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Abstract
Caffeine is the most widely studied psychoactive molecule in history due to its many pharmacological activities and a high
number of biological and physiological effects. In literature, there is a great number of applications that describe extraction,
identification, and quantification of caffeine in foods and beverages. For this purpose, an extraction step is followed by an
analytical technique for the identification and quantification of caffeine. This work proposes an innovative method in which
sample preparation, separation, and detection steps are unified in a single step. To the best of our knowledge, this is the first report
on the determination of caffeine in coffee, tea, and cocoa by means of an online extraction coupled to a liquid chromatographic
system equipped with a photodiode array detector. The developed methodology was validated in terms of sensitivity, detection
limits, accuracy, and precision. The advantages of this technique are (i) a significant reduction of analysis time (more than 70%)
and of solvents used (the extraction step is integrated in the chromatographic analysis), (ii) the whole procedure is thus complete-
ly automated drastically reducing possible operator errors to occur, and (iii) easily realized by using a conventional
monodimensional liquid chromatography system.
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Introduction

Caffeine is a heterocyclic organic compound built from
coupled pyrimidinedione and imidazole rings (Talik et al.
2012). This molecule is a methylated derivative of xanthine,
the 1,3,7-methylxanthine. It is naturally contained in coffee,
tea, cocoa, mate, and guaranà in different concentration
values. The caffeine content of raw Arabica coffee is 0.9–
1.4%, while in the Robusta variety, it is 1.5–2.6% and consti-
tutes 2.5–5.5% of the dry matter of tea leaves, 0.2% of cocoa,
and 0.5–1.5% of dry mate (Belitz et al. 2009). These plants,
tea, and coffee, in particular, are used for beverages and food
production consumed daily by world population, this

representing the major sources of caffeine intake through diet
(Frary et al. 2005).

Many pharmacological activities and a high number of
biological and physiological effects have been attributed to
caffeine with a relatively low toxicity, making caffeine the
most widely studied psychoactive molecule in history. In par-
ticular, these effects have been associated mainly to the stim-
ulation of the central and sympathetic nervous system (Owens
et al. 2014; Cappelletti et al. 2015), and in the increase of
blood circulation reducing the risk of coronary heart disease
and stroke (Okuno et al. 2002). Others effects are lower inci-
dence of Alzheimer’s (Arendash and Cao 2010), Parkinson’s
(Postuma et al. 2012), Machado-Joseph’s (Gonçalves et al.
2013), and Huntington’s diseases (Simonin et al. 2013); the
anti-inflammatory (Lee et al. 2014) and anti-cancer (Yang
et al. 2005; Lu et al. 2006) actions; inhibition of the elevation
of body fat percentage (Inoue et al. 2006); and modulation of
glucose metabolism (Sarriá et al. 2015). Moreover, the intake
of caffeine increases in physical and endurance performances
and capacity during short-term, high-intensity exercise, as re-
cently reported in a positive opinion from the European Food
Safety Authority (EFSA 2011). For this reason, its use was
regulated by the International Olympic Committee (positive
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controls for more than 12 mg mL−1 of urine) (Chapman and
Mickleborough 2009).

A great number of published literature data described the
extraction, identification, and quantification of caffeine in
foods and beverages. Several caffeine extraction methods
have been employed such as solid-liquid extraction (Senol
and Aydin 2006; Srdjenovic et al. 2008; Bermejo et al.
2013), solid phase extraction (Rodrigues et al. 2007; Hackett
et al. 2008), supercritical fluid extraction (Tello et al. 2011;
Gadkari and Balaraman 2015), and microwave-assisted ex-
traction (Tzanavaras and Themelis 2007; Rostagno et al.
2011). Numerous analytical techniques (spectrophotometry,
spectrofluorimetry, Fourier transform-infrared spectropho-
tometry, gas chromatography coupled to mass spectrometry,
thin-layer chromatography, micellar electrokinetic chroma-
tography, and capillary electrophoresis) were used for qualita-
tive and quantitative analyses of caffeine in different extracts
(Paradkar and Irudayaraj 2002; Armenta et al. 2005; Khanchi
et al. 2007; Meinhart et al. 2010; Gałan et al. 2015; Pasias
et al. 2017). Among them, reversed phase liquid chromatog-
raphy (RP-LC) is the technique most commonly used for this
purpose coupled to UV-Vis or mass spectrometer detectors
(Smrke et al. 2015; Baeza et al. 2016; Magalhães et al.
2016; Regazzoni et al. 2016; Heeger et al. 2017).

