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Coffee bean source and roasting conditions significantly (p < 0.05) affected the content of chlorogenic acid
(CGA) isomers, several indices of browning and subsequent antioxidant values. Principal component
analysis was used to interpret the correlations between physiochemical and antioxidant parameters of
coffee. CGA isomer content was positively correlated (p < 0.001) to capacity of coffee to reduce nitric
oxide and scavenge Frémy’s salt. Indices of browning in roasted coffee were positively correlated
(p < 0.001) to ABTS and TEMPO radical scavenging capacity, respectively. Only the CGA content of coffee
corresponded to intracellular antioxidant capacity measured in Caco-2 intestinal cells. This study con-
cluded that the intracellular antioxidant capacity that best describes potential health benefits of coffee
positively corresponds best with CGA content.
� 2016 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Coffee is consumed globally and recent epidemiological studies
have observed that coffee consumption may reduce the risk of type
2 diabetes (Ding, Bhupathiraju, Chen, van Dam, & Hu, 2014), col-
orectal cancer (Li, Ma, Zhang, Zheng, & Wang, 2012), and death
attributed to cardiovascular disease (Ding et al., 2015). The physi-
ological chemistry that underlies these claims often involves
several bioactive compounds that exhibit antioxidant activity.
Such activity in brewed coffee is attributed to phenolic compounds
that are originally present in green coffee beans and to products
derived from browning that arise from advanced phenol-nitrogen
condensation reactions, or Maillard reaction products (MRP), gen-
erated during roasting (Liu & Kitts, 2011). Chlorogenic acids
(CGAs), which include many different isomeric forms, are the
predominant phenolic compounds in coffee beans. The major
CGA isomers found in coffee include as 3-caffeoylquinic acid (3-
CQA), 4-caffeoylquinic acid (4-CQA), 5-caffeoylquinic acid (5-
CQA)), 3,4-dicaffeoylquinic acid (3,4-diCQA), 3,5-dicaffeoylquinic
acid (3,5-diCQA), and 4,5-dicaffeoylquinic acid (4,5-diCQA)
(Farah, Monteiro, Donangelo, & Lafay, 2008). Various factors that
significantly affect CGA isomer profiles in green coffee beans
include coffee plant variety, geographic location and the conditions
under which the beans are roasted to produce consumable brews
(Anthony, Clifford, & Noirot, 1993; Campa, Doulbeau, Dussert,
Hamon, & Noirot, 2005; Ky et al., 1999). SomeMRP derivatives con-
tribute to flavor and aroma, whereas others are incorporated into
high molecular weight coffee melanoidins that provide color and
antioxidant activity (Bekedam, Schols, Van Boekel, & Smit, 2008;
Liu & Kitts, 2011; Wijewickreme & Kitts, 1998).

Comparing the relevance of antioxidant activity in coffee across
studies is challenging because various types of chemical assays
produce inconsistent results. This is due to the complex composi-
tion of coffee components that are specific to the brews tested
in several studies (Liang & Kitts, 2014). The antioxidant capacity
of coffee has also been assessed using oxygen radical scavenging
assay (ORAC) assays. Nitric oxide (NO) assay is a reducing
assay that can be measured chemically in vitro using Griess
reagent. Electron paramagnetic resonance (EPR) spectroscopy is
also used to measure the antioxidant capacity of coffee brew
through by selectively quenching persistent stable radicals such
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as 4-hydroxy-2,2,6,6-tetra-methylpiperidine,N-oxyl (TEMPO) or
Frémy’s salt (Brezová, Šlebodová, & Staško, 2009). In summary,
although such chemical assays are valuable in determining the
antioxidant activity of coffee, the radical species involved and
methods of redox quantitation must be considered when interpret-
ing the results in reference to human health potential.

Isomer of CGA are easily altered under coffee roasting condi-
tions, and exhibit a range of free radical scavenging capacities
when transformed to derivatives that arise during high-
temperature processing. Thus, the antioxidant capacity of brewed
coffee will largely depend on the overall sensitivity of all relevant
coffee molecules that can react in the defined mechanism(s)
involved in the antioxidant assays used to quantify activity. Hence,
the varying composition of CGA isomers among coffee brews and
the involvement of coffee browning components added are respon-
sible for the wide range of antioxidant activities found in coffee
preparations.

The present study aimed to determine the effects of geographic
regions from which Arabica coffee beans are sourced, of processing
factors, on profiles of CGA isomers. We also aimed to apply PCA to
interpret the relationship between the composition of CGA isomers
as well as the production of browning products and the antioxidant
activity of various coffee brews assessed using specific chemical
and biological assays. The latter provided a context for the antiox-
idant activity of brewed coffee that included potential limitations
that influence cellular uptake and responses.
2. Materials and methods

2.1. Materials

We purchased the following from Sigma (St. Louis, MO, USA):
ABTS, 2,20-azobis(2-methylpropionamidinedihydrochloride) (AAPH),
dichlorofluorescein diacetate (DCFH-DA), 2,5,7,8-tetramethylchro
man-2-carboxylic acid (Trolox), fluorescein, sulphanilamide, naph-
thyl ethylenediamine dichloride, sodium nitroprusside, TEMPO,
Frémy’s salt; NaNO2, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), minimum essential medium (MEM),
hydrochloric acid, citric acid, phosphoric acid, methanol (HPLC
grade), and sodium dodecyl sulfate. Fetal bovine serum (FBS), peni-
cillin, streptomycin were purchased from Gibco� (Grand Island,
NY, USA) and CGA isomers, 3-CQA, 4-CQA, 5-CQA, 3,4-diCQA, 3,5-
diCQA, and 4,5-diCQA were obtained from Cerilliant Corporation
(Round Rock, TX, USA) and Chengdu Must Bio-Technology Co.,
Ltd (Chengdu, Sichuan, China). Quartz EPR tubes were purchased
from Wilmad Lab-Glass (Vineland, NJ, USA).
2.2. Coffee brew preparation

