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 Abstract: In this work, 1H NMR analysis, along with a chemometrics approach, had 
been applied for investigating metabolite profiles of Indonesian roasted Robusta coffees 
obtained from Lampung and Aceh. In total, 24 compounds had been successfully detected 
in the 1H NMR spectra of the Robusta coffee extracts. Concentrations of some identified 
metabolites present in the coffees were determined by the quantitative 1H NMR technique. 
Orthogonal projection to latent structure-discriminant analysis (OPLSDA) was used as a 
primary method for the chemometric approach. OPLSDA had classified clearly the 
Robusta coffee samples corresponding to their origin. Loading plot and S-plot of the 
OPLSDA revealed characteristic metabolites for each Robusta coffee. The results indicated 
that quinic acid, mannose, arabinoses, and acetic acid were an important discriminant 
compound for Lampung Robusta coffees. Meanwhile, lipids, lactic acid, and 5-caffeoylquinic 
acid were found as characteristic metabolites for Aceh Robusta coffee. This report 
provided knowledge about the chemical composition of Lampung and Aceh Robusta 
coffees and shed more light on the diversity of Indonesian Robusta coffees. Furthermore, 
it confirmed that 1H NMR analysis coupled with chemometrics was a powerful method 
for evaluating and classifying metabolite profiles of the roasted Robusta coffees. 
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■ INTRODUCTION 

Coffee is one of the most consumed nonalcoholic 
drinks in the world. The drink is well known for its unique 
flavors and remarkable aromas. Coffee also possesses 
physiological and psychological effects [1]. Arabica 
(Coffea arabica L.) and Robusta coffees (Coffea canephora 
P.) are the most consumed coffees worldwide. Arabica 
coffee is considered having a higher quality than Robusta 
since it possesses a better taste, an intense aroma, and 
lower caffeine content [2]. As the second most cultivated 
coffee after Arabica, Robusta has a more bitter taste and 
contains more caffeine and chlorogenic acids but fewer 
sugars [3]. However, Robusta coffee is easier to cultivate 
since it is more resistant to plant diseases, weather 
conditions, and able to grow at lower altitudes as well [3]. 

Literature studies show that many metabolomics 
and chemometric studies of Robusta coffee focused on the 
authentication and the differentiation of coffee species [4-

12]. Several measurement methods have been used in 
these studies, including IR spectroscopies [6,12-13], 
Raman spectroscopy [7], UV-visible spectroscopy [8], 
GC [4-5], HPLC [9], GC-MS [11] and NMR [10]. 
Chemometrics combined with electronic nose and 
tongue had been used to analyze and classify 7 Chinese 
Robusta coffee cultivars with different roasting degrees 
[14]. Furthermore, chemometric approaches, along with 
GC-MS techniques, had been also applied to 
discriminate Chinese Robusta coffees based on their 
geographic origins [15]. Recently, this coupled method 
had been used to investigate the effects of chemical pre-
treatment of Robusta coffee [16]. 

Indonesia is one of the biggest coffee producers in 
the world [17]. At least 70% of coffee plants cultivated in 
Indonesia are Robusta species. This coffee is cultivated 
in many Indonesian islands, including Sumatera, Java, 
Sulawesi, Papua, and Sumbawa. Aceh and Lampung that 
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located in Sumatra, are two popular regions producing 
Robusta coffee. The taste of Lampung Robusta is unique 
and different from the taste of Aceh Robusta. From the 
chemical point of view, the taste differences indicate the 
distinction of metabolite profiles since the taste of coffee 
is strongly related to its chemical components. However, 
the chemical information of Robusta coffees from 
Indonesia especially Lampung and Aceh, is very limited 
in the literature. 

In this study, Robusta roasted coffees from 
Lampung and Aceh were analyzed with 1H NMR 
technique for investigating their chemical profiles. 
Chemometric approaches were applied to classify the 
Robusta coffees based on their origins and to identify their 
characteristic metabolites. Furthermore, some identified 
metabolites in the Robusta coffees were successfully 
quantified by 1H NMR method. 

