar source [165, 166]. Samples S1 – S11, independent of their 

classification based on pollen analysis, present a very coherent banding pattern in the HPTLC 

analysis of their organic extracts, independent of the type of mobile phase used (Figure 2.20 a-

d and Figure 2.22 a-d) and it can therefore be concluded that all eleven HPTLC fingerprints 
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are very similar (Figure 2.24 and Material S1) except for very minor variations reflective of a 

natural product.  

In samples S2 and S4 a bright blue band (Rf 0.46, Figure 2.20c and Rf 0.68, Figure 2.22c) can 

be observed at white light after derivatisation, which is considered a marker band of Banksia 

sessilis nectar [180]. This bright blue band persists after filtration (Rf 0.46, Figure 2.21c and 

Rf 0.68, Figure 2.23c) to remove pollen grains, which indicates that bees also collected some 

Banksia sessilis nectar in the production of the two honeys. Interestingly, a slight contribution 

of the pollen present in the samples can also be noted when comparing the respective 

fingerprints prior (Figure 2.20 a-d, Figure 2.22 a-d) and after filtration (Figure 2.21 a-d, Figure 

2.23 a-d). In particular in the more polar regions of the fingerprint (Rf 0.09— 0.12) two dark 

blue bands can be noted at 366 nm after derivatisation (Figure 2.20d, Figure 2.22d), which 

disappear in the filtered samples (Figure 2.21d, Figure 2.23d). This finding is in line with the 

antioxidant analysis and also the colour measurement of the honey samples where a drop in 

readings can be noted upon filtration, indicating a small contribution of the pollen grains. 

However, as can be seen in the respective HPTLC fingerprints, their overall contribution is 

relatively small and, more importantly to the focus of this study, it can be concluded that after 

filtration, thus after the removal of the very characteristic that has led to the samples being 

classified into two distinct groupings, no differences in the individual HPTLC fingerprints can 

be noted. This, again, highlights that despite the samples being considered to represent two 

distinctly different honeys according to pollen analysis, they appear chemically equivalent. 
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 Figure 2.20 HPTLC Images taken prior to derivatisation at (a) 254 nm and (b) 366 nm; after 

derivatisation with vanillin reagent at (c) white and (d) 366 nm; Track 1— 4,5,7-

trihydroxyflavanone, Track 2— S1, Track 3— S2, Track 4— S3, Track 5— S4, Track 6— 

S5, Track 7— S6, Track 8— S7, Track 9— S8, Track 10— S9, Track 11— S10 and Track 

12— S11; 5 μL honey extract respectively; (all samples – prior to filtration; extraction 

solvent: Dichloromethane; mobile phase: Toluene: Ethyl acetate: Formic acid (6:5:1, v/v/v)) 

 

 

 

 Figure 2.21 HPTLC Images taken prior to derivatisation at (a) 254 nm and (b) 366 nm; after 

derivatisation with vanillin reagent at (c) white and (d) 366 nm; Track 1— 4,5,7-
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trihydroxyflavanone, Track 2— S1, Track 3— S2, Track 4— S3, Track 5— S4, Track 6— 

S5, Track 7— S6, Track 8— S7, Track 9— S8, Track 10— S9, Track 11— S10 and Track 

12— S11; 5 μL honey extract respectively; (all samples – after filtration (0.45 µm); 

extraction solvent: Dichloromethane; mobile phase: Toluene: Ethyl acetate: Formic acid 

(6:5:1, v/v/v)) 

 

 

 Figure 2.22 HPTLC Images taken prior to derivatisation at (a) 254 nm and (b) 366 nm; after 

derivatisation with vanillin reagent at (c) white and (d) 366 nm; Track 1— 4,5,7-

trihydroxyflavanone, Track 2— S1, Track 3— S2, Track 4— S3, Track 5— S4, Track 6— 

S5, Track 7— S6, Track 8— S7, Track 9— S8, Track 10— S9, Track 11— S10 and Track 

12— S11; 5 μL honey extract respectively; (all samples – prior to filtration; extraction 

solvent: Acetonitrile : Dichloromethane (1:1 ; v/v); mobile Phase: Toluene: Ethyl acetate: 

Formic acid (1:6:1, v/v/v)) 
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 Figure 2.23 HPTLC Images taken prior to derivatisation at (a) 254 nm and (b) 366 nm; after 

derivatisation with vanillin reagent at (c) white and (d) 366 nm; Track 1— 4,5,7-

trihydroxyflavanone, Track 2— S1, Track 3— S2, Track 4— S3, Track 5— S4, Track 6— 

S5, Track 7— S6, Track 8— S7, Track 9— S8, Track 10— S9, Track 11— S10 and Track 

12— S11; 5 μL honey extract respectively; (all samples – after filtration (0.45 µm); 

extraction solvent: Acetonitrile : Dichloromethane (1:1 ; v/v); mobile phase: Toluene: Ethyl 

acetate: Formic acid (1:6:1, v/v/v)) 

 

 

Figure 2.24 Overlay of the honey samples’ chromatograms obtained at 366 nm (all samples 

– prior to filtration (0.45 µm); extraction solvent: Dichloromethane; mobile phase: Toluene: 

Ethyl acetate: Formic acid (6:5:1, v/v/v)) 
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2.7.4.4 Sugar analysis by HPTLC  

Honeys of different floral origins tend to differ in their individual sugar profile which in turn 

can have an impact on physico-chemical characteristics (e.g. osmolarity) and influence their 

crystallisation behaviour. Jarrah honey, for example, is known to have a relatively high fructose 

to glucose ratio and for this reason does not tend to crystallise [22, 206-208]. Individual glucose 

and fructose contents as well as the derived fructose to glucose ratios have been determined 

(Table 2.26). For the analysed samples (S1 – S11), fructose contents ranged from 41.81 to 44.2 

g/100g honey and glucose contents from 23.27 to 25.39 g/100g. Associated fructose : glucose 

ratios were found to be between 1.67 and 1.84.  

Table 2.26 Fructose and Glucose content, and fructose to glucose ratio (F: G) of honeys 

Sample 

Code 

Fructose (g/100g honey) Glucose (g/100g honey) 

Fructose : Glucose 

Mean ± SD Mean ± SD 

S1 42.13 ± 0.86 23.69 ± 0.35 1.78 

S2 42.78 ± 0.49 23.71 ± 0.38 1.80 

S3 42.84 ± 0.62 23.87 ± 1.59 1.80 

S4 41.81 ± 2.58 23.43 ± 1.29 1.78 

S5 42.37 ± 2.55 24.22 ± 1.55 1.75 

S6 43.89 ± 1.47 23.92 ± 1.44 1.83 

S7 42.73 ± 2.25 23.27 ± 0.98 1.84 

S8 43.09 ± 1.76 24.02 ± 1.14 1.79 

S9 44.20 ± 0.68 24.33 ± 1.60 1.82 

S10 42.32 ± 2.12 25.39 ± 1.51 1.67 

S11 43.51 ± 0.93 24.35 ± 0.93 1.79 
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Descriptive statistics (mean / min / max) were derived for all samples taken together (Group 

A) as well as for those samples classified, based on pollen analysis, as Jarrah honey (Group J) 

and for those classified as Blackbutt honeys (Group B) (Table 2.27). 

Table 2.27 Descriptive statistics (mean / min / max) for sugar content 

 
Fructose  

(g/100g honey) 

Glucose  

(g/100g honey) 

Fructose : 

Glucose 

Group A 
   

average 42.88 24.02 1.79 

min 41.81 23.27 1.67 

max 44.2 25.39 1.84 

Group J 
   

average 42.37 23.78 1.78 

min 41.81 23.43 1.75 

max 42.84 24.22 1.80 

Group B 
   

average 43.17 24.27 1.78 

min 42.32 23.27 1.67 

max 44.2 25.39 1.84 

Group A – all honey samples  

Group J – samples classified as Jarrah honey based on pollen analysis 

Group B – samples classified as Blackbutt honeys based on pollen analysis 

 

Across all samples, and also when analysed within the two major groups, very similar glucose 

and fructose contents were found with the respective fructose to glucose ratios indicating 

fructose as the dominant sugar. The derived values all fall within the typical fructose to glucose 

ratio reported for Jarrah honey [177]. This finding is also not surprising considering that none 
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of the samples crystallised during the duration of the study as crystallisation is commonly 

associated with higher glucose levels. Statistical analysis (one-way ANOVA) confirmed that 

there is no statistically significant difference between Group J and Group B in their fructose (p 

= 0.0727) or glucose (p = 0.2167) content nor in their respective fructose to glucose ratios (p = 

0.9385). 

2.7.5 Conclusion  

Although pollen analysis classified five of the eleven investigated samples as Jarrah (E. 

marginata) honey, five as Blackbutt (E. patens) honey and one as multifloral, HPTLC 

fingerprinting of the organic extracts of these honeys, obtained after extraction with two solvent 

systems of different polarity, returned almost identical results for all samples. The fingerprints 

also did not change significantly with filtration, which demonstrates that pollen grains present 

in the samples play only a limited role in the phytochemical composition of the honey extracts. 

The noticeable, though very limited influence of pollen grains on the samples’ colour, total 

phenolics content and antioxidant activity has been captured in this study, but more importantly 

it could be demonstrated that with, and also without the presence of these pollen grains, there 

was no statistically significant difference between the samples beyond slight natural variations. 

Neither on the basis of their physico-chemical characteristics (pH, electrical conductivity, 

refractive index / Brix, moisture content), nor on the basis of their major sugar profile or 

fructose to glucose ratio, nor in their organic extract composition prior or after filtration could 

any differences be noted that would justify that the honeys were classified as being of different 

floral origin. The same picture emerged from the analysis of the samples’ antioxidant properties 

and total phenolics content. The findings of this study therefore draw into question 

melissopalynology as a suitable tool to authenticate Jarrah honey and support the assessments 

by others, such as Sniderman et al. [190], who have already expressed their reservations over 
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pollen analysis as honey authentication tool, specifically in the context of Australian 

Eucalyptus honeys.  

It is recommended that future studies continue to explore this issue for larger sample sets and 

also for honeys from other nectar sources to help establish a better understanding of the role of 

melissopalynology in the authentication of Australian honeys harvested from pristine and 

botanically diverse natural areas. The authentication of honey is a high-stake exercise as honeys 

of different floral origin can yield distinctly different market prices. Thus, analytical methods 

for honey authentication need to be carefully selected. As demonstrated by the findings of this 

study, in particular in the context of honeys harvested from diverse, botanically rich areas such 

as Western Australian Jarrah honey, pollen analysis might not be the most appropriate 

analytical tool. Rather the chemistry of the honey, which is a direct reflection of its floral nectar 

source, should be the focus of authentication efforts.  
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2.8.1 Abstract 

In this paper, we describe a novel method for the development of a reference standard for the 

quality control of complex natural products, which will assist in the assessment of their 

authenticity and purity. The study provides a template for the selection of samples, which can 

be pooled to obtain a reference standard. A shortfall of such an approach is, however, that the 

pooled sample is static in nature and therefore unable to capture difference in processing 

conditions or natural variations triggered by geographical or climatic impacts over time. To 

address this, the paper also outlines the development of a dynamic reference standard, which 

allows for ongoing adjustments to future variations. The method is based on High-Performance 

Thin Layer Chromatography (HPTLC) derived extract profiles and their multivariate analysis. 

The development of the dynamic reference standard is illustrated using honey, a complex 

natural matrix, as an example. 

2.8.2 Introduction 

Natural products of plant and animal origin have been investigated physically, chemically or 

organoleptically for thousands of years [209, 210]. In particular for those that are used as 

medicinal, food or flavouring agents, a consistent phytochemical profile and with this 

predictability and reliability in appearance, taste, smell and also bioactivity are paramount 

[211-214]. The development of appropriate reference standards has therefore been a focus of 

quality control efforts in order to assess the authenticity, purity and potency of natural products. 

Many quality assurance methods for natural products rely on the qualitative and / or 

quantitative analysis of meaningful marker compounds [215-217]. Standardisation, however, 

poses its own challenges, for example when the natural product’s bioactivity levels (along with 

its organoleptic characteristics) cannot easily be tied to a single or a few compounds [218] but 

are the result of a complex interplay of a variety of constituents [219-221], or in cases where 

key constituents have not yet been chemically identified [222]. The use of profile 
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chromatograms, which reflect a natural product’s typical phytochemical composition, is 

therefore a common approach [223]. Furthermore, seasonal and geographical variations 

introduce an additional layer of complexity for the authentication and quality control of 

complex natural matrices. Rather than evaluating an extract against a profile chromatogram 

derived from a single reference sample of the natural product, pooling samples might therefore 

be more appropriate [224-226]. In this approach a number of samples, deemed to adequately 

represent the natural product extract, even across seasons or a wider geographical spread, are 

blended to create a pooled reference sample. Although there will necessarily be some variations 

between individual samples within the blend, the overall ‘picture’ that emerges from this 

pooled reference sample and its associated profile chromatogram will capture the extract’s 

typical phytochemical characteristics; pooling will ‘dilute out’ unusual constituents and 

amplify those that are common across the samples and so facilitate adequate quality control of 

complex natural products.  

Two core challenges remain nonetheless. First, how to select samples for inclusion in this 

pooled reference sample and second, how to ensure that the pooled reference standard remains 

‘current’ and continues to adequately reflect a natural product extract, which might change over 

time due to a range of external factors (e.g. climate change, change in growing or processing 

condition). 

In this paper, we describe a novel method for the development of a reference standard, which 

is able to address both of these challenges. It provides a template for the selection of samples 

and, due to its dynamic nature, also allows for ongoing adjustments to future variations. The 

approach is based on High-Performance Thin Layer Chromatography (HPTLC) extract profiles 

and their multivariate analysis. The development of such a dynamic reference standard is 

illustrated using honey, which is a complex natural matrix, as an example. 
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The phytochemical composition of honey, and with this its organoleptic and bioactivity profile, 

is directly related to its floral origin [115, 227, 228], namely the flowers bees visit and the 

nectar they collect. Variations in composition are reflected in a honey’s organic extract and can 

be captured in the respective HPTLC profile [165-167]. Monofloral honeys, which are 

predominately derived from a single floral source, are highly sought after and priced 

accordingly [51, 229]. However, wild harvested honeys are never 100% monofloral in their 

origin as bees cannot be restricted to a particular foraging area and will collect nectar 

opportunistically based on preferences and nutritional needs [230, 231]. Furthermore, 

geographical and environmental variations of nectar producing plants, differences in harvesting 

methods and post-harvest processing as well as variations in storage conditions can also impact 

on the final phytochemical composition of honey [32, 42, 232]. This complexity makes honey 

an ideal model natural product to investigate the development of a dynamic reference standard 

for authentication and quality control.  

Specifically, this study focuses on Jarrah honey, which originates from Eucalyptus marginata, 

a tree endemic to the south west of Western Australia [182]. This highly antibacterial and 

antioxidant honey [233] is mainly harvested from native forests and nature reserves, which 

means that Jarrah honeys might be mixed with other floral sources. To ensure a quality product, 

the authentication of the honey’s predominant nectar source is therefore an important 

undertaking. Over the years a range of authentication methods for honey have been developed 

[11]. For example, melissopalynology is commonly used to authenticate honeys, although in 

the specific context of Australian eucalypt honeys this approach is not without its challenges 

[61, 77, 82, 190, 193]. The method introduced in this paper outlines how a dynamic reference 

standard can be developed based on the multivariate analysis of HPTLC profiles of Jarrah 

honey organic extracts, which might then be used as an alternative authentication tool. 
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It needs to be emphasised that the combination of HPTLC and multivariate analysis is not new, 

not even in the context of honey analysis [167, 169, 234, 235]. What is novel about this study 

is the way, outlined below, how multivariate analysis of HPTLC profiles can be used to derive 

a dynamic, representative reference standard for quality control purposes. Two steps are 

proposed to derive this reference standard: 

i. Identify similarities in the HPTLC profile to determine the target cluster, which 

constitutes an aggregation of samples with similar constituent profiles. This step 

assists in defining the target cluster by removing extreme outliers as well as samples 

that are of multifloral origin. 

ii. Additional screening of the target cluster to remove diluted samples as well as those 

that have moderate quantities of other floral sources present. This step assists with 

the definition of the core cluster. 

In the first step, the HPTLC fingerprints of the target samples are analysed alongside other 

samples of a different floral origin and thus with different HPTLC fingerprints. This assists in 

defining target cluster characteristics common to all target samples by discriminating from 

samples with different HPTLC profiles. Thus, this initially identified target cluster will only 

contain samples with similar characteristics; extreme outliers or samples of multifloral origin 

will be removed from the target cluster at this stage. The samples constituting this target cluster 

are then carried forward into the second analysis step. 

In the second step, samples forming the target cluster will be analysed again. As in this analysis 

round no additional samples are introduced, the target cluster will be refined with dilute 

samples and those that contain moderate quantities of other floral origins shifting towards the 

periphery of the cluster. This will allow to identify those samples that constitute the core 

cluster. Reiterations of the second step are possible in order to further refine the core cluster. 
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Samples in the identified core cluster can then be pooled and the blend be used as a reference 

tool for quality control purposes as the representative fingerprint and chromatographic profile 

of the combined sample will capture all the characteristics and natural variations of the natural 

product extract. However, such a physical reference sample is static in nature and might no 

longer be able to capture and reflect externally driven changes (e.g. change in growing or 

processing conditions, climate change). An alternative to this pooling approach is therefore to 

work with a dynamic reference sample, which continues to reflect even subtle changes to the 

natural product extract’s phytochemical composition over time, in fluent, or dynamic, cluster 

boundaries.  

Using Jarrah honey as case example, we will explore the various steps leading to the 

identification of the target and core clusters and then assess three Jarrah honeys against the 

pooled reference sample as well as the dynamic reference standard, which were both developed 

on the basis of multivariate analysis, in order to determine their floral authenticity. 

2.8.3 Materials and Methods 

2.8.3.1 Reagents, Chemicals and Samples 

All reagents and chemicals used in this study were of analytical grade. Honey samples (n=104) 

were collected from beekeepers of Western Australia (Table 2.28). They were classified 

according to the information provided on the label and no further initial tests were carried out 

to confirm their floral identity.  

Table 2.28 Honey samples including codes, common name, botanical source and number of 

samples 

Codes Common Name a Botanical Source b Number of 

Samples 

MAR Marri (Redgum) Corymbia calophylla 1 
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KAR Karri Eucalyptus diversicolor 1 

JAR Jarrah Eucalyptus marginata 46 

WAN Wandoo Eucalyptus wandoo 1 

BAS Parrotbush Banksia sessilis 14 

BAM Banksia menziesii Banksia menziesii 10 

GOL Goldfields Mixed floral  1 

RED Red Bell Calothamnus quadrifidus 1 

WHI Whitegum Whitegum sp. 1 

LEP Leptospermum Leptospermum spp. 1 

YAT Yate Eucalyptus cornuta 1 

POW Powderbark Eucalyptus accedens 1 

BRO Brown Mallet Eucalyptus astringens 1 

CAL Callistemon Callistemon spp. 1 

MOO Moort Eucalyptus platypus 1 

WIL Wildflower Mixed floral 1 

BAN Banksia Banksia spp. 4 

ERE Eremophila Eremophila spp. 1 

MAL Mallee Mixed floral  1 

SPR Spring Mixed floral 1 

CAN Canola Brassica napus 1 

CAP Capeweed Arctotheca calendula 1 

EUC Great Victoria Desert Mixed floral 1 

MEL Melaleuca Melaleuca alsophila 1 

SCH Scholtzia Scholtzia spp. 1 
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ACA Acacia Acacia spp. 1 

BAP Banksia prionotes Banksia prionotes 1 

BAV Orange Banksia Banksia victoriae 1 

BAG Banksia (Bull) Banksia grandis 1 

BLO Bloodwood Corymbia zygophylla 1 

GIM Gimlet Eucalyptus salubris 1 

ORA Orange Blossom Citrus X sinensis 1 

TAG Tagasaste Cytisus proliferus 1 

WAT Watermelon Citrullus lanatus 1 

Total 104 

a Common name as provided by beekeepers 

b Botanical source as determined by beekeepers 

To obtain the organic honey extracts for HPTLC fingerprinting, 1 g of each honey was 

dissolved in 2 ml of deionised water. The aqueous honey solution was extracted three times 

with 5 ml of dichloromethane. After drying with anhydrous MgSO4 the combined organic 

extracts were evaporated at ambient temperature and stored at 4 °C until further analysis. 

2.8.3.2 High-Performance Thin Layer Chromatography (HPTLC) Fingerprinting 

To obtain the honey extracts’ respective chromatographic profiles, the method described by 

Locher et al. [165, 166] was followed. In brief, after reconstituting in 100 µL of 

dichloromethane the organic extracts were analysed by HPTLC (CAMAG, Muttenz, 

Switzerland). For this 5 µL of each extract were applied to the HPTLC plates (silica gel 60 

F254 HPTLC glass plates, 20 x 10 cm), which were developed at ambient temperature to a 

final solvent migration distance of 70 mm using toluene: ethyl acetate: formic acid (6:5:1, 

v/v/v) as mobile phase. After drying, the plates were analysed at 254 nm and 366 nm (TLC 

Visualiser 2). The plates were then derivatised using vanillin spraying reagent and heated for 
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3 min at 115 °C (CAMAG Plate Heater). Finally, the cooled plates were analysed at white light 

and 366 nm.         

2.8.3.3 Data Acquisition 

The four sets of fingerprints of each sample (at 254 nm and 366 nm, and at white light and 366 

nm after derivatisation) were converted into their respective chromatograms to derive values 

for migration distances (Rf) and corresponding intensities (AU). Furthermore, the colour (as 

RGB values) of the corresponding HPTLC bands was also recorded. Only bands with a Rf 

value between 0.05 and 0.60 were considered as this captured the majority of bands. While 

some additional bands with higher Rf values can be seen in the respective HPTLC fingerprint 

(Figure 2.25) they are not specific to a honey’s floral source and thus will not contribute any 

important bands towards the development of the reference standard. Given the lipophilic nature 

of the extraction solvent, these bands most likely represent waxy honey constituents, which are 

more reflective of the honey’s processing conditions (e.g. to what extent filtration was used to 

remove waxes and other debris from raw honey) rather than its floral source. For the ensuing 

two-step multivariate analysis, band intensities (AU) were multiplied with their corresponding 

RGB values (as red, green and blue pixels) and the result plotted against the corresponding Rf 

values. A 1248 x 104 data matrix was derived from this approach and multivariate analysis 

(Principal Component Analysis) was performed on this dataset using R and R Studio [236, 

237]. 
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Figure 2.25 Images taken at White light after derivatisation with vanillin reagent; Track 1 – 

JAR, Track 2 – multifloral honey (JAR mixed with BAS), Track 3 – BAS (a), and their 

respective chromatograms (b); 5 µL of each extract respectively 

 

2.8.4 Results and Discussion 

2.8.4.1 Visual Assessment of Fingerprints 

The obtained HPTLC profiles of the various honey extracts consisted of four sets of 

fingerprints and their corresponding chromatograms. While the chromatograms hold two-

dimensional information (Rf vs Intensity), the fingerprint itself is richer as the various bands 

also differ in colour. When placed side by side visual differences and communalities in the 

respective HPTLC fingerprints can be assessed. Figure 2.25 exemplifies the diversity in 

fingerprints prior to clustering.  

2.8.4.2 Cluster Analysis 

Unsupervised non targeted multivariate analysis (clustering or Principal Component Analysis) 

was conducted in order to position all samples in a simple cluster diagram. In the first step of 
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the analysis, aimed at identifying the target cluster, the fingerprints of 104 honeys, were 

analysed. They included, as labelled by the beekeeper, 46 Jarrah honeys (JAR), 14 Banksia 

sessilis honeys (BAS), 10 Banksia menziesii honeys (BAM), 4 Banksia honeys from 

unidentified Banksia species (BAN) as well as 30 other honeys of 30 different floral origins 

(Table 2.28). The cluster diagram shown in Figure 2.26 demonstrates that several clusters 

formed in this first round of multivariate analysis and that the target cluster (JAR) is clearly 

separated from the rest of the analysed samples. There are some samples which are situated 

between the JAR target cluster and the BAS cluster and visual inspection of the fingerprints of 

those particular samples confirmed that they were of mixed floral origin. Similar observations 

were made for samples found between the JAR target cluster and the BAM cluster. Some 

samples, for instance BAG-23, POW-127, BAM-82, BAM-331, MEL-60 and BAN-229 

(Figure 2.26), appeared within the JAR target cluster although they were not identified as Jarrah 

honeys by the beekeepers. Visual inspection of their corresponding HPTLC profiles confirmed 

that these were of multifloral origin with evidence of nectar sources other than Jarrah. On the 

other hand, some JAR samples (e.g. JAR-271, JAR-205) were found outside the JAR target 

cluster. In this case visual inspection of the respective HPTLC profiles confirmed that they 

were outliers and most likely misclassified by the beekeepers.  

To prepare for the second step of the analysis, aimed at defining the JAR core cluster, a 60% 

probability circle was placed around the target cluster, which contained 38 samples 

representing the JAR target cluster. 
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Figure 2.26 First step of cluster analysis (identification of JAR target cluster) 

 

In a second step the fingerprints of the 38 samples constituting the JAR target cluster were 

analysed again by multivariate analysis. Figure 2.27 illustrates that in this step the initial JAR 

target cluster was re-arranged to form a new cluster pattern where some samples (e.g. JAR 173, 

JAR 305) had shifted towards the periphery of the cluster. A visual inspection of their HPTLC 

profiles confirmed that those samples contained moderate quantities of other floral sources. 

Again, a 60% probability circle was placed around the cluster, which now contained 24 samples 

representing the preliminary JAR core cluster. Interestingly, two samples MEL-60 and BAN-

229 were still found within the JAR core cluster. Visual inspection of their HPTLC profiles 

confirmed that their fingerprints were closely related to the typical fingerprint of JAR, which 

might indicate that their predominant floral origin was misclassified by the beekeepers. 
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Figure 2.27 Second step of cluster analysis (identification of preliminary JAR core cluster) 

 

In order to further refine the cluster, another multivariate analysis was performed on the 24 

samples constituting the preliminary JAR core cluster. Figure 2.28 demonstrates that the 

samples in the preliminary JAR core cluster again re-arranged to form a new cluster pattern. 

Those samples, which were dilute JAR samples or contained minor quantities of other floral 

sources, shifted towards the periphery of this refined JAR core cluster, which was marked again 

with a 60% probability circle and contained 13 JAR samples. It is interesting to note that this 

refined JAR core cluster no longer contains MEL-60 and BAN-229. A visual inspection of the 

HPTLC profiles of the samples constituting this refined core cluster presented a consistent 

fingerprinting pattern (Rf values, colour) and band intensities (representing the respective 
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compound concentrations) in all four HPTLC derived images (254 nm, 366 nm as well as 366 

nm and white light after derivatisation). 

We argue that these 13 JAR samples represent the characteristics of the refined JAR core 

cluster and therefore can be used to prepare a pooled sample in order to obtain a JAR reference 

standard for quality control purposes. 

 

  

Figure 2.28 Final step of cluster analysis (identification of refined JAR core cluster) 

 

2.8.4.3 Preparation of Pooled Reference Standard 

Equal amounts of the 13 JAR samples identified as representing the refined JAR core cluster 

were pooled and warmed to 37 °C to assist with the preparation of a homogenous mixture. This 

mixture constitutes the JAR reference standard. 
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To obtain the HPTLC profile of this reference standard, 1 g of the mixture was dissolved in 2 

ml of deionised water and the aqueous honey solution extracted three times with 5 ml of 

dichloromethane. The combined extracts were dried at ambient temperature and then analysed 

as described in the Methods section. The obtained fingerprints and associated chromatograms 

of this pooled sample extract could be used in honey quality control to confirm the floral 

identity of a sample claimed to be JAR honey. 

2.8.4.4 Development of a Dynamic Reference Standard 

As described in the following section in more detail, instead of preparing a physical pooled 

reference standard for quality control purposes, it is also possible to generate a dynamic 

reference standard from the collated data, based on the above described multivariate analysis. 

An advantage of this approach is that when clustering statistically, samples are not mixed 

physically, leaving a pathway for the future addition of new samples into the clustering process. 

Those samples might bring additional minor information, which might reflect changes in 

growing or processing conditions or climatic changes that impact on the phytochemical 

composition of the samples.   

2.8.4.5 Proof of Concept: Confirmation of Floral Source of Jarrah Honey Samples using 

a Dynamic Reference Standard 

Three honeys, declared by beekeepers as Jarrah honeys (here referred to as JAR-A, JAR-B and 

JAR-C) were extracted and HPTLC fingerprinted as described in Method section. The obtained 

information was then included in the data matrix and clustering performed on the new data set. 

JAR-C was found in a central position within the JAR target cluster, and subsequently also in 

the preliminary and refined core clusters (Figures 2.29, 2.30a and 2.30b) but the other two 

samples (JAR-A and JAR-B) were outside the target cluster’s boundary. Visual comparison of 

the HPTLC fingerprints obtained for the three samples with those of the 13 JAR samples 

previously identified as representing the refined JAR core cluster demonstrate very close 
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agreement for JAR-C. While containing all the characteristic fingerprinting features of the 13 

JAR refined core cluster samples, JAR-A and JAR-B, however, present additional bands, 

indicating that these two honeys contain mainly JAR nectar, but also small amounts of other 

floral sources.  

 

  

Figure 2.29 Cluster analysis with new Jarrah samples (JAR-A, JAR-B, JAR-C) 

 

As can be seen from Figures 2.30a and 2.30b, JAR-C not only clustered relatively central 

within the preliminary JAR core cluster, which contained a total of 39 samples, but also in the 

refined core cluster (25 samples). On this basis, JAR-C can be considered to represent an 

authenticated JAR honey, which thus can be added to the dynamic reference standard. A careful 

comparison between the refined JAR core cluster, obtained prior to the inclusion of JAR-C, 
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and the new refined JAR core cluster (including JAR-C) illustrates the dynamic nature of the 

standard and its slightly fluid and evolving cluster boundaries. This can be seen in subtle shifts 

in the cluster position of some samples. For instance, sample JAR-345, which was included in 

the initial refined core cluster (Figure 2.28) has moved just outside the new core cluster’s 60% 

probability circle (Figure 2.30b). The slight shift is due to the addition of three new samples 

(JAR-A, JAR-B and JAR-C) in the analysis and ultimately the addition of a new sample (JAR-

C) to the refined core cluster, which demonstrates the dynamic nature of the method. 

 

  

Figure 2.30 Cluster analysis with new Jarrah samples (JAR-A, JAR-B, JAR-C); preliminary 

JAR core cluster (a) and refined JAR core cluster (b) 

 

It needs to be emphasised that the above dynamic reference is currently based on the analysis 

of only 49 JAR samples and contains only 13 JAR core cluster samples. With the addition of 

new samples in the future and continued multivariate analysis, the refined core cluster’s 

boundaries might shift slightly, capturing the dynamic nature of the reference standard. This 

will allow to reflect, much more easily than could be done with the use of a pooled reference 

standard, natural diversity triggered, for example, by environmental, geographical, seasonal or 

processing variations. 
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The paper also proposes a step-wise approach in determining the core cluster. How many 

iterations of the clustering will be carried out to ultimately derive at the final core cluster (i.e. 

in this study two iterations were carried out) is flexible and thus allows the method to be 

designed to be fit-for-purpose. The same applies to the decision at what level the cluster borders 

are set (i.e. in this study the probability circle was set at 60%). We envisage that this process 

requires stakeholder input (e.g. industry standards, internal quality control requirements) to 

determine how narrow or extended the cluster boundaries need to be in order to derive 

meaningful pooled or dynamic reference standards that meet stakeholder requirements. It might 

even be possible with this approach to determine samples of different quality. For instance, it 

might be decided that samples that fall into the target cluster meet the requirements of the 

respective Food Codex standard, whereas samples that are earmarked for use as 

(complementary) medicines and thus need to fulfil certain Monograph standards, will need to 

fall within the core cluster.  

There are some limitations to the preparation of such a dynamic reference standard: An 

adequate number of target samples (here JAR) should be available to derive HPTLC 

fingerprints and corresponding chromatograms that adequately represent the cluster and the 

target samples should also be more numerous than ‘other’ samples that, from the onset, are 

outside the target cluster (here e.g. BAN, BAM, MEL – see Table 2.28). Furthermore, the target 

samples should be of an acceptable purity as a large number of highly contaminated or diluted 

samples might lead to a misrepresentation of the core cluster.  

