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Abstract

Green coffee processing has been hindered by low oil extraction yields from mechanical pressing and the need of using flam-
mable and hazardous solvents for defatting the protein-rich cake before subsequent protein extraction. To replace the use of
flammable solvents and enable the simultaneous extraction of lipids and proteins from green coffee beans at reduced water
usage, a multistage countercurrent extraction process was scaled up from 0.05 to 1.14 kg and evaluated regarding protein and
oil extractability, physicochemical and functional properties of the extracted protein, and oil recovery. Enzymatic extraction
increased protein extractability by ~13% while achieving similar oil extractability when not using enzymes (55%). Proteolysis
resulted in the release of smaller proteins with reduced surface hydrophobicity and higher solubility at acidic pH (3.0-5.0).
The physicochemical changes observed due to proteolysis resulted in the formation of emulsions with reduced resistance
against enzymatic and chemical demulsification strategies, enhancing the recovery of the extracted oil (48.6-51.0%). Pro-
teolysis did not alter the high in vitro digestibility of green coffee proteins (up to 99%) or their emulsifying properties at
most pH values evaluated. However, proteolysis did reduce the foaming properties of the hydrolysates compared with larger
molecular weight proteins. These findings revealed the impact of extraction conditions on the extractability and structural
modifications altering the functionality of green coffee proteins and the synergistic impact of extraction and demulsifica-
tion strategies on the recovery of the extracted oil, paving the way for the development of structure—function processes to
effectively produce green coffee proteins with desired functionality.
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Coffee beans have been primarily used to produce bever-
ages worldwide. However, because of the potential health
benefits associated with green coffee oil such as antioxidant
activity, protection against damage caused by UVB radiation,
regeneration of lipids from the corneum stratum, besides the
good emollient properties (Voytena et al., 2017), coffee beans
have also been redirected to the oil industry. Furthermore,
growing interest in the production and utilization of green
coffee protein extracts has been recently fueled by the whole
plant-based protein concept, which brings additional benefits
associated with the presence of soluble phytoantioxidants
(Applied Food Sciences, 2019; Oliveira et al., 2019a; Prandi
et al., 2021; Siegner, 2019). Green coffee oil is frequently
extracted by cold mechanical pressing, a process known for
having low extraction efficiency for low oil content matrices
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such as coffee beans. Therefore, it generates a cake byproduct
containing proteins and unextracted lipids, the latter requir-
ing subsequent removal by the use of neurotoxic/flammable
solvents. This not only raises environmental/safety concerns
but can negatively affect the quality of the extracted oil (Che-
mat et al., 2019). Therefore, current extraction practices can
hinder the potential use of this fraction for cosmetic and food
applications (Oliveira et al., 2019b).

The use of proteins as ingredients in food systems is of
key importance as they possess numerous functional prop-
erties (e.g., gelation, solubility, emulsification, and foam-
ing capacity) (Zayas, 1997) of interest for the production of
nutritious and functional foods. Among the wide range of
plant-based proteins currently being evaluated for industrial
applications, green coffee protein is one of the least evalu-
ated by current research, evidencing a knowledge gap about
the impact of extraction and fractionation strategies on their
physicochemical and functional properties, a required step
to identify potential applications for green coffee protein.

The use of aqueous (AEP) and enzymatic extraction pro-
cesses (EAEP) is an effective green extraction approach that
can address the low extraction yields from mechanical press-
ing and the subsequent use of flammable solvents to further
defat the residual cake. Importantly, it enables the simultane-
ous extraction of water-soluble (i.e., proteins, polyphenols,
and carbohydrates) and insoluble (i.e., lipids) compounds
from different matrices such as soybeans (De Moura et al.,
2009), peanuts (Jiang et al., 2010), sunflower (de Aquino
et al., 2019), and yellow mustard (Tabtabaei & Diosady,
2013). In addition to achieving high extraction yields, these
techniques present operational flexibility, and low capital
investment, energy consumption, and operational costs (Wu
et al., 2009). Importantly, AEP and EAEP of oilseeds and
some tree nuts have been shown to produce oils of simi-
lar quality to mechanically expressed oils (Mechqoq et al.,
2021; Polmann et al., 2019; Soto et al., 2007). However, the
high water usage required to achieve high extractability is an
unquestionable challenge of aqueous extraction processes,
often leading to the generation of a high quantity of aque-
ous extracts that need to be handled, centrifuged, and spray-
dried to produce protein powder for subsequent applications
(Souza Almeida et al., 2021; Souza et al., 2019).