■ EXPERIMENTAL SECTION 

Materials 

All coffee samples used in this study were 
commercially roasted beans of Robusta coffees from 
Lampung (6 samples) and Aceh (6 samples) and obtained 
from some coffee companies/suppliers. The detail 
information of the coffee origins was depicted in Table 1. 
The extraction solvent used in this work, deuterated water 
(D2O), was purchased from Merck (Germany). 3-(trimethyl 
silyl)-2,2,3,3-tetradeuteropropionic acid sodium salt 
(TSP) was bought from Merck (Germany). KH2PO4 and 

K2HPO4 that used for making a buffer solution were 
purchased from Merck (Germany). 

Instrumentation 

An Encore mill (Baratza, United States) was used 
to grind the roasted coffee beans. An ultrasonic bath 
(Krisbow, Indonesia) was used to sonicate the samples. 
An MC-12 High Speed Microcentrifuge (Benchmark 
Scientific, United States) were used to centrifuge the 
samples. A 500 MHz Varian Unity INOVA spectrometer 
(Agilent Technologies, United States) was used to record 
1H NMR spectra of the Robusta coffees. 

Procedure 

Sample preparation 
The coffee sample preparation was carried out 

based on the reported works [18-19] with slight 
modification. The sample was prepared by mixing 200 g 
of ground Robusta coffee with 1 mL of D2O containing 
TSP 1.00 mM in a 2 mL plastic tube. The sample was 
sonicated at room temperature for 20 min and incubated 
on a water bath at 90 °C for 30 min. Afterward, the 
sample was cooled on the water for 10 min, centrifuged 
for 5 min, and the supernatant was then separated from 
the precipitate. One hundred microliters of phosphate 
buffer (pH 5) were added into 400 μL of supernatant and 
then transferred into a 5 mm NMR tube. 
1H NMR measurement and processing 

In the 1H NMR measurement, the H2O signals were 
suppressed by  the presaturation method.  One hundred  

Table 1. Origins of Robusta coffees used in the present study 
Sample code Coffee origin Company/supplier 

A1 Blangkejeren, Gayo Lues, Aceh Fry Roast 
A2 Linge, Aceh Tengah, Aceh Rebbe Coffee Takengon 
A3 Pintu Rime Gayo, Bener Meriah, Aceh Serenade 
A4 Takengon, Aceh Tengah, Aceh Tampah Kopi Gayo 
A5 Takengon, Aceh Tengah, Aceh Raja Kopi Aceh 
A6 Pintu Rime Gayo, Bener Meriah, Aceh Garasco 
L1 Liwa, Lampung Barat, Lampung Fry Roast 
L2 Ulubelu, Tanggamus, Lampung Hilbrew coffee 
L3 Liwa, Lampung Barat, Lampung Kafein 
L4 Liwa, Lampung Barat, Lampung AKL 
L5 Liwa, Lampung Barat, Lampung AKL 
L6 Ulubelu, Tanggamus, Lampung Halokoffihouse 
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twenty-eight scans of 64 K data points are recorded with 
a spectral width of 8012 Hz, the acquisition time of 2.72 s, 
and a relaxation delay of 2 sec. The free-induction decay 
(FID) NMR data were processed with ACD/Labs 12.0 
software (Advanced Chemistry Development, Inc., 
Toronto, Canada). This software was also used for 
referencing, phasing, baseline correction of 1H NMR 
spectra. The chemical shifts of 1H NMR spectra were 
referenced to the TSP signal. The signal assignments of 
the components in Robusta coffees were conducted by 
recognizing the fingerprinting chemical shifts of 
identified metabolites and comparing the spectra with the 
reference spectra of corresponding metabolites and with 
the data in the literature [18]. 