2.8.5 Conclusion  

Assessment of authenticity and purity of complex natural products is a challenging 

undertaking, in particular in cases where key bioactive constituents that could act as marker 

compounds for standardisation are not (yet) identified or where a complex interplay of a variety 

of key constituents characterises the extract. In such cases quality control commonly relies on 
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profile chromatograms to adequately capture the complexity of the natural product. Given 

natural variations in composition, it is advisable to prepare such profile chromatograms from 

pooled reference samples. This paper outlined a new method for how samples for such a pooled 

reference can be selected on the basis of HPTLC fingerprinting followed by multivariate 

analysis. Employing the same analysis approach, the study also described the development of 

a dynamic reference standard as an alternative to a static pooled reference sample, which is 

able to better capture seasonal, geographical, environmental or processing variations. The 

approach was illustrated using Jarrah honey, but the developed method provides a template that 

can be also used for the preparation of quality control standards (pooled samples and / or 

dynamic references) of other natural products.  

Where available, an initial single botanical reference material (BRM) can be included in the 

analysis as a starting point from which the dynamic reference standard can be developed. 

Further, while this study has based its multivariate analysis on HPTLC derived data, future 

research should explore if, in other contexts, a similar clustering can also be achieved using 

different analytical input data. Here, the analysis has been based on individual constituent 

bands’ Rf values, colour and peak intensities and it would be interesting to explore if a 

combination of constituents’ retention times, peak areas and spectral data derived by High 

Pressure Liquid Chromatography (HPLC), for example, might provide equivalent 

discrimination power. 
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133 
 

3.1 Executive Summary 

Sugars are major components of honey, accounting for about 65 to 80% of total weight. They 

play a critical role in its physicochemical characteristics as well as its antibacterial activity. 

Sugars are responsible, for example, for the high levels of viscosity and osmolarity of honey, 

which in turn create an unfavourable environment for bacteria to thrive in. The Codex 

Alimentarius for Honey stipulates a minimum of 60% (w/w) sugar content for honey, expressed 

as its combined glucose and fructose content. This is reflective of fructose and glucose being 

the major sugars in honey. Their respective relative ratio, also known as fructose to glucose 

(F/G) ratio, is characteristic for honeys of different floral origins, and dictates their respective 

crystallisation behaviour with a higher fructose content normally reflective of a lower 

crystallisation tendency. The detection and quantification of major sugars, alongside some 

minor sugars like maltose and sucrose, are very important in honey quality control. Not only is 

the F/G ratio reflective of crystallisation behaviour, the total amount of sugar serves as an 

indicator of a honey’s maturity as unripe honey has a much higher water content and thus lower 

overall sugar concentration. Furthermore, a honey’s sugar profile can be assessed to detect 

potential pre-harvest bee feeding activities or the post-harvest admixture with sugar syrups.  

This chapter presents a novel, fully validated method of detecting and quantifying sugars in 

honey using High Performance Thin Layer Chromatography (HPTLC) which has been 

published in JPC - Journal of Planar Chromatography - Modern TLC. Moreover, the sugar 

analysis method was not only used to determine the sugar profile of a range of honeys but, 

coupled with HPTLC fingerprinting, to also detect and quantify post-harvest adulterations of 

two honeys with six different sugar syrups (rice, corn, golden, treacle, glucose and maple). The 

findings of this study, which illustrate the usefulness of the developed method in honey quality 

control, were published in Molecules. Finally, HPTLC based multivariate data analysis was 

employed to develop a model that allows to predict post-harvest adulteration of Jarrah 
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(Eucalyptus marginate) and Manuka (Leptospermum scoparium) honeys with these sugar 

syrups. The findings of this study were published in PeerJ. 

It is also pleasing to note that a slightly modified version of the HPTLC-based detection and 

quantification of sugars developed as part of this PhD research, has since been adopted by 

CAMAG, the Switzerland based world leader in planar chromatography technology, in its 

HPTLC PRO System (https://www.youtube.com/watch?v=i265TNHIc_c; and 

https://www.camag.com/article/fast-analysis-sugars-honey-using-hptlc-pro-system). This 

illustrates the industry relevance of the method, even beyond honey research.  

In summary, this chapter presents 

1) The peer-reviewed publication of a novel HPTLC based sugar analysis method to 

quantify the major sugars present in honey; 

2) The peer-reviewed publication of honey quality control aspects, specifically the 

detection and quantification of post-harvest adulteration of honeys with six different 

sugar syrups via an analysis of their major sugars coupled with HPTLC based organic 

extract fingerprints; 

3) The peer-reviewed publication of multivariate analysis of HPTLC data for the 

development of a prediction-based model to detect sugar syrup adulterations in Manuka 

and Jarrah honey. 

  

https://www.youtube.com/watch?v=i265TNHIc_c
https://www.camag.com/article/fast-analysis-sugars-honey-using-hptlc-pro-system
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3.2 Research Objective 

The findings presented in this chapter address Research Objective 3.  

Objective 3: Develop a validated HPTLC based quality control tool for rapid and reliable 

quantification of sugars, and detection and quantification of sugar adulterants as well as a 

prediction-based model for post-harvest sugar adulteration using HPTLC-multivariate data 

analysis. 
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3.3.1 Abstract 

Sugars, in particular glucose and fructose, are the main constituents of honey, comprising up 

to 85% of its total weight. A High-Performance Thin Layer Chromatography (HPTLC) method 

to identify and quantify common sugars (glucose, fructose and sucrose) in honey has been 

developed and fully validated according to ICH guidelines. It allows to determine a honey’s 

fructose to glucose ratio, which is not only an important authentication and quality control 

parameter, but also an indication of its tendency to crystallise. The HPTLC analysis is easy to 

perform, accurate, precise, specific and sensitive and requires only minimal sample 

preparation. With an LOD / LOQ of 21.98 ng / 66.62 ng for fructose, 33.00 ng / 100.00 ng for 

glucose and 21.17 ng / 64.15 ng for sucrose, the sensitivity of the method has been greatly 

improved compared to other HPTLC based approaches. An additional advantage is the 

method’s simplicity and fast processing time as it only requires a single development step 

without plate or sample pre-treatment. 

 3.3.2 Introduction 

Sugars play an important role in many natural products and food items. Honey, for example, is 

a highly concentrated sugar solution, its main sugars being fructose and glucose, which account 

for about 80 – 85 % of the total solid. They are also in the main responsible for the sweetness 

of honey, with fructose being twice as sweet as glucose [238]. Other sugars present in honey 

include disaccharides (e.g. sucrose, maltose, trehalose, turanose), trisaccharides (e.g. 

maltotriose, raffinose, erlose) and oligosaccharides [16].  

As fructose and glucose are the major constituents of honey, their identification and 

quantification are of great interest. In particular the fructose to glucose ratio is important to the 

beekeeping industry as it contributes to the authentication of a honey’s floral source, assists 

with the identification of honey adulterants (e.g. feeding of bees with sugar syrups during times 
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of low nectar flow or adding sugar syrups to honey to increase honey yields [239-244]  ) and 

also allows to predict the typical crystallization behaviour of honey [37, 142, 189, 245].  

A honey’s sugar composition can be determined by several analytical methods, including 

isotope ratio mass spectrometry (IRMS), nuclear magnetic resonance (NMR) spectroscopy, 

infrared (IR) spectroscopy, gas-chromatography (GC), high performance liquid 

chromatography (HPLC) and anion-exchange liquid chromatography [10, 102, 118, 124, 246-

249]. Complex sample preparation steps (e.g. use of solid phase extraction) for HPLC, the need 

for derivatisation prior to analysis and very complex chromatograms with high degrees of peak 

overlap for GC-MS analysis or non-specific absorption in IR analysis are some of the 

challenges associated with these analytical processes [19, 129, 250-252].  

Hence, there is still a need for the development of an easy-to-use, accurate, convenient and 

cost-effective complementary method for the determination of sugars in honey, and by 

extension other natural products and food items. In this light, several methods for the 

identification and quantification of sugars based on Thin Layer Chromatography (TLC) and 

more recently High-Performance Thin Layer Chromatography (HPTLC) have been reported 

[168, 171, 246, 247].  

HPTLC is a sophisticated and increasingly popular tool for the analysis of complex matrices. 

It facilitates the separation and potentially also quantification of various extract constituents 

using a semi-automated set-up. A typical HPTLC instrumentation consists of (semi)automated 

sample application, development, scanning of the plate and data analysis. The use of high 

quality HPTLC plates and the ability to control and automate crucial analysis steps (e.g. sample 

application, development, and derivatisation) combined with fully automated image analysis 

allows for qualitative and also quantitative analyses with high levels of repeatability, precision 

and accuracy [157].  
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Past TLC or HPTLC based methods for the analysis of sugars have, however, presented some 

significant limitations. For example, band separation (resolution) between fructose and glucose 

has not been satisfactory [168, 246, 248, 253], hence making them unsuitable for the analysis 

of honey. Other TLC or HPTLC based approaches rely on repeat chromatogram development 

steps resulting in very long analysis times yet without achieving satisfactory band separation 

between fructose and glucose [168, 249]. 

To address these challenges, a range of solvent systems for the quantification of fructose and 

glucose by TLC or HPTLC have been investigated [249]. For instance, the use of n-propanol: 

water: triethylamine: 30% NH3 (80: 20: 0.2: 4) [246] was reported, however the approach 

appeared to be inadequately reproducible, in particular as the ammonia tended to evaporate 

during saturation and conditioning of the development chamber, which ultimately affected the 

chromatogram’s resolution.  

We have trialled other solvent combinations (Table 3.2) and different mobile phase migration 

distances (70 mm and 85 mm) to optimise a HPTLC method for sugar analysis. In this paper, 

we report on how ultimately an optimal solvent system, which facilitates a satisfactory and 

reproducible resolution between glucose and fructose in a single development step using 

HPTLC, has been identified and validated. 

3.3.3 Materials and Methods 

3.3.3.1 Chemicals and Reagents 

The chemicals and reagents were sourced from: glucose, sucrose, 1-butanol (Chem-Supply Pty 

Ltd., Gillman, Australia), fructose, aniline (Sigma-Aldrich, Steinheim, Germany), boric acid 

(PharmaScope, Welshpool, Australia), methanol (Scharlau, Barcelona, Spain), 2-propanol 

(Asia Pacific Specialty Chemicals Ltd., Singapore), diphenylamine, phosphoric acid (Ajax 

Finechem Pvt Ltd., Cheltenham, Australia). Silica gel 60 F254 HPTLC glass plates (20 cm × 10 
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cm) were purchased from Merck KGaA (Darmstadt, Germany). Honey samples (Table 3.1) 

were obtained from supermarkets and honey suppliers in Western Australia. 

Table 3.1 Honey samples including floral sources and reference ID 

Labelled floral 

source 

Supplier origin and  

packaging date 

Reference ID 

Manuka Barnes Naturals (Jan 2017) MAN 

Multifloral Wescobee (Jun 2019) MUL 

Unspecified Coles Supermarket (Jan 2019) UNS1 

Unspecified Aldi Supermarket (no date provided) UNS2 

 

3.3.3.2 Sample Preparation 

3.3.3.2.1 Standard and Reagent Preparation 

Standard glucose, fructose and sucrose solutions (250 μg/mL) were prepared by dissolving 25 

mg respectively in 100 mL of 50% aqueous methanol with sonication. A solution of boric acid 

(5 mg/mL) was prepared by dissolving 500 mg of boric acid in 100 mL deionised water. A 

mixture of 1-butanol: 2-propanol: boric acid in water (5 mg/mL) (30: 50: 10) was used as 

mobile phase. The derivatization reagent was prepared by dissolving 2 g of diphenylamine and 

2 ml of aniline in 80 mL of methanol. After addition of 10 mL of phosphoric acid (85%) the 

solution was made up to 100 mL using methanol. 

3.3.3.2.2 Preparation of Honey Solution 

100 mg of each honey was dissolved in 80 mL of 50% aqueous methanol by sonication then 

made up to 100 mL with 50% aqueous methanol.  
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3.3.3.3 Instrumentation and High-Performance Thin Layer Chromatography (HPTLC) 

Method 

3.3.3.3.1 Sample Application 

The standard solutions were applied as 8 mm bands at 8 mm from the lower edge of the HPTLC 

plate at a rate of 150 nL s-1 using a semi-automated HPTLC application device (Linomat 5, 

CAMAG). To prepare the glucose, fructose and sucrose standard curves, 1 µL, 2 µL, 3 µL, 4 

µL and 5 µL of the respective standard solutions were applied. 

3.3.3.3.2 Sample Development 

The chromatographic separation was performed on silica gel 60 F254 HPTLC plates (glass 

plates 20 x 10 cm) in a saturated (33% relative humidity) automated development chamber 

(ADC2, CAMAG) at ambient temperature. The plates were pre-saturated with the mobile phase 

for 5 min, automatically developed to a distance of 80 mm at room temperature and dried for 

5 min. The obtained chromatographic results were documented using an HPTLC imaging 

device (TLC Visualizer 2, CAMAG) under white light. The chromatographic images were 

digitally processed and analysed using a specialized HPTLC software (VisionCATS, 

CAMAG) which was also used to control the individual instrumentation modules[165-167]. 

3.3.3.3.3 Sample Derivatisation 

After initial documentation of the chromatographic results, each plate was derivatized with 2 

mL of aniline-diphenylamine-phosphoric acid reagent using a TLC derivatizer (CAMAG 

Derivatizer). The derivatized plate was heated for 10 min at 110 °C using a CAMAG TLC 

Plate Heater III. Afterwards, the plate was cooled to room temperature and analysed with the 

HPTLC imaging device under white light. Three sets of images, remission white (R white), 

transmission white (T white) and remission-transmission white (RT white), were taken for 

analysis. 
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3.3.3.3.4 2D Chromatographic separation of honey sample 

To determine if the proposed method was suitable to identify and quantify the three sugar 

standards in the honey sample, 5 µL of the MAN honey solution (1 mg/mL) was placed as 8 

mm band on a 10 x 10 cm HPTLC plate 8 mm from the lower edge and 15 mm from the left 

edge of the plate. To determine band purity, the plate was developed once to a solvent migration 

distance of 85 mm, then rotated by 90° counterclockwise and developed again to a solvent 

migration distance of 85 mm. After derivatisation the plate was analysed at white light to assess 

band purity (Figure 3.2).  

3.3.3.4 Method Validation 

The developed method for the determination of glucose, fructose and sucrose in honey was 

validated according to the current International Conference on Harmonisation (ICH) guidelines 

[254]. 

3.3.3.4.1 Specificity 

The specificity of a method for the determination of a compound is ascertained by comparing 

the compound with a reference standard. This is also done to demonstrate that an analytical 

procedure is specific for a particular analyte as well as able to discriminate between compounds 

of closely related structures which are likely to be present in the analytical sample of interest. 

Glucose, fructose and sucrose presented as individual bands with distinct Rf values on the 

chromatographic plate. Peak purity was assessed by comparing the peak start, peak apex and 

peak end position. The bands for glucose and fructose were also confirmed as being present in 

honey by comparing the corresponding Rf values and peak purity spectra with the respective 

standards.  
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3.3.3.4.2 Linearity 

The linearity of the analytical method was evaluated by analysing standard glucose, fructose 

and sucrose solutions of different volumes (1 - 5 μL) in a concentration range of 250 - 1250 

ng/band. Three replicate measurements were conducted using the standards. Each standard 

solution was used to produce five-point linear calibration curves and the obtained peak area 

and peak height versus the corresponding concentration of standards were evaluated by linear 

regression analysis. The coefficient of determination (r2), slope (m), y-intercept (c) and 

standard deviation (SD) of the calibration curves were determined to assess the linearity of the 

method. 

3.3.3.4.3 Sensitivity (limit of detection and quantification) 

The limit of detection (LOD) is the lowest amount of analyte in a sample that can be detected 

but not necessarily quantitated as an exact value under the experimental conditions. The limit 

of quantification (LOQ) is the lowest amount of analyte that can be detected and quantified 

with suitable precision, accuracy and reproducibility. 

The LOD and LOQ were calculated based on the standard deviation of the regression lines and 

slope of the calibration curves (n= 3) using the formula described in the ICH guidelines:  

LOD = 3.3 × σ/S  

LOQ = 10 × σ/S 

where σ is the standard deviation of the regression line and S is the slope of the calibration 

curve. 

The sensitivity of the method (LOD and LOQ) was determined for glucose, fructose and 

sucrose standards from their corresponding calibration curves. 
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3.3.3.4.4 Precision 

Precision is the closeness of results between a series of measurements obtained from multiple 

analyses of samples under the same conditions but at different times, on different instruments 

or by different analysts. Precision is considered at three levels, repeatability (same operating 

conditions over a short interval of time), intermediate precision (within-laboratory variations: 

different days, different analysts, different equipment) and reproducibility (between 

laboratories). The precision of the current method was validated for intraday and inter-day 

precision. Intraday precision was determined in triplicate using the same method on the same 

day for three different concentrations of glucose (500, 750 and 1000 ng/band of standard 

glucose solutions) and expressing the obtained peak area or peak height as percent relative 

standard deviation (% RSD). The precision of the method for the quantitative analysis of 

fructose and sucrose was determined in the same way. 

3.3.3.4.5 Accuracy 

The accuracy of the method was established through a standard spiking or addition method. 

Sample bands were over-spotted with known quantities of each reference standard in the range 

of 500, 750 and 1000 ng/band. Each experiment was performed in triplicate and the accuracy 

was calculated as the % recovery and % RSD of standards. 

3.3.3.4.6 Repeatability (System Precision) 

Repeatability as system precision is determined by repeatedly analysing a particular sample 

concentration. In this case repeatability was studied by analysing five times bands containing 

500 ng of glucose, fructose or sucrose respectively. The findings were expressed as %RSD of 

standards.  
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3.3.3.4.7 Robustness 

Robustness of an analytical method is evaluated by studying the influence of small, but 

deliberate changes to the method parameters in order to provide an indication of its reliability 

during normal usage. Robustness was examined in this study by making small changes to the 

mobile phase composition, volume, and chamber saturation time during the triplicate analysis 

of glucose, fructose and sucrose standards in a concentration of 500, 750 and 1000 ng / band. 

The results were examined in terms of % recovery and Rf values of individual compounds.  

3.3.4 Results and Discussions 

3.3.4.1 Mobile Phase Selection 

Being highly polar compounds the analysis of sugars (in this study glucose, fructose and 

sucrose) on HPTLC silica gel 60 F254 plates requires are strongly polar solvent system. To 

sharpen obtained bands, the addition of a small volume of a suitable acid (e.g. formic acid, 

acetic acid) was also assumed to be beneficial. On the basis of these considerations, a number 

of solvent systems were tested during the method development phase of this study (Table 3.2).  

Table 3.2 Composition of different mobile phases tested 

MP Mobile Phase Composition 

(V: V: V) 

Previously Reported Context / 

Technique 

References 

1 Chloroform: Acetic 

acid: Water 

3: 3.5: 0.5 Honey and agave syrup by TLC A 

2 Acetone: Acetonitrile 85: 15 Glucose and fructose in honey by 

HPLC; 

Glucose and fructose by HPTLC 

B, C 



146 
 

3 Ethyl acetate: Acetic 

acid: Water 

6: 3: 2 Oligosaccharides by TLC D 

4 Ethyl acetate: 

Pyridine: Water: 

Acetic acid 

6: 3: 1: 0.5 Blood, urine, faeces and human milk 

by TLC;  

Glucose and fructose by HPTLC; 

Glucose and fructose in honey by 

HPTLC;  

Glucose in plasma by TLC 

E, F, G, H 

5 Ethyl acetate: 

Pyridine: Methanol: 

Acetic acid 

6: 3: 1: 0.5 Yoghurt, candy and stevia by HPTLC I 

6 Butanol: Ethanol: 

Water 

5: 3: 2 Fructo-oligosaccharides in biological 

samples by TLC 

J 

7 1-Butanol: 2-

Propanol: Boric acid 

in Water (100 mg/20 

mL): Acetic acid 

30: 50: 10: 1 Glucose and fructose by HPTLC; 

Wine analysis by HPTLC 

F, K 

8 1-Butanol: 2-

Propanol: Boric acid 

in Water (100 mg/20 

mL) 

30: 50: 10   

References: A = [255], B = [256], C = [257], D = [258], E = [259], F = [260], G = [168], H = 

[261], I = [249], J = [253], and K = [262]. 

Mobile Phase 8 (MP8) was found to be the optimum mobile phase to ensure adequate 

separation between glucose, fructose and sucrose using a chromatographic migration distance 
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of 85 mm in a single development of the plate. The separation of the three sugars using MP8 

allowed to easily identify individual bands on the basis of their distinct Rf values and colours 

and also to quantify them separately with high levels of precision and accuracy (Figure 3.1a). 

The addition of acetic acid (MP7) was found to sharpen the individual bands, but also reduced 

the overall band elution distance, resulting in poorer band resolution and thus making an 

accurate quantitative analysis more difficult (Figure 3.1b).  

  

 Figure 3.1 Development in (a) 1-Butanol: 2-Propanol: Boric acid in water (MP8) and (b) 

1-Butanol: 2-Propanol: Boric acid in water: acetic acid (MP7) 

 

3.3.4.2 Selection of detection wavelength (visual image evaluation) and absorbance peak 

intensity 

Three sets of images (R white, T white and RT white) were taken for analysis. Each set of 

images was analysed by VisionCATS software and T white was found to give the most 

consistent results over the entire concentration range of the calibration curve (data not 

presented) with an adequate correlation coefficient (r2) for the respective calibration curves.  
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For quantitative analysis, both absorbance peak areas as well as absorbance peak heights vs 

concentration of the respective sugar standard curves were plotted. Peak areas vs concentration 

produced more reliable and accurate analysis results compared to peak heights vs concentration 

over the entire calibration range (data not presented).  

3.3.4.3 Chromatographic Results 

Glucose, fructose and sucrose were separated and quantified by HPTLC. After derivatisation 

with aniline-diphenylamine-phosphoric acid reagent, the chromatographic plate image 

background was white in colour and the individual sugars presented in different bright colours, 

glucose dark ash coloured, fructose pink-red and sucrose dark brown. Their respective Rf 

values were found to be 0.32 (glucose), 0.27 (sucrose) and 0.14 (fructose). On the basis of the 

2D chromatographic analysis it was determined that the respective bands were pure, as there 

were no additional bands found to be overlapping with the sugar bands of interest in the honey 

sample (Figure 3.2). 

 

  Figure 3.2 2D chromatographic separation of honey sample 

 



149 
 

3.3.4.4 Method Validation 

The absorbance intensity at white light after derivatisation of the individual bands was 

recorded. The specificity of the method was determined by measuring individual bands at their 

specific Rf values. For quantative analysis, the peak intensity was plotted against concentration. 

The linearity range was 250 – 1250 ng/band. Using polynomial analysis, the linear regression 

and correlation co-efficient (r2) of the standard curves validated the linearity of the analytical 

method. 

By using the trend line equation of the three different calibration curves, the sensitivity of the 

method in terms of limit of detection (LOD) and limit of quantification (LOQ) was calculated. 

For the three different sugars, the LOD and LOQ were 21.98 ng and 66.62 ng for fructose; 

33.00 ng and 100.00 ng for glucose; and 21.17 ng and 64.15 ng for sucrose respectively (Table 

3.3). In comparison to the findings of previous similar studies [168, 249, 263], the sensitivity 

of the method proposed in this paper has been greatly improved. 

Table 3.3 Linear regression data for the calibration curves of fructose, glucose and sucrose 

 Rf Run Linearity 

range 

(ng/band) 

Regression 

equation 

Correlation 

(r2) 

coefficient 

LOD 

(ng) 

LOQ 

(ng) 

Fructose 0.14 

Run 1 250 - 1250 y = 9E-06x + 

0.0012 

R² = 0.9895 

21.98 66.62 

Run 2 250 - 1250 y = 8E-06x + 

0.0011 

R² = 0.9958 

Run 3 250 - 1250 y = 8E-06x + 

0.0011 

R² = 0.9943 
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Glucose 0.32 

Run 1 250 - 1250 y = 1E-05x + 

0.0025 

R² = 0.9936 

33.00 100.00 

Run 2 250 - 1250 y = 1E-05x + 

0.0026 

R² = 0.9959 

Run 3 250 - 1250 y = 1E-05x + 

0.0024 

R² = 0.9926 

Sucrose 0.27 

Run 1 250 - 1250 y = 9E-06x + 

0.0021 

R² = 0.9905 

21.17 64.15 

Run 2 250 - 1250 y = 9E-06x + 

0.0020 

R² = 0.9915 

Run 3 250 - 1250 y = 1E-05x + 

0.0021 

R² = 0.9838 

 

The accuracy of the method in terms of sample recovery was determined by calculating % 

mean recovery of each of the three sugars using the standard addition method. The accuracy of 

% mean recoveries were found to be in a range of 100.74% to 103.19% for fructose, 100.35% 

to 102.16% for glucose and 100.00% to 104.03% for sucrose, which were all within the 

acceptable range of the ICH guideline.  

Table 3.4 Recovery of fructose, glucose and sucrose 

Theoretical 

Concentration 

(ng) 

Run 1 

  

Run 2 

  

Run 3 

  

Recovery % 

Recovery 

% mean 

recovery 

Recovery % 

Recovery 

% mean 

recovery 

Recovery % 

Recovery 

% mean 

recovery 

Recovery of 

Fructose          

500 499.30 99.86 

103.19 

512.20 102.44 

102.36 

497.80 99.56 

100.74 750 771.90 102.92 774.30 103.24 743.60 99.15 

1000 1068.00 106.80 1014.00 101.40 1035.00 103.50 
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Recovery of 

Glucose   
 

  
 

  
 

500 502.00 100.40 102.16 500.80 100.16 100.35 508.50 101.70 101.38 

750 764.90 101.99  752.10 100.28  764.60 101.95  

1000 1041.00 104.10  1006.00 100.60  1005.00 100.50  

Recovery of 

Sucrose   
 

  
 

  
 

500 498.10 99.62 100.00 516.60 103.32 103.35 520.40 104.08 104.03 

750 749.10 99.88  774.20 103.23  774.10 103.21  

1000 1005.00 100.50  1035.00 103.50  1048.00 104.80  

 

The precision of the method was carried out as intraday and inter-day precision, which 

determined the reproducibility of the optimised method. The precision studies were performed 

for the three sugars three times (n=3) at three different concentrations, low (500 ng/band), 

medium (750 ng/band) and high (1000 ng/band) respectively. The obtained %RSD values were 

within the acceptable limit (Table 3.5 and 3.6), indicating that the method can be considered 

precise with high level of confidence. 

Table 3.5 Precision study of fructose, glucose and sucrose analysis: Intra-day precision 

Theoretical 

Concentration 

(ng/band) 

Precession of the Method (Intra-day) 

Run 1 Run 2 Run 3 

 
Measured 

Conc. 

Measured 

Conc. 

Measured 

Conc. Mean SD % RSD 

Fructose       

500 493.00 487.50 462.00 480.83 16.54 3.44 

750 749.20 730.00 715.20 731.47 17.05 2.33 

1000 1054.00 987.10 980.00 1007.03 40.83 4.05 

Glucose       

500 525.40 473.80 461.30 486.83 33.98 6.98 
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750 774.00 722.00 720.30 738.77 30.52 4.13 

1000 1053.00 1016.00 981.30 1016.77 35.86 3.53 

Sucrose       

500 522.60 481.50 478.00 494.03 24.80 5.02 

750 760.00 724.60 731.00 738.53 18.86 2.55 

1000 1030.00 977.10 964.50 990.53 34.75 3.51 

 

Table 3.6 Precision study of fructose, glucose and sucrose analysis: Inter-day precision  

Theoretical 

Concentration 

(ng/band) 

Precision of the Method (Inter-day) 

Run 1 Run 2 Run 3 

 
Measured 

Conc. 

Measured 

Conc. 

Measured 

Conc. Mean SD % RSD 

Fructose       

500 493.10 508.50 507.40 503.00 8.59 1.71 

750 732.10 753.00 757.60 747.57 13.59 1.82 

1000 973.20 1032.00 1019.00 1008.07 30.89 3.06 

Glucose       

500 525.10 499.80 499.60 508.17 14.67 2.89 

750 777.00 722.50 761.80 753.77 28.12 3.73 

1000 1023.00 1006.00 1055.00 1028.00 24.88 2.42 

Sucrose       

500 493.70 513.60 500.90 502.73 10.08 2.00 

750 727.00 758.40 760.70 748.70 18.83 2.51 

1000 986.80 1012.00 1028.00 1008.93 20.77 2.06 
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Repeatability is an indicator of system precision, which was expressed as SD and %RSD. The 

obtained %RSD values were within the acceptable limit (Table 3.7), indicating that the method 

can be considered repeatable with high level of confidence. 

Table 3.7 Repeatability (System Precision)  

Theoretical 

Concentration (ng/band) 

Fructose Glucose Sucrose 

Measured Conc. Measured Conc. Measured Conc. 

500 515.4 517.9 511.5 

500 522.6 532.7 529.2 

500 524.2 523.0 517.7 

500 516.4 508.4 518.1 

500 521.3 508.8 499.6 

Average 520.0 518.2 515.2 

SD 3.88 10.22 10.81 

%RSD 0.75 1.97 2.10 

 

The parameters of the optimized methods were intentionally varied to investigate the 

robustness of the developed method. Specifically, robustness was examined by making small 

changes in the saturation time, mobile phase volume and composition. Each time the 

experimental conditions were changed slightly, the changes in the responses for all the sugars 

were noted. The summary of the robustness study is presented in Tables 3.8, 3.9 and 3.10. It 

was found that variation in the studied parameters had no noticeable influence on the separation 

and quantification of fructose, glucose and sucrose using the proposed method. In these 

experiments, the sugars were effectively separated with almost unchanged retardation factors 
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(Rf). The values of % recoveries with unaffected Rf values indicate the robustness of the 

developed method according to the ICH guidelines. 