Our research group recently demonstrated high oil (48%)
and protein (70%) extraction yields from green coffee when
using enzymes in the extraction. However, the high extract-
ability achieved was only possible due to the use of a large
amount of water (1:17.5 solids-to-liquid ratio, SLR), a com-
mon challenge when performing single-stage extractions. To
circumvent this issue, we developed a two-stage countercur-
rent enzymatic extraction process that successfully reduced
the water usage in the process by 60% while increasing oil
and protein extractability to 58 and 72%, respectively (Souza
Almeida et al., 2021). However, because the feasibility of
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the process developed relies not only on achieving high
extraction yields but also on maximizing the recovery of
the extracted oil and production of proteins with desired
technological functions, we decided to evaluate strategies
to destabilize the emulsion produced by the process to free
the extracted oil and to characterize the functional proper-
ties of the extracted green coffee protein to identify potential
industrial applications.

Since previous research has been performed only at the
lab scale (50 g of green coffee flour) and oil recovery and
protein functionality have not been evaluated yet, the two-
stage countercurrent AEP and EAEP processes were scaled
up to find potential issues that might occur at a larger-scale
and to produce enough cream (emulsion) and protein extracts
(skim) for oil recovery and functional analyses. Therefore,
the specific objectives of the present research were to (i)
determine the impact of scaling up the two-stage counter-
current extraction (with and without enzyme) from 0.05 to
1.14 kg of green coffee flour on oil and protein extractabil-
ity, (ii) evaluate the impact of enzymatic extraction on the
recovery of the extracted coffee oil (entrapped in an oil in
water emulsion) by enzymatic and chemical demulsifica-
tion strategies, and to (iii) assess the influence of enzymatic
extraction on the physicochemical and functional properties
of the extracted protein. These data will help elucidate the
impact of proteolysis in the countercurrent extraction pro-
cess on the technological properties of green coffee proteins
and will determine for the first time the integrated impact of
extraction and recovery methods on final oil recovery from
green coffee beans.

Material and Methods
Green Coffee and Enzyme

Arabica green coffee beans produced in the Brazilian Cer-
rado (Genuine Origin, NY, USA) were used in the extrac-
tions. The beans were ground using a blender (Vitamix
VMO0103, Cleveland, OH, USA) at the maximum speed to
obtain the flour (9.40 + 0.35% oil, 12.74 + 0.09% protein,
and 5.29 + 0.22% moisture content) for subsequent use in
the extractions. The commercial alkaline endoprotease from
Bacillus licheniformis (Danisco, Rochester, NY, USA), pre-
senting enzyme activity 580,000-650,000 DU/g in the pH
range 7.5-10.5, and temperature range 40-70 °C, was used
to assist the extractions.

Scaling Up the Two-Stage Countercurrent Extraction
Process

Except for the increase in the amount of green coffee flour
from 0.05 to 1.14 kg, the two-stage countercurrent extraction
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process was performed as previously described by Souza
Almeida et al. (2021). Initially, the coffee flour was first
extracted by dispersing 1.14 kg of the green coffee flour
in distilled water to reach a 1:7 (w/v) solids-liquid ratio
(SLR), without enzyme addition. The extraction was per-
formed at 50 °C in a 10 L jacketed glass reactor (CG-1965-
610 M—Chemglass Life Sciences LLC, Vineland, NJ, USA)
using mechanical agitation at 120 rpm for 30 min, and at pH
9.0 (adjusted with 1 M NaOH). After extraction, the slurry
followed centrifugation at 4000 X g for 30 min at 4 °C to
remove the insoluble fraction (Insoluble A) (Fig. 1), which
was subjected to a second extraction. The insoluble A was
dispersed in water to achieve 1:7 SLR and 0.1% (w/w) of
alkaline protease was added to assist the extraction, which
was carried out under the same conditions as the first extrac-
tion. Following the centrifugation of the second extraction
slurry, the liquid fraction (Skim B + Cream B) obtained was
used to slurry the first extraction on the subsequent run with
fresh incoming flour (Fig. 1). Each two-stage extraction was
considered as one run and was sequentially replicated three
times. Only liquid fractions (Cream A + Skim A) gener-
ated from the third run (when enzymes had been adequately
recycled between the runs) were separated overnight at
4 °C into cream and skim fractions for further proximate
characterization, demulsification, and functional analyses.
The skim fraction (protein-rich phase) is further referred to
as the extract. Oil (OE) and protein (PE) extraction yields