For all the above described analytical techniques, the most
demanding step, in terms of time and resources, is the extrac-
tion method. Often, the sample pretreatment steps were carried
out reacting a certain solvent (e.g., water, ethanol, methanol,
and acetonitrile) volumes with the matrix, and subsequently
required a prolonged heating to eliminate the extraction solvent.
This leads to a loss of time energy and high solvent volume
consumption. Moreover, a possible degradation of thermally
sensitive compounds would be encountered during the extrac-
tion process. For these reasons, the development of an innova-
tive technique that involves an online extraction coupled with a
chromatographic system can help in saving energy and solvent
consumption. An online extraction method can be more effi-
cient and energy saving than a conventional pretreatment step,
because all the extraction procedures (time for extraction and
concentration) are eliminated reducing the risk of degradation
of thermally sensitive compounds.

Previous literature reported applications of online extrac-
tion methods coupled to a liquid chromatographic system,
such as microwave-assisted extraction (MAE-LC), dynamic
sonication-assisted extraction (DSAE-LC), pressurized liquid
extraction (PLE-LC), and pressurized hot water extraction
(PHWE-LC) (Hyötyläinen 2007). Applications of the online
supercritical fluid extraction (SFE) coupled with LC or super-
critical fluid chromatography (SFC) (del Pilar Sanchez-
Camardo et al. 2017; Zoccali et al. 2017) have been also
reported. All these techniques are suitable for solid and
semi-solid matrices, and for the analysis of both polar and
non-polar analytes.

Recently, Ferreira and coworkers (Ferreira et al. 2016) de-
scribed an innovative online extraction procedure from a solid
matrix directly coupled to high-performance liquid chroma-
tography (OLE-LC), in which sample preparation, separation,
and detection steps are unified in a single step. The most
important advantages of this approach are the greenest extrac-
tion (no extra solvents except for the mobile phases are con-
sumed), sample pretreatment are not needed, risks of sample
contamination reduction, and use of sample inmilligram level.
Moreover, unlike other methods above mentioned, no addi-
tional pumps and/or valves are necessary with respect to a
conventional monodimensional LC system. This innovative
strategy does not require any additional equipment to a clas-
sical LC instrumentation.

According to the previous considerations, this work pre-
sents an alternative strategy for the quantification of caffeine
in foodstuffs using an OLE-LC method. The method was
developed, optimized, and fully validated before its applica-
tion to the analysis of different samples. To the best of our
knowledge, this is the first report on the determination of
caffeine in coffee, tea, and cocoa by means of an online ex-
traction coupled to a liquid chromatographic system equipped
with a photodiode array detector. Developed OLE-LCmethod
was compared to conventional ultrasound-assisted solid-liq-
uid extraction approach followed by LC analysis.

Experimental Conditions

Materials and Samples

This research was carried out on a 100% Arabica coffee, a
decaffeinated 100% Arabica coffee, a black tea, and a cocoa
powder. All the samples were purchased in a local market, and
were stored at room temperature before the analysis. Coffees,
tea, and cocoa samples were analyzed without any pretreat-
ment for the OLE-LC analyses, while were subjected to
ultrasound-assisted solid-liquid extraction (UASLE) before
the RP-HPLC/PDA analysis in order to compare the two
techniques.