Table 3.8 Robustness: Change in mobile phase volume 

Mobile 

Phase 

Volume 

Theoretical 

Amount 

Fructose Glucose Sucrose 

% 

Recovery 

Rf 

(Mean ± SD) 

% 

Recovery 

Rf 

(Mean ± SD) 

% 

Recovery 

Rf 

(Mean ± SD) 

8 ml 

500.00 102.18 

0.14 ± 0.006 

98.80 

0.32 ± 0.004 

99.36 

0.27 ± 0.004 750.00 102.91 101.36 102.01 

1000.00 101.00 102.60 100.20 

12 ml 

500.00 104.94 

0.14 ± 0.006 

99.24 

0.32 ± 0.004 

97.84 

0.27 ± 0.004 750.00 102.64 101.24 103.49 

1000.00 101.00 98.48 99.38 

 

Table 3.9 Robustness: Change in saturation time 

Saturation 

Time 

Theoretical 

Amount 

Fructose Glucose Sucrose 

% 

Recovery 

Rf 

(Mean ± SD) 

% 

Recovery 

Rf 

(Mean ± SD) 

% 

Recovery 

Rf 

(Mean ± SD) 

15 min 

500.00 97.14 

0.14 ± 0.004 

99.90 

0.32 ± 0.007 

103.12 

0.27 ± 0.007 750.00 96.65 100.39 102.36 

1000.00 100.90 101.70 100.80 

25 min 

500.00 98.66 

0.14 ± 0.005 

102.08 

0.32 ± 0.004 

98.56 

0.27 ± 0.005 750.00 99.01 102.15 99.84 

1000.00 99.43 99.68 102.30 
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Table 3.10 Robustness: Change in mobile phase composition 

Mobile Phase 

Composition 

Theoretical 

Amount 

Fructose Glucose Sucrose 

% 

Recovery 

Rf 

(Mean ± 

SD) 

% 

Recovery 

Rf 

(Mean ± 

SD) 

% 

Recovery 

Rf 

(Mean ± 

SD) 

1-Butanol: 2-

Propanol: Boric acid 

in Water (100 mg/ 

20 mL) (32:50:10) 

500.00 94.08 

0.14 ± 

0.000 

102.58 

0.32 ± 

0.005 

104.86 

0.27 ± 

0.006 

750.00 95.77 100.44 106.61 

1000.00 98.99 102.90 103.10 

1-Butanol: 2-

Propanol: Boric acid 

in Water (100 mg/ 

20 mL) (30:52:10) 

500.00 107.00 

0.14 ± 

0.005 

90.78 

0.32 ± 

0.006 

99.60 

0.27 ± 

0.005 

750.00 97.89 95.85 100.32 

1000.00 100.40 98.86 102.00 

 

3.3.5 Application of the Newly Developed and Validated Method to the 

Identification and Quantification of Sugars in Honey 

The suitability of the newly developed and validated method for the analysis of sugar 

constituents in four different honeys could be demonstrated. Their fructose and glucose content 

were quantified along with the determination of their fructose to glucose ratio, which, as 

mentioned earlier, is an important parameter in honey authentication and characterisation. 
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Figure 3.3 Images of HPTLC plates taken after derivatisation; Track 1 to 5 – Glucose 

standards 1, 2, 3, 4, and 5 µL over-spotted with Fructose and Sucrose 1, 2, 3, 4, and 5 µL 

standards respectively; Track 6 – MAN, Track 7 – MUL, Track 8 – UNS1 and Track 9 – 

UNS2, 3 µL aqueous methanol honey solutions respectively 

 

Table 3.11 Fructose, Glucose and Sucrose content of honeys 

ID 

Sample 

(mg/mL) 

Fructose 

(ng) 

Glucose 

(ng) 

Sucrose 

(ng) 

Fructose : 

Glucose 

MAN In 1 µL 436.49 ± 36.90 292.61 ± 32.94 Not detectable 1.49 : 1 

MUL In 1 µL 440.67 ± 60.22 255.33 ± 43.23 Not detectable 1.73 : 1 

UNS1 In 1 µL 435.50 ± 46.37 290.42 ± 43.15 Not detectable 1.50 : 1 

UNS2 In 1 µL 514.11 ± 56.07 287.42 ± 43.17 Not detectable 1.79 : 1 
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3.3.6 Conclusion  

Sugars are the main constituents of honey and also important constituents in many other natural 

products and food items. Given their polarity, low volatility and lack of a chromophore, their 

qualitative and quantitative analysis poses many challenges. The validated method for the 

analysis of glucose, fructose and sucrose by HPTLC introduced in this paper presents a novel 

analytical approach. It allows for their fast, convenient and accurate analysis as well as the 

determination of the fructose to glucose ratio, which is an important parameter in the 

authentication and characterisation of honeys. A benefit of the proposed method is the absence 

of complex sample preparation steps (e.g. extraction, derivatisation) as the honey, dissolved 

simply in aqueous methanol (1mg/mL), can be directly applied to the HPTLC plate. Compared 

to previous TLC or HPTLC based sugar analyses, the method developed in this study also 

produces much better band resolution for the respective sugars in only a single development 

step and significantly improves limits of detection and quantification. Thus, the newly 

developed method can be used as a highly effective method in the routine quality control of 

honey, and it can be anticipated that it can also be extended to other natural products and food 

items. 
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3.4.1 Abstract 

Honey adulteration, where a range of sugar syrups is used to increase bulk volume, is a common 

problem which has significant negative impacts on the honey industry, economically and also 

from a consumer confidence perspective. This paper investigates High-Performance Thin 

Layer Chromatography (HPTLC) for the authentication and detection of sugar adulterants in 

honey. The sugar composition of various Australian honeys (Manuka, Jarrah, Marri, Karri, 

Peppermint and White Gum) was first determined to illustrate variance depending on floral 

origin. Two of the honeys (Manuka and Jarrah) were then artificially adulterated with six 

different sugar syrups (rice, corn, golden, treacle, glucose and maple syrup). The findings 

demonstrate that HPTLC sugar profiles, in combination with organic extract profiles, can easily 

detect the sugar adulterants. The quantification of Fructose and Glucose as major sugars found 

in honey, and their concentration ratio can be used to authenticate the honeys. Quantifications 

of Sucrose and Maltose can be used to identify the type of syrup adulterant, in particular when 

used in combination with HPTLC fingerprinting of the organic honey extracts.  

3.4.2 Introduction 

Honey has been regarded as nutritious food since ancient times [1, 3] and it has also enjoyed 

increasing recognition for its bioactivities and potential medicinal applications. Mono-floral 

honeys, in particular, have attracted good sale prices due to perceived higher bioactivity levels, 

which then led to these honeys being the subject of increasingly common adulterations [115, 

139, 264]. The adulterations involve either the feeding of honeybees with sugar syrups or the 

deliberate addition of sugar syrups to the honey to increase bulk weight [2, 133, 265, 266]. 

Typical honey adulterants include sucrose syrup, high fructose corn syrup, maltose syrup, 

brown rice syrup, corn syrup, golden syrup, treacle syrup, glucose syrup, maple syrup, as well 

as industrial grade sugars like glucose and fructose. Syrups obtained from starch following 

enzymatic or acid treatment are also used [18, 59, 60, 267]. 
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The detection of these sugar-based adulterations is challenging as honey is itself a highly 

concentrated sugar solution, with sugars accounting for about 80 – 85 % of the total solids in 

most honeys. The main honey sugars are fructose and glucose, alongside much smaller amounts 

of disaccharides (e.g. sucrose, maltose, trehalose, turanose), trisaccharides (e.g. maltotriose, 

raffinose, erlose) and oligosaccharides [16]. Various methods are used for honey quality 

control and the detection of adulterants, for instance C12/C13 isotope identification, 

fluorescence spectroscopy, high performance liquid chromatography (HPLC), ion exchange 

chromatography, gas chromatography, infrared spectroscopy, nuclear magnetic resonance 

spectroscopy and Raman spectroscopy [17, 143, 147, 268-270]. However, these methods are 

not without challenges [271, 272]. Sugars lack a chromophore and are poorly suited for 

methods that rely on detection by UV. Derivatisation into more easily detectable artefacts is 

possible, however, these approaches might be hampered by low sensitivity and poor selectivity 

[273]. Other methods like IR and NMR rely on non-specific detection of components and the 

establishment of adequate reference databases and threshold limits [274, 275].  

In this paper, we demonstrate the usefulness of a High-Performance Thin Layer 

Chromatography (HPTLC) based method for the detection of sugar-based honey adulterants. 

It is a validated HPTLC method [201] that relies on the qualitative and quantitative analysis of 

glucose, fructose, maltose and sucrose in potentially adulterated honeys, complemented by 

HPTLC fingerprinting of the honey’s organic extract [165, 166]. Taken together, the two levels 

of HPTLC analysis detect the natural product based syrup adulterants (e.g. rice, maple, treacle, 

corn, golden syrup) and honeys that have been adulterated by adding pure glucose and fructose. 

The HPTLC analysis is cost effective and easy to perform, yet also sophisticated as it can detect 

the presence of sugar-based honey adulteration, identifies the adulterant itself and estimates the 

level of adulteration. 
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3.4.3 Materials and Methods 

3.4.3.1 Chemicals and Reagents 

The chemicals and reagents were sourced from: Glucose, sucrose, 1-butanol (Chem-Supply 

Pty Ltd., Gillman, Australia), fructose, aniline (Sigma-Aldrich,St. Louis, USA), boric acid 

(Pharma Scope, Welshpool WA, Australia), Methanol (Scharlau, Barcelona, Spain), 2-

propanol (Asia Pacific Specialty Chemicals Ltd., Sydney, Australia), diphenylamine, 

phosphoric acid (Ajax Finechem Pvt Ltd., Sydney Australia) and 4,5,7-trihydroxyflavanone 

(Alfa Aesar, England, UK). Commercial syrups and honeys (Table 3.12) were obtained from 

beekeepers and supermarkets in Western Australia. 

Table 3.12 Honey samples and commercial syrups 

 Type Label and Packaging Information Sample ID 

Honey 

Manuka 

Australian Manuka (MGO 514+) 

Barnes Naturals Pty Ltd. 

MAN 

Jarrah 

Boyanup Jarrah 

Sweet As Apiary, WA 

JAR 

Marri Pooled Sample 1 (n = 12) MAR 

Karri Pooled Sample 1 (n = 9) KAR 

Peppermint Pooled Sample 1 (n = 4) PEP 

White Gum Pooled Sample 1 (n = 7) WHG 

Syrups 

Rice 

Organic Rice Syrup 

Pureharvest, VIC 

RIC 

Corn 

Corn Malt Syrup 

Korea Connections Ptl Ltd. 

COR 

Golden CSR Golden Syrup GOL 
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Sugar Australia Pty Ltd. 

Treacle 

CSR Treacle Syrup 

Sugar Australia Pty Ltd. 

TRE 

Glucose 

Queen Glucose Syrup 

Queen Fine Foods Pty Ltd., QLD 

GLU 

Maple 

Queen Maple Syrup 

Dr. Oetker Queen Australia, QLD 

MAP 

1 Honey samples were collected from a range of beekeepers in Western Australia and 

blended in equal amounts to generate pooled samples in order to better reflect the 

typical phytochemical composition of these honeys. 

3.4.3.2 Standards and Reagent Preparation 

To prepare the glucose, fructose, sucrose and maltose standard solutions, 25 mg of the 

respective sugars were dissolved in 100 mL of 50% aqueous methanol. To prepare the 

derivatisation reagent, 2 g of diphenylamine and 2 mL of aniline were dissolved in 80 mL of 

methanol, 10 mL of phosphoric acid (85%) were added and the solution was made up to 100 

mL using methanol. A solution of 0.5 mg/mL of 4,5,7-trihydroxyflavanone in methanol was 

prepared as a reference solution. The vanillin derivatisation reagent was prepared by dissolving 

0.5 g of vanillin in 50 mL of ethanol, followed by the dropwise addition of 1 mL of sulfuric 

acid. 

3.4.3.3 Sample Preparation 

Adulterated honey samples were prepared by mixing the respective syrup (rice, corn, golden, 

treacle, glucose and maple) with honey (Manuka and Jarrah) to a concentration of 30 % (w/w). 

The samples were heated for about 30 min at 36 °C in a water bath to assist with mixing into 

homogenous blends.  
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For the analysis, 100 mg of each sample (6 honeys, 6 syrups and 12 adulterated honeys) were 

dissolved in 80 mL of 50% aqueous Methanol by sonication then made up to 100 mL with 50% 

aqueous Methanol.  

For organic extraction, approximately 1 g of each sample (6 honeys, 6 syrups and 12 

adulterated honeys) was mixed with 2 mL of deionized water and vortexed to produce a 

homogenous solution. The aqueous solution was then extracted three times with 5 mL of 

Dichloromethane. The combined organic extracts were dried with anhydrous MgSO4, filtered 

and the solvent evaporated at ambient temperature. The extracts were stored at 4 °C until 

further analysis. 

3.4.4 Instrumentation and High-Performance Thin Layer Chromatography 

(HPTLC) Method 

3.4.4.1 Sugar Analysis 

All standards and samples were applied as 8-mm bands 8 mm from the lower edge of the 

HPTLC plate using a semiautomated HPTLC application device (Linomat 5, CAMAG, 

Muttenz, Switzerland) set at a speed of 50 nLs-1. The glucose, fructose, sucrose and maltose 

standard curves were obtained by applying 1 µL, 2 µL, 3 µL, 4 µL and 5 µL of the respective 

standard solutions (calibration curves available in the Supplementary Material section). For the 

analysis of sugars in the honey, syrup and adulterated honey samples, 3 µL of each sample 

solution were applied. The chromatographic separation was performed at ambient temperature 

on silica gel 60 F254 HPTLC plates (glass plates 20 x 10 cm) in a saturated (33% relative 

humidity) automated development chamber (ADC2, CAMAG). The development chamber 

was saturated for 60 min, and the HPTLC plates were presaturated with mobile phase (1-

butanol: 2-propanol: aqueous boric acid (5 mg/mL) 30:50:10 v/v/v) for 5 min. The plates were 

automatically developed to a distance of 85 mm, and after drying for 5 min they were analyzed 
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under white light using an HPTLC imaging device (TLC Visualizer 2, CAMAG). The 

chromatographic images were digitally processed using specialized HPTLC software 

(visionCATS, CAMAG) [165-167]. 

After initial documentation of the chromatographic results, each plate was derivatized with 2 

mL of Aniline-Diphenylamine-Phosphoric acid reagent using a TLC derivatizer (CAMAG 

Derivatizer). The derivatized plate was heated for 10 min at 115 °C using a CAMAG TLC 

Plate Heater III. The plate was then cooled to room temperature and analysed with the HPTLC 

imaging device under transmission white (T white) light.  

3.4.4.2 Organic Extract Analysis 

The obtained organic extracts were reconstituted in 100 μL of Dichloromethane prior to 

HPTLC analysis. 

The reference standard (4 µL) and the organic extracts (5 µL) were applied as 8 mm bands at 

8 mm from the lower edge of the HPTLC plate at a rate of 150 nLs-1 using a semi-automated 

HPTLC application device (Linomat 5, CAMAG).  

The chromatographic separation was performed at ambient temperature on silica gel 60 F254 

HPTLC plates (glass plates 20 x 10 cm) in a saturated (33% relative humidity) automated 

development chamber (ADC2, CAMAG) using toluene: ethyl acetate: formic acid (6:5:1 v/v/v) 

as mobile phase. The instrument was used at the default set-up mode and developed to a 

distance of 70 mm at room temperature. The obtained chromatographic results were 

documented under white light, 254 nm and 366 nm respectively, using an HPTLC imaging 

device (TLC Visualizer 2, CAMAG). After initial documentation of the chromatographic 

results, each plate was derivatised with 3 mL of vanillin reagent. The derivatised plates were 

heated for 3 min at 115 °C (CAMAG TLC Plate Heater III) and then cooled to room 

temperature and analysed under white light and 366 nm with the HPTLC imaging device.   
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3.4.5 Statistical Analysis 

All experiments were performed in triplicates, and the obtained quantitative results were 

expressed as the mean values of three determinations. The differences in the data generated for 

pure and adulterated honeys were then evaluated by a one-way analysis of variance (ANOVA), 

where a p-value of less than 0.05 was considered statistically significant. 

3.4.6 Results and Discussion 

3.4.6.1 Sugar Analysis of Honeys and Syrups 

Six honeys (Table 3.12) were analysed for their HPTLC sugar profile (Figure 3.4). Glucose 

presented as a green band with an Rf   value of 0.32, fructose presented as an orange band with 

an Rf value of 0.14, sucrose presented as a dark brown band with an Rf value of 0.27, and 

maltose presented as a grey band with an Rf value of 0.20. Fructose and glucose contents were 

readily quantifiable in all honey samples (LOD/LOQ for glucose: 33.00/100.00 ng; LOD/LOQ 

for fructose: 21.98 ng/66.62 ng ) [201], but maltose and sucrose, if present, were below the 

limits of detection and quantification (for sucrose 21.17 ng (LOD) and 64.15 ng (LOQ) and for 

maltose 63.51 ng (LOD) and 192.45 ng (LOQ) ) [201]. The Fructose to Glucose Ratio (F:G), 

which is an important parameter for honey authentication and also a predictor of a honey’s 

tendency to crystallise [276-278], was calculated from these findings (Table 3.13).  
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Figure 3.4 HPTLC Images taken at T White light after derivatisation with Aniline-

Diphenylamine-Phosphoric acid reagent; Track 1 – Standards (Fructose, Maltose, Sucrose 

and Glucose in increasing Rf values), Track 2 – MAN, Track 3 – JAR, Track 4 – MAR, 

Track 5 – KAR, Track 6 – PEP, Track 7 – WHG; Tracks 2 – 4 obtained with 3 µL of aqueous 

methanolic honey solution while Tracks 5-7 were obtained with 2 µL of aqueous methanolic 

honey solution. 

 

Table 3.13 Fructose and glucose content, and fructose to glucose ratio (F:G) of honeys 1. 

Honey ID Fructose (mg/g) Glucose (mg/g) F:G Ratio 

Manuka MAN 392 307 1.3 

Jarrah JAR 426 337 1.3 

Marri MAR 439 269 1.6 

Karri KAR 387 249 1.5 

Peppermint PEP 404 257 1.5 

White Gum WHG 415 323 1.3 

1 Values represent the mean of triplicate data. One-way ANOVA confirmed no 

significant difference between replicates (p > 0.05). 
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Six syrups (Table 3.12) were also analysed for their HPTLC sugar profile (Figure 3.5) and 

Fructose, Glucose, Sucrose and Maltose contents. All syrups were found to contain one or more 

of these sugars within detectable limits (Table 3.14). As all the syrups contain a sugar other 

than Glucose and Fructose (i.e. Sucrose or Maltose), the adulteration of honey with these syrups 

should be detectable, and the adulteration levels estimated. 

 

Figure 3.5 HPTLC Images taken at T White light after derivatisation with Aniline-

Diphenylamine-Phosphoric acid reagent; Track 1 – Standards (Fructose, Maltose, Sucrose 

and Glucose in increasing Rf values), Track 2 – COR, Track 3 – RIC, Track 4 – GLU, Track 

5 – GOL, Track 6 – TRE, Track 7 – MAP; Tracks 2 – 7 were obtained with 3 µL aqueous 

methanolic syrup solution.  

 

Table 3.14 Glucose, fructose, sucrose and maltose content of syrups 1. 

Syrup ID 

Glucose 

(mg/g) 

Fructose 

(mg/g) 

Sucrose 

(mg/g) 

Maltose 

(mg/g) 

Remarks 

Corn COR - - - 372 

Contains additional 

unidentified compounds 
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Rice RIC 250 - - 242 

Contains additional 

unidentified compounds 

Glucose GLU 178 - - 148 

Contains additional 

unidentified compounds 

Golden GOL 200 189 206 - - 

Treacle TRE 191 185 204 - - 

Maple MAP - - 486 - - 

1 Values represent the mean of triplicate data. One-way ANOVA confirmed no 

significant difference between replicates (p > 0.05). 

3.4.6.2 Sugar Analysis of Adulterated Honeys 

  

a b 

Figure 3.6 HPTLC Images taken at T White light after derivatisation with Aniline-

Diphenylamine-Phosphoric acid reagent; (a) Track 1 – Standards (Fructose, Maltose, 

Sucrose and Glucose in increasing Rf values), Track 2 – MAN, Track 3 – MAN-COR 30%, 

Track 4 – MAN-RIC 30%, Track 5 – MAN-GLU 30%, Track 6 – MAN-GOL 30%, Track 7 

– MAN-TRE 30%, Track 8 – MAN-MAP 30%; and (b) Track 1 – Standards (Fructose, 

Maltose, Sucrose and Glucose in increasing Rf values), Track 2 – JAR, Track 3 – JAR-COR 

30%, Track 4 – JAR-RIC 30%, Track 5 – JAR-GLU 30%, Track 6 – JAR-GOL 30%, Track 

7 – JAR-TRE 30%, Track 8 – JAR-MAP 30%. Honey samples were analysed as 3 µL 

aqueous methanolic honey solution.  
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Figure 3.6 shows the HPTLC sugar profiles of Manuka and Jarrah honeys artificially 

adulterated with 30% w/w of the respective six syrups. Honeys adulterated with Corn, Rice 

and Glucose syrups presented with an additional Maltose band at Rf 0.20 (as well as additional 

bands of unidentified compounds at Rf ≤ 0.11). Honeys adulterated with Golden, Treacle and 

Maple syrups presented with an additional Sucrose band at Rf 0.27. The level of adulteration 

was estimated by quantifying the respective sugar contents, as well as the F:G ratio of the 

adulterated samples (Table 3.15).  

Table 3.15 Experimentally determined content1 (and variation from the theoretical value) of 

various sugars in artificially adulterated Manuka (MAN) and Jarrah (JAR) honeys, and their 

fructose to glucose ratio (F:G). 

Samples 

Glucose 

(mg/g) 

Fructose 

(mg/g)  

Sucrose 

(mg/g)  

Maltose 

(mg/g) 

F:G 

Ratio 

MAN Corn 30% 196 (−9%) 

185 

(−33%) 

- 

124 

(+11%) 

0.9 

MAN Rice 30% 281 (−3%) 

216 

(−21%) 

- 90 (+24%) 0.8 

MAN Glucose 30% 

348 (+ 

30%) 

262 (−4%) - 79 (+79%) 0.8 

MAN Golden 30% 

243 

(−12%) 

332 (0%) 68 (+11%) - 1.4 

MAN Treacle 30% 262 (−4%) 332 (+1%) 67 (+10%) - 1.3 

MAN Maple 30% 

176 

(−18%) 

269 (−2%) 166 (+14%) - 1.5 
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JAR Corn 30% 

204 

(−14%) 

210 

(−29%) 

- 

123 

(+10%) 

1.0 

JAR Rice 30% 302 (−3%) 

234 

(−21%) 

- 93 (+29%) 0.8 

JAR Glucose 30% 

257 

(−11%) 

206 

(−31%) 

- 58 (+31%) 0.8 

JAR Golden 30% 

242 

(−18%) 

358 (+1%) 72 (+17%) - 1.5 

JAR Treacle 30% 

234 

(−20%) 

333 (−6%) 77 (+25%) - 1.4 

JAR Maple 30% 215 (−9%) 

338 

(+13%) 

153 (+5%) - 1.6 

1 Values represent the mean of triplicate data. One-way ANOVA confirmed no 

significant difference between replicates (p > 0.05). 

A one-way ANOVA confirmed that there was a significant difference (p < 0.05) between the 

individual sugar contents of the respective honeys and the corresponding adulterated samples. 

A comparison of the F:G ratios showed a decrease in the ratio by about a third in the honeys 

adulterated with corn, rice and glucose syrups (Table 3.15) when compared with the respective 

unadulterated honey samples (Table 3.12). This correlated with the substitution of 30% w/w of 

the honeys with the respective syrups. Furthermore, the adulterated honeys showed detectable 

maltose levels, with the lowest in honeys adulterated with glucose syrup, followed by honeys 

adulterated with rice and corn syrups. 
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The highest F:G ratios were obtained for honeys adulterated with the Maple syrup, and these 

honeys also exhibited high levels of Sucrose. Honeys adulterated with the Golden and Treacle 

syrups showed F:G ratio closer in values to the F:G ratios of the respective unadulterated 

honeys, however the Sucrose levels in these adulterated honeys were elevated above the limit 

of detection.  

It needs to be noted, however, that some of the above values (deviate from their respective 

theoretical values as indicated in brackets in Table 3.15). A number of reasons for these 

discrepancies can be proposed. In the case of samples adulterated with corn, rice or glucose 

syrup the presence of unidentified compounds might lead to a partial band overlap with the 

sugar band, leading to an overestimation of the respective sugar content. High levels of Sucrose 

and Maltose found in the adulterated syrups might cause potential co-elution with either 

Glucose or Fructose causing inaccuracies in their quantification (Figure 3.7). Moreover, 

Maltose and Sucrose, which are naturally present in unadulterated honeys [16] but in quantities 

below the limits of detection and quantification, could have added to the peak areas and 

contributed to a higher than estimated amount of Maltose and / or Sucrose in the adulterated 

honey samples. 
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a b 

Figure 3.7 Images taken at T White light; Track 1 – MAN, Track 2 – MAN-GLU 30%, Track 

3 – MAN-MAP 30% (a) and their respective chromatograms (b) 

 

Notwithstanding these limitations, in a commercial context, the identification of an adulteration 

would be more important and also more relevant than the exact quantification of the level of 

adulteration. Thus, the proposed method, even though it provides only an estimate and not an 

accurate quantification of the level of adulteration, is still of significant value to the honey 

industry. 

3.4.6.3 Organic Extract Analysis of Honeys, Syrups and Adulterated Honeys 

On the basis of the HPTLC sugar analysis alone, it would be challenging to differentiate 

between honey adulterations using either Golden or Treacle syrups, given the similarities in 

their sugar profiles. To provide a more in-depth investigation of the type of adulterant, we 

chose to add another level of analysis by focusing on the non-sugar HPTLC fingerprints. 

Previous studies have demonstrated that the HPTLC fingerprint of a honey’s dichloromethane 

extract provides a unique signature which can assist in the authentication of a honey’s floral 
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source [165, 166]. When the same analytical approach is applied to sugar syrups as well as the 

adulterated honey samples, the resulting fingerprints at 254 nm, at 366 nm prior and after 

derivatisation with Vanillin reagent as well as at white light after derivatisation were found to 

also assist with the detection of honey adulterations. 

HPTLC analysis of the organic extract of Manuka honey (MAN) was characterised by two 

major bands (Rf 0.35 and Rf 0.52) at 254 nm, three major bands (Rf 0.15, Rf 0.25 and Rf 0.33) 

at 366 nm, four major bands (Rf 0.23, Rf 0.34, Rf 0.41 and Rf 0.46) at white light after 

derivatisation as well as four major bands (Rf 0.22, Rf 0.25, Rf 0.33 and Rf 0.44) at 366 nm 

after derivatisation. 

The Jarrah honey (JAR) extract presented three major bands (Rf 0.30, Rf 0.40 and Rf 0.44) at 

254 nm, two major bands (Rf 0.09 and Rf 0.31) at 366 nm, four major bands (Rf 0.23, Rf 0.37, 

Rf 0.40 and Rf 0.48) at white light after derivatisation as well as four major bands (Rf 0.30, Rf 

0.36, Rf 0.39 and Rf 0.46) at 366 nm after derivatisation. 

Conversely, the Corn, Golden and Treacle syrup extracts did not present any significant 

HPTLC bands at any wavelength, although the Treacle syrup exhibited a strong fuzzy 

background, in particular after derivatisation. Rice and Glucose syrup extracts produced a 

single faint band (Rf 0.32) at 254 nm whereas the Maple syrup extract showed a strong 

fluorescent band (Rf 0.41) at 366 nm (Figure 3.8). This characteristic band of the Maple syrup 

was seen in honeys adulterated with the Maple syrup (MAN-MAP 30% and JAR-MAP 30%, 

Figure 3.9) as a strong band at Rf 0.41 at 366 nm.  

Unlike the Maple syrup, the Corn, Rice, Glucose, Golden and Treacle syrup extracts did not 

have any major bands that would allow their detection in adulterated honey samples. 

Nonetheless, adulterations with the Corn, Rice, Glucose, Golden and Treacle syrups resulted 

in the HPTLC fingerprint appearing ‘paler’ with less strongly developed band intensities 
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compared to the respective unadulterated honey (Figures 3.9 and 3.10). The reason for the paler 

fingerprint profile is the extraction protocol which results in a less concentrated organic extract 

for the adulterated honey samples.  

On this basis, even honey adulterations with pure Fructose and Glucose in an attempt to 

maintain the same F:G ratio as found in the unadulterated honey, can be detected. While the 

HPTLC sugar analysis of such a sample would be unable to identify the adulteration, the 

corresponding honey extract fingerprint will appear paler due to reduced band intensities and 

its chromatogram display reduced peak intensities (Figure 3.11), and this in itself would raise 

concern about the possibility of an adulteration.  

  

a b 

  

c d 

Figure 3.8 Images taken at 254 nm (a), 366 nm (b), White light after derivatisation (c) and 

366 nm after derivatisation (d) with Vanillin reagent; Track 1 – 4,5,7-trihydroxyflavanone, 

Track 2 – MAN, Track 3 – JAR, Track 4 – COR, Track 5 – RIC, Track 6 – GLU, Track 7 – 

GOL, Track 8 – TRE, Track 9 – MAP; 5 µL honey and syrup extracts respectively 
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The HPTLC fingerprint of the organic extract and the corresponding chromatogram of Manuka 

honeys (Figure 3.9) showed a noticeable drop in peak intensity in the adulterated MAN-MAP 

30% at Rf 0.15, 0.23, and 0.33 at 366 nm prior and after derivatisation compared to MAN. 

Additionally, a new band appeared at Rf 0.41 at both 366 nm prior and after derivatisation in 

the adulterated sample. The Maple syrup also showed this major band. 

  

a b 

 
 

c d 
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Figure 3.9 Images taken at 366 nm after development (a), and respective chromatogram (b), 

366 nm after derivatisation (c) with Vanillin reagent and respective chromatogram (d); Track 

1 – MAN, and Track 2 – MAN-MAP 30%; 5 µL extract respectively. (Green colour – MAN, 

and Black colour - MAN-MAP 30%) 

 

The HPTLC fingerprint of the organic extract and the corresponding chromatogram (Figure 

3.10) also demonstrated a noticeable drop in peak intensity in the adulterated Jarrah honey 

sample: The peak intensities of JAR-MAP 30% at Rf 0.09 and 0.31 at 366 nm and at Rf 0.31, 

0.47 and 0.56 at 366 nm after derivatisation decreased noticeably compared to JAR. An 

additional band at Rf 0.41 at 366 nm, characteristics of Maple syrup, was also evident. 

  

a b 



178 
 

 
 

c d 

Figure 3.10 Images taken at 366 nm (a), and respective chromatogram (b), 366 nm after 

derivatisation (c) with Vanillin reagent and respective chromatogram (d); Track 1 – JAR, 

and Track 2 – JAR-MAP 30%; 5 µL extract respectively. (Green colour – JAR, and Black 

colour - JAR-MAP 30%) 

 

The collective data suggests that a reduction in peak intensity in the respective organic extract 

chromatogram can also be used to detect adulterations of honeys with Glucose and Fructose in 

the same ratio as naturally present in honey. This is further illustrated with a JAR honey sample 

artificially adulterated with 30% w/w of a Fructose-Glucose 1:3 mixture, for which a noticeable 

reduction in the major peak intensity was also seen (Figure 3.11). 
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a b 

Figure 3.11 Images taken at 366 nm (a), and respective chromatogram (b); Track 1 – JAR, 

Track 2 – JAR-Artificial JAR 30%; 5 µL extract respectively. (Green colour – JAR and 

Black colour – JAR-Artificial JAR 30%) 

 

In summary, the respective HPTLC sugar profile and the corresponding quantification of 

Glucose, Fructose, Maltose and Sucrose serve as one level of analysis whereas the careful 

inspection of the HPTLC fingerprint of the honey sample’s organic extract profile offers an 

additional dimension. It has previously been shown that the HPTLC analysis of the organic 

honey extract can be used to authenticate a honey’s floral sources [165, 167]. In this study we 

demonstrate that the extract can also be used to detect the presence of sugar syrup adulterants 

when used in combination with HPTLC sugar profiling. 
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3.4.7 Conclusion  

In this paper, two HPTLC based analysis methods were investigated. In combination, they 

allow the determination of honey’s major sugar profile and detect sugar syrup-based 

adulterations. For common adulterants like Glucose, Fructose, Brown Rice, Corn Starch, 

Maltose, Treacle or Maple syrups, which contain only one, two, or a combination of common 

sugars, HPTLC sugar profiling alone may be sufficient to detect the adulteration due to the 

presence of noticeable quantities of Sucrose and / or Maltose. Our analysis further demonstrates 

that, even if the adulterants consist of only Glucose and Fructose added to imitate the Fructose: 

Glucose ratios of naturally occurring honeys, their deliberate addition to the honey can be 

detected via reduced peak intensities in the HPTLC profile of the organic extract. 

In conclusion, the quantification of Glucose, Fructose, Sucrose and Maltose via a validated 

HPTLC analysis complemented by HPTLC fingerprinting of an organic sample extract has 

allowed for the detection of adulteration, the identification of syrup adulterants as well as an 

estimation of the level of adulteration. The developed HPTLC method is simple, easy to 

perform and cost effective, and as such can assist the honey industry in its quality control. 

Moreover, while only honey samples were investigated in this paper, it can be assumed that 

the proposed method has applications that can be extended beyond honey to other food and 

natural products that contain sugars. 