Multivariate statistical analysis 
Alignment and bucketing of the 1H NMR spectra 

were performed using ACD/Labs 12.0 software 
(Advanced Chemistry Development, Inc., Toronto, 
Canada). Bucketing was carried out by integrating regions 
of equal width (0.02 ppm) within δ 0.50–10.00 ppm and 
performed with an intelligent bucketing option as well. 
The residual water signal at δ 4.73–5.22 ppm were 
excluded from the multivariate data analysis. The caffeine 
signals at δ 3.22–3.49 ppm and δ 3.82–3.88 ppm were also 
excluded for avoiding spurious principal components 
(PCs) as a consequence of signal shifting [20]. The buckets 
were normalized to a total integral to avoid dilution 
effects of the samples. The processed data sets extracted 
from the 1H NMR spectra were imported into SIMCA-P 
version 12.0 (Umetrics, Umeå, Sweden) for the 
multivariate statistical analysis. The data were then scaled 
with the Pareto scaling type. The principal component 
analysis (PCA), an unsupervised pattern-recognition 
approach, was performed to check intrinsic variation in 
the data set. Orthogonal projection to latent structure-
discriminant analysis (OPLSDA), a supervised pattern-
recognition approach, was applied as primary methods 
for extracting maximum separation among samples. The 
data sets of the roasted Robusta coffee were divided into 2 
groups based on their geographical origins (Lampung and 
Aceh) and then analyzed with OPLSDA method. The 
percent of the response variation explained by the models 
(R2X and R2Y), and the percent of the response variation 

predicted by the models according to cross validation 
(Q2) were computed. Hotelling's T2 regions, shown as 
an ellipse in the score plot, defined the 95% confidence 
interval of the modeled variation. 

Quantitative 1H NMR analysis 
For evaluating metabolites quantitatively in 

Lampung and Aceh Robusta coffees, the obtained 1H 
NMR data were further processed based on a previous 
report [21] with slight modifications. TSP signal (1 mM) 
was used as an internal standard. The quantification was 
conducted by calculating the relative ratio of the peak 
area of selected proton signals of the target metabolites 
to the singlet peak of the TSP signal. The statistical 
calculation of quantitative 1H NMR analysis was 
performed using Microsoft Excel 2013. 

■ RESULTS AND DISCUSSION 

Identified Metabolites in the Roasted Robusta 
Coffees 

In this work, metabolites in the roasted Robusta 
coffee samples (Lampung and Aceh) were recognized by 
identifying their fingerprint signals in the 1H NMR 
spectra and comparing them with the spectra of 
corresponding reference compounds. The metabolite 
identification was further confirmed by comparing the 
spectra with the data reported in the literature [18-
19,22]. In total, 24 metabolites were successfully 
identified in the Robusta coffees, as depicted in the 1H 
NMR spectra of the Robusta coffee (Fig. 1). Some 
molecular structures of the identified metabolites were 
described in Fig. 2. 

Caffeine, as one of the major compounds in the 
roasted coffee bean, was clearly identified in the 1H NMR 
spectra. The strong singlet signals at δ 3.28, 3.45 and 3.88 
ppm were assigned as the 3 N-methyl of caffeine. 
Meanwhile, the singlet signal at δ 7.83 ppm was designed 
as an aromatic proton of caffeine. The intense signals of 
caffeine in the 1H NMR spectra of the roasted coffees 
indicated that the compound is thermally stable during 
the roasting. Thus, caffeine is an excellent quantitative 
marker for coffees as proposed by previous reports 
[18,23]. The proton signals belong to 3 dominant 
compounds of chlorogenic acids, namely 3-caffeoylquinic 



Indones. J. Chem., 2020, 20 (4), 850 - 857   
        
                                                                                                                                                                                                                                             

 

 

Nizar Happyana et al.   
 