Caffeine standard and C18 silica gel (particle size 200–400
mesh, 70-Å pore size) were purchased from Merck KGaA
(Darmstadt, Germany). Solvents employed for the extraction
procedure and for HPLC analyses were formic acid, methanol,
water, and acetonitrile and were obtained from Merck KGaA
(Darmstadt, Germany).

Instrumentation

Sample extractions were carried out in an Elma ultrasonic bath
S 30H (Elma Schmidbauer GmbH, Germany), and the ex-
tracts were centrifuged in an Epperndorf 5804 R centrifuge
(Eppendorf AG, Germany).
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HPLC analyses were carried out using a Shimadzu
Prominence LC-20A system (Shimadzu, Milan, Italy), includ-
ing a CBM-20A controller, two LC-20 AD XR dual-plunger
parallel-flow pumps, a DGU-20A3 online degasser, a 7725I
Rheodyne® six-port two-position valve, and a CTO-20 AC
column oven. As detector, an SPD-M10Avp diode array de-
tector was employed, for determination of caffeine. Data ac-
quisition was performed by the LCMSsolution ver. 3.7 soft-
ware (Shimadzu).

Extraction of Caffeine by UASLE

The extraction procedure was carried out on 1 g of each sam-
ple, extracted with three aliquots of 10 mL of water (0.1% of
formic acid), water/acetonitrile/formic acid (5:4.9:0.1 v/v/v),
and acetonitrile (0.1% of formic acid) in an ultrasonic bath
at room temperature (for 10 min at 50 Hz). The extracts were
centrifuged at room temperature (for 5 min at 4000 rpm),
combined, filtered on a filter paper, and brought to dryness
in a rotary evaporator. The extracts thus obtained were dis-
solved in 1 mL of a mixture of water/acetonitrile/formic acid
(5:4.9:0.1 v/v/v), filtered on Acrodisc filter 0.45 μm Sigma-
Aldrich (Milan, Italy), and injected into HPLC. Each sample
was analyzed in triplicate.

Extraction of Caffeine by OLE

Two milligrams of each sample was inserted in a
SecurityGuard holder, and the chamber was filled with ca.
300 mg of C18 silica gel (Fig. 1a). The holder was equipped
with two column frits (obtained from a disused HPLC col-
umn) in order to prevent the flow of particles through the
separation system. As can be seen in Fig. 1, the
SecurityGuard holder filled with the sample and C18 silica
gel was connected to the chromatographic system and re-
placed instead of sample loop. Figure 1b shows the six-port
two-position valve in Bload^ position. In this configuration,
the mobile phase flow reached the LC column, bypassing the
SecurityGuard holder. When the LC column was equilibrated,
the six-port two-position valve was switched in Binject^ posi-
tion, and the mobile phase flow passed through the
SecurityGuard holder filled with the sample and reached the
LC column (Fig. 1c), where the separation was achieved. In
this setup, the mobile phase represents both the extraction
solvent for caffeine and the eluent for the chromatographic
separation. The six-port two-position valve can be re-
switched in load position when the chromatographic separa-
tion is over.

HPLC Analytical Condition

Analyses were carried out on a LiChrosorb RP-18, 200 ×
4.6 mm I.D. with particle size of 5 μm (Merck KGaA,

Darmstadt, Germany). The injection volume was 2 μL, mo-
bile phase consisted of water/formic acid (90:10, v/v) (solvent
A) and water/acetonitrile/formic acid (40:50:10, v/v/v) (sol-
vent B), and the step-wise gradient profile was as follows:
0 min, 0% B; 5 min, 0% B; 45 min, 30% B; 55 min, 100%
B; and 60 min, 100% B. Flow rate was 1.0 mL min−1, data
were acquired using a photodiode array detector in the range
200–400 nm, and the chromatograms were extracted at
280 nm. Time constant was 0.64 s and sample frequency
1.5625 Hz. Data acquisition was performed by Shimadzu
LCMS solution software version 3.70.