were determined according to equations (Egs. (1) and (2))
and the distribution among the fractions was obtained by
Eq. (3) to (4). To gain a deeper understanding of the impact
of enzyme use during the extraction on the functional and
physicochemical properties of the extracted compounds, a
two-stage countercurrent extraction without enzyme use
(AEP) was also performed as above described.

OE (%) = 100 — (Oi] in the insoluble fraction (g)) « 100

Oil in the coffee flour (g)

(H
Protein in the insoluble fraction (g)
PE (%) = 100 — — 100
Protein in the coffee flour (g)
2
Oil in the fracti
Oil yied in the fractions (%) = (— 0 the fraction (&)=,
Oil in the coffee flour (g)
(3)
Protein yield in the fractions (%) = (— o in the fraction () 4)

Protein in the coffee flour (g)

Understanding the Integrated Impact of Extraction
and Demulsification Conditions on Oil Recovery

To recover the extracted oil entrapped in the oil-rich emul-
sion (cream A), chemical and enzymatic demulsification
strategies were evaluated to destabilize the emulsions
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Fig. 1 Process flow diagram for the two-stage countercurrent enzyme-assisted aqueous extraction of green coffee flour and cream demulsifica-

tion strategies
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generated by the countercurrent EAEP and AEP (without
enzyme use) (Fig. 1). Oil recovery was attempted by incu-
bating 20 g of well-mixed cream samples in a 50 °C water
bath under constant stirring at 600 rpm (de Souza et al.,
2020a). Chemical demulsification consisted of adjusting the
cream pH to 3.5 (zero net charge for coffee proteins) (Wen
et al., 2021), while the enzymatic demulsification was car-
ried out by adjusting the cream pH to 9.0 (optimal condition
for alkaline protease activity) with 1 N NaOH, followed by
the addition of varying amounts of alkaline protease (0.5,
1.0 and 2.0% w/w). A control sample was also prepared
without enzyme and at the original pH of the creams. All
samples were incubated for 90 min, followed by cooling
in an ice bath for 15 min, and subsequent centrifugation at
3000 x g for 15 min at 25 °C. Afterward, the free oil layer
was removed, and, for quantitative purposes, hexane was
used to wash out the remaining oil. The hexane-lipid fraction
was submitted to air drying and the oil recovery yield was
obtained (Eq. (5)) (de Moura et al., 2011):
. free oil (g)
Oil recovery (%) = (Cream (g) X Oil in the cream (%)) * 100
®)

Physicochemical Properties of Protein Extracts
from the Two-Stage Countercurrent Extraction

Proximate analyses

To calculate oil and protein extractability, cream demulsi-
fication yields, and to further characterize the samples for
subsequent analyses, all fractions derived from the extrac-
tion process (cream, insoluble, skim, and coffee flour) were
analyzed for dry matter, oil (performed by acid hydroly-
sis), and protein contents (AOAC, 1990). The latter was
measured by the Dumas method using a Nitrogen Analyzer
(Vario MAX cube, Elementar Analysensysteme GmbH,
Langenselbold, Germany) and a protein conversion factor
of 5.24 (Souza Almeida et al., 2021). Ash determination of
skim fractions was performed following the AOAC protocol
(AOAC, 1990). All analyses were performed in triplicate for
each processing replicate sample (n = 3).

Surface Charge-Zeta Potential

The surface charge of the freeze-dried protein extracts was
determined by using a Zetasizer Nano-ZS (Malvern, UK).
Protein extract solutions (0.01% w/w) were prepared with
Milli-Q water at different pH values (2.0, 3.0, 3.5, 4.0, 5.0,
7.0, and 9.0), by adding either 0.01 N HCl or 0.01 N NaOH
solutions. Zeta potential measurements were carried out at
least in triplicate for each processing replicate (n = 3).