Supplementary Materials The following are available online, Figure S1: Calibration Curves 

of Fructose (AU vs. Quantity), Figure S2: Calibration Curves of Glucose (AU vs. Quantity), 

Figure S3: Calibration Curves of Sucrose (AU vs. Quantity), Figure S4: Calibration Curves of 

Maltose (AU vs. Quantity). (https://mdpi-res.com/d_attachment/molecules/molecules-25-

05289/article_deploy/molecules-25-05289-s001.pdf?version=1605249126) 

https://mdpi-res.com/d_attachment/molecules/molecules-25-05289/article_deploy/molecules-25-05289-s001.pdf?version=1605249126
https://mdpi-res.com/d_attachment/molecules/molecules-25-05289/article_deploy/molecules-25-05289-s001.pdf?version=1605249126
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3.5.1 Abstract 

High-Performance Thin-Layer Chromatography (HPTLC) was used in a chemometric 

investigation of the derived sugar and organic extract profiles of two different honeys (Manuka 

and Jarrah) with adulterants. Each honey was adulterated with one of six different sugar syrups 

(rice, corn, golden, treacle, glucose and maple syrups) in five different concentrations (10%, 

20%, 30%, 40%, and 50% w/w). The chemometric analysis was based on the combined sugar 

and organic extract profiles’ datasets. To obtain the respective sugar profiles, the amount of 

fructose, glucose, maltose, and sucrose present in the honey was quantified and for the organic 

extract profile, the honey’s dichloromethane extract was investigated at 254 and 366 nm, as 

well as at T (Transmittance) white light and at 366nm after derivatisation. The presence of 

sugar syrups, even at a concentration of only 10%, significantly influenced the honeys’ sugar 

and organic extract profiles and multivariate data analysis of these profiles, in particular cluster 

analysis (CA), principal component analysis (PCA), principal component regression (PCR), 

partial least-squares regression (PLSR) and Machine Learning using an artificial neural 

network (ANN), were able to detect post-harvest syrup adulterations and to discriminate 

between neat and adulterated honey samples. Cluster analysis and principal component 

analysis, for instance, could easily differentiate between neat and adulterated honeys through 

the use of CA or PCA plots. In particular the presence of excess amounts of maltose and sucrose 

allowed for the detection of sugar adulterants and adulterated honeys by HPTLC-multivariate 

data analysis. Partial least-squares regression and artificial neural networking were employed, 

with augmented datasets, to develop optimal calibration for the adulterated honeys and to 

predict those accurately, which suggests a good predictive capacity of the developed model.  
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3.5.2 Introduction 

Honey has been regarded as a nutritional and medicinal food for thousands of years [1, 2]. 

About 70 – 80% of the total solid content of honey is made of sugars [279], in particular 

fructose, glucose, maltose and sucrose [280]. Sugars play a vital role, not only in providing 

crucial nutrition to bee colonies, but also for maintaining the osmolality of the honey [281] and 

thus its self-preservation. As the bulk of the honey is made of sugars, sugar adulterations are 

common [60], either by adding sugar syrups to the honey matrix to increase its bulk volume or 

by feeding bees with sugar syrups to increase honey production [133, 266]. Glucose syrup, 

maple syrup, rice syrup, brown rice syrup, treacle syrup, golden syrup and high fructose corn 

syrups are commonly used in post-harvest honey adulteration [59, 60, 125, 147]. 

A wide range of methods exist for the detection of adulterants in honey, including 13C/12C 

Stable Carbon Isotope Ratio Analysis [118, 119], High-Performance Liquid Chromatography-

Mass Spectrometry (HPLC-MS) [9], Gas Chromatography–Mass Spectrometry (GC-MS) 

[282], Nuclear Magnetic Resonance (NMR) Spectrometry [120-123], Near-infrared (NIR) 

spectroscopy [243, 283], Raman spectroscopy [284], Laser-Induced Breakdown Spectroscopy 

[149, 150], Fourier Transform Infrared (FT-IR) Spectroscopy [17, 134, 285], Plasma Mass 

Spectrometry [286] and X-ray fluorescence [151]. Chemometric analyses to confirm the 

geographic origin and authenticity of honey are also commonly used, based on routine 

chemical quality parameters [287], physicochemical characteristics [50, 288-290], mineral 

composition data [286, 291], amino acid and protein profiles [30], phenolic components [9, 

290, 292-294] as well as volatile content evaluation [282]. 

All these methods have their limitations; NMR, GC, plasma mass spectrometry and X-ray 

fluorescence, for instance, require expensive instrumentation and might thus not be suitable for 

regular quality control purposes. Furthermore, NMR analysis is based on a spatial reference 

database and also requires expert personnel for data interpretation [125]. 13C/12C stable carbon 
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isotope ratio analysis, NIR and FT-IR on the other hand are limited in their analytical capacity 

to the detection and/or quantification of sugars only [101], which is not always suitable for the 

discrimination between different honeys. High-Performance Thin-Layer Chromatography 

(HPTLC) analysis presents an attractive analytical alternative, in particular for day-to-day 

quality control purposes, as it is less expensive and can provide rich data (e.g. quantification 

of sugars and organic extract fingerprint for floral source identification) [165, 166, 201, 202]. 

HPTLC is a sophisticated and increasingly popular tool for the analysis of complex matrices. 

It facilitates semi- to fully automated analysis, it is very efficient as it supports the parallel 

analysis of multiple samples in a single run, it provides options for a wide range of chemical 

derivatisations (untargeted and targeted analysis) and has the ability of hyphenation with other 

analytical platforms and multivariate data analysis [167, 201, 234, 295]. Multivariate Data 

Analysis (MVDA), including cluster analysis (CA), hierarchical clustering analysis (HCA), 

principal component analysis (PCA), principal component regression (PCR), partial least-

squares regression (PLSR) and artificial neural networks (ANN), have been specifically 

designed for the analysis and visualisation of complex sets of samples like those presented by 

honey and honey adulterant mixtures [60, 118, 243, 280]. 

The aim of this study was to determine the feasibility of HPTLC-based profiling in combination 

with MVDA for the quality control of Manuka and Jarrah honeys, specifically the detection of 

post-harvest adulterations with a range of sugar syrups. It was found that the combination of 

HPTLC and multivariate data analysis can not only assist in confirming and quantifying these 

adulterations, but also in identifying some of the adulterants used.  
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3.5.3 Materials and Methods 

3.5.3.1 Chemicals and Reagents 

All chemicals and reagents were of analytical grade. Commercial sugar syrups and honeys 

(Table 3.16) were obtained from supermarkets and other commercial suppliers in Western 

Australia. 

Table 3.16 Commercial syrups and honey samples 

 Sample Name Label and packaging information Reference ID 

Honeys 

Manuka 

Australian Manuka (MGO 514+) 

Barnes Naturals Pty Ltd 

MAN 

Jarrah 

Boyanup Jarrah 

Sweet As Apiary, WA 

JAR 

Syrups 

Rice 

Organic Rice Syrup 

Pureharvest, VIC 

RIC 

Corn 

Corn Malt Syrup 

Korea Connections Ptl Ltd 

COR 

Golden 

CSR Golden Syrup 

Sugar Australia Pty Ltd 

GOL 

Treacle 

CSR Treacle Syrup 

Sugar Australia Pty Ltd 

TRE 

Glucose  

Queen Glucose Syrup 

Queen Fine Foods Pty Ltd, QLD 

GLU 

Maple 

Queen Maple Syrup 

Dr. Oetker Queen Australia, 

QLD 

MAP 
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3.5.3.2 Sample Preparation 

Adulterated honey samples were prepared by mixing the respective syrups (rice, corn, golden, 

treacle, glucose and maple) with honey (Manuka and Jarrah) in a final concentration of 10, 20, 

30, 40 and 50% (w/w) respectively. The samples were warmed in a water bath at 36 °C for 

about 30 min to assist with their mixing into homogenous blends. As described in Islam et al. 

2020b in more detail, for sugar analysis 1mg/mL samples of the 2 honeys, 6 syrups and 60 

adulterated honeys were prepared in 50% aqueous methanol. The organic honey extracts were 

obtained as previously described in Locher et al. (2017, 2018). In brief, approximately 1 g of 

each sample was mixed with 2 mL of deionised water and extracted three times with 5 mL of 

dichloromethane. After drying the combined organic extracts with anhydrous MgSO4 followed 

by filtration, the solvent was evaporated at ambient temperature and the resulting extracts 

stored at 4° C. Prior to HPTLC analysis they were reconstituted in 100 µL of dichloromethane. 

A solution of 4,5,7-trihydroxyflavanone (0.5 mg/mL) in methanol was prepared as a reference 

solution. 

3.5.3.3 Instrumentation and Sample Analysis 

The HPTLC sugar and organic honey extract profiles of all samples were obtained using a 

CAMAG HPTLC instrumentation (Muttenz, Switzerland) following previously established 

methods [165, 166, 201].  

In brief, for sugar analysis, 3 µL of each sample were applied as 8 mm wide bands 8 mm from 

the lower edge and 20 mm from the side edge of the HPTLC plate (20 x 10 cm glass-backed 

silica gel 60 F254 plates) using a semi-automated HPTLC application device (Linomat 5, 

CAMAG). Track distances were 11.4 mm with 15 tracks on each 20 x 10 HPTLC plate, which 

represents the default plate setting. The development chamber was saturated for 60 minutes 

(33% relative humidity) and the plates developed to a migration distance of 85 mm in 1-

butanol: 2-propanol: aqueous boric acid (5 mg/mL, 3:5:1 v/v/v). After drying for five minutes, 
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the plates were derivatised with 2 ml of aniline-diphenylamine-phosphoric acid reagent 

(CAMAG Nozzle Spraying Derivatiser, Yellow Nozzle, Level 5) and heated for 10 minutes at 

115 °C (CAMAG TLC Plate Heater III). After cooling to room temperature for 2 min, the 

plates were analysed at white light with the HPTLC imaging device (TLC Visualizer 2, 

CAMAG). 

To obtain the organic extract profile, the reference solution (4 µL) and the reconstituted extracts 

(5 µL) were applied as 8 mm bands at 8 mm from the lower edge and 20 mm from the side 

edge of the HPTLC plates (20 x 10 cm glass-backed silica gel 60 F254 plates) with a semi-

automated HPTLC application device (Linomat 5, CAMAG). Track distances were 11.4 mm 

with 15 tracks on each 20 x 10 HPTLC plate, which represents the default plate setting. The 

development chamber was saturated for 20 minutes (33% relative humidity) and the plates 

developed to a final distance of 70 mm in toluene: ethyl acetate: formic acid (6:5:1 v/v/v). After 

drying for five minutes, the chromatographic results were documented at 254 nm and 366 nm 

using the HPTLC imaging device (TLC Visualizer 2, CAMAG) before being derivatised with 

3 ml vanillin with sulfuric acid reagent (CAMAG Nozzle Spraying Derivatiser, Yellow Nozzle, 

Level 3)  and being heated for 3 min at 115 °C (CAMAG TLC Plate Heater III). After cooling 

to room temperature for 2 min, the obtained images were again recorded at white light and 366 

nm. The chromatographic analysis was performed using VisionCATS software (Version 2.5, 

CAMAG), which was also used to control the individual instrumentation modules. 

 

3.5.3.4 Data Acquisition and Chemometric Analysis 

All multivariate data analysis were performed on a 1253 x 68 matrix, which included data 

derived from the HPTLC sugar and phenolic organic honey extract profiles of the two pure 

honeys (Manuka and Jarrah), the six syrup adulterants (rice, corn, golden, treacle, glucose and 
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maple) and the resulting 60 adulterated honeys. Sugar data included quantities of fructose, 

glucose, sucrose and maltose. From the organic honey extract HPTLC profiles, four sets of 

images (R 245 and R 366, and T white and R 366 after derivatisation with vanillin reagent) 

were converted into their respective chromatograms. The intensity of bands expressed as 

absorption peak height were extracted for data calculation along with their corresponding Rf 

values. To reduce complexity, only bands between Rf 0.05 and Rf 0.60 were considered, as 

this captured the majority of all detected bands [180]. The obtained data sets were standardised 

and the multivariate data analysis performed using R and R Studio (Version 1.3.959) [236, 

237], Python3.9 [296] and PyTorch [297]. 

3.5.3.5 Multivariate Data Analysis 

Multivariate data analysis included non-supervised techniques, like cluster analysis and 

principal component analysis, as well as supervised techniques, including principal component 

regression, partial least-squares regression and machine learning [2, 101, 120, 150, 298]. 

3.5.3.6 Chemometric Validation 

The sugar contents data had a dynamic range of 0 to ~2,000. All the methods chosen for the 

analysis prefer standardised data in the number range -1 to 1 or 0 to 1; so, the data was 

standardised. With the ANN, the AU values of the organic extracts naturally have a range from 

0 to 1 and thus did not need standardising. To ensure the supervised models would work with 

unseen data, and not just repeat the labels of the samples that they had just seen, cross validation 

and k-fold cross validation was used. This involved holding back 30% of the data as a test set 

to validate the training of the models. With the basic raw data only 68 samples were available. 

This meant standard cross validation was inappropriate for PCR, PLSR and ANN, and k-fold 

cross validation was required. k-Fold cross validation divides all the samples into k groups of 

samples, called folds of equal sizes (if possible). The prediction function is learned using k-1 

folds, and the fold left out is used for testing. Each fold is used for testing once. This process 
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was applied to supervised PCR, PLSR and ANN chemometric techniques. For PCR and PLSR 

Root Mean Square Error of Cross Validation (RMSECV), Root Mean Square Error (RMSE) 

and Root Mean Square Error of Prediction (RMSEP) were deemed useful to predict the 

validation parameters.  

3.5.3.7 Data Augmentation 

This study aimed to predict the honey/syrup type and the adulteration level of all samples, so 

all 68 classes. The original data set was too small to be used directly as input to train an ANN, 

PCR, PLSR, and potentially, a PCA. To address this, the fact that an analysis run using HPTLC 

is not deterministic was used. As different runs will produce small various in AU and the Rf 

value can slightly drift, this was used to augment the original dataset by repeating the following 

process 50 times: 

• For the bands obtained in four different analysis conditions (R 245 and R 366, and T 

white and R 366 after derivatisation) - a drift of ±0.0173 Rf and adding Gaussian noise 

with a standard deviation of 1.25 times the standard deviation of the original AU value. 

The data was separated into the 4 light bands and the standard deviation of each band 

was calculated. 

• For the sugar content values – Gaussian noise with a standard deviation of 5% of the 

value was add to the samples. 

This increased the dataset from 68 to 71,468 (50 x 21 x 68 + the original 68) as shown in Figure 

3.12 (and Materials - S1) and Figure 3.13 (and Materials - S2).  
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Figure 3.12 Augmented dataset for organic extracts Rf vs intensity values. 

 

 

 

Figure 3.13 Augmented dataset for sugar content values 
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3.5.4 Results and Discussions 

3.5.4.1 HPTLC Fingerprints and Corresponding Chromatograms 

 

Figure 3.14 Images taken at T White light after derivatisation with aniline-diphenylamine-

phosphoric acid reagent. Track 1–Standards (fructose, maltose, sucrose and glucose in 

increasing Rf values), Track 2–MAN, Track 3–JAR; three µL of each 50% aqueous 

methanolic solution (A) and their respective chromatograms (B) 
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Figure 3.15 Images taken at R 366 after development (A) and their respective chromatograms 

(B). Track 1–MAN, Track 2–MAN-RIC 10%, Track 3–MAN-RIC 20%, Track 4–MAN-RIC 

30%, Track 5–MAN-RIC 40% and Track 6–MAN-RIC 50%; five µL of each extract. 

 

 

Figure 3.16 Images taken at R 366 after derivatisation with vanillin reagent (C) and their 

respective chromatograms (D). Track 1–MAN, Track 2–MAN-RIC 10%, Track 3–MAN-

RIC 20%, Track 4–MAN-RIC 30%, Track 5–MAN-RIC 40% and Track 6–MAN-RIC 50%; 

five µL of each extract. 
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The obtained HPTLC sugars profiles of honey were very simple as they only captured glucose 

(Rf 0.30) and fructose (Rf 0.14) within the limit of quantification, as can be seen in Figure 3.14. 

Apart from those two sugars, a very faint signal for maltose (Rf 0.20) was also noted, but it 

was well below the limit of quantification. Honeys adulterated with corn, rice or glucose syrup 

contained significant amounts of maltose, which was easily quantifiable, whereas honeys 

adulterate with golden, treacle and maple syrup were characterised by significant amounts of 

sucrose, which was also easily quantifiable [202]. In terms of their respective organic extracts 

most sugar syrups did not present any major bands. Thus, their incorporation into a honey only 

decreased the intensity of the major bands present in the organic extract of the pure honey. 

Only maple syrup extract was characterised by a major band at Rf 0.41 (data not presented), 

which could not be detected in the two honey extracts and therefore acted as signifying band 

for this particular syrup. Increasing concentrations of adulterants decreased the intensity of the 

bands in MAN and JAR accordingly (Figure 4 and 5; only MAN shown for illustrative 

purposes). 

3.5.4.2 Cluster Analysis 

Cluster analysis was applied in this study in order to identify interrelationships between 

different honey groups. Clustering allows the grouping of similar data points in such a way that 

points in the same group, known as cluster, are more similar to each other than points in other 

groups. There are several types of cluster analysis, in this paper Hierarchical Clustering, K-

Means Clustering and Density Based Clustering were investigated. 

3.5.4.2.1 Hierarchical Clustering  

Hierarchical clustering (HC), an unsupervised clustering algorithm, is one of the most popular 

and easy to understand clustering techniques. It starts with placing each observation in its own 

cluster and then stepwise merging clusters by analysing the distances between adjacent points. 



195 
 

HC gives an indication not only to what extent individual points are similar to each other but 

also how similar different clusters are to each other. The number of significant clusters found 

and displayed in the respective dendrogram is based on the Euclidian distance of the normalised 

data [293]. The hierarchical clustering (average method) for honeys, syrups and adulterated 

honeys is shown in Figure 3.17.  

 

Figure 3.17 Hierarchical clustering analysis. 

 

The dendrogram derived from the study’s dataset displays three main clusters. The first 

contains sugar syrups (with the exception of TRE), the other two contain the pure and 

adulterated honeys. Within the other clusters two major sub-cluster can be distinguished; one 

contains pure Manuka and syrup adulterated Manuka honeys, the other contains pure Jarrah 

and syrup adulterated Jarrah honeys. These findings demonstrate the usefulness of hierarchical 

clustering in distinguishing syrups from pure honeys and syrup adulterated honeys. 
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3.5.4.2.2 K-Means Clustering 

K-means clustering is also a very simple and popular unsupervised algorithm. Typically, 

unsupervised algorithms use information from datasets as input vectors. A target number k is 

set first, which refers to the number of centroids needed in the dataset [299]. A centroid is the 

imaginary or real location representing the centre of the cluster [300].  

 

Figure 3.18 K-means clustering. 
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Every data point is allocated to each of the clusters through reducing the in-cluster sum of 

squares distance between data points and all centroids. In this analysis we used the elbow 

method to select the number of clusters k to be 4 and the clusters sizes (K-means clustering 

with 4 clusters) were 22, 5, 26, 15 (between_SS / total_SS = 59.5 %) with higher “between 

Sum of Squares (between_SS) / total Sum of Squares (total_SS)” values signifying better 

cluster differences values [301]. The scattered plot of the four clusters of Glucose + Fructose 

vs Sucrose + Maltose are shown in Figure 3.18. In the cluster scatter plot, Manuka and Jarrah 

are clearly separated from the syrup and adulterated honeys (Figure 3.18). 

3.5.4.2.3 Density Based Clustering 

DBSCAN is a density based clustering algorithm and is based on the concept of grouping 

samples into clusters if they are connected to one another by density populated areas in order 

for samples to be clustered into various shapes and sizes, in which the clusters are not sensitive 

to noise. In this analysis, the eps (epsilon or ϵ-neighbourhood) value, the radius of 

neighbourhood around a point [302], was set to 21 and minPts as the minimum number of 

neighbours within the “eps” radius [303] was set to 3 to optimise the clustering results. At eps 

(21) and minPts (3), the analysis resulted in 5 clusters (Figure 3.19) and 7 noise points. As the 

density-based clusters are not sensitive to noise, the analysis assigns samples to different 

clusters even within cluster data points and the noise points can be within the clusters but 

marked as different colours (Figure 3.20). The Manuka honey and Manuka adulterated samples 

were assigned to two different clusters based on their density population and so were Jarrah 

honey and Jarrah adulterations. The four sugar syrups formed a cluster away from both the 

Manuka adulterated and Jarrah adulterated clusters. Examination of the seven noise points 

revealed that Point 1 was Manuka, Point 2 was Jarrah, Point 6 was maple syrup and Point 7 

was treacle syrup. Thus, both pure Manuka and Jarrah honey were clearly separated from all 

other clusters.  
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Figure 3.19 Density based scree plot. 

 

 

Figure 3.20 Density based scattered plot. 



199 
 

3.5.4.3 Principal Component Analysis 

Unsupervised non targeted PCA was conducted to reduce the dimension of the original data to 

a smaller number of variables or components by examining the relationship between measured 

parameters. This allowed to explore and model the experimentally derived data, evaluating 

their correlation and variability; and to represent data visually into a linear transformation [285, 

286] such as a scree plot and a loading plot.  

The PCA scree plot allows to explore the possible number of clusters and variability among 

the clusters. Principal Component 1 (PC1) and Principal Component 2 (PC2) had the greatest 

variability, PC2, PC3 and PC4 had marginal variability. Little variability could be detected for 

PC5 and beyond (Figure 3.21). 

 

Figure 3.21 Principal component analysis summary scree plot. 
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Figure 3.22 PCA biplot with clustering. 

 

Although similar chromatographic profiles were obtained for all honey samples (Figures 3.14, 

3.15 and 3.16), PCA can easily categorise the obtained data into three different clusters based 

on principal component 1 (PC1) and principal component 2 (PC2) (Figure 3.22). The two main 

PCs, PC1 and PC2, accounted for 52.9% and 19%, thus taken together for 71.9% of total 

variability. 

A clear differentiation between two clusters can be noted. Cluster 1 contains Manuka and 

Manuka-syrup adulterated honeys and Cluster 2 contains Jarrah and Jarrah-syrup adulterated 

honeys. Further exploring the PCA data reveals that in Cluster 1 pure Manuka honey is clearly 

separated from the other data points within this cluster, the same can be noted for Cluster 2, 

where pure Jarrah honey is also clearly separated from the adulterated samples (Figure 3.22). 

Five of the sugar syrups (except TRE) formed a separate cluster/group.  
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Figure 3.23 Principal component analysis (augmented data) summary scree plot. 

 

 

Figure 3.24 PCA biplot (augmented data) with clustering. 
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These findings demonstrate that the PCA model can discriminate not only between pure honeys 

and sugar syrups but also between different syrup adulterated honeys. When PCA was applied 

to the augmented dataset, the general pattern of PC1 vs PC2 was retained, but the importance 

of PC1 and PC2 was significantly reduced (Figure 3.23 and 3.24) due to the added noise. 

3.5.4.4 Partial Least Squares regression and Principal Component Regression 

PLS is a classical linear multivariate regression tool, whilst PCR is a regression analysis 

technique that is based on PCA. These techniques were used to derive the levels of the sugars. 

The important values are those for Sucrose and Maltose, which if the levels are too high is an 

indication that the honey is adulterated. For completeness we also derived the Glucose and 

Fructose values. Supervised PLS and PCR were performed on the standardised data set and the 

augmented data set to independently calculate the values of the Glucose, Fructose, Sucrose and 

Maltose content from all the other variables (including the AU values). Generally, the number 

of PLS factors and the characteristic variables of the data can affect the performance of the 

PLS model. Too few PLS factors tend to decrease the reliability of the model, too many in turn 

might increase the model’s complexity and weaken its stability [121, 125]. In this work, the 

number of PCs was optimised by cross-validation in a model calibration process where the 

optimal number of PCs was corresponding to the lowest Root Mean Square Error of Cross 

Validation (RMSECV) value (Figure 3.25). For cross-validation, the testing data were 

accounted (10 folds). To build the supervised model, 70% of the data was chosen to derive a 

training data set and the remaining 30% of the data were used for testing the model. This 

corresponded to 45 training set samples and 23 testing set samples in total for the raw dataset 

and 50,025 training and 21,443 test samples for the augmented dataset. The lowest value of 

RMSE corresponded to the component number, that was best suited to describe the highest 

variable. The number of PLS factors or components for Glucose, for instance, was four (Figure 
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3.25c) for the standardised data set and 10 for the augmented dataset. The different sugars 

required different numbers of components as shown in Table 3.17. 

Table 3.17 Comparison of Number of components and RMSE and Rsquare for PCR and PLS 

method for Standardised and Augmented dataset 

 Standardised 

dataset 

Augmented 

dataset 

Standardised dataset Augmented dataset 

 No. of 

Components 

No. of 

Components 

PCR Method PLS Method PCR Method PLS Method 

 PCR PLS PCR PLS RMSE Rsquare RMSE Rsquare RMSE Rsquare RMSE Rsquare 

Glucose 7 4 14 10 0.706 0.6504 0.632 0.7164 93.746 0.7553 90.786 0.7707 

Fructose 6 7 12 13 0.548 0.6629 0.579 0.5810 147.62 0.7828 128.59 0.8352 

Maltose 1 7 14 14 1.001 0.0012 0.654 0.2248 86.306 0.8537 80.254 0.8735 

Sucrose 10 7 15 14 0.748 0.8605 0.663 0.8960 84.452 0.8997 74.125 0.9227 

 

The main practical difference between PCR and PLSR is that PCR often needs more 

components than PLSR to achieve the same prediction error [304, 305]. On this data set, PCR 

for Glucose would need seven components (Figure 3.25a) to achieve the same Root Mean 

Square Error of Prediction (RMSEP) for the small dataset and 14 for the augmented dataset. 
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Figure 3.25 Partial least squares (PLS) regression RMSE cross-validation vs component (A) 

using PCR method on standardized dataset, (B) using PCR method on augmented dataset, 

(C) using PLS method on standardized dataset, and (D) using PLS method on augmented 

dataset (for Fructose, Maltose and Sucrose; see Materials–S3). 

 

3.5.4.5 Artificial Neural Networks 

An ANN is a supervised mathematical model inspired by biological systems. It simulates the 

way mammalian brains work in processing information and learning from data. The ANN 

consists of a number of layers that perform different functions, such as multiplying weights, 

randomly dropping out nodes and performing non-linear activations. Training is performed 

iteratively, so that as it progresses, the ANN learns by comparing the ground truth to the 

predictions, and back propagating the losses to adjust the weights of the varies layers. Upon 

completion the model will have established (linear or non-linear) relationships between input 

and output data [298] through the various layers.  
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This augmented data was then split into 6 groups to perform K-fold learning with 6 folds. For 

each of the 6 runs a different fold of the data was retained for testing as discussed in Section 

2.6. Table 3.18 shows the final accuracy for each fold for sugars only, organic extracts only 

and sugars and organic extract combined. Individually the sugars and organics are 93.27% and 

94.54% accurate. When combined they reach 99.59% accuracy. The confusion matrixes for the 

Rf are given in Figures 3.26 – 3.28. These show that main areas of confusion are the adulterants. 

A small number of MAN-TRE 10% are misclassified as either JAR or MAN when working 

with the sugars alone. The Organics and Sugars plus Organics only misclassify the adulterants. 

Table 3.18 Comparison of accuracy for each fold of the Sugars, Organic extracts, and the 

sugars and organic extract combined 

Fold Sugars Organics Extracts Sugars and Organics 

Extracts combined 

1 92.80% 94.22% 99.52% 

2 93.80% 95.04% 99.54% 

3 93.05% 94.51% 99.69% 

4 92.99% 94.56% 99.57% 

5 93.44% 94.53% 99.55% 

6 93.54% 94.39% 99.64% 

Mean 93.27% 94.54% 99.59% 
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Figure 3.26 Confusion matrix for organic extracts Rf vs intensity values. 
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Figure 3.27 Confusion matrix for sugar content values. 
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Figure 3.28 Confusion matrix for sugar content and organic extracts Rf vs intensity values 

learnt together. 
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3.5.5 Conclusion 

HPTLC derived organic extract profiles allow a reliable and reproducible authentication of a 

honey’s floral source [165-167, 234], but any accidental or deliberate post-harvest adulteration 

with sugar syrups cannot be detected with this method alone. It requires an additional layer of 

analysis, the detection and quantification of simple sugars (glucose, fructose, sucrose, maltose) 

present in the sample. As has been demonstrated in this study, on the basis of both, HPTLC-

derived honey organic extract and sugar profiles, multivariate data analysis allows for a 

definitive discrimination between pure and sugar syrup adulterated honeys. Cluster Analysis 

and Principal Component Analysis can easily cluster pure honeys, adulterated honeys and 

syrup adulterants into separate groups. The use of Partial Least Squares regression and the 

Artificial Neural Network model can successfully predict the outcome and correctly identify 

adulterated honeys and the percentage of adulteration based on the available data set of pure 

honeys and adulterated samples.  Specifically, it was found that predictions based on the 

analysis of the samples’ sugar profiles and the samples’ organic extract profiles were 93.27% 

and 94.54% accurate respectively. When the combined data sets (sugar and organic extract 

profiles) were taken into account, the predictive capacity of ANN exceed 99% accuracy even 

for samples with post-harvest sugar adulterations of as low as 10% (w/w). This novel approach 

of combining HPTLC derived organic extract and sugar profile data and subjecting them to 

multivariate data analysis might therefore offer a powerful tool for the detection of post-harvest 

sugar syrup adulterants in the quality control of honeys. 
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214 
 

4.1 Executive Summary 

While honeys mainly consist of sugars and water, there are also about 3% of non-sugar 

constituents, mainly phenolics, present in honeys. This non-sugar profile is reflective of 

honey’s nectar origin (Chapter 2) and often imparts distinct characteristics such as colour, taste, 

aroma and also antioxidant activity.  

Many Western Australian honeys are appreciated for their high levels of bioactivity. To date, 

the focus has often been on their antibacterial effects although their antioxidant activity is also 

of growing interest. Commonly the antioxidant activity is captured in the honey’s total 

phenolics content (TPC) or its performance in the so-called DPPH* (2,2-diphenyl-1-

picrylhydrazyl) or FRAP (ferric reducing–antioxidant power) assays. However, while these 

analyses are able to reflect the honey’s total antioxidant activity, they are unable to capture the 

contribution of individual constituents to the overall effect. This makes comparisons between 

the antioxidant activity of honeys less meaningful since they might yield the same total 

antioxidant activity, but the effect might be caused by entirely different compounds. It is 

therefore advantageous to identify and also quantify individual antioxidant compounds that 

contribute to honey’s overall antioxidant activity. In the future individual antioxidant marker 

compounds might also be useful for marketing purposes, in a similar way as the antibacterial 

compound methylglyoxal (MGO) has become a distinct indicator of Manuka honey quality. 

Placing a finer grain analytical lens over the antioxidant profile of honeys allows for more 

meaningful comparisons between honeys and it also facilitates the monitoring of potential 

impacts of honey handling, processing, and storage on its antioxidant constituent profile.  

As part of this PhD research, a novel analytical method, HPTLC fingerprinting coupled with 

DPPH derivatisation, has been developed, which allows to capture individual antioxidant 

honey constituents and to quantify their contribution to the overall antioxidant effect, even if 
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the chemical identity of the compounds has not yet been established. The fully validated 

method has been published in JPC - Journal of Planar Chromatography - Modern TLC. 

The value of this HPTLC–DPPH assay for honey quality control has also been demonstrated 

by monitoring potential changes to the antioxidant activity of individual honey constituents 

during processing and storage. Four different honeys were exposed to two different temperature 

conditions and potential changes to their antioxidant profile monitored by HPTLC-DPPH 

analysis. The findings of this study were published in Foods. 

 

 

4.2 Research Objective 

The studies presented in this chapter address Research Objective 4. 

Objective 4: Correlate HPTLC fingerprints to phytochemical parameters and bioactivity data 

of honeys and determine whether changes to these characteristics are reflected and thus 

trackable in the respective HPTLC fingerprints and chromatograms  
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4.3.1 Abstract 

Using honey as a model sample, the aim of this study is to develop and validate a simple, rapid 

screening tool that allows for the visualisation of constituents that contribute to the antioxidant 

activity of a complex natural product and to quantify their individual antioxidant effects even 

if their chemical identity is unknown. The method employs a validated analysis, which is based 

on the separation of constituents using High-Performance Thin-Layer Chromatography 

(HPTLC) followed by their visualisation using DPPH* (2,2-Diphenyl-1-picrylhydrazyl) as 

derivatising reagent and the quantification of the antioxidant activity of individual bands 

expressed as Gallic acid equivalents. 

 

4.3.2 Introduction 

The DPPH* (2,2-Diphenyl-1-picrylhydrazyl or α,α-Diphenyl-β-picrylhydrazyl, C18H12N5O6) 

assay [306] is simple, fast to perform, cost effective and efficient and thus one of the most 

commonly used tools for antioxidant screening of constituents, mixtures of constituents, 

extracts or biological matrices (e.g. honey, wine, fruits juice, salivary secretions) [307-312].  