Arabica green coffee beans obtained from Sumatra, Dominican,
Peru, Ethiopia, and Papua New Guinea (PNG) were roasted at
210 �C for 12 min (light roast), 223 �C for 14 min (medium roast),
and 235 �C for 15 min (dark roast) in a commercial roaster (Nep-
tune, Probat Burns, Vernon Hills, IL, USA) to achieve specific
time-temperature thermal processing conditions for each roast.
Coffee brews were prepared by solid-lipid extraction with deion-
ized water as described with modifications (Anese & Nicoli,
2003). Briefly, coffee beans were ground to a powder and passed
through a sieve (diameter <0.5 mm). The brewing conditions were:
10 min contact of ground coffee with boiling water (100 �C) at a
coffee to water ratio of 1:20 (w:v), employing a drip system.
The brew was cooled on ice and filtered through a membrane
(Whalman No. 4) under a vacuum. Final brews were freeze-dried
and stored at �80 �C.
2.3. Measurement of color and browning of coffee brews

Color of freeze-dried coffee brew extracts was analyzed using a
Color Quest XE spectrophotometer (Hunter Associates Laboratory
Inc., Reston, VA). Color characteristics were expressed in Hunter L
(lightness), a (red-green component) and b (yellow-blue compo-
nent) color scales. Freeze-dried extracts of brewed coffee were dis-
solved in deionized water to a final concentration of 1 mg/ml and
absorbance was measured at 420 nm using a Lambda 25
UV–vis spectrophotometer (Shimadzu Scientific Instruments Inc.,
Columbia, MD, USA).
2.4. Determination of high molecular weight (HMW) MRP (>10 kDa)
content in coffee brew extracts

Freeze-dried extracts of brewed coffee were dissolved in deion-
ized water to a concentration of 2 mg/ml and then fractionated by
ultrafiltration (Millipore, Billerica, MA, USA) through a membrane
with a 10 KDa nominal molecular mass cut-off membrane as
described (Delgado-Andrade, Rufian-Henares, & Morales, 2005).
Samples were ultrafiltrated under nitrogen (pressure of 30 psi)
and residues were lyophilized to calculate the HMW MRP content
in coffee brew extracts.
2.5. Determination of CGA isomers and caffeine contents in coffee brew
extracts by high performance liquid chromatography (HPLC)

CGA isomers in extracts of coffee brews were quantified by
HPLC according the method developed by Fujioka and Shibamoto
(Fujioka & Shibamoto, 2008) using an Agilent 1100 instrument
(Agilent Technologies Inc., Palo Alto, CA, USA). CGA isomers were
separated by C-18 column (250 mm � 4.6 mm i.d., 5 lm particle
size) using a mobile phase that comprising 10 mM citric acid (A)
and 100% methanol (B) at a flow rate of 1 ml/min. Injected samples
(5 lL) were eluted with a gradient consisting of 85% A from 0 to
5 min, 85%-60% A from 5 to 40 min, maintain at 60% A from 40
to 85 min, 60%–85% A from 85 to 90 min. The detector was set at
325 nm and 276 nm for CGA isomers and caffeine, respectively.
The limit of quantification was defined as the minimum concentra-
tion at the signal-to-noise ratio (S/N) of 10:1. All samples were
analyzed in triplicate.
2.6. ABTS assay

The ABTS assays proceeded as described with modifications
(Almeida et al., 2011). Radical ABTS cations were generated by
mixing ABTS (7 mM) with potassium persulfate (2.45 mM) in dis-
tilled water. Serial concentrations of Trolox (0 � 0.0125 mg/mL)
or coffee brew extracts (0.01 � 0.5 mg/ml) mixed with ABTS radi-
cal working solution (180 lL; absorbance, 0.70 ± 0.02 at 734 nm)
were incubated for 10 min at room temperature and then absor-
bance was measured at 734 nm. Blank wells contained only dis-
tilled water and the negative control comprised 20 lL water and
180 lL ABTS working solution. The% inhibition of ABTS by samples
was defined as:
1� ðAbsorbancesample=Absorbancenegative controlÞ � 100

The ratio between the slopes of the regression equations for the
coffee samples and Trolox was defined as coffee antioxidant capac-
ity. The results are expressed as mmol equivalents of Trolox/g of
coffee brew extract (dry weight).
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2.7. ORACFL assay