@ Springer

Protein Surface Hydrophobicity (H,)

Protein extracts were characterized according to protein surface
hydrophobicity by using the 1-anilino-8-naphthalenesulfonate
(ANS) fluorescence probe, following the protocol described by
Zhang et al. (2013b), with modifications. For this, AEP/EAEP
extracts were initially diluted with 0.01 M sodium phosphate
buffer solution (pH 7.0) to obtain variable protein concentra-
tions varying from 0.022 to 0.22 mg/mL. Next, 250 puL of the
diluted extract was placed into a 96-well plate, followed by the
addition of 1.25 pL of ANS solution (8.0 mM in 0.01 M phos-
phate buffer, pH 7.0, solution). The fluorescence intensity was
measured in a microplate reader (SpectraMax iD5 Multi-Mode
Microplate Readers, Molecular Devices, San Jose, California,
USA) at an excitation wavelength of 390 nm and emission
wavelength of 470 nm (both with a slit width of 5 nm). Protein
hydrophobicity was determined by linear regression analysis,
considering the slope (So) of fluorescence intensity vs. protein
concentration. H, measurements were performed six times for
each processing replicate sample (n = 3).

Degree of Hydrolysis (DH) of AEP and EAEP Protein Extracts

The impact of the two-stage countercurrent extraction pro-
cess on the degree of protein hydrolysis, with and without
enzyme use, was determined (Nielsen et al., 2001). The
standard solution was composed of a 0.9516 meqv/L I-serine
solution and the control contained distilled water. Color inter-
ference from the extracts was taken into account by using a
sample background containing distilled water instead of the
o-phthaldialdehyde (OPA) reagent. Protein quantification (%)
was determined by using a Nitrogen Analyzer (Vario MAX
cube, Flementar Analysensysteme GmbH, Langenselbold,
Germany) and the DH was obtained based on the following
equations (Egs. (6) and (7)):

h

total

DH(%) = 100 x

(6)

b= Serine NH, — f
o

)

The constants «, P, and A, values correspond to 1.0,
0.4 (Nielsen et al., 2001), and 7.84 (calculated through the
amino acid composition of the coffee beans), respectively.

Protein Molecular Weight Distribution by Electrophoresis

The molecular weight distribution of the proteins extracted
by the two-stage countercurrent AEP and EAEP was
characterized by electrophoresis using a sodium dodecyl
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sulfate—polyacrylamide gel. Briefly, aliquots of liquid AEP
and EAEP extracts were mixed with (1:1 v/v) Laemmli solu-
tion containing f-mercaptoethanol (Bio-Rad, Hercules, CA,
USA). Then, samples were vortexed and heated in a water
bath at 95 °C for 5 min, for protein denaturation (Laemmli,
1970). After that, 30 ug of protein aliquots were placed in
each well onto a precast 12% acrylamide gel (CriterionTM
TGX Precast Gels, Bio-Rad, Hercules, CA, USA) to perform
the separation at 200 V, room temperature, for 1 h. The run-
ning buffer consisted of a Tris—HCI buffer (25 mM Tris, 192
mM glycine, 0.1% SDS, pH 8.3) (Bio-Rad, Hercules, CA,
USA) and the Precision Plus Protein Dual Color (10-250
kDa) (Bio-Rad, Hercules, CA, USA) was used as standard.
The relative abundance and distribution of proteins were
analyzed using a Gel DOCTM EZ Imager system and Image
Lab software (Bio-Rad, Hercules, CA, USA).