DPPH* is a water-insoluble, coloured and remarkably stable compound, with the last two 

properties being responsible for its popularity as a model radical in a wide range of antioxidant 

studies. Unlike most other free radicals, it can accept an electron or hydrogen radical to become 

a stable molecule without dimerization (Figure 4.1). DPPH* itself is intensely violet (515-520 

nm in alcoholic solutions) but its reduced counterpart 2,2-Diphenyl-1-picrylhydrazine (DPPH-

H) presents an orange-yellow colour [311, 313-316]. Thus, the higher the antioxidant activity, 

the stronger the decolorization of the reagent [317]. 
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Figure 4.1 Reaction mechanism of DPPH* with antioxidants [318] 

The DPPH assay can be used to express the antioxidant activity of complex mixtures like plant 

extracts. In this case, the total activity is commonly expressed as EC50 value, which refers to 

the amount of antioxidant needed to decrease the DPPH* concentration by 50% [316, 319-

321]. Obtained EC50 values are inversely proportional to antioxidant activity. For natural 

complex mixtures, the antioxidant activity is also commonly expressed as mg Gallic acid 

equivalents per gram (or 100 g) of material.  

A significant advantage is that DPPH* reacts even with weak antioxidants if sufficient reaction 

time is allowed. The rate of reaction between DPPH* and substrates varies therefore widely. A 

reaction time as short as 5 to 10 min has been reported [322, 323] though most analyses take 

between 30 and 60 min to complete [324, 325]. During method development, the reaction is 

therefore generally monitored until a plateau in absorbance readings is noted [326, 327]. A 

limitation of the DPPH assay is that for complex mixtures such as natural product extracts, it 

can only provide information on the total antioxidant activity but is unable to capture how many 

and which constituent(s) contribute to the seen effect, making comparisons between samples 

less meaningful. 

High-Performance Thin-Layer Chromatography (HPTLC) is a sophisticated and increasingly 

popular tool for the analysis of complex matrices like those encountered in natural products. It 

allows separation and potentially also the quantification of various extract constituents using a 
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semi-automated set-up. A typical HPTLC instrumentation consists of (semi)automated sample 

application, development, scanning of the plate, and data analysis. The use of high-quality 

HPTLC plates and the ability to control and automate crucial analysis steps (e.g. sample 

application, development, derivatisation) combined with fully automated image analysis 

allows for qualitative and also quantitative analyses with high levels of repeatability, precision 

and accuracy [157]. Scanning of the plate or visualisation of the separated constituents is 

normally carried out at white light, 254 nm, and/or 366 nm with or without derivatisation. The 

usefulness of the technique has been demonstrated for the qualitative and quantitative analysis 

of a wide range of botanicals (e.g. [159, 328-330]).  

Recent works have explored the use of DPPH* reagent as a derivatisation reagent for HPTLC 

analysis of wine, marine algae, alfalfa sprouts, and edible oils [156, 331-333]. They have 

demonstrated the usefulness of this approach in detecting a range of known antioxidant 

constituents, such as resveratrol, caffeic acid, gallic acid, and rutin, and have also quantified 

these using standards. The application of this method to natural product extracts with unknown 

composition has, however, to date not been investigated in depth. 

In this paper, we evaluate this HPTLC-DPPH assay for honey analysis. Honey is a complex 

mixture of mainly sugars (75 – 85 %), water (13 – 21 %) and non-sugar constituents (0.5 %) 

[334-336]. A range of bioactivities has been demonstrated, amongst them antimicrobial, 

antioxidant, and anti-inflammatory effects; honey has also been found to be effective as wound 

dressing, in the treatment of burns, skin ulcers, and inflammations as well as boosting the 

immune system [337, 338]. The antioxidant activity of honey is of growing interest although 

to date only a few studies have investigated the specific constituents that are responsible for 

this effect and only limited comparative analyses have been carried out [339]. 

Generally, the antioxidant activity of honey is believed to be strongly correlated to the presence 

of phenolic constituents [313, 340, 341]. They are present in different kinds of honey in only 
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small concentrations but nonetheless contribute not only to their colour and organoleptic 

characteristics but also to their bioactivity profiles. The specific composition of these non-sugar 

constituents is a reflection of the honeys’ floral source and hence, in particular for monofloral 

honeys, becomes a distinguishing feature that impacts the organoleptic properties and 

bioactivities of the honey. Ultimately this will also affect the quality and price of individual 

honeys [52]. 

Maintaining the level of bioactive constituents in honey throughout the production (collection 

and processing), transport and storage chain is of concern to the beekeeping industry as it will 

ensure the ongoing quality of their product. A better understanding of the constituents 

responsible for the antioxidant effect of honey and with this an opportunity to monitor the way 

handling, processing, and storage might affect these is, therefore, an important consideration. 

The first step towards this goal is to gain a better insight into the various antioxidant 

phytochemicals that are present in honey and to establish similarities and differences in the 

activity profile. 

In this paper, we introduce a validated screening tool that will assist with this task. The 

proposed HPTLC-DPPH analysis facilitates the visualisation of individual constituents in a 

honey’s non-sugar fraction and expresses their individual antioxidant activity as Gallic acid 

equivalents.  

 

4.3.3 Materials and Methods 

4.3.3.1 Chemicals and Reagents 

Reagents and solvents were analytical grade. DPPH free radical was sourced from Fluka AG 

(Buchs SG, Switzerland), Gallic acid from Ajax Chemicals (Ltd, Australia), 4,5,7-

trihydroxyflavanone from Alfa Aesar (England, UK), Methanol from Scharlau (Spain), 

Dichloromethane from Merck KGaA (Darmstadt, Germany), Anhydrous Sodium Sulfate from 
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Merck KGaA (Darmstadt, Germany), Toluene from APS Chemicals (Australia), Ethyl acetate 

and Formic acid from Ajax Finechem (Pvt Ltd., Cheltenham, Australia). Honey samples (see 

Table 4.1) were obtained from supermarkets and honey suppliers in Western Australia. 

Table 4.1 Honey samples including floral sources and reference ID 

Labelled floral source Supplier origin and  

packaging date 

Reference ID 

Manuka Barnes Naturals 

(Jan 2017) 

MAN 

Jarrah Bramwell’s 

(Jul 2016) 

JAR 

Multifloral 

Organic  

Wescobee 

(Dec 2016) 

TAB1 

Multifloral 

 

Wescobee 

(Jun 2019) 

TAB2 

Unspecified 

 

Coles Supermarket 

(Jan 2019) 

TAB3 

Unspecified 

 

Aldi Supermarket 

(No date provided) 

TAB4 

 

4.3.3.2 Sample Preparation 

4.3.3.2.1 Standard Mobile Phase and Reagent Preparation 

In total, 0.5 mg/mL of 4,5,7-Trihydroxyflavanone in Methanol was prepared as a reference 

solution and Gallic acid in Methanol (20 µg/mL) as a standard stock solution. A mixture of 

Toluene-Ethyl Acetate-Formic acid (6:5:1, V/V) was used as mobile phase. The derivatisation 
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reagent was prepared by dissolving 40 mg DPPH* in 10 mL Methanol. The DPPH* solution 

was stored in an amber glass bottle at ambient temperature, protected from light until use [156]. 

4.3.3.2.2 Extraction of Honey Samples 

To prepare the honey samples, approximately 1 g of each honey was mixed with 2 mL of 

deionized water in a glass stoppered tube and then vortexed to produce a homogenous solution. 

The aqueous honey solution was then extracted three times with 5 mL of Dichloromethane. 

The combined organic extracts were dried with anhydrous Sodium sulfate, filtered and dried at 

ambient temperature. The dried extracts were stored at 4 °C. 

4.3.3.3 Instrumentation and High-Performance Thin-Layer Chromatography (HPTLC) 

Method 

4.3.3.3.1 Honey Sample Preparation 

The dried honey extracts were reconstituted in 100 μL of Dichloromethane. 

4.3.3.3.2 Sample Application 

4 µL of the reference solution, 4 µL of the Gallic acid standard solution and 5 µL each of the 

respective honey extracts were applied as 8 mm bands at 10 mm from the lower edge of the 

HPTLC plate at a rate of 150 nL s-1 using a semi-automated HPTLC application device 

(Linomat 5, CAMAG). To prepare a Gallic acid standard curve in a honey matrix 2 µL, 3 µL, 

4 µL, 5 µL, 6 µL, and 7 µL of Gallic acid standard solutions were applied by over spotting the 

respective honey bands.  

4.3.3.3.3 Development 

The chromatographic separation was performed on silica gel 60 F254 HPTLC plates (glass 

plates 20 X 10 cm) in a saturated (33% relative humidity) automated development chamber 

(ADC2, CAMAG). The plates were pre-saturated with the mobile phase for 5 min, 
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automatically developed to a distance of 70 mm at room temperature, and dried for 5 min. The 

obtained chromatographic results were documented using an HPTLC imaging device (TLC 

Visualizer 2, CAMAG) under white light. The chromatographic images were digitally 

processed and analysed using a specialized HPTLC software (visionCATS, CAMAG) which 

was also used to control the individual instrumentation modules.[165-167] 

4.3.3.3.4 Derivatisation 

After initial documentation of the chromatographic results, each plate was derivatized with 2 

mL of 0.4% DPPH reagent using a TLC derivatizer (CAMAG derivatizer). The derivatized 

plates were again analysed with the HPTLC imaging device under white light. Images were 

taken at 0 min, 5 min, 10 min, 20 min, 30 min, 60 min, and 120 min after derivatization. 

4.3.3.3.5 Data Analysis 

The obtained images were converted into individual absorbance points according to their Rf 

values. Using Excel© the data was then converted into a chromatogram, which was used to 

derive calibration curves of area/intensity of absorbance vs concentration. 

4.3.3.4 Method Validation 

The method developed to express the antioxidant activity of various honey constituents as 

Gallic acid equivalents were validated for linearity, sensitivity, precision, and accuracy 

according to the current International Conference on Harmonisation (ICH) guidelines [254]. 

4.3.3.4.1 Linearity 

Linearity was evaluated by analysing standard Gallic Acid solutions of different volumes (2 - 

7 μL) in a concentration range of 40 - 140 ng/band. Three replicate measurements were 

conducted using different honey extracts as matrices for the standards. The Gallic acid standard 

solutions were used to produce six-point linear calibration curves and the obtained peak areas 
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and peak heights versus the corresponding concentrations of Gallic acid were evaluated by 

linear regression analysis. The coefficient of determination (r2), slope (m), y-intercept (c), and 

standard deviation (SD) of the calibration curves were determined to assess the linearity of the 

developed method. 

4.3.3.4.2 Sensitivity (limit of detection and quantification) 

The limit of detection (LOD) is the lowest amount of analyte in a sample that can be detected, 

but not necessarily quantitated as an exact value, under the given experimental conditions. The 

limit of quantification (LOQ) is the lowest amount of analyte that can be detected and 

quantified with suitable precision, accuracy, and repeatability. 

The LOD and LOQ were calculated based on the standard deviation of the intersects and 

average of the slope of the calibration curves using the formula described in the ICH guidelines:  

LOD = 3.3 × σ/S  

LOQ = 10 × σ/S 

where σ is the standard deviation of the intersect and S is the average of the slope of the 

calibration curves. 

4.3.3.4.3 Precision 

Precision represents the closeness of results obtained from a series of measurements of a single 

sample analysed under the same conditions but at different times, on different instruments or 

by different operators. Precision is considered at three levels, repeatability (same operating 

conditions over a short interval of time), intermediate precision (within-laboratory variations, 

analysing the sample on different days, by different analysts and on different equipment) and 

reproducibility (between laboratories). The precision of the present method was validated for 

repeatability and intermediate inter-day precision by analysing in triplicate three different 
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concentrations of Gallic acid (80%, 100% and 120% of a 4 μL standard Gallic acid solution) 

and expressing the obtained peak area or peak height as percent relative standard deviation (% 

RSD).  

4.3.3.4.4 Accuracy 

The accuracy of the method was estimated through the % recovery and % RSD of a Gallic acid 

solution analysed in triplicate at three different concentration levels (60, 80 and 100 ng/band).  

4.3.4 Results and Discussions 

4.3.4.1 Method Optimisation 

The constituents contributing to the honey’s antioxidant activity were separated and quantified 

by HPTLC. After derivatisation with DPPH*, images were taken at White light (remission 

white (R white), transmission white (T white) and remission-transmission white (RT white)) 

at 0 min, 5 min, 10 min, 20 min, 30 min, 60 min, and 120 min. The chromatographic plate 

image background was dark pink in colour and constituents with antioxidant activity reacted 

with DPPH* to reduce the intensity of the DPPH* background colour for the respective bands 

representing constituents with antioxidant activity. The stronger the antioxidant activity, the 

brighter white the band appeared against the pink background. Over time, the intensity of the 

discoloured bands increased as individual constituents had sufficient time to fully react with 

DPPH*. Images were continually recorded until the intensity of the response had plateaued 

(Figure 4.2a and 4.2b). 
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Figure 4.2 Images of HPTLC plate taken after DPPH derivatisation at 10 min (a) and 60 min 

(b); Track 1 – 4,5,7-trihydroxyflavanone; Track 2 – Gallic acid (4 µL); Track 3 to 8 – 

Manuka extracts (5 µL) over-spotted with Gallic acid 2, 3, 4, 5, 6, and 7 µL respectively; 

Track 9 – Manuka extracts (5 µL) 

 

Three sets of images (R white, T white and RT white) for each plate were taken for analysis. 

Each set of images was converted into individual Rf values and corresponding absorbance 

values and then into corresponding chromatograms. As the intensity of bands increased the 

pink background colour was reduced for the respective bands, thus leading to inverted 

chromatographic peak profiles (Figures 4.3a and 4.3b). For quantitative analysis, both 

absorbance peak areas as well as absorbance peak heights vs concentration of the respective 

Gallic acid standard curves were plotted. 

With respect to determining an appropriate analysis time (i.e. time of image capture that allows 

for sufficient reaction time with DPPH*), it was found that 30 to 60 min after derivatisation 

consistent analysis results were obtained over the entire calibration curve as this reaction time 

allowed for the detection of constituents of low concentration or weak antioxidant activity. 

Results were almost identical when images were taken at 30 min and 60 min after derivatisation 

were compared, but when images were taken earlier than 30 min, the linearity of the respective 

calibration curves was unsatisfactory (Supplementary; Table 6a, 6b, and 6c). Within the set of 

white light images that were captured, R white gave consistent results over the entire 

concentration range of the calibration curve (Supplementary; Table 6b). Further, peak areas vs 
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concentration produced more reliable and accurate analysis results compared to peak heights 

vs concentration over the entire calibration range (Supplementary; Table 6a, 6b, and 6c).  

The selection of an appropriate concentration of the DPPH derivatising reagent, which might 

vary depending on analyte type [331, 342, 343] is also critical. For this study 0.05%, 0.1%, 

0.3%, 0.4% and 0.5% DPPH* were trialled to analyse the various antioxidant constituents 

present in different honey extracts and a concentration of 0.4% was found to give the best 

results (data not shown).  

In light of the above, optimal analysis parameters for the HPTLC-DPPH tandem analysis of 

antioxidant constituents in honey were established.  

Parameters Optimised Condition 

Mobile phase Toluene: Ethyl acetate: Formic acid (6:5:1, 

V/V) 

Derivatisation reagent 2 mL of 0.4% DPPH reagent 

Analysis time after derivatisation 60 min 

Visualisation R White 

 

  

Figure 4.3 Image of Manuka extracts (5 μL) over-spotted with Gallic acid (Rf 0.29) 2, 3, 4, 

5, 6, and 7 μL respectively (a) and their respective chromatograms (b) 
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4.3.4.2. Method Validation 

Bands were characterized by their Rf values after derivatisation with 0.4% DPPH solution. 

Gallic acid was observed on the plate after derivatisation under R White light at a Rf value of 

0.29 ± 0.032. The specificity of the method in general, and for the analysis of honey in 

particular, was observed by comparing the Rf value of Gallic acid standard solutions (Table 

4.2 and Figure 4.4a) to that of Gallic acid standard solutions in various honey matrices after 

over spotting (Table 4.3 and Figure 4.4b). For quantitative analysis, the peak area of absorbance 

was plotted against concentration. The linear range was 40 – 140 ng/band. The linearity of the 

analysis was validated by the respective linear regression line equations and coefficient of 

determination (r2) for six-point Gallic acid standard curves recorded in three different honey 

matrices (Table 4.3).  

 

  

Figure 4.4 Gallic acid 2, 3, 4, 5, and 6 μL standards in methanol (a) and Manuka extracts (5 

μL) over spotted with Gallic acid 2, 3, 4, 5, and 6 μL respectively (b) 

 

Using the trend line equations derived from the different calibration curves, the LOD and LOQ 

were calculated and were found to be 16.5 ng and 50.0 ng respectively for Gallic acid in honey 
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and 14.3 ng and 43.3 ng for pure Gallic acid in Methanol (Table 4.2 and 4.3). These values 

demonstrate the sensitivity of the developed method as the Limit of Detection (LOD) and Limit 

of Quantification (LOQ) of Gallic acid were found to be much lower than reported in previous 

similar studies [331, 342, 344]. 

Further, considering the similarity in LOD and LOQ values of Gallic acid in methanol and 

different honey matrices respectively, it can be concluded that there is no noticeable matrix 

effect exerted by honey. While honey is used as the model matrix in this study it can be 

anticipated that the HPTLC-DPPH analysis can also be used for other matrices, like plant 

extracts with antioxidant activity. The method established here, therefore, provides guidance 

on how to examine other complex systems for potential matrix effects.  

Table 4.2 Linear regression data: calibration curve of Gallic Acid in Methanol 

Parameters 

Gallic Acid (ng/spot) 

Run 1 Run 2 Run 3 

Linearity range (ng/spot) 40 - 140 40 - 140 40 - 140 

Regression equation 

y = 3E-05x - 

0.0009 

y = 2E-05x - 

0.0007  

y = 3E-05x - 

0.0009 

Correlation (r2) 

coefficient 0.9912 0.9893 0.9900 

Slope (average) 2.66667E-05 

Intercept (SD) 0.00011547 

LOD (ng) 14.3 

LOQ (ng) 43.3 
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Table 4.3 Linear regression data: calibration curve of Gallic Acid in different honey matrices 

Parameters 

Gallic Acid (ng/spot) 

In JAR In TAB2 In TAB3 

Linearity range (ng/spot) 40 - 140 40 - 140 40 - 140 

Regression equation y = 2E-05x - 

0.0004 

y = 2E-05x - 

0.0005 

y = 2E-05x - 

0.0003 

Correlation (r2) 

coefficient 

0.9905 0.9971 0.991 

Slope (average) 2.00E-05 

Intercept ( SD ) 0.0001 

LOD (ng) 16.5 

LOQ (ng) 50.0 

 

The accuracy of the method was determined by calculating percentage recoveries of Gallic acid 

in various honey matrices by the standard addition method. The accuracy of mean recoveries 

was found to be in the range of 99.89% to 101.45% (Table 4.4), which was acceptable 

according to the ICH guidelines. 

Table 4.4 Recovery of Gallic Acid        

Theoretical 

Concentration 

(ng) 

Recovery in MAN Recovery in JAR Recovery in TAB4 

Recovery 

(ng) 

% 

Recovery 

% Mean 

Recovery 

Recovery 

(ng) 

% 

Recovery 

% Mean 

Recovery 

Recovery 

(ng) 

% 

Recovery 

% Mean 

Recovery 

60.00 60.75 101.25 

101.45 

59.42 99.04 

100.64 

59.75 99.59 

99.89 80.00 79.92 99.90 81.03 101.29 81.52 101.89 

100.00 103.19 103.19 101.59 101.59 98.20 98.20 
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Intra-day and inter-day precision studies were carried out to demonstrate the reproducibility of 

the optimised method. Its precision was evaluated by performing replicate analyses (n = 3) of 

Gallic acid at low (60 ng/band), medium (80 ng/band), and high (100 ng/band) concentrations 

in various honey matrices. Precision was recorded as standard deviation (SD) and % RSD of 

each calibration curve (Table 4.5 and 4.6)  

Table 4.5 Precision study of Gallic Acid: intra-day precision     

Theoretical 

Concentration 

(ng/spot) 

In MAN In JAR In TAB4 
 

Conc. 

Found 

(ng/spot) 

Conc. 

Found 

(ng/spot) 

Conc. 

Found 

(ng/spot) 

Average 

(ng/spot) 

SD % RSD 

60.00 60.75 59.42 59.75 59.97 0.6894 1.1495 

80.00 79.92 81.03 81.52 80.82 0.8187 1.0129 

100.00 103.19 101.59 98.20 100.99 2.5482 2.5231 

 

Table 4.6 Precision study of Gallic Acid:  inter-day Precision 

Theoretical 

Concentration 

(ng/spot) 

In MAN In JAR In TAB3   

  
Conc. 

Found 

(ng/spot) 

Conc. 

Found 

(ng/spot) 

Conc. 

Found 

(ng/spot) 

Average 

(ng/spot) SD 

 

% RSD 

 
60.00 59.74 62.89 59.58 60.74 1.8666 3.0732 

80.00 81.61 78.59 81.58 80.59 1.7350 2.1528 

100.00 99.27 102.61 103.66 101.85 2.2924 2.2508 
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Repeatability as an indication of system precision of the method was expressed as SD and 

%RSD values in four different honey matrices. The obtained %RSD values were within the 

acceptable limit (Table 4.7), indicating that the method can be considered reproducible with 

high levels of confidence. 

Table 4.7 Repeatability (System precision)      

Theoretical 

Concentration 

(ng/spot) 

In MAN In JAR In TAB1 In TAB2 

Found 

(ng/spot) 

Found 

(ng/spot) 

Found 

(ng/spot) 

Found 

(ng/spot) 

80.00 80.74 79.22 82.84 81.32 

80.00 83.85 82.44 83.02 78.42 

80.00 81.35 82.35 82.09 80.30 

Average 81.98 81.33 82.65 80.01 

SD 1.647 1.834 0.494 1.470 

%RSD 2.009 2.254 0.597 1.837 

 

4.3.5 Application of the Method to Honey Analysis 

To demonstrate the potential application of the developed method, the HPTLC-DPPH assay 

was used to visualise and quantify as Gallic acid equivalents the antioxidant activity of 

individual bands of MAN and TAB3 honey. Four, as yet not chemically identified, antioxidant 

bands were detected for MAN and three active bands for TAB3 honey (Table 4.8, Figure 4.5). 

The absorbance of the individual bands was compared with the absorbance of standard gallic 

acid over-spotted on MAN and TAB3 extracts to calculate their antioxidant activity expressed 

as gallic acid equivalents (Table 4.8). 
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It is interesting to note the differences in the antioxidant profiles of these two honeys (Figure 

4.5) as this points to individual antioxidant fingerprints that reflect the unique antioxidant 

constituent profile of different types of honey and with this also their unique antioxidant 

bioactivity levels. Manuka honey, derived from Leptospermum scoparium, is highly regarded 

not only for its antibacterial but also for its antioxidant properties [88]. As can be seen in Figure 

4.5, it exhibits an antioxidant profile that is different from a more generic, presumably 

multifloral table honey available from a major supermarket chain. It also demonstrates a 

significantly higher antioxidant activity (expressed in gallic acid equivalents) of individual 

bands (Table 4.8). Not all of the antioxidant constituents of Manuka honey have to date been 

chemically identified; nonetheless, the proposed HPTLC–DPPH assay allows for their 

monitoring throughout the production, transport and storage chain and thus can assist efforts 

in maintaining the antioxidant bioactivity. 

 

 

Figure 4.5 Image of respective chromatograms; Track 1 - Manuka extracts (5 μL) and 

Track 2 - TAB3 (10 μL) 
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Table 4.8 Antioxidant band activities and corresponding RF values for MAN and TAB3 

honey 

MAN 

Bands Rf 

Concentration 

(ng/5 μL extract) 

mg equivalent Gallic Acid 

per 100 g honey 

1 0.22 

80.32 0.1606 

2 0.30 

3 0.48 356.08 0.7122 

4 0.83 47.85 0.0957 

TAB3 

1 0.08 22.02 0.0440 

2 0.51 51.13 0.1022 

3 0.81 18.50 0.0369 

 

Due to insufficient baseline separation Band 1 and Band 2 were quantitatively accounted for 

as one capturing a Rf range of 0.19 to 0.36. 

4.3.6 Conclusion  

The proposed HPTLC-DPPH analysis was successfully validated to fulfil the requirements for 

specificity, linearity, sensitivity, precision, and accuracy of the ICH guidelines. The method is 

characterised by high levels of sensitivity with LOD and LOQ values that are much lower than 

those reported in previous studies [332, 342, 344]. Compared to the popular DPPH assay for 

total antioxidant activity, this HPTLC-DPPH assay allows for much more insight into the 

antioxidant profile of complex mixtures. Using honey as a model system it has been 

demonstrated in this paper that the developed and validated method allows not only to visualize 

but also quantify individual constituents that contribute to the antioxidant activity of a complex 

mixture. To our knowledge, no other study has yet been reported that quantifies constituents 

that contribute to the antioxidant activity of honey or any other complex matrix as Gallic acid 
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equivalents. In previous studies, constituents responsible for the effect needed to be known in 

order to be quantified using respective standards. For honey, this information is not necessarily 

available and therefore the approach is taken in this paper to express the antioxidant activity of 

individual constituents as Gallic Acid equivalent is novel. By adopting the concept of 

expressing activity as Gallic Acid equivalents, as it is commonly done in the traditional DPPH 

assay for total antioxidant activity, a quantitative dimension can be built into the assay even if 

the chemical identity of bioactive constituents is not (yet) known. The method, therefore, 

facilitates explorative work by testing complex natural matrices for antioxidant activity and 

assessing the role of individual constituents. In turn, it will also assist in monitoring potential 

changes to the antioxidant activity of individual constituents in these matrices during 

processing and storage and thus can be seen as a novel analytical quality control tool. The 

technique can be anticipated to be also successfully applied in other areas of food analysis 

where the focus is on antioxidant activity of complex matrices. 
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Graphical Abstract 

4.4.1 Abstract 

The use of High-Performance Thin-Layer Chromatography (HPTLC) coupled with the use of 

DPPH* (2,2-diphenyl-1-picrylhydrazyl) as derivatisation reagent is a novel approach to the 

analysis of antioxidant activity of honeys. The method facilitates the visualisation of individual 

constituents that contribute to the overall antioxidant activity of the honey, even if they are not 

yet chemically identified, and allows for the quantification of their antioxidant activity as gallic 

acid equivalents. The method supports a more in-depth study of the antioxidant activity of 

honey as it allows for a comparative analysis of the antioxidant fingerprints of honeys of 

different floral origin and is able to capture differences in their individual bioactive 

constituents. Further, it supports the tracking of changes in antioxidant activity of individual 

honey constituents over time upon exposure to different temperature conditions, which 

demonstrates the potential value of the method for in-process quality control. 

4.4.2 Introduction 

Honey, a highly concentrated complex mixture of mainly sugars (75 - 85%), water (13 - 21%) 

and a small fraction of non-sugar constituents (approx. 3%) [14, 15, 345], has been appreciated 
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for centuries not only as a food item but also for its medicinal properties [346]. The earliest 

recorded medicinal use of honey dates back to the Ancient Egyptian era [1, 3]. To date, a range 

of bioactivities have been investigated, amongst them antimicrobial, antioxidant, anti-

inflammatory, anticancer, antidiabetic, anti-hyperlipidemic, anti-ulcer, as well as radical 

scavenging and wound healing activities [347-350]. Next to antibacterial effects, the 

antioxidant activity of honey is of growing interest although, to date, only few studies have 

investigated the specific constituents that are responsible for this effect [293].  

Free radicals cause oxidative stress on living tissues by damaging biomolecules essential for 

cell vitality and are thus implicated in many conditions like inflammation, cardiovascular 

diseases, cancer and neuro-degenerative diseases [351, 352]. Antioxidants have the ability to 

counteract these damaging effects. Phytochemicals such as phenolic acids and flavonoids are 

believed to be strongly correlated to the antioxidant properties of natural products promoted 

for human health benefits [339, 353]. Phenolic acids and flavonoids represent a significant 

share of the non-sugar constituents of honey and as such not only contribute to its colour and 

organoleptic characteristics but also to its bioactivity, including its antioxidant properties [354]. 

Commonly, the honey’s colour is seen as an indication for activity; the darker the honey, the 

higher its total phenolics content and by extension also its antioxidant properties [355, 356]. 

Depending on the honey’s floral source, its phenolic acid and flavonoid profile can vary 

significantly. Thus, in particular for monofloral honeys, their phenolics profile is a 

distinguishing feature that will impact on the honeys’ organoleptic characteristics and 

bioactivity levels and with this ultimately also on their quality and the price they can yield [52]. 

While in general the presence of phenolic constituents has been correlated with a honey’s 

antioxidant activity, detailed studies on the chemical nature of these phenolics and 

investigations on the potential contribution of non-phenolics to the overall antioxidant activity 

are sparse. Further, only limited comparative analyses between honeys have been carried out 
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with respect to their antioxidant effects [293]. Depending on a honey’s constituent profile, 

different levels of antioxidant activity can be anticipated. Further, it can also be assumed that 

honeys, which are comparable in their overall antioxidant activity, might not necessarily have 

identical bioactive constituent profiles. It is therefore beneficial to visualise and quantify the 

various antioxidant phytochemicals that are present in honeys, even if their chemical identity 

is not yet known, and to establish similarities and differences in the respective activity profiles 

of different monofloral honeys. 

Maintaining the level of antioxidant constituents present in honeys throughout the production, 

transport and storage chain is of concern to the beekeeping industry as it will ensure the ongoing 

quality of its products. Antioxidant assays can support a better understanding of the way these 

processes might affect bioactivity. Among the various antioxidant assays that exist, the DPPH 

assay is one of the most popular spectrophotometric assays for the determination of the total 

antioxidant activity of honeys [357, 358]. DPPH* (2,2-diphenyl-1-picrylhydrazyl) is a stable 

free radical, which is sensitive to reaction with Lewis bases. It is characterised by an intense 

purple colour (absorbance at 515-520 nm), which is lost upon reaction with oxidising reagents. 

In particular, constituents which can rapidly decrease the absorbance of DPPH* by donating a 

hydrogen atom are considered good antioxidants. However, a significant advantage of the assay 

is that DPPH* reacts even with weak antioxidants if sufficient reaction time is given [359, 360]. 

 

High-Performance Thin-Layer Chromatography (HPTLC) is a simple but increasingly popular 

tool for the analysis of natural products like honey [86, 164, 167]. It allows the separation and 

potentially also the quantification of various extract constituents using a semi-automated set-

up. In this study, the method is coupled with DPPH* derivatisation [179] and applied to a range 

of commercially available honeys from Western Australia (Table 4.9) to determine 

commonalities and differences in their individual antioxidant constituent profiles. Further, it is 
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demonstrated how HPTLC-DPPH fingerprinting can be used to track honey constituents over 

time in order to determine the potential impact of processing stressors (e.g. elevated 

temperature) on the activity of the honey’s antioxidant constituents. This is relevant as honeys 

are, for instance, routinely warmed (between 55 – 80 °C) [361, 362] to facilitate filtration to 

remove debris from raw honey and dispensing into packaging jars. Furthermore, in particular 

in warmer climates, honeys might also be exposed to elevated temperatures during their 

storage. It has been demonstrated that heat exposure can impact on honeys’ antibacterial 

activity [363] and potentially also lead to the formation of unwanted by-products such as 5-

hydroxymethylfurfural [364, 365], but the effect on honeys’ antioxidant activity has not yet 

been studied to the same extent. 

 

4.4.3 Materials and Methods 

4.4.3.1 Chemicals and Reagents 

Reagents were sourced from: 4,5,7-trihydroxyflavanone (Alfa Aesar, Lancashire, UK), gallic 

acid (Ajax Chemicals Ltd., Sydney, Australia), DPPH* (Fluka AG, Buchs SG, Switzerland), 

and anhydrous sodium sulfate (Merck KGaA, Darmstadt, Germany). Solvents were purchased 

from: Methanol (Scharlau, Barcelona, Spain), dichloromethane (Merck KGaA, Darmstadt, 

Germany), toluene (APS Chemicals, Sydney, Australia), vanillin (Sigma-Aldrich, St. Louis, 

MO, USA), ethyl acetate, and formic acid (Ajax Finechem Pvt Ltd., Sydney, Australia). 