The antioxidant capacity of coffee brew extracts was deter-
mined using oxygen radical absorbance capacity fluorescein
(ORACFL) assays as described by Kitts and Hu (Kitts & Hu, 2005).
Briefly, 100 lL serial concentrations of Trolox (0 � 0.001 mg/mL)
or coffee brew extract (0.001 � 0.02 mg/mL) in 75 mM phosphate
buffer (pH 7.0) or Trolox standards (final concentration, 0–
6.0 mM) and 60 lL of fluorescein (Sigma-Aldrich, St. Louis, MO,
USA) with a final concentration of 60 nM, were added to 96-well
black-walled plates and incubated at 37 �C for 10 min. Thereafter,
AAPH (60 lL; 12 mM) was added and fluorescence depletion was
monitored every minute for 60 min at excitation and emission
wavelengths of 485 and 527 nm, respectively. The antioxidant
activity of coffee brew extracts is expressed as the ratio between
the regression equations slopes for coffee and Trolox. ORAC values
are expressed as mmol Trolox Equivalent/g coffee brew extract.
2.8. Nitric oxide radical scavenging assay

The affinity of coffee brew extracts to scavenge nitric oxide rad-
icals (NO�) was determined as previously described (Kang,
Yokozawa, Kim, & Park, 2006). Briefly, sodium nitroprusside
(5 mM) in phosphate-buffered saline (pH 7.4) was incubated
with s Trolox (0 � 0.0025 mg/mL) or coffee brew extracts
(0.05 � 0.5 mg/mL) at 25 �C for 150 min. The amount of NO� was
quantified by measuring nitrite using the Griess reagent (1% sul-
phanilamide, 0.1% naphthylethylenediamine dichloride in 3% phos-
phoric acid). The absorbance of the chromophore formed during
nitrite diazotization with the Griess reagent was read at 546 nm.
The negative control contained water instead of test samples. All
analyses were repeated three times in triplicate. The % inhibition
of nitric oxide radicals was defined as:

1� ðAbsorbancesample=Absorbancenegative controlÞ � 100:

The ratio between the regression equation slopes for coffee
samples and for Trolox was defined as nitric oxide radical-
scavenging ability and is expressed as mmol equivalents of
Trolox/g of coffee brew extract (dry weight).
2.9. Study antioxidant activity by EPR spectroscopy

The antioxidant activities of coffee brew extracts added to
known oxidants were assessed using EPR spectroscopy. To quench
the TEMPO radicals, coffee extracts (5–20 mg/ml) were mixed with
an equal volume of TEMPO (1 mM in distilled water) and the reac-
tion was monitored for 40 min using an Elexsys E500 series contin-
uous wave EPR spectrometer (Bruker Daltonics Inc., Billerica, MA,
USA). Samples were analyzed at a frequency of 9.40 GHz (X-
band), 100 kHz field modulation, 5 gauss modulation amplitude,
1.28 ms time constant, 5.12 ms conversion time and 0.64 mW
microwave power. The ability of coffee extracts to inhibit TEMPO
radicals was calculated as: % Inhibition = (I0 � I/I0) � 100%, where
I0 is the intensity of the EPR spectrum of TEMPO at t = 0 min mix-
ing; I is the intensity of the EPR spectrum of TEMPO at 40 min after
mixing with coffee extract. The% inhibition vs. coffee extract con-
centration was plotted to obtain a regression equation, with Trolox
being the reference standard to express the antioxidant activity of
various extracts of coffee brews. Trolox (0.0125 � 0.125 mg/mL) or
coffee brew extract (5 � 20 mg/mL) was reacted with an equal vol-
ume of TEMPO (1 mM) and a regression equation was determined
for Trolox/sample concentration vs.% of inhibition. The ratio
between the regression equation slopes for coffee extracts and Tro-
lox, defined the antioxidant capacity of individual extracts of coffee
brew. The results are expressed as mmol equivalents of Trolox/g of
coffee brew extract (dry matter).

The antioxidant activity of coffee brew extracts towards inor-
ganic radicals was also assessed using Frémy’s salt. Coffee extracts
(0.075 � 2.0 mg/mL) were reacted with an equal volume of Frémy’s
salt (1 mM in 50 mM phosphate buffer; pH 7.4) and then free-
radical intensity was monitored immediately (t = 0) and at 30
(t = 30) min thereafter. The EPR spectrometer operating conditions
comprised: field modulation, 100 kHz; modulation amplitude, 3
gauss; time constant, 2.56 ms; conversion time, 10.49 ms and
attenuation, 10 dB. The reference was Trolox (0.006–0.05 mg/mL)
reacted with an equal volume of Frémy’s salt (1 mM) in phosphate
buffer for 30 min. The antioxidant activity of coffee brew extract
determined using Frémy’s salt is expressed as mmol equivalents
of Trolox/g of coffee brew extract (dry weight).

2.10. Cell culture

Caco-2 cells (ATCC, Manassas, VA, USA) were maintained in
MEM supplemented with 10% FBS, penicillin (100 kU/L) and strep-
tomycin (100 g/L) at 37 �C under a 5% CO2 atmosphere in a humid-
ified incubator. After reaching confluence, the cells were sub-
cultured and maintained with medium changes every 2–3 days.

2.11. Assessment of cell viability

The viability of Caco-2 cells (3.2 � 105/mL) incubated with cof-
fee brew extracts in 96-well plates was determined using MTT
assays. After 21 days, the cells were incubated for 24 h at 37 �C
with medium alone (negative control) or supplemented with cof-
fee brew extract (0.125–1 mg/mL). The cells were incubated with
medium containing MTT (0.5 mg/mL) for 4 h in the dark at 37 �C.
Formazan was determined by measuring absorbance at 540 nm
using a Multiscan Spectrum microplate reader (ThermoFisher
Scientific, Waltham, MA, USA).