Nutritional and Functional Properties
of the Protein-Rich Extracts

In Vitro Protein Digestibility

AEP and EAEP protein extracts were tested against simu-
lated digestion fluids as described previously (Bornhorst &
Singh, 2013; de Souza et al., 2020b). Briefly, 5 mL of the
extract was mixed with 3.33 mL of simulated saliva fluid
(SSF) (final concentration: 75 U/mL alpha-amylase, 1 mg/
mL mucin, 0.117 mg/mL NaCl, 0.149 mg/mL KCI, and 2.1
mg/mL NaHCO;) at pH 7.0 and vortexed. Then, 6.67 mL
of simulated gastric fluid (SGF) (Final concentration: 2000
U/mL pepsin, 1.5 mg/mL gastric mucin, and 8.8 mg/mL
NaCl) was added and the pH was adjusted to 3.0. Samples
were incubated in a water bath under stirring (140 rpm) for
2 h at 37 °C. Next, the simulated intestinal fluid (SIF) (final
concentration: 800 U/mL pancreatin, 10 mg/mL bile extract,
and 16.8 mg/mL NaHCO;) was added (1:1 v/v), following
pH adjustment to 7.0, and incubation under the same previ-
ous conditions. Sample aliquots (500 uL) were collected at
the end of each digestion phase to evaluate the molecular
weight profile (“Protein Molecular Weight Distribution by
Electrophoresis” section) of the proteins contained in the
skim fractions and, to stop the reaction, samples were heated
at 85 °C for 3 min. Proteins were precipitated by the addi-
tion of a 24% (w/v) trichloroacetic acid solution at the 1:1
(v/v) proportion and they followed centrifugation at 4000
rpm for 30 min at 4 °C to obtain the precipitate (pellet).
The latter was used for nitrogen quantification before and
after the digestion using a Nitrogen Analyzer (Vario MAX
cube, Elementar Analysensysteme GmbH, Langenselbold,
Germany). The protein digestibility was obtained as follows

(Eq. (8)):

NPyetore = (NPypier — NP
Digestibility (%) = 100 X < before =~ (VPagier blank)>

NP before

®)
where NP, .. corresponds to the protein content before
digestion, NP, is the protein content after digestion, and
NPy.0x 18 the enzyme blank.

Solubility of Green Coffee Protein-Rich Extracts

The solubility of lyophilized AEP and EAEP protein extracts
(Labconco, Kansas, Missouri, USA) was determined accord-
ing to Souza et al. (2019). For this, 10 mL aliquots contain-
ing 2% (w/v) of protein extract solutions were placed in a
30 mL beaker for the analysis. The sample pH was then
adjusted to different values (2.0, 3.0, 3.5, 4.0, 5.0, 7.0, and
9.0) using either 1 N HCl or 1 N NaOH solutions. After stir-
ring at 150 rpm for 1 h at 20 °C, the dispersions were next
centrifuged for 10 min at 10,000 x g and 20 °C. A Nitrogen
Analyzer (Vario MAX cube, Elementar Analysensysteme
GmbH, Langenselbold, Germany) and a protein conversion
factor of 5.24 (Souza Almeida et al., 2021) were used to
determine the protein content of the freeze-dried powders
and supernatants. Each sample was analyzed in triplicate.
Protein solubility (%) was obtained as follows (Eq. (9)):

Protein in the s tant (g/100,
Solubility (%) = —rowin in the supernatant (g/100g) X100 (9)
Protein in the protein extract solution (g/100g)

Color Determination

To quantify the changes in the color of the extracts dur-
ing the solubility assay as a function of pH, the parameters
L* (lightness), a*, and b* were obtained, and the hue angle
(H) was calculated (Eq. (10)). For the measurements, a
ColorFlex spectrophotometer (Hunter Lab ColorFlex 45/0,
CX2478, Reston, VA, USA) was used, with D65 as the illu-
minant and 10° as the observer angle. The measurements
were recorded at least in triplicate.

H =tan" (b % /a %) (10)

Emulsifying Properties of Green Coffee Protein-Rich
Extracts

Emulsifying properties of AEP and EAEP protein extracts
(skims) were determined according to Jamdar et al. (2010)
and Pearce and Kinsella (1978), with modifications. For this,
2% (w/v) skim aqueous solutions were prepared and 15 mL
aliquots were transferred to 100 mL beakers. The solution pH
was adjusted to pH 2.0, 3.0, 3.5, 4.0, 5.0, 7.0, and 9.0 by using
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either | N HCl or 1 N NaOH. Then, 5 mL of soybean oil was
added to the skim solutions and the mixtures were homog-
enized using a Polytron PT 2500 homogenizer (Kinematica
AG, Lucerne, Switzerland) at 20,000 rpm for 1 min. Fifty
microliters aliquots were collected from the bottom of the
container and mixed with 10 mL of 0.1% sodium dodecyl sul-
fate (SDS) solution at 0 and 10 min after homogenization. The
absorbances of the diluted solutions were recorded at 500 nm
using a spectrophotometer (G10 S UV-Vis; Thermo Fisher
Scientific, Madison, WI, USA), and the emulsifying activity
index (EAI) and emulsion stability (ES) were obtained (Egs.
(11) and (12)):

m2 2x2.303 x Abs, x DF
EAI [ — ) = (11)
5 ¢ C x 10,000
S (mimy = S0 X At
M) = Absy — Abs; (12

where Abs, is the absorbance of the diluted emulsion meas-
ured immediately after homogenization, DF is the dilution
factor (200), o is the oil fraction (0.25), C is the weight of
protein per volume (g/mL), At is the time interval (10 min),
and Abs,, is the absorbance after 10 min. Samples were
analyzed at least in triplicate.