Commercial honeys (Table 4.9) were obtained from supermarkets and honey suppliers in 

Western Australia. Where possible, the honey’s floral source was derived from the label, and 

no further authentication was carried out. 
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Table 4.9 Honey samples  

Labelled 

floral source 

Nectar Source Supplier and Packaging 

date 

Reference ID 

Manuka Leptospermum spp. Barnes Naturals 

(January 2017) 

LEP 

Coastal 

Peppermint 

Agonis flexuosa The Margaret River Honey 

Co. 

(December 2017) 

AGO 

Marri Corymbia calophylla ICON Honey 

(February 2018) 

COR 

Karri Eucalyptus diversicolor Zees Bees 

(2016) 

EU1 

River Red 

Gum 

Eucalyptus 

camaldulensis 

Capilano 

(May 2014) 

EU2 

Multifloral 

Organic  

Unknown Wescobee 

(December 2016) 

MF1 

Multifloral  Unknown Wescobee 

(June 2019) 

MF2 

Unspecified Unknown Coles Supermarket 

(January 2019) 

UN1 

Unspecified 

  

Unknown Aldi Supermarket 

(No date provided) 

UN2 
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4.4.3.2 Sample Preparation 

4.4.3.2.1 Standard Solution and Reagent Preparations  

A standard stock solution of gallic acid (20 µg/mL) in methanol and a reference solution of 0.5 

mg/mL of 4,5,7-trihydroxyflavanone in methanol were prepared. A mixture of toluene: ethyl 

acetate: formic acid (6:5:1, v/v/v) was used as the mobile phase [165]. The derivatisation 

reagent was prepared by dissolving 40 mg DPPH* in 10 mL of 50% methanol and 50% ethanol 

and stored in an amber glass bottle, protected from light, until use [156]. Vanillin spraying 

reagent was prepared by adding 2 mL of sulfuric acid to 100 mL vanillin solution (1 g/100 mL 

in ethanol). 

4.4.3.2.2 Honey Sample Preparations 

For the analysis, 1 g of each commercial honey was mixed with 2 mL of deionised water in a 

glass stoppered tube and then vortexed to produce a homogenous solution. The aqueous honey 

solutions were then extracted three times with 5 mL of dichloromethane. The combined organic 

extracts were dried with anhydrous MgSO4, filtered and evaporated to dryness at room 

temperature. The dried extracts were stored at 4 °C until further analysis. Prior to HPTLC 

analysis, the samples were reconstituted in 100 μL of dichloromethane. 

4.4.3.3 Chromatography 

Two plates were prepared for the analysis, one was used to visualise and quantify antioxidant 

honey constituents, the other to obtain the honey’s floral fingerprint [166].  

4.4.3.3.1 Sample Application 

For the quantification of antioxidant honey constituents as gallic acid equivalents 4 µL of the 

reference solution, 4 µL of the gallic acid standard solution and 5 µL each of the respective 

honey extracts were applied as 8 mm bands at 8 mm from the lower edge of the HPTLC plate 

at a rate of 150 nL s-1 using a semi-automated HPTLC application device (Linomat 5, 
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CAMAG). To prepare a gallic acid standard curve in the honey matrix 2 µL, 3 µL, 4 µL, 5 µL, 

6 µL and 7 µL of gallic acid standard solution were applied by over-spotting the respective 

honey bands. For the honeys’ floral fingerprint only honey extracts (5 µL each) were applied. 

4.4.3.3.2 Development 

For each plate, the chromatographic separation was performed on silica gel 60 F254 HPTLC 

plates (glass plates 20 X 10 cm, Merck, Darmstadt, Germany) in a saturated (33% relative 

humidity) automated development chamber (ADC2, CAMAG). The plates were pre-saturated 

with the mobile phase for 5 min, automatically developed to a distance of 70 mm at room 

temperature and dried for 5 min. The obtained chromatographic results were documented using 

an HPTLC imaging device (TLC Visualizer 2, CAMAG) under white light. The 

chromatographic images were digitally processed and analysed using a specialised HPTLC 

software (visionCATS, CAMAG) which was also used to control the individual 

instrumentation modules [165-167]. 

4.4.3.3.3 Derivatisations 

After initial documentation of the chromatographic results, the first plate was derivatised with 

3 mL of 0.4% DPPH* reagent (CAMAG derivatiser). The derivatised plates were again 

analysed with the HPTLC imaging device under white light and images were taken 60 min 

after derivatisation. 

To obtain the floral fingerprints, the second plate was derivatised with 3 mL of vanillin 

spraying reagent (CAMAG derivatizer). The derivatised plate was heated (CAMAG TLC Plate 

Heater III) at 100 °C for 3 min until colour developed before being analysed (TLC Visualizer, 

CAMAG) under white light and 366 nm. 
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4.4.3.3.4 Data Analysis and Statistics 

For the quantification of antioxidant honey constituents as gallic acid equivalents, the obtained 

images were converted into individual absorbance points according to their Rf values. Using 

Excel© the data was converted into chromatograms, which were used to derive calibration 

curves of area of absorbance vs concentration [179]. All experiments were performed in 

triplicates, and the results were evaluated by a one-way analysis of variance (ANOVA) 

followed by Tukey’s honestly significant difference (TukeyHSD) test, where a p-value of less 

than 0.05 was considered statistically significant. All statistical analyses was performed using 

Microsoft Office 365, R and R studio [236]. 

4.4.3.4 Validation  

The quantification of antioxidant activity of honey extracts using HPTLC in combination with 

DPPH* derivatisation is fully validated as described previously [179]. In brief, data were 

generated by plotting peak area vs applied amount of gallic acid standards in a range of 40 – 

140 ng/band. Linearity of the assay was calculated based on the regression equation and 

correlation (r2) coefficient. The sensitivity, expressed as limit of detection (LOD) and limit of 

quantification (LOQ), was based on the comparison of the standard deviation (SD) and the 

slope of the calibration curve and was found to be 16.5 ng and 50 ng respectively. The accuracy 

of mean recoveries was found to be in the range of 99.89 – 101.45%. Precision as intra-day 

precision was determined by analysing replicates of three known concentrations within a single 

day. Precision as inter-day precision was determined by repeating the same experiment on 

different days. Variance between replicates was expressed as relative standard deviation 

(%RSD) and the obtained values (1.01 – 2.52 %RSD) were within the acceptance range. 
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4.4.3.5 Thermal Exposure 

Honey samples were placed in glass jars and kept at a constant temperature of 40 °C and 60 °C 

respectively using a temperature-controlled heating oven (Memmert GmbH + Co. KG, 

Büchenbach, Germany). Sampling was carried out at 0 min, 12 h, 24 h and 48 h. The honey 

samples were extracted, their floral fingerprints and antioxidant profiles recorded, and their 

antioxidant band activities calculated according to the process described earlier. 

4.4.4 Results and Discussions 

4.4.4.1 Antioxidant band activity of honeys 

The chromatograms of the HPTLC images obtained for the various organic honey extracts after 

derivatisation with DPPH* reagent is presented in Figure 4.6. The antioxidant activity of bands 

was quantified and expressed as mg gallic acid equivalents per 100 g of honey (Table 4.10). 

Table 4.10 Antioxidant activity of individual bands in organic honey extracts 

ID Bands Rf 

Concentration 

(ng/5 μL 

extracts) 

mg Gallic 

Acid 

Equivalent 

(per 100 g 

honey) 

Total Band Activity 

(mg gallic acid 

equivalent per 100 g 

honey) 

LEP 

1 0.27 80.32 0.1606 

0.9685 2 0.47 356.08 0.7122 

3 0.83 47.85 0.0957 

AGO 

1* 0.35 

352.04 0.7041 

0.8101 2* 0.49 

3 0.78 53.02 0.1060 

EU1 

1 0.30 31.06 0.0621 

0.2244 

2 0.46 34.46 0.0689 
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3 0.80 46.67 0.0933 

COR 

1 0.43 113.67 0.2273 

0.3615 

2 0.81 67.09 0.1342 

EU2 

1 0.08 47.42 0.0948 

0.5041 2 0.41 129.55 0.2591 

3 0.80 75.06 0.1501 

MF1 

1 0.09 32.84 0.0657 

0.3638 

2 0.31 34.08 0.0682 

3 0.48 54.53 0.1091 

4 0.81 60.47 0.1209 

MF2 

1 0.46 64.50 0.1290 

0.2527 

2 0.81 61.83 0.1237 

UN1 

1 0.08 22.02 0.0440 

0.1831 2 0.51 51.13 0.1022 

3 0.81 18.50 0.0369 

UN2 Not detected    

 

* due to insufficient baseline separation Band 1 and Band 2 of AGO were quantitatively 

accounted for, capturing a Rf range of 0.264 to 0.670. 



248 
 

 

Figure 4.6 Organic honey extract chromatograms; 5 µL of each honey extract 

 

The trends found for antioxidant activity of the investigated honeys were similar to other 

studies, where total antioxidant activity using DPPH* reagent was reported [366, 367]. For 

example, the honey labelled as Manuka honey (LEP) displayed the highest level of activity in 

this study and it was also reported as a highly antioxidant honey by others [368].  

The value of this method is that it provides a more nuanced picture by capturing the antioxidant 

activity of individual honey constituents. For example, the honey labelled as Marri (COR) and 

the unspecified organic honey extract (MF1) displayed very similar total band antioxidant 

activity but the HPTLC-DPPH analysis could demonstrate that only two bands (Rf 0.42 and 

0.81) were in the main responsible for the antioxidant activity of Marri honey extract (COR), 

whereas four different constituents (at Rf 0.09, 0.31, 0.48 and 0.81) contributed to the total 

band activity of the organic honey extract (MF1) (Table 4.10). Thus, the findings demonstrate 
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that honeys differ in their antioxidant profiles despite displaying similar total band activity in 

the HPTLC-DPPH assay. 

It also appears that there might be common antioxidant constituents present across different 

honey organic extracts illustrated, for example, by common bands at Rf 0.806-0.809 for COR 

and MF2, whereas other antioxidant constituents seem to be unique for a particular honey. This 

can be seen for the band at Rf 0.476 in LEP, which notably contributes to the extract’s 

antioxidant activity but does not seem to occur in any of the other honeys analysed in this study. 

4.4.4.2 Comparison of honey extracts’ floral fingerprints with antioxidant fingerprints 

All monofloral honey extracts, except the one derived from Karri honey (EU1), displayed 

relatively high levels of antioxidant activity, which might be a reflection of their various 

phenolic and flavonoid constituents. However, it is interesting to note that not all honeys from 

unspecified floral sources were of the same antioxidant quality. Some of them displayed high 

levels (i.e. MF1 and MF2) whereas others (i.e. UN1 and UN2) had very little activity. A likely 

explanation is that the former two were produced by local beekeepers by mixing honeys of 

unspecified floral origins that might have carried some antioxidant activity. Honeys without 

specified nectar source (UN1, UN2) on the other hand only displayed negligible levels of 

antioxidant activity.  

It is also interesting to compare the honey extracts’ floral fingerprints, which are characteristic 

for their respective nectar sources (Figure 4.7), with the obtained antioxidant fingerprints 

(Figure 4.6). The HPTLC method for the authentication of a honey’s floral source based on 

floral fingerprints was published earlier [165, 166]. A direct comparison between the respective 

fingerprints demonstrates that constituents signifying a honey’s floral source for authentication 

purposes might not necessarily contribute to its antioxidant activity. Table 4.11 directly 
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compares the most important bands for authentication of the floral source with those considered 

key to the honey extract’s antioxidant activity. 

 

(a) 

 

 

(b) 



251 
 

 

(c) 

 

 

(d) 
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Figure 4.7 Images taken at R 254 after development (a), R 366 after development (b), White 

light after derivatisation (c) and R 366 after derivatisation (d) with vanillin reagent; Track 1 

– 4,5,7-trihydroxyflavanone, Track 2 – LEP, Track 3 – AGO, Track 4 – EU1, Track 5 – 

COR, and Track 6 – EU2, Track 7 – MF1, Track 8 – MF2, Track 9 – UN1, and Track 10 – 

UN2; 5 µL of each honey extract 

 

Table 4.11 Comparison between antioxidant bands and floral fingerprint bands of organic 

extracts of commercial Western Australian honeys 

ID 
Antioxidant 

Bands (Rf) 

Floral Fingerprint Bands (Rf) 

After development After derivatisation 

R 254 R 366 T White R 366 

Rf Colour Rf Colour Rf Colour Rf Colour 

LEP 

0.27 0.24 BRB 0.12 LY 0.25  0.20 BRB 

0.47 0.35  0.25 BRB 0.34 G 0.25 BRB 

0.83 0.52  0.33 LB 0.41 O 0.33  

     0.47 Y 0.42  

AG

O 

0.35 0.23  0.11 Y 0.10  0.11  

0.49 0.33 BRB 0.19 LY 0.25  0.23  

0.78 0.39  0.32 BRB 0.39 DB 0.32 G 

 0.52  0.42 LB 0.47 BW 0.38 BW 

       0.48 R 

EU1 

0.30 0.33  0.33 LB 0.32  0.32  

0.46     0.41  0.40  

0.80     0.46  0.52  

CO

R 

0.43 0.37  0.25  0.37 P 0.25  

0.81 0.41  0.32 LB 0.41 R 0.37 LBW 

 0.47    0.47 O 0.41 DBW 
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       0.45 DB 

EU2 

0.08 0.34    0.24  0.10 B 

0.41 0.41    0.33 G 0.36 DBW 

0.80 0.46    0.40 R 0.40 DBW 

     0.47 BW 0.46 DBW 

MF1 

0.09 0.34  0.33 LB   0.33  

0.31     0.42  0.36  

0.48     0.46  0.41  

0.81         

MF2 

0.46 0.33  0.11  0.20  0.23 B 

0.81 0.41  0.24 BRB 0.36 O 0.37 BW 

 0.46  0.32 LB 0.41 LB 0.41 DBW 

     0.46 B 0.47 DR 

       0.52  

UN1 

0.08 0.24    0.25 BW 0.37  

0.51 0.34  0.23  0.33 G 0.41 BW 

0.81 0.40  0.32  0.40 BW 0.46 BW 

       0.54  

UN2 

Not 

Detected 

0.33 

 

0.31 

 Very faint; not easily 

distinguishable 

The Rf value of standard (4,5,7-trihydroxyflavanone) was 0.58 (Pink at T white light). Colour 

code: B – Blue, BW – Brown, R – Red, Y – Yellow, O – Orange, G – Green, P – Pink, LB – 

Light Blue, BRB – Bright Blue, DBW – Dull Brown, DB – Dark Blue, LY – Light Yellow. 
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4.4.4.3 Tracking of thermal stability of selected honeys 

In order to explore the usefulness of HPTLC coupled with DPPH* derivatisation to track 

individual antioxidant honey constituents throughout their processing and storage, four 

different honeys, LEP, AGO, MF2 and UN1 (thus, two monofloral and two multifloral honey 

samples) were subjected to thermal stability testing and their floral (Figure 4.8) and antioxidant 

(Figure 4.9, exemplary - LEP only) fingerprints monitored for any potential changes.  

 

(a) 

 

 

(b) 
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 Figure 4.8 Images taken at White light after derivatisation (a) and R 366 after derivatisation (b) 

with vanillin reagent; Track 1 – 4,5,7-trihydroxyflavanone, Track 2 – LEP, Track 3 – LEP at 40°C 

after 48 h, Track 4 – LEP at 60°C after 48 h, Track 5 – AGO, Track 6 – AGO at 40°C after 48 h, 

Track 7 – AGO at 60°C after 48 h, Track 8 – MF2, Track 9 – MF2 at 40°C after 48 h, Track 10 – 

MF2 at 60°C after 48 h, Track 11 – UN1, Track 12 – UN1 at 40°C after 48 h, and Track 13 – 

UN1 at 60°C after 48 h; 5 µL of each honey extract 

 

 

As can be seen from Figure 4.8, the investigated honeys appear to be relatively resistant to 

change in the chemical composition of their organic extracts on exposure to moderate 

temperatures (40 – 60 °C) as even a continuous exposure over 48 h had only minor effects on 

the honeys’ HTLPC profiles.  

HPTLC analysis coupled with DPPH* derivatisation allowed to quantify the potential effect of 

heating on antioxidant band activity. As can be seen in Figure 4.9 exemplary for Manuka 

honey, some of the band intensities changed over 48 h of thermal exposure, which ultimately 

also impacted the honey’s total band activity.  

Thermal exposure experiments were conducted in triplicate for each investigated honey (LEP, 

AGO, MF2 and UN1). For better comparison, antioxidant band activities at each sampling time 

point were expressed as percentage (%) antioxidant band activity of the value found at the start 

of the experiment.  
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(a) 

 

(b) 

Figure 4.9 Images taken at white light after derivatisation with DPPH reagent (a), and their 

respective chromatograms (b); Track 1 – LEP, Track 2 – LEP at 60°C after 12 h, Track 3 – 

LEP at 60°C after 24 h, Track 4 – LEP at 60°C after 48 h; 5 µL of each honey extract 

 

Based on one-way ANOVA, statistically significant differences (p < 0.05) between various 

honeys exposed to different temperatures were found at different time points. Pair-wise 

ANOVA (TukeyHSD) revealed that MF2 and UN1 were stable in their % antioxidant band 

activity following exposure for up to 48 h at 40 °C and 60 °C (p values ranging between 0.994 

and 1.000) (Figures 4.10c and 4.10d). In the case of AGO, no significant differences could be 
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found at 40 °C (Figure 4.10b), whereas for LEP stored at 40 °C (Figure 4.10a) there were no 

changes in antioxidant band activity up to 24 h heat exposure (p = 0.983) but at 48 h the honey’s 

antioxidant band activity was found to have significantly decreased to 83.16 ± 1.38% of 

baseline value (p = 0.00004). Interestingly, % antioxidant band activity of AGO significantly 

decreased to 88.45 ± 2.83% of baseline (p = 0.0304) when stored at 60 °C for 12 h, but beyond 

12 h the % antioxidant band activity increased again (89.67 ± 7.33% at 24h, p = 0.0996 and 

96.88 ± 6.89% at 48h, p = 0.999) (Figure 4.10b). A similar trend could be seen for LEP kept at 

60 °C, where statistically significant differences were found beyond 12 h storage (decrease to 

85.08 ± 8.91% at 24 h, p = 0.00056 and increase to 88.38 ± 6.20% at 48 h, p = 0.0282) (Figure 

4.10a), which might be explained by the potential formation or release of antioxidant 

compounds over prolonged exposure to higher temperature. The literature suggests, for 

example, that pollen, which is naturally present in honey, can degrade at higher temperature 

and release antioxidant compounds [356, 369], which would then contribute to the overall 

antioxidant band activity. A more in-depth analysis of this phenomenon was, however, outside 

the scope of this study. 
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(a) 

 

(b) 
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(c) 

 

(d) 

Figure 4.10 (a – d) Graphical representation of % antioxidant band activity of different honey 

extracts at different temperature-time points; significance ** is indicated for p < 0.05. 
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Overall, it appears that honeys with higher antioxidant band activities tended to be more 

affected by temperature, leading in most instances to a decrease of activity from baseline 

values, a finding which is also supported by other studies [362, 369-372]. Also, as expected, a 

higher temperature seems to exert a stronger effect as at 40 °C most honeys were stable, except 

LEP when exposed for 48 h. At the higher storage temperature of 60 °C, honeys with higher 

antioxidant band activities were affected even at shorter exposure times (beyond 12 h). More 

honeys would need to be examined to confirm the generalisability of these trends, however, 

this is outside the scope of this study, which does not aim to investigate particular honeys’ 

antioxidant characteristics but to demonstrate the usefulness of HPTLC-DPPH fingerprinting 

for the tracking of antioxidant activity of honeys.  

4.4.5 Conclusion  

High-Performance Thin Layer Chromatography (HPTLC) coupled with DPPH* derivatisation 

allows for a better understanding of the individual constituents responsible for a honey extract’s 

antioxidant activity. There are noticeable differences between honeys of different floral sources 

even if their total antioxidant band activity appears to be similar. Thus, the method offers both 

qualitative (antioxidant fingerprint) and quantitative (antioxidant band activity expressed as 

gallic acid equivalents) dimensions that help to differentiate between honeys of different 

botanical origin and thus complement the honey extracts’ floral fingerprints. Next to more 

ubiquitous antioxidant constituents’ unique phytochemicals also appear to be present in some 

of these honeys that contribute to their antioxidant properties.  While their chemical identity 

has not yet been established, with the combination of HPTLC analysis and DPPH* 

derivatisation their relative contribution to the extract’s antioxidant effect can nonetheless be 

quantified as gallic acid equivalents and their potential change on exposure to processing 

stressors like heat be documented.  
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 Given the increasing popularity of HPTLC analysis in natural product and food chemistry, it 

can be assumed that the combination of HPTLC with DPPH* derivatisation might also be a 

useful quality control tool for other natural products and food items where the maintenance of 

antioxidant activity throughout production and handling is also paramount.  
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CHAPTER 5 

  



264 
 

5.1 Executive summary 

Commercial honeys often undergo a range of industrial processing steps. These include  

▪ filtration to remove unwanted materials such as wax residues, bee parts and, depending 

on the applied filter size, potentially also pollen [205]; 

▪ radiation to destroy fungal spores, bacterial endospores and other microbes that might 

be present [362, 373-375];  

▪ heating to make honey less viscous (thus assisting in handling, for example during 

filling of jars), to delay crystallisation by dissolving seed crystals and / or to change its 

chemical composition [356, 363, 364]. The latter approach is illustrated in the 

controlled temperature-induced conversion of nectar derived dihydroxyacetone (DHA) 

to the antibacterial artefact methylglyoxal (MGO) in many Leptospermum derived 

honeys [376]. 

It is not only during processing but also during storage that honey is exposed to temperatures 

that might lead to changes to its chemical composition, for example its phenolic and / or sugar 

profile, which might, in turn, affect the honey’s physico-chemical characteristics and 

bioactivity levels. Furthermore, unwanted honey artefacts can form, probably the best-known 

example is 5-hydroxymethylfurfural (HMF), which is usually absent in raw and freshly 

collected honeys but forms during heat processing as a result of reducing sugars in honey 

undergoing a temperature induced Maillard reaction. A honey’s HMF content is therefore seen 

as a reliable indicator of its freshness and of post-harvest heat exposure [364, 365]. Due to 

concerns over potentially negative effects on human health, the Codex Alimentarius for Honey 

limits the amount of HMF that can be present to 40 mg/kg for most honeys except for those 

produced in warmer, tropical regions where a maximum level of 80 mg/kg is permitted [14]. 

The determination of HMF content in honey is therefore routinely carried out as part of honey 

quality control. 
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The work of others, but in particular the methods developed as part of this PhD study, have 

demonstrated the value of HPTLC analysis in honey quality control. Chernetsova et al. (2011), 

for instance, demonstrated the usefulness of HPTLC analysis for the rapid detection and 

quantification of HMF in honey. As the HPTLC fingerprint (Chapter 2) represents the 

phytochemical profile of an organic honey extract at a particular time point, recording a 

honey’s HPTLC fingerprint pre- and post-exposure may allow to document the impact of 

storage and processing conditions on the chemical composition of honey and with this 

ultimately also its bioactivity. In addition, temperature- and storage-induced changes to 

individual antioxidant constituents in a honey may also be effectively captured and quantified 

by HPTLC-DPPH analysis (Chapter 4).  

To further demonstrate the value of HPTLC analysis as a comprehensive honey quality control 

tool and also in order to collate a comprehensive set of data on the impacts of elevated 

temperatures on honey quality, selected WA honeys were exposed as part of this PhD research 

to a range of temperatures reflective of honey processing and storage conditions. Samples were 

analysed at specified time intervals to capture potential changes to the honeys’ chemical 

properties (i.e. phenolic profile, antioxidant band activities, HMF content and sugar profile) 

over time. All analyses were carried out using HPTLC methodologies to assess the suitability 

of HPTLC as a comprehensive in-process honey quality control tool. 

5.2. Research Objective 

Objective 5: Assess HPTLC as a rapid and reliable in-process analytical tool for honey quality 

control 
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5.3.1 Abstract 

Honeys are commonly subjected to a series of post-harvest processing steps, such as filtration 

and/or radiation treatment and heating to various temperatures, which might affect their 

physicochemical properties and bioactivity levels. Therefore, there is a need for robust quality 

control assessments after honey processing and storage to ensure that the exposure to higher 

temperatures, for example, does not compromise the honey’s chemical composition and/or an-

tioxidant activity. This paper describes a comprehensive short-term (48 h) and long-term (5 

months) study of the effects of temperature (40 °C, 60 °C and 80 °C) on three commercial 

honeys (Manuka, Marri and Coastal Peppermint) and an artificial honey, using high-

performance thin-layer chromatography (HPTLC) analysis. Samples were collected at 

baseline, at 6 h, 12 h, 24 h and 48 h, and then monthly for five months. Then, they were analysed 

for potential changes in their organic extract HPTLC fingerprints, in their HPTLC-DPPH total 

band activities, in their major sugar composition and in their 5-hydroxymethylfurfural (HMF) 

content. It was found that, while all the assessed parameters changed over the monitoring 

period, changes were moderate at 40 °C but increased significantly with increasing 

temperature, especially the honeys’ HPTLC-DPPH total band activity and HMF content. 

Keywords: honey; processing; temperature effect; Manuka; Coastal Peppermint; Marri; 

HPTLC; quality control 
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5.3.2. Introduction 

Honey is a highly concentrated semi-solid natural substance. It mainly consists of sugar (about 

65 to 86%), water (about 14–20%) and minor quantities (about 2–3%) of non-sugar 

components [14, 15]. Each constituent class plays a critical role in the honey’s specific 

characteristics. Moisture gives the honey its viscosity and acts as a dissolution medium for its 

sugar and non-sugar components [34]. Major sugars such as fructose, glucose, maltose and 

sucrose, and also minor sugars (e.g., maltotriose, raffinose, erlose, melezitose, turanose), give 

honey its sweet flavour but also impact on its tendency to crystallise [22, 36, 37]. Due to its 

high sugar concentration, the osmolarity of honey is also high, which contributes to its 

antibacterial properties [1, 377, 378]. Non-sugar components play a part in honey’s 

organoleptic properties (e.g., colour, flavour), as well as its antimicrobial and antioxidant 

activities [26, 379]. 

Raw or unprocessed honey is rarely sold directly to consumers. In most instances, raw honey 

is subjected to a number of processing steps, such as filtration, heating and/or radiation [369]. 

Filtration is applied to remove unwanted substances from honey, such as plant debris, bee parts 

or waxes. Filtration also removes larger sugar crystals that may have already formed during 

storage and may, if left in the honey, act as seeds for rapid crystallisation [205]. Depending on 

the pore size, filtration can also remove pollen from honey, a process that, in some instances, 

has been demonstrated to impact on the honey’s phenolic signature [380]. Filtered honey might 

thus have a lower antioxidant and optical activity compared to raw or unprocessed honey [176, 

380]. Radiation is applied to destroy fungal spores, bacterial endospores and other pathogens 

or microbes in order to sterilise the honey, specifically if it is to be used as a topical wound 

care product [374]. Usually, high-energy gamma radiation is employed for this purpose [373]. 

Finally, honeys can be heated to evaporate excess moisture that, otherwise, could facilitate the 

fermentation and spoilage of honey. Heating also destroys the seed crystals and thus prevents 
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rapid crystallisation and preserves the uniformity of the contents [356, 363, 364]. Heating also 

helps to decrease the honey’s viscosity, which facilitates handling, particularly during when 

dispensing it into jars. Honey is usually exposed to temperatures of 40 to 60 °C for various 

periods of time during normal processing. However, it can also be treated for shorter periods 

of time with temperatures as high as 70 or 80 °C to destroy microbial pathogens [361-364]. 

The processing of honey, especially heating, can have negative effects. For example, it can lead 

to the caramelisation of sugars and the formation of unwanted artefacts such as HMF, which is 

suspected to have carcinogenic effects when ingested in high doses [364, 365]. Heating might 

also change the honey’s native chemical composition, particularly its phenolic profile, which, 

ultimately, could lead to changes in its antioxidant bioactivity [372]. To maintain its quality 

and ensure food safety, key honey characteristics, such as its sugar and phenolic profiles [356, 

361, 372], HMF content [14, 364, 365] and antioxidant properties [369, 373], should be 

monitored during processing steps involving elevated temperatures. 

There are several analytical instruments used for honey quality control. For the analysis of 

sugar and non-sugar components, these include near-infrared spectroscopy (NIR) [124, 129], 

Fourier-transform infrared spectroscopy (FT-IR) [17, 133, 243], gas chromatography (GC) 

[250], gas chromatography coupled with mass spectrometry (GC–MS) [16], high-performance 

liquid chromatography (HPLC) [266, 271, 381] and nuclear magnetic resonance (NMR) 

spectroscopy [118, 269]. For phenolic compounds, GC–MS and HPLC are commonly used 

[232], whereas the HMF content is frequently determined by capillary electrophoresis [382] 

and UV/VIS spectrophotometry [372]. The antioxidant activity in vitro is commonly 

determined using the DPPH* (2,2-diphenyl-1-picrylhydrazyl), ferric reducing antioxidant 

power (FRAP) and oxygen radical absorbance capacity (ORAC) assays [52, 339, 348, 383]. 
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In this study, high-performance thin-layer chromatography (HPTLC) was employed for the 

assessment of all of the above-mentioned honey quality control parameters, demonstrating the 

versatility of the instrumentation. Islam et al. (2020) developed a fully validated analysis 

method for sugars in honey using HPTLC, which can detect and quantify its major sugars (e.g., 

fructose, glucose, sucrose and maltose) with high levels of precision and accuracy, as well as 

low limits of detection (LOD) and quantification (LOQ) [201]. The method can also be 

employed for the detection of post-harvest adulterations of honey with sugar syrups [201, 202, 

384]. Locher et al. (2017 and 2018) developed a HPTLC-based fingerprinting method for 

organic honey extracts [165, 166], which can be used for the authentication of a honey’s floral 

origin as well as tracking changes in its organic extract profile over time post-exposure to 

different elevated temperatures. Islam et al. (2020 and 2021) developed a HPTLC–DPPH assay 

for the measurement of the antioxidant band activities of honey, which can be used to assess 

changes in its antioxidant activity caused by heating [385]. Along with the HPTLC-based 

quantification of the HMF in honey [48], these analyses were applied in this study for a 

comprehensive assessment of the longitudinal effects of temperature on honey quality. 

5.3.3. Materials and Methods 

5.3.3.1. Experimental Design 

The honey samples (Table 5) were placed in glass-stoppered glass jars and stored at ambient 

temperature (approx. 25 °C) and also at 40 °C, 60 °C and 80 °C using a temperature-controlled 

oven (Memmert GmbH + Co. KG, Büchenbach, Germany). For the short-term stability study, 

sampling was carried out in triplicate (n = 3) at 0 min, 6 h, 12 h, 24 h and 48 h. For the long-

term stability study, sampling was carried out at baseline (0 min) and then monthly for five 

months. As the samples stored at 80 °C changed rapidly and already appeared to be completely 

caramelised and dark-coloured after a few days, the 80 °C storage condition was excluded from 

the long-term stability study. 
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The collected honey samples were extracted with dichloromethane, and their HPTLC 

fingerprints were recorded (see Section 5.3.3.4.1) alongside their antioxidant profiles (see 

Section 5.3.3.4.2), which allowed us to track the antioxidant activity of the active bands. 

Aqueous methanolic honey solutions were also prepared and analysed by HPTLC to record 

their major sugar profiles and to quantify their main sugars (see Section 5.3.3.4.3). The content 

of HMF in the aqueous honey samples was also recorded by HPTLC analysis (see Section 

5.3.3.4.4). 