2.12. Intracellular oxidative assay in Caco-2 cells

The effect of coffee brew extracts on peroxyl radical-initiated
intracellular oxidation was assessed as described by Hu, Kwok
and Kitts (Hu, Kwok, & Kitts, 2005). Caco-2 cells were seeded in
96-well plates at a density of 3.2 � 105/mL in MEM with medium
changes every 2–3 days. The cells were incubated after 21 days
with control medium or medium containing coffee brew extract
(0.5 and 1 mg/mL) for 24 h at 37 �C, rinsed with PBS (pH 7.2) and
incubated with a DCFH-DA probe (5 lM) in PBS at 37 �C for
30 min. After rinsing with fresh PBS, intracellular oxidation was
initiated by adding 100 lL of 1 mM AAPH. Fluorescence emission
was measured using a Fluoroskan AscentTM FL luminometer
(Thermo Fisher Scientific, Waltham, MA, USA) at excitation and
emission wavelengths of 485 and 527 nm, respectively, one hour
after adding AAPH. The positive and negative controls comprised
the DCFH-DA probe with and without AAPH, respectively. The% flu-
orescence inhibition is expressed as: (Fpc � Fcoffee brew)/(Fpc� Fnc) �
100%, where Fpc, Fcoffee brew and Fnc represent the fluorescence
intensity of the positive control, coffee brew extract and the nega-
tive control, respectively.

2.13. Statistics

All data were analyzed using Origin, version 9.2 (OriginLab
Corporation, Northampton, MA, USA) and are expressed as
means ± standard deviation (SD). Post-hoc Bonferroni tests were
performed to investigate if samples were significantly different
among each other (Granato, de Araújo Calado, & Jarvis, 2014).
We considered p values <0.05 as being statistically significant
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unless otherwise indicated. PCA proceeded on a data matrix of 60
lines (samples) and 16 variables comprising nine physiochemical
parameters and six antioxidant values of coffee brew extracts to
determine correlations between physiochemical characteristics
and the antioxidant activities of coffee brew extracts. The data
was standardized by subtracting the means of values for each vari-
able, from each variable value and dividing the result by the stan-
dard deviation of the values for each variable (Hossain, Patras,
Barry-Ryan, Martin-Diana, & Brunton, 2011). The purpose of stan-
dardization was to make sure that each parameter carried an equal
weight in the principal component calculation.

3. Results and discussion

3.1. Composition of coffee brews along with assessment of browning

Fig. 1 shows the composition of six CGA isomers in brew
extracts made from Arabica coffee beans processed under green,
light, medium, and dark roasting conditions and derived from
Fig. 1. (A) 3-CQA, (B) 4-CQA, (C) 5-CQA, (D) 3,5-diCQA, (E) 3,4-diCQA, and (F) 4,5-diCQA (
5 different regions (Dominican, Peru, Sumatra, PNG, Ethiopia) with different roasting co
Mean ± SD, n = 3. a–dDenoted significant (p < 0.05) differences in CGA isomer content amo
the same geographic region by using Bonferroni post-tests. (For interpretation of the refe
article.)
Sumatra, Dominican, Peru, Ethiopia, and PNG. The most abundant
CGA isomer was 5-CQA, which accounted for 69–74% of total
CGA in all coffee brew extracts, especially those from green beans.
The range of differences among samples sourced from five regions
was relatively small. The 5-CQA content decreased >85% in coffee
brews prepared from dark roasted beans compared with those pre-
pared from non-roasted green beans derived from the same region.
For example, the total CGA content in coffee brew extracts of light-,
medium- and dark-roasted Sumatran beans decreased to 35.60%,
62.91%, and 80.60%, respectively, compared with the original CGA
content in green beans. The 3-CQA and 4-CQA contents were
higher in brews prepared from light-roasted, compared with green
beans. This has been attributed to acyl migration via the formation
of an ortho-ester intermediate (Deshpande, Jaiswal, Matei, &
Kuhnert, 2014; Moon, Yoo, & Shibamoto, 2009). The content of
CGA isomers in coffee brew prepared from roasted beans
decreased in the order of 5-CQA > 4-CQA > 3-CQA > 3,4-
diCQA > 4,5-diCQA > 3,5-diCQA. This is comparable mostly to the
findings of a previous study in which the relative isomer content
mg) in freeze-dried coffee brew extract (g) prepared from coffee beans derived from
nditions (Green, Light, Medium, and Dark roasted beans). Data were expressed as
ng coffee brew extracts derived from the beans with different roasting degree within
rences to color in this figure legend, the reader is referred to the web version of this
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in commercially blended and brewed coffee (Fujioka & Shibamoto,
2008).

Table 1 presents the total CGAs and caffeine contents, along
with browning parameters that included color characteristics (E),
absorbance at 420 nm and the recovery of HMW MRPs (MW
>10 kDa) in brew extracts of coffee beans. The impact of the geo-
graphic region where the beans were sourced and the degree of
roasting significantly affected the CGA content in Arabica coffee
brews, which partially explains the relative changes in CGA con-
tent among various samples. We previously reported that CGA
losses are the greatest in dark-roasted coffee (Liu & Kitts, 2012),
as have others who also attributed this fact to the conversion of
CGA isomers to precursors incorporated in melanoidins (Perrone,
Farah, & Donangelo, 2012). Although this appears to be true of
roasted coffee in general, the magnitude of the CGA disappearance
in medium and dark roasted coffee brews did not correspond to a
relative difference in various parameter measures of MRP brown-
ing (namely, E, 420 nm absorbance and >10 kDa MRP) in the same
brews. One explanation for this might be the absence of specific
differences in the amount of MRP fractions with MW >10 kDa in
medium to dark coffee brews, despite parallel significant decreases
in all CGA isomers. Since our coffee brews represented only water
soluble MRP, we might have underestimated the complete trans-
formation to HMW melanoidins by not fully recovering all HMW
MRP.