Foaming Properties of Green Coffee Protein-Rich Extracts

Foaming capacity (FC) and stability (FS) of AEP and EAEP
protein extracts were determined according to Jamdar et al.
(2010). Twenty microliters of previously prepared 2% (w/v)
freeze-dried skims aqueous solutions were transferred to 100
mL beakers and the pH of the solutions was adjusted to 2.0,
3.0, 3.5, 4.0, 5.0, 7.0, and 9.0 by using either 1 N HCI or 1
N NaOH. Skim samples were homogenized to incorporate
air using a Polytron PT 2500 homogenizer (Kinematica AG,
Lucerne, Switzerland) at 16,000 rpm, for 2 min at ambient
temperature. The whipped sample was immediately transferred
into a 100 mL cylinder and the total foam volume was read
after 30 s to determine foaming capacity (FC) (Eq. (13)) and

after 10, 30, and 60 min for foaming stability (FS) (Eq. (14)).
Each sample was evaluated in triplicate.

FC (%) =100% (V, — V5)/Vg (13)

FS (%) =100 % (V, = Vg)/Vg (14)

where V, is the volume after whipping the skim solutions
(mL), Vg is the volume before the solutions were whipped
(mL), and V| is the volume after 10, 30, and 60 min.

Statistical Analyses

Each processing replicate (n = 3) was analyzed at least in
triplicate for all analyses. Analysis of variance (ANOVA)
followed by Tukey’s tests or Student’s ¢ test was performed
using the TIBCO Statistica software (TIBCO Software Inc,
Palo Alto, CA, USA) at the 5% level of significance (p <
0.05).

Results and Discussion

Effects of Scaling Up the Two-Stage Countercurrent
AEP and EAEP on Coffee Protein and Oil
Extractability

Considering the potential effect of processing scale-up on
extraction yields and the need of producing larger volumes
of protein-rich extracts and emulsion for functional, bio-
logical, and oil recovery studies, the two-stage countercur-
rent AEP and EAEP from green coffee was scaled up by 22
times, with respect to mass. Table 1 shows protein and oil
extractability and their distribution among fractions. AEP
and EAEP resulted in similar total oil extraction yields (aver-
age ~55%) and oil distribution among the phases, except
for the EAEP skim, which had a higher oil yield (12.2 vs.
8.48%). Higher oil in the EAEP extract might be related to
the release of smaller peptides by proteolysis, which could
enhance emulsion formation and reduce the migration of
lipids from the extract into the cream fraction. The reduced

Table 1 Protein and oil

. : Fractions Oil yield (%) Protein yield (%)

extraction yields of the two-

stage countercurrent AEP and AEP EAEP AEP EAEP

EAEP
Cream 45.01 = 1.97* 45.16 = 3.77* 3.23 £ 0.26* 2.93 +0.23%
Extract (skim) 8.48 + 0.83° 12.20 + 31.36* 61.24 + 0.44° 69.84 + 1.17°
Insoluble 46.51 +2.14* 42.64 + 2.68* 35.54 £ 0.31* 27.23 +0.94°
Total extraction 53.49 +2.14* 57.36 + 2.68* 64.46 + 0.31° 72.77 + 0.94*

Different letters in the same line indicate significant statistical differences (p < 0.05) between extraction
conditions (AEP vs. EAEP) within each fraction and compound (i.e., protein and oil)

@ Springer
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molecular weight and higher solubility of the hydrolysates
facilitate their diffusion and interaction at the oil-water
interface, often improving their emulsifying properties (Wu
et al., 1998). Although small peptides can lead to the forma-
tion of emulsions with reduced stability, they are often more
efficient to lower the surface tension compared with larger
or native peptides (Ricardo et al., 2021).