Sample Extraction Method Validation

UASLE recovery of caffeine was determined by carrying out
the extraction procedure used for the samples of our interest
on a sample of decaffeinated coffee fortified of known
amounts (0.5 and 5 mg L−1) of caffeine. Every extract thus
obtained was analyzed in triplicate. Recovery was calculated
using the following formula:

Recovery%

¼ concentration sample fortified− concentration sample unfortifiedð Þ=fortification½ �

� 100

OLE-LC recovery of caffeine was determined by carrying
out the online extraction directly coupled to HPLC analysis
loading in the SecurityGuard holder both a decaffeinated cof-
fee fortified of known amounts of caffeine and 2 μL of caf-
feine standard solution in a different concentration range (0.1–
5 mg mL−1). Every extraction was carried out in triplicate.

RP-HPLC Method Validation and Statistical Analysis

To quantify caffeine content in the various samples tested,
calibration curve has been constructed. Seven different con-
centrations of caffeine, in the range between 0.1 and
10 mg mL−1, prepared by diluting a stock solution of about
20 mg mL−1, using water as a solvent, were analyzed for five
consecutive times by HPLC under the same chromatographic
conditions optimized for the samples.

Limit of detection (LOD) and limit of quantification (LOQ)
values, following the EURACHEM guidelines (Magnusson and
Örnemark 2014), were also calculated. The instrumental intraday
and interday repeatability and recovery were calculated on six
replicated injections at one concentration level of caffeine.

Results and Discussions

Many scientific publications have described both identifica-
tion and quantification of caffeine in foods and beverages by
means of reversed phase HPLC in combination with UV and
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MS detection (Tzanavaras and Themelis 2007; Rostagno et al.
2011; Baeza et al. 2016; Magalhães et al. 2016; Regazzoni
et al. 2016; Heeger et al. 2017). All these studies started with a
pretreatment sample, the extraction step, before the chromato-
graphic analysis. The aim of this work was to quantify caf-
feine in coffee, tea, and cocoa with an innovative HPLCmeth-
od in which preparation, separation, and detection steps are
unified in a single step (OLE-LC). To the best of our knowl-
edge, this is the first report for the quantification of an analyte
using this online extraction coupled to liquid chromatography
analysis. There is only one recent published article that de-
scribes, for the first time, this innovative technique, but only a
chromatographic fingerprint of plant leaves was proposed
(Ferreira et al. 2016).

The starting point was to validate the RP-HPLC/PDA
method in terms of sensitivity, detection limits, accuracy,
and precision. Calibration curve of caffeine was constructed
under the same chromatographic conditions optimized for
samples analysis in order to quantify its content (y =
14,146x + 34,646, R2 = 0.998). The validation process provid-
ed LOD value of 0.031 mg L−1 and LOQ 0.056 mg L−1.
Concerning the intraday and interday repeatability, coefficient
of variation (CV) values for both retention time and area of <
4% demonstrated good precision at the concentration level
tested. Concerning recovery, a value of 90% was obtained
for the caffeine at the concentration level tested, thus demon-
strating good accuracy. The linear dynamic range of the PDA
system was also evaluated. Solutions of caffeine were pre-
pared at seven concentration levels (0.1–10 mg mL−1), with

each level subjected to HPLC/PDA analysis. PDA response
factors were calculated at each concentration level (n = 3), and
plotted against mg mL−1 values in a graph (Fig. 2). As can be
seen, detector linearity was maintained for concentration rang-
ing from 1 to 10 mg mL−1, while for 0.1 and 0.5 mg mL−1,
there was a slightly deviation from linearity. This could not be
a problem for this application, because the caffeine content in
coffee, tea, and cocoa is generally higher than 3 mg g−1 (Belitz
et al. 2009).