5.3.3.2. Chemicals and Reagents 

The chemicals and reagents and their suppliers were as follows: glucose, sucrose (Chem-

Supply Pty Ltd., St. Gillman, SA, Australia), fructose, maltose, aniline, vanillin (Sigma-

Aldrich, St. Louis, MO, USA), boric acid (Pharma Scope, Welshpool, WA, Australia), 4,5,7-

trihydroxyflavanone, 5-hydroxymethylfurfural (Alfa Aesar, England, UK), DPPH* (Fluka AG, 

Buchs SG, Switzerland), gallic acid, diphenylamine, phosphoric acid (Ajax Finechem Pvt Ltd., 

Sydney, Australia), anhydrous magnesium sulphate (Scharlau, Barcelona, Spain) and Folin and 

Ciocalteu’s Phenol Reagent 2N (Sigma-Aldrich, St. Louis, MO, USA). 

The solvents and their suppliers were as follows: methanol (Scharlau, Barcelona, Spain), 1-

butanol (Chem-Supply Pty Ltd., St. Gillman, SA, Australia), 2-propanol (Asia Pacific 

Specialty Chemicals Ltd., Sydney, Australia), dichloromethane (Merck KGaA, Darmstadt, 

Germany), toluene (APS Chemicals, Sydney, Australia), ethanol, ethyl acetate and formic acid 

(Ajax Finechem Pvt Ltd., Sydney, Australia). 

The commercial honeys (Table 5.1) were obtained from beekeepers and supermarkets in 

Western Australia. An artificial honey was prepared as the comparator honey (see Section 

5.3.3.3.2). 
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Table 5. 1 Honey samples, including packaging information and sample ID. 

Honey Type Floral Source Sample ID 

Artificial N/A ART 

Manuka Leptospermum sp. LEP 

Marri/WA Red Gum Corymbia calophylla MAR 

Coastal Peppermint Agonis flexuosa PEP 

 

5.3.3.3. Sample Preparation 

5.3.3.3.1. Standards, Reagents and Mobile Phase Preparation 

For the organic extract HPTLC fingerprinting, a methanolic solution of 0.5 mg/mL of 4,5,7-

trihydroxyflavanone was prepared as a reference standard. A mixture of toluene: ethyl acetate: 

formic acid (6:5:1, v/v/v) was used as the mobile phase. The vanillin derivatisation reagent was 

prepared by dissolving 1 g of vanillin in 100 mL of ethanol, followed by the dropwise addition 

of 2 mL of sulphuric acid. The antioxidant derivatisation reagent was prepared by dissolving 

40 mg DPPH* in 10 mL of a mixture of 50% methanol and 50% ethanol and stored in an amber 

glass bottle, which was protected from light until further use. 

To identify and quantify the honey’s main sugars, standard glucose, fructose, maltose and 

sucrose solutions (250 μg/mL) were prepared by dissolving 25 mg of the respective sugar in 

100 mL of 50% aqueous methanol. A 3:5:1 v/v/v mixture of 1-butanol: 2-propanol: boric acid 

(5 mg/mL in water) was used as the mobile phase. The derivatisation reagent was prepared by 

dissolving 2 g of diphenylamine and 2 mL of aniline in 80 mL of methanol. After the addition 

of 10 mL of phosphoric acid (85%), the solution was made up to 100 mL using methanol. 
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To detect and quantify the presence of HMF, an aqueous 0.01% (w/v) solution of HMF was 

prepared as the standard. Ethyl acetate was used as the mobile phase. 

5.3.3.3.2. Preparation of the Samples for Analysis 

The artificial honey (ART) was prepared as described previously [386] by dissolving 40.5 g 

fructose, 33.5 g glucose, 1.5 g sucrose and 7.5 g maltose in 17 mL of deionised water. 

For the preparation of the organic honey extracts, approximately 1 g of honey was mixed with 

2 mL of deionised water. The aqueous solution was then extracted three times with 5 mL of 

dichloromethane. The combined organic extracts were dried with anhydrous MgSO4 and 

filtered, and the solvent was evaporated at ambient temperature. The extract was stored at 4 °C 

and reconstituted in 100 µL dichloromethane prior to HPTLC analysis. 

For the sugar analysis, 100 mg of honey was dissolved in 80 mL of 50% aqueous methanol by 

sonication and then made up to 100 mL with 50% aqueous methanol. 

A 10% (w/v) aqueous solution of honey was used for the analysis of its HMF content. 

5.3.3.4. Instrumentation and High-Performance Thin-Layer Chromatography (HPTLC) 

Method 

5.3.3.4.1. Organic Extract Analysis 

The reference standard (4 µL) and the respective organic honey extract solutions (5 µL) were 

applied as 8 mm bands at 8 mm from the lower edge of the HPTLC plate (glass plates 20 X 10 

cm, silica gel 60 F254) at a rate of 150 nLs−1 using a semi-automated HPTLC application device 

(Linomat 5, CAMAG). The chromatographic separation was performed in a saturated and 

activated (33% relative humidity) automated development chamber (ADC2, CAMAG). The 

plates were pre-conditioned with the mobile phase for 5 min and automatically developed to a 

distance of 70 mm at a fixed ambient temperature. The obtained chromatographic results were 
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documented using an HPTLC imaging device (TLC Visualizer 2, CAMAG) at 254 nm and 366 

nm, respectively. 

After the initial documentation of the chromatographic results, each plate was derivatised with 

3 mL of vanillin reagent and heated for 3 min at 115 °C using a CAMAG TLC Plate Heater 

III. The plate was cooled to room temperature and analysed with the HPTLC imaging device 

under white light and at 366 nm [165, 166]. The chromatographic images were digitally 

processed and analysed using specialised HPTLC software (visionCATS, CAMAG), which 

was also used to control the individual instrumentation modules. 

5.3.3.4.2. HPTLC-DPPH Fingerprint Analysis 

For the quantification of the antioxidant constituents as gallic acid equivalents in the respective 

honeys’ organic extracts, 4 µL of the reference solution, 4 µL of the gallic acid standard 

solution and 5 µL of the respective honey extract were applied as 8 mm bands at 8 mm from 

the lower edge of the HPTLC plate (glass plates 20 × 10 cm, silica gel 60 F254) at a rate of 

150 nLs−1 using a semi-automated HPTLC application device (Linomat 5, CAMAG). To 

prepare a gallic acid standard curve in the honey matrix, 2 µL, 3 µL, 4 µL, 5 µL, 6 µL and 7 

µL of gallic acid standard solution were applied by over-spotting the honey bands. 

The chromatographic separation was performed in a saturated and activated (33% relative 

humidity) automated development chamber (ADC2, CAMAG), and the plates were pre-

conditioned with the mobile phase for 5 min and automatically developed to a distance of 70 

mm at a fixed ambient temperature. The plates were then dried for 5 min before being 

derivatised with 3 mL of 0.4% DPPH* reagent (CAMAG derivatiser). The derivatised plates 

were analysed with the HPTLC imaging device under white light by taking images at 60 min 

after their derivatisation [179, 385]. The obtained chromatographic images were digitally 

processed and analysed using specialised HPTLC software (VisionCATS, CAMAG), which 
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was also used to control the individual instrumentation modules. For the quantification of the 

honey’s antioxidant constituents as gallic acid equivalents, the obtained images were converted 

into individual absorbance points according to their Rf values. Using Excel©, the data were 

converted into chromatograms, which were used to derive calibration curves of the area of 

absorbance versus concentration [179]. 

5.3.3.4.3. Sugar Analysis 

The standard solutions were applied as 8 mm bands at 8 mm from the lower edge of the HPTLC 

plate (glass plates 20 × 10 cm, silica gel 60 F254) at a rate of 50 nLs−1 using a semi-automated 

HPTLC application device (Linomat 5, CAMAG). To prepare the glucose, fructose, sucrose 

and maltose standard curves, 1 µL, 2 µL, 3 µL, 4 µL and 5 µL of the respective standard 

solutions were applied. For the analysis of the sugars in the honey samples, 2 µL of the 

respective sample solution was applied. 

The chromatographic separation was performed in a saturated (33% relative humidity) 

automated development chamber (ADC2, CAMAG). The development chamber was saturated 

for 60 min, and the plates were pre-conditioned with the mobile phase for 5 min, automatically 

developed to a distance of 85 mm at a fixed ambient temperature and dried for 5 min. The 

obtained chromatographic results were documented using an HPTLC imaging device (TLC 

Visualizer 2, CAMAG) under white light. 

After the initial documentation of the chromatographic results, each plate was derivatised with 

2 mL of aniline-diphenylamine-phosphoric acid reagent using a TLC derivatiser (CAMAG 

Derivatiser). The derivatised plates were heated for 10 min at 115 °C using a CAMAG TLC 

Plate Heater III. The plates were then cooled to room temperature and analysed with the 

HPTLC imaging device under white light [201, 202]. The chromatographic images were 

digitally processed and analysed using specialised HPTLC software  
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(visionCATS, CAMAG), which was also used to control the individual instrumentation 

modules. 

5.3.3.4.4. 5-Hydroxymethylfurfural (HMF) Analysis 

The chromatographic separation was performed as previously described [43] at ambient 

temperature on silica gel 60 F254 HPTLC plates (glass plates 20 × 10 cm). The standard 

solutions were applied as 8 mm bands at 8 mm from the lower edge of the HPTLC plate at a 

rate of 50 nLs−1 using a semi-automated HPTLC application device (Linomat 5, CAMAG). To 

prepare the HMF standard curve, 1 µL, 2 µL, 3 µL, 4 µL and 5 µL of the respective standard 

solution were applied. For the analysis of the HMF in the honey samples, 10 µL of the 

respective sample solution was analysed. 

The following automated development chamber (ADC2, CAMAG) settings were used: a pre-

drying time of 1 min, humidity control (33% relative humidity) and drying time of 5 min. The 

plates were automatically developed to a distance of 50 mm at ambient temperature using ethyl 

acetate as a mobile phase. The obtained chromatographic results were documented using a TLC 

Scanner 4 (CAMAG) at 290 nm [48]. The chromatographic results were analysed using 

specialised HPTLC software (VisionCATS, CAMAG), which was also used to control the 

individual instrumentation modules. 

5.3.3.5. Statistical Analysis 

All the quantitative experiments (major sugar and HMF content) were performed in triplicate, 

and the results were evaluated by a one-way analysis of variance (ANOVA) followed by 

Tukey’s honestly significant difference (TukeyHSD) test, where a p-value of less than 0.05 

was considered statistically significant. All the statistical analyses were performed using 

Microsoft Office 365, R and R studio [236, 237]. 
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5.3.4. Results and Discussion 

5.3.4.1. Analysis of Organic Extracts of Honeys 

Figure 5.1 shows the baseline (0 min) HPTLC fingerprints obtained under four different light 

conditions (at 245 nm and 366 nm developed; under white light and at 366 nm derivatised) for 

the organic extracts of the three honeys and the artificial comparator honey. The main features 

of each set of fingerprints are summarised in Table 5.2, which stipulates the Rf values of the 

observed major bands and their respective colours. As these HPTLC fingerprints are reflective 

of the respective nectar source of each honey [380], it is not surprising that the artificial honey, 

which constitutes a concentrated sugar solution void of any phenolic compounds or other 

nectar-derived phytochemicals, lacks any major bands, with the exception of a faint blue band 

at Rf 0.53, seen at 366 nm derivatised. The major bands recorded for the other three honeys are 

in agreement with previous findings [166, 383]. 

  

(a) (b) 
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(c) (d) 

Figure 5. 1 Images taken at (a) 254 nm; (b) 366 nm; (c) white light after derivatisation and (d) 

366 nm after derivatisation with vanillin reagent; Track 1—4,5,7-trihydroxyflavanone, Track 

2—ART, Track 3—LEP, Track 4—MAR, and Track 5—PEP; 5 μL of each honey extract, 

respectively, all at baseline (0 min). 

 

Table 5. 2 Baseline HPTLC fingerprints of honeys (key band positions at specific Rf and 

colour). 

ID 

HPTLC Fingerprint Bands (Rf) 

After Development After Derivatisation 

R 254 R 366 T White R 366 

Rf Colour Rf Colour Rf Colour Rf Colour 

ART - - - - - - 0.53 Faint blue 

LEP 

0.23  0.10 Faint yellow 0.23 Dark 0.10  

0.33  0.23 Bright blue 0.32 Green 0.11  

0.40  0.32 Blue 0.40 Orange 0.22 Blue 

    0.41  0.31 Blue 

    0.48 Blue 0.35 Blue 
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      0.40  

MAR 

0.33  0.10  0.41 Red 0.17  

0.42  0.32 Light blue 0.47 Orange 0.21 Beige 

0.47      0.36 Green 

      0.40 Orange-brown 

      0.48 Blue-green 

PEP 

0.22  0.10 Bright yellow 0.39 Blue 0.10  

0.32  0.32 Bright blue 0.49 Orange 0.32 Bright blue 

0.38      0.39 Brick red 

0.51      0.49 Bright red 

 

All four honeys (ART, LEP, MAR and PEP) were exposed over a short-term period (up to 48 

h) and also over a five-month period to different temperature conditions. The changes in their 

respective HPTLC fingerprints over time were recorded, and the major changes that were 

observed are described below. 

The samples kept at ambient temperature (approximately 25 °C) did not present any changes 

in their HPTLC fingerprints (images not shown), whereas changes did occur in the samples 

stored at 40 °C, 60 °C and 80 °C. Not all the samples could, however, be tracked over the entire 

study period, as those kept at 80 °C had already caramelised completely after 48 h. Thus, a 

continuation of these samples in the long-term study was abandoned. 

There were no visible changes in the HPTLC fingerprints of the ART honey at 40 °C after 48 

h, the endpoint of the short-term temperature study (Supplementary Figure S1), but the faint 

blue band at Rf 0.53, seen at 366 nm derivatised, decreased over time at 60 °C and 80 °C. The 

change was visible at 60 °C after 12 h (Supplementary Figures S2 and S3) and at 80 °C after 6 

h (Supplementary Figures S4 and S5) of exposure. A new band at Rf 0.32 could also be detected 
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in the ART sample. It was visible at 40 °C at 254 nm after 2 months and under white light after 

4 months (Supplementary Figures S6–S8), and at 60 °C after 1 month and 2 months, 

respectively (Figure 5.2 and Supplementary Figures S9–S11). At 80 °C, the band appeared at 

254 nm already after 6 h of exposure, and it appeared under white light after 24 h 

(Supplementary Figure S4). The intensity of this newly emerging band increased over time in 

all the analytical conditions, indicating the formation of a temperature-induced artefact. Some 

‘fuzzy’ bands also appeared at 60 °C at 366 nm after 4 months (Supplementary Figure S9). 

 

Figure 5. 2 ART long-term storage at 60°C. Images taken under white light after derivatisation 

with vanillin reagent; Track 1—4,5,7-trihydroxyflavanone, Track 2—0 h, Track 3—1 month, 

Track 4—2 months, Track 5—3 months, Track 6—4 months, and Track 7—5 months; 5 μL of 

each honey extract, respectively. 

There were no visible changes in the HPTLC fingerprints of the LEP honey after 48 h at 40 °C 

and 60 °C (Supplementary Figures S12 and S13), but the LEP honey stored at 80 °C showed a 

decrease in the intensity of the bands over time at Rf 0.39 at 254 nm, Rf 0.08 and 0.29 at 366 

nm developed, Rf 0.20, 0.40 and 0.46 under white light and Rf 0.20, 0.29, 0.34 and 0.39 at 366 

nm derivatised (Supplementary Figures S14–S16). For long term storage at 40 °C, the intensity 
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of the bands at Rf 0.39 at 254 nm, Rf 0.08 and 0.29 at 366 nm developed, Rf 0.20, 0.40 and 

0.46 under white light and Rf 0.20, 0.29, 0.34 and 0.39 at 366 nm derivatised decreased 

(Supplementary Figures S17–S20), but at 60 °C, these reductions in the band intensity were far 

more pronounced and appeared after a shorter period of exposure (Supplementary Figures S21–

S24). 

A new band also appeared at Rf 0.32 in the LEP honey stored at 40 °C, 60 °C and 80 °C, with 

its intensity increasing over time. Interestingly, this band coincided with one of the blue bands 

inherent to LEP. For the samples stored at 40 °C, it was visible under white light after 1 month 

(Supplementary Figure S17). For the samples kept at 60 °C, it was visible at 254 nm, under 

white light and at 366 nm after 1 month (Figure 5.3 and Supplementary Figures S11–S24), and 

for the samples stored at 80 °C, it was visible at 254 nm, under white light and at 366 nm 

already after 12 h (Supplementary Figures S14–S16). 

 

Figure 5. 3 LEP long-term storage at 60 °C. Images taken under white light after derivatisation 

with vanillin reagent; Track 1—4,5,7-trihydroxyflavanone, Track 2—0 h, Track 3—1 month, 

Track 4—2 months, Track 5—3 months, Track 6—4 months, and Track 7—5 months; 5 μL of 

each honey extract, respectively. 
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There were no visible changes in the HPTLC fingerprints of the MAR honey samples stored at 

40 °C and 60 °C during the short-term stability study (Supplementary Figures S25 and S26), 

but the bands at Rf 0.39 and 0.44 at 254 nm developed, Rf 0.39 and 0.46 under white light and 

Rf 0.19, 0.34, 0.39 and 0.46 at 366 nm derivatised decreased in intensity over time for the 

samples stored at 80 °C (Supplementary Figures S27–S30). For long-term storage, at 40 °C, 

the intensity of the bands at Rf 0.39 and 0.44 at 254 nm developed, Rf 0.46 under white light 

and Rf 0.46 at 366 nm derivatised decreased (Supplementary Figures S31–S34), and these 

reductions in the band intensity were more noticeable in the MAR samples kept at 60 °C. This 

can be seen, for example, in the bands at Rf 0.44 at 254 nm developed, Rf 0.46 under white 

light and Rf 0.46 at 366 nm derivatised, which reduced in intensity after 2 months of storage 

(Figure 5.4 and Supplementary Figures S35–S38). 

Similar to what was observed in both the ART and LEP samples, a new band at Rf 0.32 

appeared and increased in intensity over time in the MAR samples stored at 40 °C and 60 °C 

in the long-term study and in the MAR samples kept at 80 °C in the short-term study. For the 

samples stored at 40 °C, the band was visible under white light after 1 month (Supplementary 

Figure S31). For the samples stored at 60 °C, it appeared at 254 nm, under white light and at 

366 nm after 1 month (Figure 4 and Supplementary Figures S35–S38), and for the samples 

stored at 80 °C, it was visible already after 12 h (and Supplementary Figures S27–S30). 
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Figure 5. 4 MAR long-term storage at 60 °C. Images taken under white light after derivatisation 

with vanillin reagent; Track 1—4,5,7-trihydroxyflavanone, Track 2—0 h, Track 3—1 month, 

Track 4—2 months, Track 5—3 months, Track 6—4 months, and Track 7—5 months; 5 μL of 

each honey extract, respectively. 

There were no visible changes in the HPTLC fingerprints of the PEP honey at 40 °C, 60 °C 

and 80 °C after 48 h (Supplementary Figures S39–S41). For long-term storage at 40 °C, there 

were no significant changes in the intensity of the bands (Supplementary Figures S44—S47), 

but at 60 °C, the bands at Rf 0.50 at 254 nm developed and at Rf 0.47 and 0.50 under white 

light derivatised increased in intensity, whereas the bands at Rf 0.36 at 254 nm developed, Rf 

0.36 under white light and Rf 0.36 and 0.47 at 366 nm derivatised decreased in intensity (Figure 

5.5 and Supplementary Figures S48–S51). New bands also appeared at Rf 0.47 at 254 nm 

developed and at Rf 0.32 at 254 nm developed, under white light and at 366 nm derivatised. 

The appearance of the latter was dependent on the storage conditions. It emerged at 40 °C after 

2 months, at 60 °C after 1 month and at 80 °C after 24 h, as seen especially under white light 

(Figure 5.5 and Supplementary Figures S44 and S48). 
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In summary, the short-term storage (up to 48 h) of the honeys at 40 °C and 60 °C did not seem 

to cause any changes in their organic extract fingerprints. In contrast, at 80 °C, changes in the 

organic extract fingerprints were observed as early as after only 6 h of storage (Table 5.3). The 

long-term storage of the honeys at 40 °C and 60 °C caused changes in their organic extract 

fingerprints. At 40 °C, the changes were noticeable after one or two months and at 60 °C from 

one month onwards. These changes could be seen either as a decrease in the intensity of certain 

bands present in the honeys or as the appearance of new bands. Of particular interest in this 

context, thus warranting further investigation, is the honey artefact at Rf 0.32, which seems to 

have formed across all the honeys, as well as the ART. 

 

Figure 5. 5 PEP long-term storage at 60 °C. Images taken under white light after derivatisation 

with vanillin reagent; Track 1—4,5,7-trihydroxyflavanone, Track 2—0 h, Track 3—1 month, 

Track 4—2 months, Track 5—3 months, Track 6—4 months, and Track 7—5 months; 5 μL of 

each honey extract, respectively. 
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Table 5. 3 Effect of temperature on the HPTLC fingerprints of the honeys. 

ID Bands 

Temperature 

At 40 °C At 60 °C At 80 °C 

0–48 h 48 h–5 months 0–48 h 48 h–5 months 0–48 h 

ART Baseline - - 

↓ Intensity 

over time 

↓ Intensity over time ↓ Intensity over time 

 New band*  

Appeared at 2 months 

↑ intensity over time 

 

Appeared at 1 month 

↑↑ intensity over time 

Appeared at 6 h 

↑↑ intensity over time 

LEP Baseline - ↓ intensity over time - ↓↓ intensity over time ↓ intensity over time 

 New band*  

Appeared at 1 month 

↑ intensity over time 

 

Appeared at 1 month 

↑↑ intensity over time 

Appeared at 12 h 

↑↑ intensity over time 

MAR Baseline - ↓ intensity over time - ↓↓ intensity over time ↓ intensity over time 

 New band*  

Appeared at 1 month 

↑ intensity over time 

 

Appeared at 1 month 

↑↑ intensity over time 

Appeared at 12 h 

↑↑ intensity over time 

PEP Baseline - ↓ intensity over time - ↓↓ intensity over time ↓ intensity over time 

 New band *  

Appeared at 2 months 

↑ intensity over time 

 

Appeared at 1 month 

↑↑ intensity over time 

Appeared at 24 h 

↑ intensity over time 

* New band formation at Rf 0.32. 

5.3.4.2. Analysis of an Unidentified Honey Artefact Formed during Storage under 

Extreme Conditions 

The spectral analysis of the unknown band at Rf 0.32 was carried out using a CAMAG TLC 

Scanner 4 in the absorbance (220–850 nm) mode. As the intensity of that particular band for 

the ART stored for 5 months at 60 °C was highest and without the interference of any additional 

bands, this ART sample was used for the spectral analysis. After development, the absorbance 

maximum was found at 286 nm (Figure 5.6). A comparative run was performed in two different 

mobile phases (toluene: ethyl acetate: formic acid (6:5:1, v/v/v) and ethyl acetate) using 5-
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hydroxymethylfurfural (HMF) as a reference. The Rf values and spectra of the unidentified 

honey artefact were found to match that of HMF. Furthermore, a comparative run was 

conducted with HMF, followed by derivatisation with DPPH (see Section 2.3), and antioxidant 

activity was detected for both bands (Figure 5.7). It can therefore be concluded that the honey 

artefact is HMF. 

  

(a) (b) 

  

(c) (d) 
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Figure 5. 6 HPTLC images taken at 245 nm after development with toluene: ethyl acetate: 

formic acid (6:5:1, v/v/v) (a); corresponding absorbance spectra (b); development with ethyl 

acetate (c); corresponding absorbance spectra (d); Track 1— ART short-term storage at 60 °C 

for 5 months (5 μL) (blue line in spectral analysis), Track 2—HMF (1 mg/mL) aqueous solution 

(2 μL) (green line in spectral analysis). 

 

 

Figure 5. 7 Images of HPTLC plate taken under white light 60 min after derivatisation with 

DPPH* reagent; Track 1— ART short-term storage at 60 °C for 5 months (5 μL), Track 2—

HMF (20 mg/mL) aqueous solution (3 μL), Track 3—HMF (20 mg/mL) aqueous solution (5 

μL), and Track 4—HMF (20 mg/mL) aqueous solution (10 μL). 

 

5.3.4.3. Analysis of HPTLC-DPPH Activities of the Organic Extracts of the Honeys 

Changes in antioxidant activity on exposure to different temperatures over time, reflected in 

the respective HPTLC-DPPH fingerprints, were recorded for all three honeys (LEP, MAR, 

PEP), as well as the artificial honey (ART). The samples were analysed under white light 1 h 
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after derivatisation with DPPH* reagent, with any bands exhibiting antioxidant activity 

reacting with the reagent, thus showing a change from its inherent purple colour to yellow. The 

formation of any yellow bands is thus indicative of antioxidant activity, and the intensity of the 

yellow colour correlates with the intensity of the effect [179, 385]. Major changes seen in the 

four samples on exposure to the four temperature conditions over five months are described 

below. 

The honey samples stored at ambient temperature (approximately 25 °C) did not show any 

changes in their respective HPTLC-DPPH fingerprints (data not presented). When stored at 40 

°C, 60 °C and 80 °C, the antioxidant band activities of the honeys changed over time, and for 

the samples stored at 80 °C, it was impossible to record any data beyond 48 h exposure due to 

the caramelisation of the samples. 

As expected, there were no visible changes in the HPTLC-DPPH fingerprints of the ART honey 

at 40 °C, 60 °C and 80 °C during the short-term study (Supplementary Figures S52 and S53). 

Storage at 40 °C for up to 5 months also did not result in the formation of any antioxidant bands 

(Supplementary Figures S54a and S55). However, a faint band with antioxidant activity started 

to appear at Rf 0.32 after two months in the sample kept at 60 °C (Figure 5.8 and Supplementary 

Figure S56). Interestingly, the Rf value of this band corresponds to that of the heat-induced 

artefact detected by HPTLC that emerged in the ART and all the other honeys over time, 

particularly on exposure to higher temperatures. 
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Figure 5. 8 HPTLC-DPPH fingerprints of ART honey stored at 60 °C for up to 5 months. 

Images of the HPTLC plate were taken under white light after 60 min of derivatization with 

DPPH* reagents, gallic acid (4 μL) and honey extracts (5 μL) respectively.  

During the short-term study, there were no visible changes in the HPTLC-DPPH fingerprints 

of the LEP honey at 40 °C and 60 °C (Supplementary Figures S57 and S58), but a faint 

antioxidant band appeared at Rf 0.4 after 6 h of storage at 80 °C. On the other hand, during the 

long-term study, it was noted that the antioxidant activity of two bands (at Rf 0.46 and 0.49) 

inherent to the LEP sample decreased following storage at both 40 °C and 60 °C, whereas two 

additional antioxidant bands (at Rf 0.32 and 0.35) appeared after 4 months of storage at 40 °C 

and after 1 month of storage at 60 °C. The intensity of these bands continued to increase as the 

storage duration progressed (Figure 5.9 and Supplementary Figures S59–S61). 
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Figure 5. 9 HPTLC-DPPH fingerprints of LEP honey stored at 60 °C for up to 5 months. Images 

of the HPTLC plate were taken under white light after 60 min of derivatization with DPPH* 

reagents, gallic acid (4 μL) and honey extracts (5 μL), respectively. 

Similar to the findings observed for the LEP, there were also no visible changes in the HPTLC-

DPPH fingerprints of the MAR honey at 40 °C and 60 °C during the short-term study 

(Supplementary Figures S62 and S63), but a faint antioxidant band appeared at Rf 0.39 in the 

sample stored at 80 °C after 24 h. During the long-term study, it was found that the antioxidant 

activity of the band at Rf 0.43 decreased when the samples were stored at both 40 °C and 60 

°C, and two additional bands (at Rf 0.32 and 0.35) appeared after 4 months storage at 40 °C 

and after 1 month storage at 60 °C. The intensity of these bands continued to increase with the 

progression of the storage duration (Figure 5.10 and Supplementary Figures S64–S66). 
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Figure 5. 10 HPTLC-DPPH fingerprints of MAR honey stored at 60 °C for up to 5 months. 

Images of the HPTLC plate were taken under white light after 60 min of derivatization with 

DPPH* reagents, gallic acid (4 μL) and honey extracts (5 μL), respectively. 

For the PEP samples, no visible changes in the HPTLC-DPPH fingerprints were detected in 

the short-term study for the samples stored at 40 °C and 60 °C (Supplementary Figures S67 

and S68), but a faint band appeared at Rf 0.39 after 24 h storage at 80 °C. In the long-term 

study, two additional antioxidant bands (at Rf 0.32 and 0.35) appeared after 4 months of storage 

at 40 °C and after 1 month of storage at 60 °C. As was seen in the other honeys, these newly 

formed bands continued to increase in intensity with the prolongation of the storage time 

(Figure 5.11 and Supplementary Figures S69–S71). 

The investigation of the effects of elevated temperatures on the antioxidant activity presented 

a somewhat complex picture, as some of the antioxidant compounds inherent to the honey were 

negatively affected, whereas temperature-induced artefacts with antioxidant activities also 

emerged in some cases. One of these (Rf 0.32) appears to be related to the honeys’ sugar 
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fraction, as it was detected in the honey samples themselves (LEP, MAR, PEP) and also in the 

artificial honey (ART). 

 

Figure 5. 11 HPTLC-DPPH fingerprints of PEP honey stored at 60 °C for up to 5 months. 

Images of the HPTLC plate were taken under white light after 60 min of derivatization with 

DPPH* reagents, gallic acid (4 μL) and honey extracts (5 μL), respectively. 

In a similar way, it was found that the antioxidant band activities of the three honeys were quite 

stable at 40 °C and 60 °C throughout the short-term study. When stored for 5 months at 40 °C 

and 60 °C, significant changes in the antioxidant band activities were noted, which were also 

associated with the formation of a honey artefact with antioxidant activity. The same pattern 

emerged for the honeys stored at 80 °C, albeit over a much shorter time frame. 

A previous study suggested that the degradation of sugars produces Maillard reaction products 

which are non-nutrient antioxidants [387, 388]. This study confirmed the formation of 5-

hydroxymethylfurfural (HMF), which is a Maillard reaction product. However, although HMF 
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has been found to possess DPPH antioxidant activity, it is also known to be harmful to human 

health [364, 365]. This demonstrates that some caution is warranted before claims regarding 

potential health benefits are made based on the determination of the total DPPH antioxidant 

activity of honey. Future studies should therefore investigate temperature-induced honey 

artefacts in more depth and determine their contributions to not only the honey’s overall 

antioxidant activity but also its impacts on human health. 

5.3.4.4. Analysis of the Major Sugars of the Honeys 

The presence of fructose, glucose, maltose and sucrose was analysed by HPTLC in all the 

honeys, including the artificial honey (Figure 5.12). LEP, MAR and PEP were found to contain 

detectable quantities of fructose and glucose only. As the artificial honey (ART) was prepared 

by mixing fructose, glucose, maltose and sucrose, the presence of all four sugars was 

confirmed, and their respective quantities were determined. With recoveries of 98% (fructose) 

and 97% (glucose), the precision of the validated analysis method [201, 202] used to detect 

major sugars in honey was confirmed once more (Table 5.4). As the fructose to glucose ratio 

(F/G) is an important honey characteristic, which not only influences its crystallisation 

behaviour but can also be used for honey authentication [202], this ratio was determined for all 

the honeys and found to be within the expected ranges for those honeys for which published 

information on their F/G ratio was available [202]. 

Table 5. 4 Fructose and glucose content in different honeys. 

Honey 

Fructose 

(mg per g Honey) 

Glucose 

(mg per g Honey) 

F/G 

Average ± SD Average ± SD  

ART 395.58 ± 7.46 325.12 ± 20.06 1.22 

LEP 400.89 ± 9.74 274.63 ± 4.81 1.46 
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MAR 423.68 ± 6.05 236.61 ± 5.71 1.79 

PEP 404.31 ± 12.11 247.94 ± 9.25 1.63 

 

 

 

Figure 5. 12 HPTLC images taken under white light after derivatisation with aniline-

diphenylamine-phosphoric acid reagent; Track 1—standards (fructose, maltose, sucrose and 

glucose in increasing Rf values), Track 2—ART, Track 3—MAN, Track 4—MAR, Track 5—

PEP; 2 µL of aqueous methanolic solution each. 

 

To monitor the potential impact of temperature on the sugar composition of the honey, the 

respective F/G ratios of the three honeys and the artificial honey comparator were tracked over 

time during the short- and long-term stability studies (Table 5.5). 
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Table 5. 5 Change in the fructose to glucose ratio over time compared to baseline (0 min). 