3.2. Antioxidant activity of coffee brew extract evaluated by ABTS,
ORAC, and NO assays

Table 2 shows the antioxidant activities of various coffee brews
evaluated by chemical methods. Coffee brew extracts tested for
chemical based antioxidant activity exhibited a relatively higher
Trolox equivalent in ORAC, than in ABTS or NO inhibition assays,
respectively. Although absolute antioxidant values varied depend-
ing on the chemical assay, trends were similar between green cof-
fee and roasted coffee brews using ORAC and ABTS assays, whereas
free radical scavenging capacity was actually lower (p < 0.05) in
green bean brews compared with roasted coffee brews. Results
from ABTS and ORAC assays also showed that coffee brews derived
Table 1
Total chlorogenic acids and caffeine content with color characteristics, browning and HMW

Region Roasting degree Total CGAs content (mg/g) Caffeine (mg/g

Dominican Green 184.18 ± 7.96a 37.38 ± 0.98a

Light 118.61 ± 0.76b 36.89 ± 0.34a

Medium 68.32 ± 1.30c 37.04 ± 0.44a

Dark 35.74 ± 1.43d 37.58 ± 1.05a

Peru Green 192.70 ± 1.92a 32.43 ± 0.95a

Light 104.44 ± 0.78b 31.52 ± 0.84a

Medium 61.37 ± 0.26c 30.22 ± 1.00a

Dark 27.40 ± 0.40d 30.17 ± 1.29a

Sumatra Green 183.95 ± 1.06a 33.01 ± 0.50a

Light 85.42 ± 0.65b 32.44 ± 0.89a

Medium 56.20 ± 1.15c 32.42 ± 0.81a

Dark 30.36 ± 0.46d 31.51 ± 0.79a

PNG Green 166.33 ± 1.84a 33.63 ± 1.03a

Light 102.53 ± 0.77b 33.67 ± 0.96a

Medium 67.55 ± 0.49c 32.50 ± 1.05a

Dark 33.91 ± 0.37d 33.66 ± 0.96a

Ethiopia Green 186.99 ± 1.74a 32.67 ± 0.56a

Light 96.2 ± 0.78b 32.34 ± 1.01a

Medium 50.38 ± 0.60c 32.70 ± 0.46a

Dark 28.15 ± 0.56d 33.50 ± 1.07a

1 Color characteristic, E = L2 + (a)2 + (b)2, browning = absorbance at 420 nm; HMW MR
abcd Represent means in columns that are significantly different among different roastin
confidence set at p < 0.05. ND = not detected in coffee brew extracts.
from medium and dark roasts, respectively, were less effective at
scavenging radicals compared with light-roast brews (p < 0.05).
Others examining the effect of roasting conditions on the antioxi-
dant activity of coffee brews using Folin-Ciocalteu and ABTS assays
also reported maximum antioxidant activity in light to medium-
roasted coffee brews (Smrke, Opitz, Vovk, & Yeretzian, 2013). The
antioxidant activity in light-roast coffee brews determined using
both ABTS assay and ORAC assays was maximal in coffee from
Dominica and Peru, but not from Sumatra, PNG and Ethiopia, indi-
cating the existence of some varietal differences. Of interest was
the fact that these particular varieties also exhibited modest differ-
ences in the generation of MRP parameters. We previously studied
the relative contributions of CGA and MRP in dark roasted coffee
brews measured using ABTS and ORAC. The results indicated that
a major source of antioxidant activity could be sub-structures of
MRP that are not components of the chromophore (Liu & Kitts,
2011). This conclusion explains how changes in MRP parameters,
such as in the color and recovery of MW >10 kDa MRPs do not
always follow predicted antioxidant activities. Others have also
reported that degradation products of CGA isomers in brewed cof-
fee that are not involved in MRP, have antioxidant activity
(Kamiyama, Moon, Jang, & Shibamoto, 2015). Moreover, we dis-
count the influence of caffeine as a factor in the overall difference
observed in antioxidant capacity of different brews, since caffeine
concentrations were not affected by our roasting conditions, and
they are relatively more stable during the brewing process than
CGA isomers (Crozier, Stalmach, Lean, & Crozier, 2012; Liu &
Kitts, 2012).