853 

acid, 4-caffeoylquinic acid, and 5-caffeoylquinic acid were 
also clearly visible in the aliphatic and aromatic regions of 
the 1H NMR spectra as shown in Fig. 1. Chlorogenic acids, 
the ester form of caffeic acid and quinic acid, are major 
compounds in coffees. However, during the roasting, 
some chlorogenic acids degrade into quinic acid and γ-
quinide since the compounds are unstable thermally [24]. 
The signals of quinic acid, another major compound in 
the roasted coffee,  were recorded in the  1H NMR spectra  

 
Fig 1. Characteristic signals of the metabolites identified 
in the 1H NMR spectrum of the Robusta coffees. (a) 
Expansion of the 1H NMR spectrum from 0.4 to 4.6 ppm. 
(b) Expansion of the 1H NMR spectrum from 4.8 to 9.4 
ppm. 1: lipids; 2: lactic acid; 3: acetic acid; 4:quinic acid; 5: 
γ-quinide; 6: 3-caffeoylquinic acid; 7: 4-caffeoylquinic 
acid; 8: 5-caffeoylquinic acid; 9: malic acid; 10: citric acid; 
11: choline; 12: caffeine; 13: inositol; 14: β-(1-4)-D-
mannopyranose unit; 15: β-(1-4)-D-galactopyranose 
unit; 16: β-(1-6)-D-galactopyranose unit; 17: α-(1-3)-L-
arabinofuranose unit; 18: α-(1-5)-L-arabinofuranose unit; 
19: N-methyl-pyridinium; 20: trigonelline; 21: 2-furyl-
methanol; 22: formic acid; 23: nicotinic acid; 24: 5-
(hydroxymethyl) furfural 

at δ 4.16, 4.05, 3.57, and in the range 1.88–2.07 ppm. 
Proton signals belong to γ-quinide, an ester cyclic of 
quinic acid, were successfully detected at δ 4.91, 4.06, 
3.89, and in the range 2.41–2.49 and 1.95–2.14 ppm. 

Trigonelline is another major compound in the 
coffees. This compound was identified in the 1H NMR 
spectra by detecting its proton signals at δ 4.44, 8.07, 
8.82, 8.84, and 9.12 ppm. Trigonelline is degraded during 
the roasting process into some compounds including N-
methyl-pyridinium and nicotinic acid [24]. Both 
degradation products were also successfully identified in 
the 1H NMR spectra of the Robusta coffees. The signals 
belong to N-methyl-pyridinium were recorded at δ 4.37, 
8.02, 8.51, and 8.75 ppm. Meanwhile, the proton signals 
of nicotinic acid were detected at δ 8.27, 8.66 and  
8.97 ppm. Sucrose is a major component of green bean 
coffee. In this work, apparently sucrose had been 
degraded completely during the roasting; thus, it could 
not be detected in the 1H NMR spectra of the roasted 
Robusta coffees. However, some products of sucrose 
degradation, including acetic acid, formic acid, lactic 
acid, 2-furylmethanol, and 5-hydroxymethylfurfural were 
successfully identified in the spectra. Proton resonances 
of acetic acid and formic acid were detected clearly as 
strong singlet signals in the spectra at δ 1.96 and 8.46 ppm, 
respectively. The fingerprint signal of lactic acid was 
recorded at δ 1.36 ppm and the proton resonances belong 
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Fig 2. Some molecular structures of identified 
metabolites in the Robusta coffees 
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to 2-furylmethanol were recorded at δ 4.56, 6.43, and  
7.50 ppm. Meanwhile, the proton resonance of  
5-hydroxymethylfurfural has identified at δ 9.38 ppm as a 
weak signal. 

Strong proton signals of lipids were recorded clearly 
at δ 0.92 and 1.30 ppm and assigned to methyl and 
methylene protons of fatty acids chains, respectively, as 
predicted by a previous report [22]. Other organic acids 
were also successfully identified in the aliphatic region of 
the 1H NMR spectra, namely malic acid at δ 2.36 and 2.68 
ppm, and then citric acid at δ 2.61 and 2.74 ppm. Further 
investigation of the aliphatic region revealed the presence 
of sugar compounds including α-(1-3)-L-arabinofuranose 
unit (3-arabinose), α-(1-5)-L-arabinofuranose unit (5-
arabinose), β-(1-4)-D-mannopyranose unit (mannose), 
β-(1-4)-D-galactopyranose unit (4-galactose) and β-(1-
6)-D-galactopyranose unit (6-galactose). The proton 
signals belong to the sugar compounds were depicted in 
Fig. 1. The sugar identification in the roasted Robusta 
coffees is in accordance with the literature [18-19,24]. 
Furthermore, a characteristic proton signal corresponding 
to inositol, sugar alcohol, was detected at δ 3.28 ppm, as 
shown in Fig. 1. The last identified metabolite found in 
the spectra was choline. The fingerprint signal of this 
compound was recorded at δ 3.22 ppm. 
1H NMR Quantitative Analysis 

