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Abstract

In this paper, we describe a novel approach to 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 proposed method provides a template for the selection of sam-

ples, 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 differ-

ence 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

employs High-Performance Thin Layer Chromatography (HPTLC) derived extract profiles

processed by multivariate analysis. The development of the dynamic reference standard is

illustrated using honey, a complex natural matrix, as an example.

Introduction

Natural products of plant and animal origin have been investigated physically, chemically or

organoleptically for thousands of years [1, 2]. 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 [3–6]. The develop-

ment 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 assur-

ance methods for natural products rely on the qualitative and / or quantitative analysis of

meaningful marker compounds [7–9]. Standardisation of these marker compounds, 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 [10] but
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are the result of a complex interplay of a variety of constituents [11–13], or in cases where key

constituents have not yet been chemically identified [14]. The use of profile chromatograms,

which reflect a natural product’s typical phytochemical composition, is therefore a common

approach [15]. 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 refer-

ence sample of the natural product, pooling samples might therefore be more appropriate [16–

18]. 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 ref-

erence 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 characteris-

tics; 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 varia-

tions. 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.

The phytochemical composition of honey, and with this its organoleptic and bioactivity

profile, is directly related to its floral origin [19–21], namely the flowers bees visit and the nec-

tar they collect. Variations in composition are reflected in a honey’s organic extract and can be

captured in the respective HPTLC profile [22–24]. Monofloral honeys, which are predomi-

nately derived from a single floral source, are highly sought after and priced accordingly [25,

26]. 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 [27, 28]. Furthermore, geographical and environmental vari-

ations of nectar producing plants, differences in harvesting methods and post-harvest process-

ing as well as variations in storage conditions can also impact on the final phytochemical

composition of honey [29–31]. 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 margin-
ata, a tree endemic to the south west of Western Australia [32]. This highly antibacterial and

antioxidant honey [33] 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 prod-

uct, the authentication of the honey’s predominant nectar source against a representative refer-

ence standard is therefore an important undertaking. Over the years a range of authentication

methods for honey have been developed [34]. 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 [35–39]. The method introduced in this paper outlines

how a dynamic reference standard can be developed based on the multivariate analysis of
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HPTLC profiles of Jarrah honey organic extracts, which might then be used as an alternative

authentication tool.

It needs to be emphasised that the combination of HPTLC and multivariate analysis is not

new, not even in the context of honey analysis [24, 40–42]. 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 pro-

posed to derive this reference standard:

1. 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.

2. 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 anal-

ysis 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.

Samples in the identified core cluster can then be pooled and the blend be used as a refer-

ence 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 grow-

ing or processing conditions, climate change). An alternative to this pooling approach is there-

fore 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 identifi-

cation of the target and core clusters and then assess three Jarrah honeys against the pooled ref-

erence 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.

Materials and methods

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 1). They were classified

according to the information provided on the label and no further initial tests were carried out

to confirm their floral identity.
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To obtain the organic honey extracts for HPTLC fingerprinting, 1 g of each honey was dis-

solved 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.

High-Performance Thin Layer Chromatography (HPTLC) fingerprinting

To obtain the honey extracts’ respective chromatographic profiles, the method described by

Locher et al. [22, 23] was followed. In brief, after reconstituting in 100 μL of dichloromethane

Table 1. 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

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

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.

https://doi.org/10.1371/journal.pone.0254857.t001
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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 deriva-

tised using vanillin spraying reagent and heated for 3 min at 115˚C (CAMAG TLC Plate

Heater III, Muttenz, Switzerland). Finally, the cooled plates were analysed at white light and

366 nm.

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 (Fig 1) 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 [43, 44].

Fig 1. 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.

https://doi.org/10.1371/journal.pone.0254857.g001
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Results and discussion

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 col-

our. When placed side by side visual differences and communalities in the respective HPTLC

fingerprints can be assessed. Fig 1a exemplifies the diversity in fingerprints prior to clustering.

This richness in data can be seen as one of the advantages of HPTLC analysis over other

methods (e.g. HPLC) that can also be employed to derived chromatographic profiles. Individ-

ual compounds can be accounted for after development in two different conditions (254 and

366 nm) as well as after derivatisation, again in two different conditions (white light and 366

nm), with the different band colours captured in their respective RGB values. With this wealth

of data even compounds with very similar or even identical chromatographic behaviour (i.e.

Rf value) can be distinguished from each other.

Cluster analysis

Unsupervised non targeted multivariate analysis (Principal Component Analysis) was con-

ducted in order to position all samples in a simple cluster diagram. In the first step of the analy-

sis, 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 1). The cluster diagram

shown in Fig 2 demonstrates that several clusters formed in this first round of multivariate anal-

ysis 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 (Fig 2), 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 represent-

ing the JAR target cluster.

In a second step the fingerprints of the 38 samples constituting the JAR target cluster were

analysed again by multivariate analysis. Fig 3 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 pro-

files 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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In order to further refine the cluster, another multivariate analysis was performed on the 24

samples constituting the preliminary JAR core cluster. Fig 4 demonstrates that the samples in

the preliminary JAR core cluster again re-arranged to form a new cluster pattern. Those sam-

ples, 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 fingerprint-

ing pattern (Rf values, colour) and band intensities (representing the respective 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.

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.

Fig 2. First step of cluster analysis (identification of JAR target cluster).

https://doi.org/10.1371/journal.pone.0254857.g002
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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 ana-

lysed as described in the Methods section. The obtained fingerprints and associated chromato-

grams 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.

Development of a dynamic reference standard

As described in the following section in more detail, instead of preparing a physical pooled refer-

ence 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 advan-

tage of this approach is that when clustering statistically, samples are not mixed physically, leav-

ing 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.

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 the Methods section. The

Fig 3. Second step of cluster analysis (identification of preliminary JAR core cluster).

https://doi.org/10.1371/journal.pone.0254857.g003
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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 subse-

quently also in the preliminary and refined core clusters (Figs 5, 6a and 6b) 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 previ-

ously identified as representing the refined JAR core cluster demonstrate very close 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.

As can be seen from Fig 6a and 6b, 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, 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 (Fig 4) has moved just outside the new core cluster’s 60% probability

circle (Fig 6b). 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.

Fig 4. Final step of cluster analysis (identification of refined JAR core cluster).

https://doi.org/10.1371/journal.pone.0254857.g004
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It needs to be emphasised that the above dynamic reference is currently based on the analy-

sis 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

Fig 5. Cluster analysis with new Jarrah samples (JAR-A, JAR-B, JAR-C).

https://doi.org/10.1371/journal.pone.0254857.g005

Fig 6. Cluster analysis with new Jarrah samples (JAR-A, JAR-B, JAR-C); preliminary JAR core cluster (a) and refined JAR core

cluster (b).

https://doi.org/10.1371/journal.pone.0254857.g006
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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.

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 bor-

ders are set (i.e. in this study the probability circle was set at 60%). We envisage that this pro-

cess 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 (com-

plementary) 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 finger-

prints 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 1). 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.

Conclusion

Assessment of authenticity and purity of complex natural products is a challenging undertak-

ing, in particular in cases where key bioactive constituents that could act as marker com-

pounds 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

profile chromatograms to adequately capture the complexity of the natural product. Given nat-

ural 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 multivari-

ate 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 com-

bination of constituents’ retention times, peak areas and spectral data derived by High Pres-

sure Liquid Chromatography (HPLC), for example, might provide equivalent discrimination

power.
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