Honey Term Temperature Time Point (p-Value) 

ART 

Short 

40 °C No significant difference 

60 °C No significant difference 

80 °C No significant difference 

Long 

40 °C No significant difference 

60 °C 

3 months (p = 0.00292), 4 months (p = 0.03763) and 5 

months (p = 0.0397) 

LEP 

Short 

40 °C No significant difference 

60 °C No significant difference 

80 °C No significant difference 

Long 

40 °C No significant difference 

60 °C 

3 months (p = 0.01994), 4 months (p = 0.000003) and 5 

months (p = 0.0000005) 

MAR 

Short 

40 °C No significant difference 

60 °C No significant difference 

80 °C No significant difference 

Long 

40 °C No significant difference 

60 °C 

2 months (p = 0.0005369), 3 months (p = 0.00000), 4 

months (p = 0.0000024) and 5 months (p = 0.00000) 

PEP 

Short 

40 °C No significant difference 

60 °C No significant difference 

80 °C No significant difference 

Long 40 °C 5 months (p = 0.00367) 
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60 °C 5 months (p = 0.00133) 

 

Storage at ambient temperature (approximately 25 °C) did not trigger any changes in the F/G 

ratios of all the samples over the entire analysis period (data not presented). Changes only 

occurred at 40 °C, 60 °C and 80 °C, although, in the latter case, they could only be visually 

detected but not quantitatively analysed, as the samples were already completely caramelized 

after 48 h. Thus, data for storage at 80 °C for 48 h is not included here. 

In the short-term study, there were no statistically significant differences in the F/G ratios 

compared to baseline (0 min) for all the samples stored under the three temperature conditions 

(at 40 °C, 60 °C and 80 °C). In the long-term study, for storage at 40 °C, there were no 

statistically significant differences in the F/G ratio compared to baseline for the ART, LEP and 

MAR honeys. However, in the PEP honey, a statistically significant difference was found after 

5 months of storage (Table 5.5). For the PEP honey stored at 60 °C, there was also a statistically 

significant difference in the F/G ratio at 5 months, the same time point seen in the case of 

storage at 40 °C. For the ART and LEP honeys stored at 60 °C, statistically significant 

differences could be seen from 3 months onwards, whereas for the MAR honey, statistically 

significant changes could be seen after 2 months of storage at that temperature. 

5.3.4.5. Analysis of 5-Hydroxymethylfurfural (HMF) in the Honeys 

The HMF levels at baseline (0 min) were quantified by HPTLC at 290 nm using the instrument 

module’s TLC scanner. According to the Codex Alimentarius Commission’s guidelines, 

acceptable HMF concentrations are those below 40 mg/kg or below 80 mg/kg for honeys 

produced in tropical regions. Of the honeys used in this study, ART and PEP did not have 

detectable quantities of HMF at baseline. The HMF level of MAR at the time of the 

commencement of the study was within the acceptable ranges, but in the LEP honey, the 
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baseline HMF level was found to already exceed the Codex Alimentarius guidelines [14], even 

if the higher threshold of 80 mg/kg was applied (Table 5.6). As the HMF content of LEP was 

already above the acceptable limits, the honey was not included in the HMF content analysis 

as part of the short- and long-term stability study. 

Table 5. 6 5-Hydroxymethylfurfural (HMF) content in different honeys. 

Honey HMF (mg/kg)  SD 

ART – – 

LEP 189.51 5.43 

MAR 36.75 6.34 

PEP – – 

 

During storage at ambient temperature (approx. 25 °C), no changes in the HMF content could 

be detected in any of the samples (data not presented). However, the samples kept at 40 °C and 

60 °C showed increases in the HMF content, whereas the samples stored at 80 °C could not be 

analysed beyond 48 h due to their complete caramelisation. Samples were excluded from the 

experiment as soon as their HMF content was found to exceed the 80 mg/kg content threshold. 

In the ART honey, detectable quantities of HMF were noticed after two months of storage at 

40 °C, with an average of 7.25 mg/kg. At 60 °C storage, HMF was detectable after one month, 

and the average content of 91.36 mg/kg was already above the acceptable upper limits. At 80 

°C, HMF was recorded after 24 h of storage, yielding, on average, 9.99 mg/kg; however, a 

rapid increase with the storage time was noted, with the HMF content after 48 h determined to 

be 119.64 mg/kg, which exceeded acceptable limits. 
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For the MAR honey, the detectable amount of HMF present at baseline (36.75 mg/kg on 

average) remained unchanged when the samples were stored at 40 °C, with the samples stored 

at 48 h showing, on average, 43.53 mg/kg HMF. Interestingly, the HMF concentrations then 

decreased over the first storage month (33.18 mg/kg) before rising again and exceeding the 

acceptable limits after two months of storage when, on average, 112.64 mg/kg HMF was found 

in the samples. At 60 °C, the HMF content gradually increased to 63.48 mg/kg after 48 h and 

had already exceeded acceptable limits after 1 month of storage at that temperature, with an 

average of 259.55 mg/kg. At 80 °C, the formation of HMF was even faster, reaching an average 

of 67.61 mg/kg after 6 h, and it exceeded the acceptable limits after 12 h, with an average HMF 

content of 123.98 mg/kg. 

For the PEP honey, at 40 °C storage, detectable quantities of HMF were observed after 2 

months, with an average HMF content of 21.8 mg/kg. After 3 months, the HMF level had 

climbed on average to 70.33 mg/kg and exceeded the acceptable limits after 4 months of storage 

(128.34 mg/kg HMF on average). For PEP stored at 60 °C, there was no detectable quantity of 

HMF after 48 h, but after 1 month of storage, the HMF content had already exceeded the 

acceptable limits, with the samples showing an average HMF content of 211.24 mg/kg. For 

PEP stored at 80 °C, HMF could already be detected after 12 h, with an average of 7.68 mg/kg. 

After 24 h, the average increased to 63.60 mg/kg, and after 48 h, the samples had an average 

HMF content (345.64 mg/kg) that exceeded the acceptable limits (Figure 5.13). 

As the floral origins of the analysed honeys were different, their initial HMF contents varied. 

Furthermore, differences in the HMF content at baseline might also be reflective of potential 

exposure to heat as a result of processing and storage prior to purchase. The ART and PEP 

honey samples did not have any detectable levels of HMF at baseline. The MAR honey had 

detectable levels, but its HMF content was within the limits set by the Codex Alimentarius 
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guidelines, whereas the investigated LEP honey already had an HMF content exceeding the 

acceptable limits. 

 

Figure 5. 13 5-Hydroxymethylfurfural (HMF) content in different honeys over time. 

Given the inherent differences at baseline among LEP, MAR and PEP, the ART honey is the 

most appropriate sample with which to discuss general changes in the HMF content that can 

be expected on temperature exposure. At 40 °C storage, HMF was detected in the ART honey 

after two months, while at 60 °C, there were no detectable quantities of HMF during short-term 

storage (up to 48 h), but acceptable limits were exceeded after one month (average 91.36 

mg/kg). At 80 °C storage, the ART honey’s HMF content was within the acceptable limits for 

up to 24 h of storage (average 9.99 mg/kg) but exceeded the acceptable range at 48 h (average 

119.36 mg/kg). Based on these findings, if nectar-derived honeys have no detectable HMF at 

baseline, it can be concluded that they can be safely stored at 40 °C for up to two months, at 

60 °C for less than one month and at 80 °C not even for 48 h. The storage times will be shorter 

for honeys that already have an inherent HMF content at baseline. 
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5.3.5. Conclusions 

To our knowledge, this was the first time that some key chemical parameters (non-sugar 

constituent profile, sugar composition and HMF content) as well as the antioxidant activities 

of a range of honeys stored under different temperature conditions (ambient, 40 °C, 60 °C and 

80 °C) were tracked over a five-month period. The organic extract composition of all the 

honeys, including the artificial honey, was stable during storage at 40 °C for up to one month, 

as evidenced by the consistent band patterns in the respective HPTLC fingerprints and the 

absence of any heat-induced artefacts. At 60 °C storage, the organic extracts of all the honeys 

remained stable during the short-term (48 h) period but demonstrated changes when stored for 

one month or longer. These changes included the appearance of a new band (Rf 0.32) in all the 

honeys, including the artificial honey, and the decrease in the intensity of some bands in the 

LEP, MAR and PEP honey beyond the 5-month storage time. At the 80 °C storage temperature, 

the organic extracts of all the honeys were stable for only 6 h. Afterwards, the artefact band 

(Rf 0.32) appeared before the honeys were completely caramelised by 48 h, rendering any 

further analysis impossible. 

The sugar composition, specifically the samples’ F/G ratio, was stable at 40 °C for the entire 

study period (up to 5 months) for all the honeys except PEP, which started to change after five 

months. At 60 °C, the F/G ratio of all the honeys remained stable for two months and then 

started to significantly change over time. Interestingly, the observed changes varied between 

different honeys. For example, the changes were significant in the MAR honey from the second 

month onwards, in the ART and LEP honeys after three months and in the PEP honey after 

five months of storage. The samples kept at 80 °C could only be analysed for up to 48 h, and 

during that time, no significant changes in the sugar compositions of all the analysed honeys, 

including the artificial honey, were noted. 
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This study showed that the HPTLC-DPPH total band activities of the three honeys increased 

over time at higher temperatures. However, from this experiment, it is impossible to conclude 

the potential impact of the increased activity on human health due to the unidentified nature of 

the compounds responsible for the antioxidant activities. In this study, only one sample of each 

honey type was analysed. More samples and samples of different types of honeys must be 

analysed to derive any definitive conclusive statements about the effects of temperature on the 

antioxidant profiles of honeys. 

In addition to revealing some interesting trends of the analysed honeys that require further in-

depth investigations, this study also demonstrated the usefulness of HPTLC as a simple, easy-

to-perform and cost-effective method for honey quality control. By facilitating the recording 

of various important parameters of honey quality using a single instrument and, by extension, 

allowing these analyses to be carried out in a single lab, the versatility of HPTLC offers great 

potential for the honey industry in terms of routine quality control. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/article/10.3390/molecules27238491/s1. 
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6.1 Discussion of Key Findings 

This PhD project has successfully developed a range of novel HPTLC based analytical 

approaches to assist with honey authentication, the detection of post-harvest adulterations as 

well as methodologies suited to routine honey quality control. Key findings are briefly 

highlighted below. 

6.1.1 HPTLC Fingerprinting as Authentication Tool for Honeys 

HPTLC fingerprinting of the organic extract of a honey was demonstrated to be a suitable tool 

to determine or confirm its nectar origin. The established method was used in the authentication 

of a large number of WA honeys. A comprehensive study of 423 WA honeys was carried out 

with its key findings being presented in Chapter 1. For those honeys where sufficient sample 

numbers were available to derive commonalities in their HPTLC fingerprints (i.e. Jarrah, 

Marri, Karri, Red Bell, Banksia, Yate, Peppermint, Wandoo / White Gum, Powderbark), 

characteristic bands in four different image conditions were noted and key bands for 

identification and authentication determined. Individual HPTLC fingerprints of WA honeys 

not covered by these summaries are included in Supplementary files ST2.1, ST2.2, S2.11 – 

S2.14. As a natural product the chemical composition of honey can vary slightly even when it 

is derived from the same predominant nectar source due to a range of climatic, geographical 

and / or processing factors. These natural variations need to be accounted for if HPTLC 

fingerprints typical of a particular floral origin are to be used for honey authentication. 

Employing multivariate analysis, a novel method to prepare a dynamic reference standard 

based on a honey’s HPTLC profile was developed as part of this PhD study. It was 

demonstrated that such a dynamic reference standard can either be prepared by physically 

pooling suitable samples or can be derived electronically as a dynamic reference standard. In 

either case, with the introduction of new samples, slight changes in the chemical profile of the 

honey over time and natural variabilities in its chemical composition can be captured in the 
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reference standard. While the preparation of such a dynamic reference standard based on 

HPTLC coupled with multivariate data analysis was described in the specific context of honey, 

it can be assumed that the developed methodology also provides a suitable template for the 

preparation of other natural product standards (e.g. botanicals) for quality control and 

authentication.  

6.1.2 Limitations of Pollen Analysis for the Authentication of Honeys  

One of the key findings of the PhD research was the limitation of pollen analysis for the 

authentication of honeys collected from botanically rich forests and protected areas in Western 

Australia where co-flowering is a common occurrence. Though pollen analysis has been 

successfully applied in the authentication of European honeys, an in-depth analysis of a sample 

set of Western Australian Eucalyptus honeys demonstrated its limitations in this specific 

geographic and botanical context. The findings of this study were summarised in Chapter 1 

where it was argued that in honey authentication the focus should be on the chemical analysis 

of honey, as its phytochemical composition directly reflects its botanical nectar source, rather 

than on pollen which can be considered a natural honey contaminant. 

6.1.3 Detection and Quantification of Major Sugars and Sugar Syrup Adulterants in 

Honey 

The bulk of honey (over 64% of its total weight) is made of sugars. The qualitative and 

quantitative analysis of major sugars in honeys is therefore an important analytical task though 

their high polarity, low volatility and lack of a chromophore poses some challenges. Puscas et 

al. (2013) [168] developed a HPTLC based sugar analysis method to identify and detect major 

sugars in Romanian honey. However, the approach faced several major drawbacks, for example 

insufficient separation and the need to develop the HPTLC plate twice. As part of this PhD 

project, a novel fully validated analytical method for the analysis of sugars was developed. As 

was demonstrated in Chapter 2, the method is not only able to accurately and reliably identify 
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and quantify major sugars in honey (e.g. glucose, fructose, sucrose and maltose), it is also able 

to detect post-harvest adulterations of honey with sugar syrups. Due to its novelty, ease of 

operation and cost effectiveness, CAMAG, the world leader in planar chromatography 

instrumentation, has since adopted a slightly modified method in its new HPTLC Pro automatic 

system. 

6.1.4 Antioxidant HPTLC-DPPH Fingerprinting of Honeys 

Honeys are well known for their bioactivity. Assessment of antioxidant activity is frequently 

carried out using a simple, cost effective and efficient assay, commonly referred to as DPPH* 

assay. Despite its ease of use and widespread popularity, the assay is not free of limitations, 

one being that it is only possible to generate data on total antioxidant activity. While useful in 

some instances, this crude measure is unable to reveal any information about individual honey 

constituents that contribute to the total antioxidant effect or discriminate between honeys of 

similar total antioxidant activity that might still have a completely different set of bioactive 

constituents. As described in Chapter 4, a novel HPTLC-DPPH assay was developed as part of 

this PhD project which allows to visualise various honey constituents that contribute to its 

overall antioxidant activity. Moreover, next to this qualitative dimension, the fully validated 

method is also capable of quantifying the contribution of these individual constituents as gallic 

acid equivalent, even if their chemical identity is not (yet) known. As also outlined in Chapter 

4, the HPTLC-DPPH assay was successfully used to track changes in antioxidant activity of 

honey on exposure to different temperature conditions over a period of 48 hours, where it was 

found that the antioxidant band activity changed over time. This illustrates the usefulness of 

the analytical approach in honey quality control as it can assist the industry in determining 

which processing conditions might impact on the antioxidant activity of honey. 
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6.1.5 Monitoring In-Process and Final Quality Control Parameters of Honey 

Honeys collected from beehives are rarely sold without some form of processing. Rather, 

processing steps like filtration are commonly carried out to remove debris (e.g. waxes) and 

unwanted foreign substances (e.g. bee parts). Radiation may be applied to destroy pathogens 

and fungal spores. Honeys are also heated to remove excessive moisture, prevent crystallisation 

by destroying seed crystals that have developed during storage, and reduce viscosity for ease 

of handling during packing. To ensure safety for consumption and retention of bioactivities 

and thus quality, the honey might need to be monitored for changes in parameters during these 

processing steps. Critical parameters to monitor can include, for example, the honey’s sugar 

and non-sugar profiles, its antioxidant activity and HMF content. These quality control steps 

currently have to be carried out using different instruments, which often translates into 

beekeepers having to send the honey samples to various laboratories for analysis. The three 

HPTLC-based analytical methods developed as part of this PhD thesis alongside HMF 

quantification by HPTLC following an approach published by Chernestsova et al. (2011) [48], 

however, mean that now a single analytical instrument, the High Performance Thin-Layer 

Chromatograph, can be used to provide comprehensive honey in-process and final quality 

control. To demonstrate this, a large-scale honey stability study was carried out exposing 

various honey samples over short- and long-term to a range of temperatures typically 

encountered during honey processing and storage. Comprehensive HPTLC analysis was 

applied to allow various quality control parameters of the collected honey samples to be 

monitored, including potential changes in their sugar and non-sugar profiles, their antioxidant 

activity and HMF content. As outlined in Chapter 5, this study not only demonstrates the 

usefulness of HPTLC analysis as a convenient and efficient honey quality control tool but 

provides the industry with useful data on the potential impact of honey processing at various 

temperatures. 
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6.2 Contribution to Other HPTLC Projects 

The PhD research has also made a number of contributions to the academic literature outside 

its core objectives by applying some of the developed HPTLC analytical techniques to 

investigate honeys harvested outside WA and also to honey related products. These 

contributions are summarised in the following paragraphs. 

6.2.1 Analysis of Australian Honeypot Ant (Camponotus inflatus) Honey 

There are only seven species of bees (Apis florea, Apis andreniformis, Apis dorsata, Apis 

mellifera, Apis cerana, Apis koshevnicovi, Apis nigrocincta) within the genus Apis that produce 

honey. Among these, the European honeybee, Apis mellifera, has been domesticated for 

commercial honey production. Apart from the European honeybee, Mexican wasps and 

Australian stingless honeybees also produce honeys, as do unusual heptopods, commonly 

known as the Australian honey pot ants (Camponotus inflatus), which live in desert or semi-

arid regions of Western Australia. These creatures live under Mulga (Acacia aneura) trees, 

which provide shelter from high temperatures and act as a nectar source. The ant colony itself 

has its nest underground and some of the heptopods living there are fed by other ants in the 

colony until their abdomens swell to the size of a small marble from being filled with a golden 

brown liquid, referred to as ‘ant honey’. These honeypot ants serve as a living food store as in 

times of scarcity they are able to regurgitate the honey and feed other members of the colony. 

Honeypot ants hold great social and cultural significance for the Australian indigenous peoples. 

As part of this PhD study and in collaboration with the Australian Biome initiative 

(https://www.australianbiome.com/), a comprehensive analysis of this ‘ant honey’ was carried 

out using all the HPTLC methods developed as part of this PhD project. The findings of this 

study have recently been published: 

▪ Islam, M. K., Lawag, I. L., Sostaric, T., Ulrich, E., Ulrich, D., Dewar, T., Lim, L. Y., 

& Locher, C. (2022). Australian Honeypot Ant (Camponotus inflatus) Honey - A 
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Comprehensive Analysis of the Physiochemical Characteristics, Bioactivity, and 

HPTLC Profile of a Traditional Indigenous Australian Food. Molecules, 27(7), 2154. 

https://www.mdpi.com/1420-3049/27/7/2154 

This academic publication attracted significant interest from media outlets and was 

subsequently featured in the following media reports: 

▪ ABC Country Hour (5th April 2022) 

▪ ABC Breakfast radio (6th April 2022) 

▪ Publication in the West Australian newspaper: 

https://thewest.com.au/news/kalgoorlie-miner/study-of-honeypot-ants-from-the-

goldfields-reveals-unique-properties-of-honey-c-

6407536?utm_source=csp&utm_medium=portal&utm_campaign=Isentia&token=2ll

%2FHSepKgpYjOz2RrB5jxlofig2O7gdntk8mbVduor7HZvni8Z7eud5CUgyqGWPK

Vc%2BeeSF%2FXrNUSuIUCrwMA%3D%3D (12 April 2022) 

▪ Publication on the UWA webpage: 

https://www.uwa.edu.au/news/Article/2022/April/Sweet-rewards-from-honeypot-ant-

honey-study (5th April 2022) 

 

6.2.2 International HPTLC Atlas for Identification of Herbal Drugs 

The International Association for the Advancement of High-Performance Thin Layer 

Chromatography (‘HPTLC Association’) has developed and now maintains the International 

HPTLC Atlas for Identification of Herbal Drugs (‘HPTLC Atlas’). The HPTLC Atlas is a 

database and reference tool for setting specification and acceptance criteria for the quality and 

quality control of herbal drugs. As a result of this PhD research, two documents could be 

https://www.mdpi.com/1420-3049/27/7/2154
https://thewest.com.au/news/kalgoorlie-miner/study-of-honeypot-ants-from-the-goldfields-reveals-unique-properties-of-honey-c-6407536?utm_source=csp&utm_medium=portal&utm_campaign=Isentia&token=2ll%2FHSepKgpYjOz2RrB5jxlofig2O7gdntk8mbVduor7HZvni8Z7eud5CUgyqGWPKVc%2BeeSF%2FXrNUSuIUCrwMA%3D%3D
https://thewest.com.au/news/kalgoorlie-miner/study-of-honeypot-ants-from-the-goldfields-reveals-unique-properties-of-honey-c-6407536?utm_source=csp&utm_medium=portal&utm_campaign=Isentia&token=2ll%2FHSepKgpYjOz2RrB5jxlofig2O7gdntk8mbVduor7HZvni8Z7eud5CUgyqGWPKVc%2BeeSF%2FXrNUSuIUCrwMA%3D%3D
https://thewest.com.au/news/kalgoorlie-miner/study-of-honeypot-ants-from-the-goldfields-reveals-unique-properties-of-honey-c-6407536?utm_source=csp&utm_medium=portal&utm_campaign=Isentia&token=2ll%2FHSepKgpYjOz2RrB5jxlofig2O7gdntk8mbVduor7HZvni8Z7eud5CUgyqGWPKVc%2BeeSF%2FXrNUSuIUCrwMA%3D%3D
https://thewest.com.au/news/kalgoorlie-miner/study-of-honeypot-ants-from-the-goldfields-reveals-unique-properties-of-honey-c-6407536?utm_source=csp&utm_medium=portal&utm_campaign=Isentia&token=2ll%2FHSepKgpYjOz2RrB5jxlofig2O7gdntk8mbVduor7HZvni8Z7eud5CUgyqGWPKVc%2BeeSF%2FXrNUSuIUCrwMA%3D%3D
https://thewest.com.au/news/kalgoorlie-miner/study-of-honeypot-ants-from-the-goldfields-reveals-unique-properties-of-honey-c-6407536?utm_source=csp&utm_medium=portal&utm_campaign=Isentia&token=2ll%2FHSepKgpYjOz2RrB5jxlofig2O7gdntk8mbVduor7HZvni8Z7eud5CUgyqGWPKVc%2BeeSF%2FXrNUSuIUCrwMA%3D%3D
https://www.uwa.edu.au/news/Article/2022/April/Sweet-rewards-from-honeypot-ant-honey-study
https://www.uwa.edu.au/news/Article/2022/April/Sweet-rewards-from-honeypot-ant-honey-study
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contributed to the HPTLC Atlas, the first honey-related entries in this global, free to access 

online tool. The two documents are: 

▪ Monofloral Honey from Corymbia calophylla – Marri Honey (Supplementary File S6.1) 

▪ Monofloral Honey from Calothamnus spp. – Red Bell Honey (Supplementary File S6.2) 

Three more documents are currently in preparation for publication in the HPTLC Atlas in the 

coming weeks. 

6.2.3 Contribution to AgriFutures Australia Project  

The 421 honeys analysed as part of this PhD project were all collected in collaboration with 

AgriFutures Australia (under the umbrella of CRC HBP Project 12). A comprehensive 

investigation of these honeys has been carried out as part of this collaboration. Alongside the 

HPTLC fingerprinting of the honey organic extracts performed in this PhD research, studies 

were undertaken in other laboratories to record their physicochemical parameters and 

antimicrobial activities. Two joint publications have resulted from these collaborative efforts 

with two more academic papers, one on WA honeys from the Esperance and Goldfields Region 

and another on honeys from the Forest Region of WA, currently in preparation:  

▪ Sindi, A.; Chawn, M. V. B.; Hernandez, M. E.; Green, K.; Islam, M. K.; Locher, C.; 

Hammer, K., Anti-biofilm effects and characterisation of the hydrogen peroxide activity 

of a range of Western Australian honeys compared to Manuka and multifloral honeys. 

Scientific Reports 2019, 9 (1), 17666. 

▪ Green, K. J.; Islam, M. K.; Lawag, I.; Locher, C.; Hammer, K. A., Honeys derived from 

plants of the coastal sandplains of Western Australia: antibacterial and antioxidant 

activity, and other characteristics. Journal of Apicultural Research 

(https://doi.org/10.1080/00218839.2022.2073953) 
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The findings were also published in a major AgriFutures Australia industry report: 

▪ Hammer, K., Locher, C., Barbour, L., Green, K., Islam, M.K., Lawag, I., Schaper, A., 

Nolden, E. Development of Honeybee Products from a Biodiversity Hotspot. 

Agrifutures Australia Publication (Project No. PRJ-01031), Agrifutures Australia, May 

2020, 95pp. 

 

6.2.4 Analysis of Organic Extracts of Tasmanian Leatherwood Honeys  

A comprehensive study was conducted on 110 Tasmanian honey samples using HPTLC as part 

of this PhD research. The majority of the samples were Tasmanian Leatherwood honeys. A 

marketing monograph was developed based on the generated HPTLC fingerprinting data 

(http://traceability.crchoneybeeproducts.com/batch0003/) and this monograph has been 

published on the CRC HBP website. 

 

6.2.5 Contribution to Industry Journal (Special issue – Analysis of honey by HPTLC) 

I was invited by the CAMAG Bibliography Service (CBS), the publisher of an industry journal, 

to submit a paper to provide a comprehensive overview of the various HPTLC-based honey 

analysis methods that I have developed in my PhD research. This journal mainly targets 

industry stakeholders and therefore assists with the dissemination of my research outside 

academia, further highlighting the industry relevance of my research. 

▪ Islam, M. K.; Sostaric, T.; Locher, C., Analysis of honey by HPTLC. CAMAG 

Bibliography Service (CBS) 21 April 2021:2-7. 

 

http://traceability.crchoneybeeproducts.com/batch0003/
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6.3 Limitations of the HPTLC Analytical Methods 

Despite offering many advantages, there are also limitations to the HPTLC analytical methods 

developed in this PhD research. These limitations are associated with the properties of honey 

itself, environmental factors and the HPTLC methodology. 

Minor sugars (e.g. maltotriose, raffinose, erlose, melezitose, turanose etc) in the honey samples 

are difficult to accurately detect and quantify by the developed HPTLC-based sugar analysis 

method as these sugar concentrations fall below the limits of detection and quantification. A 

simple approach to overcome this obstacle would be to increase the application volume of the 

honey solution to lift the concentration of these minor sugars above these limits. However, the 

major sugars (e.g. fructose, glucose, maltose and sucrose) in the honey are present in such high 

quantities that they would interfere with this strategy, and thus make the densitometric 

detection and quantification of minor sugars by HPTLC analysis impossible. 

Temperature variations in the laboratory have been found to affect the chromatographic 

analysis of honey samples. Particularly for the analysis of sugars in honey, where the 

development time generally tends to be longer due to the higher polarity of the mobile phase, 

it is crucial to maintain a constant and consistent ambient temperature. Unfortunately, the 

laboratory where this PhD study was carried out is poorly controlled for temperature, which 

has resulted in some minor discrepancies in Rf values of bands for the same honey sample in 

repeat runs.  

Vanillin sulphuric acid reagent was used as the derivatisation agent for the honey organic 

extracts analysis. The use of this reagent requires heating of the HPTLC plate after 

development at 115 °C. It has been found that for the subsequent analysis of the derivatised 

plate at white light and 366 nm using the TLC Visualiser, accurate timing of the analysis is 

crucial as the reagent tends to lose some of its colour over time after reacting with the honey 
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extract constituents. This makes the method not particularly robust and may lead to difficulties 

in comparing analysis results between plates which have not been analysed at the same time 

after being heated. Also, the non-sugar fraction of honey was extracted using Dichloromethane 

to determine its floral fingerprint and antioxidant band activities. The extraction and subsequent 

evaporation of Dichloromethane was a laborious and time-consuming process. The extraction 

efficiency should be carefully monitored to determine if the antioxidant band activity derived 

from HPTLC-DPPH analysis of the honey’s organic extract reflects its total antioxidant 

activity. 

In antioxidant band activity measurement (Chapter 4), gallic acid was used as a standard to 

express antioxidant band activity as gallic acid equivalent. This can be done by over-spotting 

a honey extract with different volumes of a gallic acid standard solution or by preparing a 

separate gallic acid standard curve. A limitation of the former approach, adopted in this study, 

is that if the honey extract itself contains gallic acid as a component, it might lead to 

inaccuracies in determining antioxidant band activity. In this light, preparing the standard curve 

separately appears to be a more appropriate process, which should be adopted in the future. 

In a similar vein, in the HPTLC-DPPH assay developed as part of this PhD study, it is crucial 

to follow strictly the established protocols. A uniform distribution of the DPPH reagent over 

the HPTLC plates is critical during the derivatisation step as, otherwise, the quantification of 

antioxidant activity may not be sufficiently accurate, indicating that this analysis is also lacking 

strong robustness. 

 

6.4 Future Work 

Over the past three and half years, despite a number of challenges, not least interruptions to the 

laboratory work caused by the global COVID-19 pandemic, the research objectives set out for 
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this PhD study have all been comprehensively addressed. In addition, various related research 

initiatives have already been conceptualised or commenced and will be followed through after 

the submission of this thesis. These initiatives help to map out future research directions 

stemming from the findings of this PhD study as follows: 

6.4.1 Detection of Pre-Harvest Sugar Adulterations in Honeys via Bee Feeding 

Experiments 

As part of this PhD thesis, the post-harvest sugar adulteration of honey using six different sugar 

syrups (rice, corn, golden, treacle, glucose and maple syrup) has already been investigated. An 

additional dimension to honey fraud is pre-harvest adulterations when carried out with the 

intention to increase honey production. We have commenced experiments to feed bees with 

three different (rice, corn and cane) syrups and the resulting hive honeys have already been 

collected. Subsequent analysis of these honeys will allow us to determine whether or not 

HPTLC is an effective tool for detecting pre-harvest adulterations. 

6.4.2 Analysis of Western Australian Flower Nectars Using HPTLC 

As part of this PhD work, 423 different WA honey samples have been fingerprinted. Future 

work has been planned to analyse the nectar of flowers by the same HPTLC technique and to 

evaluate potential correlations between the flower nectar fingerprints and the corresponding 

honey fingerprints as a further confirmation of the suitability of HPTLC analysis for the 

authentication of a honey’s nectar origin. This work was not able to be undertaken during the 

PhD candidature due to logistical issues related to having to collect a wide range of flower 

nectars that matched the analysed honey samples, and being restricted by flowering seasons, 

nectar flow volumes and associated sampling techniques. During the most recent Marri 

(Corymbia callophylla) flowering season, nectar could, however, be collected and its 

fingerprinting has since been completed and matched with that of Marri honey extract. More 

nectar samples are needed to be able to comprehensively explore the interlink between nectar 
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and honey fingerprints and it is hoped that this can be achieved soon and published in a suitable 

academic journal.  

6.4.3 Analysis of Honeys Derived from Australian Native Stingless Honeybees 

Australian native stingless honeybees (e.g. Tetragonula carbonaria, T. hockingsi, T. mellipes, 

T. sapiens, T. clypearis, Austroplebeia australis, A. essingtoni etc) produce small but 

nonetheless sufficient quantities of honeys for commercial production. To date, these so-called 

‘native honeys’ have not yet been by comprehensively analysed and it is proposed that the 

various HPTLC-based analyses developed as part of this study could be applied to these native 

honeys to provide more information on their sugar composition, HPTLC fingerprints and 

antioxidant constituents, also in order to enable a comparison with European honeybee derived 

honeys. 

6.4.4 Analysis of Honeybee Products (e.g. pollen, propolis, beeswax, royal jelly and 

venom) by HPTLC 

Not only honey but also other honeybee products, such as pollen, propolis, beeswax, royal jelly 

and venom, enjoy increasing popularity due to their various bioactivities and value as 

nutraceuticals. Only a limited number of HPTCL based studies have to date been carried out 

on European pollen and propolis samples. Due to growing commercial interest, it would also 

be useful in the future to investigate Australian honeybee products other than honey itself by 

HPTLC. 
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