After LC method validation, it was necessary to optimize
online extraction coupled to LC analysis, considering different
parameters: concentration of caffeine loaded into the holder,
mobile phase composition, and extraction time (the inject po-
sition time of the six-port, two-position valve; Fig. 1c), as
reported in Table 1. As can be seen in Table 1, higher recovery
values of caffeine ranging from 51 to 54% were obtained
using water and acetonitrile acidified with 0.1% of formic acid
as mobile phases, and maintaining the six-port, two-position
valve in the inject position for all the analysis time. Recovery
values were independent to the loaded caffeine concentration
(2 μL of a standard solution ranging from 100 to 5000 mgL−1,
or 2 mg of decaffeinated sample spiked with a 5000 mgL−1

solution of caffeine). Slightly lower recovery values (ca. 45%)
were observed using water and methanol acidified with 0.1%
of formic acid as mobile phase, when 2 μL of a 5000 mgL−1

caffeine standard solution, or 2 mg of decaffeinated sample
spiked with a 5000 mgL−1 solution of caffeine, was loaded
into the holder. It is interesting to note how the inject position
time of the six-port, two-position valve affected recovery

Fig. 1 SecurityGuard holder (a)
and setup of the six-port, two-
position valve used for the online
extraction (b Bload^ and c Binject^
position)
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values: increasing the exposition to the mobile phase, recov-
ery increased. In fact, the exposition of the sample to the
mobile phase for 5 min or 10 min led to 10 and 20% recovery
value increase, respectively. Based on the above consider-
ations, the OLE-LC method was validated carrying out the
online extraction with water and acetonitrile acidified with
0.1% of formic acid as mobile phase and maintaining the
six-port, two-position valve in the inject position for all the
analysis time.

The online extraction method was then compared to a most
commonly used UASLE, in order to highlight the differences
in terms of recovery, time spent, and volume of solvents
employed. Coffee, tea, and cocoa samples were extracted as
reported in the BMaterials and Samples^ section. One gram of
each sample was subjected to solvent extraction, with a total
amount of solvent employed to carry out the extraction pro-
cedure of 30mL. This volume has been completely reset in the
OLE-LC. Total extraction time for the UASLE was more or
less 3 h: ca. half of the time was employed for the extraction
procedure and ca. 90 min was spent to brought to dryness the
extract in a rotary evaporator. Also in this case, the extraction

time has been completely reset in the OLE-LC. Moreover, in
order to obtain the UASLE precision, the total analysis time
was ca. 8 h (three parallel extraction procedures, time to
brought to dryness the three extracts, and three HPLC analy-
ses), with respect to the OLE-LC in which the total analysis
time corresponded to the HPLC separation time. Another ad-
vantage of the online extraction method is that, being
completely automated, drastically reduce possible operator
errors to occur.

Concerning the recovery of the UASLE, known amount of
caffeine was added to a decaffeinated coffee, and the sample
was subjected to the same solvent extraction used for coffee,
tea, and cocoa. Recovery value obtained with this method for
caffeine was 77.2% (4.37 RSD%). This value was higher than
that obtained with the OLE-LCmethod (recovery 51.3%, 2.04
RSD %). There are not significant differences in the solvent
volume employed for the extraction and in the time of sample
exposition to the mobile phase/extraction solvent for UASLE
and OLE-LC methods. The principal differences between the
two methods tested were the use of ultrasounds in the solid-
liquid extraction and the percentage composition of the

Table 1 Comparison of OLE-LC
methods for the determination of
caffeine in terms of Rt and
recovery (± standard deviation)
found by external calibration

Caffeine added
(mg L−1)

Mobile phase
(acidified with 0.1%
formic acid)