Some identified metabolites in the roasted Robusta 
coffees were analyzed semi-quantitatively using the 1H 
NMR technique. The concentrations of choline,  
2-furylmethanol, caffeine, formic acid, N-methyl 
pyridinium, nicotinic acid and trigonelline in Lampung 
and Aceh roasted Robusta coffees were successfully 

determined as shown in Table 2. Compared to the other 
quantified metabolites, caffeine was found as the most 
abundant metabolite either in the Aceh Robusta coffees 
or in the Lampung Robusta coffees. It confirmed that 
caffeine is the major compound found in the roasted 
Robusta coffee. The concentration of some quantified 
metabolites in the Lampung coffees was higher as 
compared to the Aceh coffees, e.g., the concentration of 
formic acid in the Lampung coffees was 10.5 mM, while 
that in the Aceh coffee was 5.4 mM. The opposite case 
was found for caffeine concentration in the samples. The 
concentration of caffeine in the Aceh coffees was 25.3 mM 
and higher as compared to its concentration in the 
Lampung coffees (22.8 mM). Choline concentration in 
the Lampung coffees (1.7 mM) was similar to its 
concentration in the Aceh coffees (1.8 mM). 

Discrimination of Metabolite Profiles 

The processed data sets obtained from the 1H NMR 
spectra were evaluated with multivariate statistical 
analysis for classifying the roasted Robusta coffees 
(Lampung and Aceh) based on their geographical origin. 
In the initial step, the data were analyzed by PCA, an 
unsupervised pattern-recognition approach performed 
without using knowledge of the sample class. This 
approach resulted in a model with 3 principal 
components (PCs) explaining 80.5% of the total 
variability (R2X). However, PCA could not provide 
enough separations (data not shown); thus, the analysis 
was continued further with OPLSDA method, a 
supervised pattern-recognition approach. OPLSDA 
provides a better group separation model and reveals 
differences among groups since it combines the strengths 

Table 2. Relative quantifications of roasted Robusta coffee metabolites 

Compound 
The concentration of roasted Robusta coffees (mM) 

Aceh (± SD) Lampung (± SD) 
Choline (δ 3.19–3.22 ppm) 1.8 ± 0.1 1.7 ± 0.1 
2-furylmethanol (δ 4.56–4.59 ppm) 3.5 ± 0.3 4.1 ± 0.4 
Caffeine (δ 7.74–7.84 ppm) 25.3± 1.6 22.8 ± 0.9 
Formic acid (δ 8.44–8.48 ppm) 5.4 ± 0.5 10.5 ± 1.2 
N-methyl pyridinium (δ 8.49–8.55 ppm) 3.5 ± 0.1 2.6 ± 0.2 
Nicotinic acid (δ 8.93–8.98 ppm) 0.45 ± 0.04 0.26 ± 0.02 
Trigonelline (δ 9.09–9.14ppm) 4.41 ± 0.5 4.9 ± 0.3 
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of the partial least square discriminant analysis (PLSDA), 
and soft independent modeling of class analogy (SIMCA) 
classification [25]. 

The obtained OPLSDA model resulted in the good 
separation of the roasted Robusta coffee samples based on 
their geographical origin. This model possessed 5 
components, 66.0% of cross validation coefficient (Q2), 
and explained 81.4% and 99.2% of total variations (R2X 
and R2Y, respectively). The OPLSDA model was validated 
further by Y scrambling validation on the corresponding 
PLSDA model (90.9% of R2Y and 53.3% of Q2), as 
demonstrated by a previous report [22]. This validation 
was carried out by performing 200 rounds of a random 
permutation of the Y variable resulting the regressions of 
Q2 lines intersected the y-axis at points below zero [Q2 = 
(0.00, -0.096); R2 = (0.00, 0.542)] and thus, confirming the 
statistical validity of the obtained model. 