The mechanisms of interaction between coffee components and
free radicals will also depend on a combination of differences in
the molecular structures of antioxidant components and the chem-
ical characteristics of free radicals that are involved in the assay
system. Free radicals vary in terms of relative affinity for interact-
ing with atoms that have the highest electron density. The peroxyl
radical used for ORAC testing interacts with chlorogenic acid at
hydroxyl groups attached to the carbon atom with the largest elec-
tronic density in the benzene ring. This is different to the ABTS rad-
ical, for which interaction with chlorogenic acid depends on the
degree of ionization with carboxyl and phenolic hydroxyl groups.
MRPs in coffee brew extracts.1

) E Absorbance at 420 nm HMW MRPs (g/100 g)

4045.24 ± 12.45a 0.22 ± 0.01a ND
1482.56 ± 15.46b 0.55 ± 0.01b 40.04 ± 0.97a

944.05 ± 12.68c 0.59 ± 0.00c 37.41 ± 1.27b

576.88 ± 13.57d 0.59 ± 0.00c 39.42 ± 0.99a

4060.05 ± 11.82a 0.23 ± 0.00a ND
1535.59 ± 16.37b 0.55 ± 0.00b 39.76 ± 1.93a

910.24 ± 18.42c 0.61 ± 0.00c 35.42 ± 2.24b

469.46 ± 16.47d 0.61 ± 0.01c 39.49 ± 1.70a

4013.08 ± 20.46a 0.24 ± 0.00a ND
1311.06 ± 19.72b 0.53 ± 0.00b 36.41 ± 1.72a

814.50 ± 18.37c 0.58 ± 0.08c 35.42 ± 1.56a

533.04 ± 16.38d 0.58 ± 0.00d 37.16 ± 1.34a

4081.51 ± 15.27a 0.23 ± 0.01a ND
1387.26 ± 14.33b 0.54 ± 0.00b 33.60 ± 2.25ab

898.46 ± 14.73c 0.58 ± 0.00c 30.72 ± 2.57a

464.35 ± 16.93d 0.59 ± 0.00c 35.52 ± 2.08b

4083.31 ± 15.38a 0.22 ± 0.01a ND
1155.25 ± 13.25b 0.57 ± 0.00b 39.26 ± 2.27a

568.70 ± 14.62c 0.58 ± 0.00c 37.39 ± 2.09a

415.65 ± 11.35d 0.59 ± 0.00c 38.38 ± 1.29a

Ps = MW >10 kDa.
g degree within the same geographic region by using Bonferroni post-tests. Level of



Table 2
Antioxidant activity of coffee brew extract evaluated by ABTS, ORAC, NO, Frémy’s salt, and TEMPO assays.1

Region Roasting degree Antioxidant activity (mmol Trolox Equivalent/g)

