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Abstract

This document outlines a methodology that has been specifically developed to meet the needs of the coffee
industry. The method employs quantitative '"H NMR and full chemical profiling to accurately authenticate pure
coffee and verify the percentage of arabica coffee in arabica and robusta blends of different roast types. This
study involves Coffea arabica and Coffea canephora var. robusta beans of different roast types (dark, medium,
light, and green). An appropriate extraction solvent was used to quantify six biomolecules in coffee: caffeine,
trigonelline, 3- and 5-caffeoylquinic acid, cafestol, kahweol, and 16-0O-methylcafestol. Among these, kahweol
and 16-O-methylcafestol concentrations and statistical models built using non-targeted metabolomics were
used to determine C. arabica and C. robusta ratios. The proposed methodology offers a systematic approach

and a highly accurate method to determine coffee purity.

Introduction

Coffee, a beloved beverage worldwide [1], is primarily produced in tropical regions of South and Central
America, East Africa, and Middle-Southeast Asia [1,2]. There are two types of commercially relevant coffee:
Arabica (Coffea arabica) and Robusta (Coffea canephora var. robusta), with significant differences between
these in terms of their quality and flavour [3]. Coffee beans from different regions and environments can be
blended together to create unique blends [4,5]. However, the lower price of Robusta (for example, Arabica

- 5.27 USD/kg, Robusta - 4.23 USD/kg [6]; Arabica — 4.4 USD/kg, Robusta — 2.4 USD/kg [7]) leads to a
widespread practice of diluting high-quality Arabica with cheaper Robusta beans, making it imperative for
brand owners to identify such adulterations, safeguarding consumer interests and guaranteeing the delivery of

high-quality products [5].

With the adulteration of commercially popular products on the rise, consumers expect traceability systems to
warrant the origin and compositional value of food and beverage commodities, making it necessary to develop
innovative analytical solutions to ensure their authenticity. The same applies for coffee products and several
analytical methods such as high-performance liquid chromatography (HPLC), gas chromatography (GC), NMR,
near-infrared (NIR), and infrared (IR) spectroscopy have been implemented to study the chemical composition

of coffee either by monitoring targeted biomarkers or capturing chemical fingerprints to discriminate coffee



samples based on multivariate statistical methodologies [8]. In a targeted approach, validated HPLC-based
methods are available for determining the concentration of biomarkers in coffee to assess adulteration but
these suffer from high cost and labour, rendering them less preferable [9]. On the contrary, Nuclear Magnetic
Resonance (NMR)-based methods [9-14] have proven to be far more efficient, accurate, and robust in
providing an innovative solution for the authentication of coffee products. The technique can be used in
both targeted and untargeted approaches, wherein individual biomarkers can be identified and quantified,
and the total chemical fingerprint can be captured and analyzed through multivariate statistics, respectively.
Several analytical concerns such as product purity (robusta vs. arabica %), roast type, consistency in
chemical composition of products from different batches, and presence of biomolecules and their associated
concentrations can all be tied up into one analysis, providing a complete picture of the product chemistry while
addressing authenticity, purity, and quality.
A brief description of our targeted and untargeted methods and approaches in addressing coffee authenticity
is presented in this note.
» Targeted: Kahweol and 16-0-methylcafestol (16-OMC), the latter of which is a methylated congener
of cafestol, are the biomolecules unique to arabica and robusta, respectively, and act as chemical
markers for determining the adulteration of arabica beans with robusta [15].
» Non-Targeted: The chemical fingerprints of pure and adulterated coffee (arabica blended with
robusta in different fractions) are captured and a sophisticated spectral library is built, which is used
for predicting blend ratios using multivariate statistical analysis.

» Types of Samples Analyzed: green beans and dark, medium, and light roasts.

Experimental

Arabica and Robusta beans authenticated through genomics and morphological evaluation were obtained
from a research collaborator. These beans were ground and extracted using an appropriate solvent. One-

dimensional proton ("H) NMR spectra were acquired using a 400 MHz Bruker Avance Il spectrometer.



Six samples of each type were analyzed to build the statistical models:

» 100% C. arabica (light, medium, dark, green)

» 100% C. robusta (light, medium, dark, green)

» Blends of C. arabica/C. robusta dark roast in increments of 10%

» Blends of C. arabica/C. robusta medium roast in increments of 10%

» Blends of C. arabica/C. robusta light roast in increments of 10%

» Blends of C. arabica/C. robusta green beans in increments of 10%
These spectra were processed, baseline and phase-corrected, and binned for multivariate statistical
analysis on the R platform. The characteristic peaks of six coffee constituents (caffeine, trigonelline, 3- and
5-caffeoylquinic acid, cafestol, kahweol, and 16-OMC) were assigned based on literature, spiking experiments
of reference molecules, and two-dimensional NMR experiments. These molecules were quantified using
ERETIC2 [16], a PULCON methodology (Pulse Length—based Concentration determination) [17] built into the

data acquisition and processing software supplied by Bruker®.