The score plot of the OPLSDA model successfully 
separated Lampung Robusta coffees from Aceh Robusta 
coffees, as described in Fig. 3(a). In order to identify the 
differentiate metabolites in the separation, the 
corresponding loading plot (Fig. 3(b)) was evaluated. 
The loading plot revealed some identified metabolites 
contributing importantly in the separation, including 
lipids (buckets at δ 0.89–0.94, 1.27–1.29, 1.29–1.35 ppm), 
lactic acid (bucket at δ 1.35–1.41 ppm), acetic acid 
(bucket at δ 1.94–1.98 ppm), quinic acid (buckets at δ 
2.13–2.19, 3.54–3.60, 4.12–4.18, 4.00–4.05 ppm), mannose 
(bucket at δ 3.92–3.97 ppm), arabinoses (bucket at δ 
4.18–4.24 ppm), 5-caffeoylquinic acid (bucket at δ 5.30–
5.36 ppm), and formic acid (bucket at δ 8.44–8.49 ppm). 

The S-plot of the OPLSDA model was generated to 
obtain a better evaluation of signals influencing the 
differentiation and reveals the discriminant metabolites 

 
Fig 3. OPLSDA score (a) and loading (b) plots from 1H NMR spectra of Lampung and Aceh roasted Robusta coffees. 
S-plot (c) revealed characteristic metabolites for each Robusta coffee 
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for each Robusta coffees. Based on the S-plot (Fig. 3(c)) 
evaluation, Lampung Robusta coffees were characterized 
by quinic acid (buckets at δ 3.54–3.60, 4.12–4.18, 4.00–
4.05 ppm), mannose (bucket at δ 3.92–3.97 ppm),  
3-arabinose (bucket at δ 4.18–4.24 ppm) and acetic acid 
(bucket at δ 1.94–1.98 ppm). Meanwhile, Aceh Robusta 
coffees were characterized by lipids (buckets at δ 0.89–
0.94, 1.27–1.29, 1.29–1.35 ppm), lactic acid (bucket at δ 
1.35–1.41 ppm) and 5-caffeoylquinic acid (bucket at δ 
5.30–5.36 ppm). 

As seen in the S-plot (Fig. 3(c)), some buckets 
corresponding to quinic acid were located at the edge of 
the S-plot of the Lampung Robusta coffee zone. It 
indicated that quinic acid is the most discriminant 
compound for Lampung Robusta coffees. Meanwhile, the 
bucket position of lipids at 1.29–1.35 ppm was at the edge 
of S-plot of Aceh Robusta coffee zone and far enough 
from the others indicating that lipids were the most 
discriminant metabolites for Aceh Robusta coffees. 
Literature reported that the coffee lipids consist of several 
fatty acids including palmitic, stearic, oleic, vaccenic, 
linoleic, linolenic and arachidic acids [26]. Furthermore, 
lipids are surface-active agents contributing to foam and 
emulsion formations of coffee brew [19] and correlated 
with the formation of the coffee body [27]. Thus, the high 
concentration of lipids in the coffees apparently is 
responsible for the strong body of Aceh Robusta coffees. 

■ CONCLUSION 

In this report, metabolite profiles of Indonesian 
roasted Robusta coffees from Lampung and Aceh had 
been evaluated by the 1H NMR technique along with the 
chemometric approach. This technique had successfully 
identified metabolites present in the roasted Robusta 
coffees, and some of them had been analyzed semi-
quantitatively. The roasted Robusta coffees were clearly 
differentiated based on their geographic origin by the 
chemometric approach. Moreover, quinic acid was found 
as the most discriminant compound for Lampung 
Robusta coffees, while lipids were discovered as the 
characteristic metabolites for Aceh Robusta coffees. The 
results of this study extended our understanding of 
Indonesian Robusta coffees. 
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