ABTS ORAC NO Frémy’s salt TEMPO

Dominican Green 0.41 ± 0.01a 1.51 ± 0.04a 0.62 ± 0.03a 1.16 ± 0.03a 0.00 ± 0.00a

Light 0.60 ± 0.03b 2.04 ± 0.13b 0.62 ± 0.03a 0.94 ± 0.03b 0.27 ± 0.01b

Medium 0.55 ± 0.02c 1.87 ± 0.10c 0.33 ± 0.02b 0.66 ± 0.04c 0.37 ± 0.01c

Dark 0.54 ± 0.02c 1.43 ± 0.07d 0.32 ± 0.03b 0.67 ± 0.04d 0.40 ± 0.01d

Peru Green 0.45 ± 0.02a 1.69 ± 0.05a 0.62 ± 0.04a 1.28 ± 0.05a 0.00 ± 0.00a

Light 0.61 ± 0.03b 2.09 ± 0.07b 0.61 ± 0.04a 1.20 ± 0.03b 0.30 ± 0.01b

Medium 0.53 ± 0.03c 1.73 ± 0.06a 0.35 ± 0.04b 1.03 ± 0.04c 0.34 ± 0.01c

Dark 0.53 ± 0.02c 1.54 ± 0.06c 0.34 ± 0.04b 0.82 ± 0.04d 0.38 ± 0.02d

Sumatra Green 0.42 ± 0.03a 1.55 ± 0.06a 0.67 ± 0.03a 1.11 ± 0.03ac 0.00 ± 0.00a

Light 0.53 ± 0.02b 2.14 ± 0.10b 0.69 ± 0.02a 1.15 ± 0.06ab 0.36 ± 0.01b

Medium 0.52 ± 0.03b 1.93 ± 0.09c 0.45 ± 0.03b 0.91 ± 0.04c 0.39 ± 0.02c

Dark 0.51 ± 0.03b 1.74 ± 0.05d 0.45 ± 0.03b 0.80 ± 0.04c 0.42 ± 0.02d

PNG Green 0.38 ± 0.02a 1.65 ± 0.09a 0.58 ± 0.04a 1.17 ± 0.04a 0.00 ± 0.00a

Light 0.51 ± 0.03b 2.25 ± 0.11b 0.60 ± 0.03a 1.15 ± 0.04a 0.34 ± 0.01b

Medium 0.51 ± 0.02b 1.97 ± 0.10c 0.38 ± 0.04b 0.93 ± 0.04b 0.35 ± 0.01b

Dark 0.49 ± 0.02b 1.94 ± 0.07c 0.38 ± 0.03b 0.84 ± 0.03c 0.36 ± 0.01c

Ethiopia Green 0.41 ± 0.02a 1.73 ± 0.08a 0.62 ± 0.05a 1.13 ± 0.03a 0.00 ± 0.00a

Light 0.53 ± 0.02bc 2.16 ± 0.11b 0.64 ± 0.05a 1.04 ± 0.04b 0.27 ± 0.02b

Medium 0.55 ± 0.03b 2.16 ± 0.08b 0.37 ± 0.03b 0.92 ± 0.04c 0.34 ± 0.01c

Dark 0.51 ± 0.02c 1.66 ± 0.07a 0.35 ± 0.04b 0.81 ± 0.04d 0.38 ± 0.01d

1 Values represent mean ± SD.
abcd Represent means in columns that are significantly different among different roasting degree within the same geographic region by using Bonferroni post-tests. Level of
confidence set at p < 0.05.
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Our results showed that CGA isomers in green coffee beans will
react to Frémy’s salt, an inorganic stable radical, to a degree that
is specific to the isomer. On the contrary, MRP generated partly
from CGA transformation during roasting had stronger reactivity
with the TEMPO radical, compared with Frémy’s salt. Thus, the
complex chemical composition of coffee brew being the basis for
different atoms each possessing distinct electron densities, will
ultimately govern the absolute response in different antioxidant
assay measurements used to evaluate activity. Factors that include
the variety or source of the coffee bean, exact roasting conditions
and brewing times and procedures collectively influence the final
composition of the coffee brew. These factors in turn might react
differently with specific radicals used in various assays
(Sacchetti, Di Mattia, Pittia, & Mastrocola, 2009) (Vignoli, Bassoli,
& Benassi, 2011).

Despite notable decreases in total CGA in coffee brews derived
from a light roast thermal process, the similar increase in scaveng-
ing activities observed with ABTS and peroxyl radicals, respectively
in all coffee varieties tested indicated that compounds derived
from the browning reactions at a relatively earlier stage of roasting
are more effective than the presence of total CGA in terms of inter-
acting with these specific radical species. Maillard reactions that
specifically occur in thermally processed coffee have been attribu-
ted to non-covalent interactions between CGA isomers and mela-
noidins to produce complexes with varying degrees of
antioxidant activity (Wolfe & Liu, 2007). Delgado-Andrade et al.
separated melanoidins from coffee brews prepared with different
roasts and found that pure melanoidins contributed 10–15% to
the total antioxidant activity of coffee brew when evaluated using
ABTS assays (Delgado-Andrade et al., 2005). Others who have stud-
ied the contribution of CGA to the antioxidant activity of coffee
brew concluded that the loss of CGA during the roasting process
does not yield a decrease of antioxidant activity due to the simul-
taneous generation of browning products that also exhibit antiox-
idant activity (Perrone et al., 2012). The present study found
similar NO reducing activities between light-roasted and
unroasted coffee, but more activity (p < 0.05) compared with med-
ium or dark roasted brews, respectively. Our results using Frémy’s
salt and EPR measurements were similar but less striking. Table 2
also shows that green coffee did not have the same TEMPO radical
scavenge capacity as roasted coffee brew extracts. In particular,
TEMPO scavenging was highest among the dark roasted coffees,
regardless of the geographic location where the coffee beans were
sourced. Taken together, these results indicate that phenolic com-
pounds in green coffee beans that are more reactive in both the NO
reducing test and Frémy’s salt were lost during roasting and likely
transformed to compounds that were more responsive in the
TEMPO radical assay. It is plausible that melanoidins generated
during roasting that parallel the loss of phenolics, possess rela-
tively lower hydrogen dissociation enthalpy or reducing capacity,
which explains the typically lower antioxidant activity in both
the NO and Frémy’s salt assays. Hence, browning components gen-
erated during extended roasting processes do not possess enough
antioxidant capacity to compensate for the loss of phenolic com-
pounds that is attributed to higher antioxidant capacity in both
light roasted and non-roasted brews. A shift to lower activity in
the Frémy’s salt assay with roasting corresponded to losses of
CGA isomers, whereas the increased radical scavenging activity
of TEMPO in dark roasts more effectively reflected the contribution
of MRP to total antioxidant capacity.

3.3. Coffee brew extracts protect Caco-2 cells against AAPH-induced
intracellular oxidative stress

Although chemical-based antioxidant assays are useful for ana-
lysing the antioxidant activity of different coffee brews, the results
cannot be fully extrapolated to biological systems. Cellular antiox-
idant activity assays provide biologically relevant methods to mea-
sure the activity of antioxidants since they account for important
factors such as cellular uptake, distribution and to some extent,
metabolism in the final assessment of activity (Wolfe & Liu,
2007). We assessed cellular antioxidant activity in Caco-2
cells after their differentiation into intestinal-like cells (Takenaka
et al., 2015). Coffee brews in a concentration range of
0.125–1.0 mg/mL did not adversely affect Caco-2 cell viability,
but significantly inhibited fluorescence endpoint measures in



Fig. 2. Capacity of coffee brew extracts at concentration of (A) 0.5 mg/ml and (B)
1 mg/ml to prevent AAPH-induced oxidative stress determined by DCFH-DA probe
in differentiated Caco-2 cells. Data were expressed as% of Inhibition on fluorescence
signal. Different letters indicate significant differences (p < 0.05) among different
roasted coffee brew extracts from each geographic region.
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Caco-2 cells incubated with AAPH. All coffee brews, regardless of
the source of the beans dose-dependently (0.5–1.0 mg/mL)
reduced intracellular oxidative stress induced by AAPH, which gen-
erates peroxyl radicals (Fig. 2a and b). At concentration of 1 mg/mL,
brew extract generated intracellular inhibition effects in the order
of brews from green coffee > light > medium > dark roasts. Intesti-
nal cells uptake and metabolize CGA isomers that are relatively
small molecules with known peroxyl radical scavenging capacity
(Gómez-Ruiz, Leake, & Ames, 2007). The decrease in the ratio (%)
of intracellular oxidation in Caco-2 cells incubated with roasted
coffee brew extracts, compared with green coffee brew extracts
can be explained as the proportional losses of CGA isomers during
roasting and the relatively reduced capacity of browning products
to be absorbed into intracellular compartment to quench peroxyl
radicals. Since, MRP have scavenging capacity for peroxyl radicals
Table 3
Pearson correlation coefficients between physiochemical parameters and antioxidant activ