Data Analysis

Non-targeted: Statistical models employing different methods such as the Principal Component Analysis
(PCA), Hierarchical Clustering, and Linear Discriminant Analysis (LDA) were constructed using authentic 100%
pure C. robusta and C. arabica dark, medium, light roasts and green bean samples and their blends in different
proportions. These models were used in predicting the actual composition of new in-house blends of C.

arabica and C. robusta of different roast types.

Targeted: The six biomolecules, caffeine, trigonelline, 3- and 5-caffeoylquinic acid, cafestol, kahweol, and 16-
OMC were quantified in pure and blended samples and statistical models were constructed composing the
molecular concentrations. These models were employed in analyzing new in-house blends of C. arabica and C.

robusta of different roast types.



Results and Discussion

Non-targeted approach: A principal component analysis (PCA) plot generated by non-targeted total chemical
profiling of pure and blended coffee samples is shown in Figure 1 wherein, the blend samples of different
roasts cluster into different groups, a result of differences in the spectral profile of the coffee types. These
differences include the position and intensity of peaks in the spectrum, which reflect the variance in the
metabolic makeup of the coffee. Moreover, the samples within each cluster segregate based on their blend
ratios, thus demonstrating the efficacy and capability of non-targeted chemometrics to differentiate samples

based just on their chemical profiles.

The spectral data of ten new samples (T7-T70) of different roast type and blend composition unknown to the
analyst (in-house blind study) treated identically to the samples were applied against this model for blend-ratio
predictions. These samples align with respective clusters of roast types as well as blend samples within each
cluster based on their chemical composition as shown in Figure 2, providing key insights into their C. arabica
and C. robusta composition. LDA method was employed in conjunction with PCA to deduce the roast type

and the predictions are listed in Table 1 along with the true chemical nature of the blind samples. The blend
composition of blind samples was predicted with high accuracy using non-targeted chemical profiling and

multivariate statistical analysis.

100% C. arabica Figure 1. Principal Component Analysis

(PCA) plot showing the clustering of
datasets into different groups based on
the roast type and further differentiation
of samples within each group based

on their blend ratio (Sample labels -
CFARD_1a-1f_0-A: Dark roast 0% C.
arabica, 1a-1f (6 samples); CFARD_1a-
1f_100-A: Dark roast 100% C. arabica;
CFARM - Medium roast; CFARL - light
roast; CFARG - Green beans).

100% C. robusta
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Figure 2. PCA plot showing the alignment of ten blind samples (T7-T70) in triplicates (a-c) with different

clusters for roast and blend determination.

Table 1. Roast type and blend composition predictions from PCA and LDA methods.

Dark Blend
Probabilities i Prediction Identity (Roast)
(%) (%) Arabica

10% Arabica (Dark)

*0 — False; 1 — True



Targeted approach: Coffee is a rich source of phytochemicals that offer a multitude of health benefits. These

phytochemicals include caffeine, chlorogenic acids (CQAs), diterpenes, trigonelline, and melanoidins, essential

contributors to the flavor, aroma, and health advantages of coffee [18-20]. Caffeine acts as a bio-stimulant

and contributes to coffee bitterness, while CQAs and their derivatives have antioxidant properties and the

diterpenes cafestol, kahweol, and 116-OMC are related to increased levels of serum cholesterol [21-24].

Trigonelline, a pyridine alkaloid, contributes to the flavors and aroma of coffee [18-20]. These important

biomolecules can be accurately quantified using NMR spectroscopy, and their quantities can further be

used in authenticating coffee products for purity and roast type. The linear discriminant analysis plot in

Figure 3 clearly demonstrates this capability wherein samples cluster into different roast types based on the

molecular concentrations. This model, which represents a targeted approach can also be employed for coffee

authentication.
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Figure 3. LDA model of coffee blends and their roast built using the concentrations of six biomolecules that

were quantified (sample label: Dark_0-A — Dark roast 0% Arabica).



Conclusions

NMR chemometrics-based analytics offer information on:
» Product purity (Robusta vs. Arabica %)
» Consistency in chemical composition of products from different batches

> Presence of biomolecules and their associated concentrations

N

» A comprehensive understanding of product chemistry while addressing authenticity, purity, and

quality.
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