BInject^
position time

Rt Rt
RSD %

Area RSD
%

Recovery %

Standard solution

100 H2O/ACN All analysis time 28.96 0.83 2.26 52.0 ± 0.97

500 28.83 0.80 2.58 54.8 ± 1.12

5000 H2O/ACN 5 min 28.85 0.77 3.76 10.3 ± 0.54

H2O/ACN 10 min 28.90 0.79 3.01 20.8 ± 0.69

H2O/ACN All analysis time 29.03 0.82 3.92 51.3 ± 1.05

H2O/MeOH 40.72 0.85 3.83 45.6 ± 1.10

Decaffeinated coffee

5000 H2O/ACN All analysis time 29.10 0.83 3.44 53.7 ± 1.72

H2O/MeOH 39.92 0.86 4.21 43.2 ± 0.90

Fig. 2 Graph reporting the PDA
dynamic range for caffeine
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solvent employed for the extraction process. UASLE method
started with a 100% of water acidified with the 0.1% of formic
acid, and ended with a 100% of acetonitrile acidified with the
0.1% of formic acid. The OLE-LC method also being with a
100% of water acidified with the 0.1% of formic acid, but
according to the LC step-wise gradient profile, caffeine eluted
at 28.90 min, with the 16% of acetonitrile. Based on the con-
siderations just made, dynamic caffeine extraction was carried
out principally with acidified water with a low amount of
acetonitrile, with respect to UASLE that used up to 100% of
acetonitrile for the extraction procedure.

Perhaps it would be more analytically correct to compare
an UASLE method in which acetonitrile percentage did not
exceed 16%, but, in order to elucidate advantages and disad-
vantages of all the techniques tested in this work, a conven-
tional ultrasound-assisted solid-liquid extraction (Rostagno
et al. 2011) was chosen.

Figure 3a, b shows the UASLE-RP-HPLC/PDA and OLE-
LC/PDA chromatograms of caffeine in cocoa. As can be seen
in Fig. 3, retention time of all the molecules in OLE-LC/PDA
chromatogram are delayed by 1 min compared to UASLE-
RP-HPLC/PDA chromatogram. This delay is to be attributed
to the two different instrumental setups. For the UASLE-RP-
HPLC/PDA analyses, mobile phase flows through the sample
loop (2 μL) in 0.12 s, while passed through the SecurityGuard
holder (2-cm length × 0.8-cm diameter) in 1 min for OLE-LC/
PDA analyses.

Table 2 reports the concentration (mg kg−1 ± standard de-
viation) of caffeine in all analyzed samples. Among analyzed
samples, tea is the richest in caffeine, while coffee and cocoa
present lower amount of molecule of our interest. These re-
sults are in good accordance with those present in literature for
caffeine in the samples of our interest (Brunetto et al. 2007;
Belitz et al. 2009; Jeszka-Skowron et al. 2015). As reported in
Table 2, quantitative data of caffeine for the same sample are
not in accordance between the two methods used. These dif-
ferences can be justified taking into consideration different
recovery values obtained with the two methods used.

Recovery values of 51.3% for an extraction technique are
not excellent, but could be a good compromise considering all
the advantages that this innovative technique leads. Certainly,
it will be not the technique of choice for the quantification of
trace molecules, but can represent a valid alternative for the
analysis of the most abundant compounds in solid food sam-
ples, as the case of caffeine in cocoa, tea, and coffee.

Fig. 3 aUASLE-RP-HPLC/PDA
and b OLE-LC/PDA
chromatograms of caffeine in
cocoa, extracted at 280 nm

Table 2 Composition (mg kg−1 ± standard deviation) of caffeine in the
samples analyzed by means of UASLE and OLE-LC

Sample UASLE OLE-LC

Coffee 7475 ± 209.9 6363 ± 137.8

Tea 9432 ± 317.1 7970 ± 282.3

Cocoa 4794 ± 189.3 3102 ± 121.8
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Conclusions

This work provides for the first time a new method for the
quantification of caffeine in coffee, tea, and cocoa bymeans of
an online extraction coupled to liquid chromatography analy-
sis. The main advantages of this technique are a significant
reduction of analysis time (more than 70%) and of solvents
used (the extraction step is removed) with respect to a classical
solid-liquid extraction method. It is completely automated,
drastically reduces possible operator errors to occur, and easily
realizable by using a conventional monodimensional LC sys-
tem. The developed methodology could be applied to the
analysis of different analytes in solid food matrices, reducing
analysis time, costs, and solvent consumption.
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