Parameters ABTS ORAC NO

Caffeine �0.001 �0.149* �0.006
3-CQA 0.196** 0.487*** 0.678***

4-CQA �0.129 0.285*** 0.821***

5-CQA �0.705*** �0.281*** 0.696***

3,4-diCQA �0.606*** �0.180* 0.748***

3,5-diCQA �0.776*** �0.374*** 0.613***

4,5-diCQA �0.704*** �0.247*** 0.704***

HMW MRPs 0.835*** 0.444*** �0.513***

420 nm absorbance 0.799*** 0.406*** �0.611***

E 0.499*** �0.040 �0.838***

* Denoted significance set at p < 0.05.
** Denoted significance set at p < 0.01.

*** Denoted significance set at p < 0.001.
in chemical assays, this finding could reflect limited bioavailability
of HMW MRPs in Caco-2 cells.
3.4. The relationships between physiochemical characteristics and
antioxidant properties

The results of a Pearson correlation analysis confirmed the rel-
evance of physiochemical characteristics of coffee brews that influ-
ence antioxidant capacity estimated using different types of
antioxidant assays (Table 3). The strong positive correla-
tions (r = 0.748–0.783) between specific CGA isomers (5-CQA,
3,4-diCQA, 4,5-diCQA, and 3,5-diCQA) and intracellular oxidative
capacity contrasted with the negative correlations (r = �0.984 to
�0.928) between specific CGA isomers and the finding of assays
of radical scavenging capacity using TEMPO. We also observed a
negative correlation (r = �0.705) between 5-CQA and ABTS radical
scavenging capacity. This result agrees with recent findings that
showed 5-CQA concentrations decreased gradually during roast-
ing, but the ABTS radical scavenging capacity of coffee brew
increased with increased roasting (Kocadağlı & Gökmen, 2016).

We also used PCA to help interpret relationships between the
chemical composition of coffee brews and estimated antioxidant
activity. Since CGA isomers and browning compounds are major
contributors to the antioxidant activity of coffee, their concentra-
tions were included in the PCA along with antioxidant activities
determined from different types of assays. Two principle compo-
nents, PC1 and PC2, with eigenvalue greater than one, explained
65.01% and 18.00% respectively, of the total variance in the data
set.

Fig. 3 shows a PCA bi-plot that allows the display of information
about both samples (dots) and variables (vectors) as a data matrix
in a single figure. The blue scale represents the loading plot in
which the projection of variables is reflected in PC1 and PC2 planes.
This result indicated that the content of particular CGA isomers (5-
CQA, 3,4-diCQA, 4,5-diCQA, and 3,5-diCQA) have strong positive
correlation to the intracellular peroxyl radical scavenging capacity
and strong negative correlation to TEMPO radical scavenging
capacity and browning. The black scale on the scatter plot provides
the location of each sample point where levels of a given compo-
nent tend to cluster with a particular characteristic. Fig. 3 shows
that clustered sample points together have the same roasting
degree. Green coffee samples had a high content of 5-CQA, dicaf-
feoylquinic acids and more intracellular antioxidant activity.
Light-roasted coffee samples had a relatively high 3-CQA and 4-
CQA content accompanied by powerful peroxyl radical observed
in ORAC assay. Medium- and dark-roasted coffee samples with
melanoidin content clustered with TEMPO radical scavenging
capacity. In summary, we analyzed physicochemical changes in
green and roasted coffee beans that ultimately affect antioxidant
ities in coffee brews.

Frémy’s salt TEMPO Intracellular oxidative assay

�0.242** �0.095 �0.026
0.480*** �0.266*** 0.402***

0.655*** �0.595*** 0.634***

0.642*** �0.981*** 0.783***

0.630*** �0.928*** 0.754***

0.593*** �0.984*** 0.748***

0.619*** �0.967*** 0.771***

�0.522*** 0.951*** �0.690***

�0.564*** 0.975*** �0.726***

�0.755*** 0.867*** �0.796***



Fig. 3. Bi-plot of principal component analysis of antioxidant activity and coffee physiochemical characteristics of green, light, medium and dark roasted coffee brew extracts.
The black scale denotes the coffee sample scatter plot and the blue scale denotes the scale for variable projection. Green, light, medium and dark refer the different roasting
conditions used to produce the coffee brews. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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values among Arabica coffee brews. The findings, albeit specific to
Arabica coffee, but sourced from five geographic locations, imply
that the complex mixture of chemical components in coffee brews
collectively influences the characteristic antioxidant activity,
which in turn is relevant to the underlying mechanisms of action
of various types of antioxidant assays.

4. Conclusion

We concluded that the complexity of coffee brews particularly
that created by the influence of roasting, precludes using a single
assay to adequately describe the antioxidant activity of coffee.
Moreover, while chemical assays of free radical scavenging are use-
ful to evaluate the quality attributes of a coffee source, cell-based
antioxidant tests are more effective as predictors of bioactive
potential that are relevant to human health. The use of PCA in
the final interpretation of the data not only allowed for visual dis-
plays of the complex relationships among various physiochemical
and functional coffee parameters including the CGA isomer con-
tent, but also provided an immediate view of the effects of process-
ing and geographic region on each parameter.
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