Therefore, although the use of enzyme in the extrac-
tion brings no additional improvement in oil extract-
ability, it does produce an extract with higher oil content
(12.2 vs. 8.48%) which could, in turn, affect the solubility
of the extracted protein and reduce the recovery of the
extracted oil as there is no method yet available to recover
the diluted oil from the extract (Dias et al., 2020). Simi-
lar oil extraction yields and distribution were observed at
a smaller scale (0.05 kg of flour) (Souza Almeida et al.,
2021), indicating that coffee oil extractability and distribu-
tion were not affected by processing scale-up.

Enzymatic extraction significantly improved protein
extractability from 64.5 to 72.8% (Table 1). Higher pro-
tein extractability in the enzyme-assisted process can be
explained by the ability of proteases to release smaller
and often more soluble protein fragments or peptides into
the extraction medium (Poji¢ et al., 2018). Nearly all the
extracted protein (95% for AEP and 85% for EAEP) was
present in the extracts (61.2% AEP extract vs. 69.8% EAEP
extract yield), with only 5% (AEP) and 3.5% (EAEP) of
the extracted protein being present in the cream fractions.

Higher protein content in the protein-rich extract is
desirable as it boosts the amount of protein that can be
recovered for subsequent industrial applications. In addi-
tion, because protein can diffuse to the oil-water inter-
face, adsorb, and rearrange themselves to form an elastic

protein film around oil droplets (Damodaran et al., 2008),
its presence in the cream fraction can impact the emulsion
stability, thus altering the overall recovery of the extracted
oil. Even though different agitation systems (impeller vs.
stir plate) were employed at small and larger-scale, simi-
lar protein extractability was achieved (~72%) (Souza
Almeida et al., 2021).

Cream Demulsification

While aqueous and enzyme-assisted extractions processes
are effective in simultaneously extracting lipids and pro-
teins from several matrices without the use of flammable
solvents, nearly all the extracted oil is entrapped in the emul-
sion, which needs to be further destabilized to free the oil
for commercial applications (Dias et al., 2020). Because
oil recovery can be affected by both extraction and cream
demulsification conditions, we evaluated the integrated
impact of the two-stage countercurrent extraction process
(AEP and EAEP) and enzymatic and chemical demulsifica-
tion approaches on the recovery of green coffee oil (Table 2).

The recovery of the AEP cream oil was significantly (p <
0.05) enhanced from 33% (control) to 43.6-52.2% by the use
of enzyme concentrations ranging from 0.5 to 2.0% during
the demulsification process. However, no improvement in
oil recovery was observed by the chemical demulsification
approach (33%), indicating that the pH shift to the isoelectric
protein of green coffee proteins was not an effective strategy
to destabilize the AEP emulsion. Nonetheless, both demul-
sification approaches were similarly effective to increase oil
recovery from the EAEP cream from 35% (control) to 51%
(chemical approach), and 43.6-52.8% (enzymatic approach),
which demonstrates that a simple chemical demulsification

Table 2 Integrated impact of

" . Extraction process Demulsification Enzyme concentration Free oil yield (%)
extractlpn cqndltlons apd cream strategy (%) (Wenzyme/ Weream
demulsification strategies on
free oil recovery Control _ 33.6 + 3.0¢
Chemical - 33.0 +4.5¢
Two-stage countercurrent AEP (AEP Enzymatic 0.5 43.6 + 3.5¢
Cream composition: 23.96 + 5.19%
oil; 1.39 + 0.02% protein)
Enzymatic 1.0 473 + 4.3
Enzymatic 2.0 522 +5.2¢%
Control - 35.0 + 6.5%9
Chemical - 51.0 +3.3*°
Two-stage countercurrent EAEP Enzymatic 0.5 43.6 + 6.1%0¢
(EAEP Cream composition: 20.28 +
2.74% oil; 1.44 + 0.06% protein)
Enzymatic 1.0 49.3 + 1.4%°
Enzymatic 2.0 528 + 1.7%

Different letters indicate significant statistical differences (p < 0.05) among the samples by a two-way

ANOVA followed by the Tukey test
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process can achieve high recovery yields because of the
upstream impact of the protease used during the extraction.
Moreover, the EAEP process did not affect the cream com-
position regarding oil and protein content (Table 2).

Overall, the AEP cream (obtained without enzyme
use during the extraction) was more stable toward chemi-
cal demulsification than the EAEP cream (containing
more extensively hydrolyzed proteins), but it was as sus-
ceptible to enzymatic demulsification as the EAEP cream.
Considering that the chemical demulsification mechanism
relies on adjusting the pH of the emulsion to the isoelectric
point of proteins, thus causing protein agglomeration and
consequently oil release (Damodaran et al., 2008), the results
presented herein highlight the stabilizing role of more native
proteins in the AEP cream. However, enzymatic demulsifica-
tion, which relies on the ability of proteases to reduce the
molecular size of the interfacial proteins and rigidity of the
oil droplet at the interface (Chabrand & Glatz, 2009; Mat
Yusoff et al., 2015), was effective to enhance coalescence
and free oil recovery from the AEP cream. Therefore, stable
emulsions seem to be better destabilized by the enzymatic
breaking down of proteins into smaller protein fragments
and peptides. These partially hydrolyzed proteins, usually
presenting lower surface hydrophobicity (Dias et al., 2020),
can alter the interfacial film integrity and thus, enhance oil
coalescence (Zhang et al., 2013b). Our results agree with
the ones described for almond cake (de Souza et al., 2020a),
peanut (Zhang et al., 2013a), and soybeans (Jung et al.,
2009), where emulsions containing AEP proteins presented
higher stability. The results presented herein demonstrate
that the two-stage countercurrent EAEP followed by chemi-
cal or enzymatic demulsification of the cream is an effective
strategy to maximize both the extraction of lipids and pro-
teins and to enhance the recovery of the extracted oil from
the emulsion.

Protein-Rich Extract Characterization
Proximate Composition of the Protein Extracts

Considering that the extract composition can affect its func-
tional properties, the chemical composition of the extracts
was determined (Table 3). Protein and carbohydrates were
the main components of green coffee extracts, followed by
ashes, and lipids. The high content of carbohydrates found in

the extracts (56 to 60%) agrees with the coffee composition,
where 50% of the weight of green coffee beans is composed
of polysaccharides (mainly cellulose, galactomannans, and
arabinogalactan-proteins) (Redgwell & Fischer, 2006). The
higher protein extractability of the EAEP, reflected by the
higher protein content in the EAEP extract (24.5 vs. 22.8%
w/w), likely generated a more porous structure due to the
diffusion of the proteins into the extraction medium, enhanc-
ing the washing of the oil into the extraction medium, as
reflected by the higher oil content of the EAEP extract (3.84
vs. 2.41% w/w). Moreover, smaller peptides generated dur-
ing EAEP probably trapped small oil droplets in the skim
more efficiently, hindering the migration of extract oil to the
cream fraction (Table 1).

Protein Surface Charge

The surface charges ({-potential) of AEP and EAEP protein
extracts were mostly negative (—37 mV to —0.48 mV) at
most pH values evaluated (pH 2.0-9.0), indicating that the
isoelectric point (pl) of these proteins lay on the lower range
of the pH values evaluated. However, proteolysis during the
EAEDP led to a shift in the pI of AEP protein from ~3.2 to
2.0 (Fig. 2). It is important to highlight that the extracts also
contain carbohydrates and nitrogen-rich compounds such
as chlorophyll and caffeine, which could influence the zeta
potential values of the protein extracts (Thamnarathip et al.,
2016).

In general, EAEP proteins exhibited higher absolute
C-potential values than AEP proteins at the same pH value,
evidencing that proteolysis can expose more ionizable amino
and carboxyl groups, increasing the net charge of the protein,
as previously demonstrated for almond proteins (de Souza
et al., 2020a). Because attractive hydrophobic and repulsive
electrostatic interactions play a fundamental role to establish
protein—protein and protein-solvent interactions (Damodaran
et al., 2008), the increase in the net charge of the proteins
promoted by proteolysis might favor protein interactions
with water, enhancing protein solubility (Zayas, 1997).

Protein Surface Hydrophobicity
The surface hydrophobicity (H,) of a protein is a good indi-

cator of the protein’s ability to interact with other molecules.
Hydrophobic interactions play an important role in protein

Table 3 Proximate composition

Sample Protein (%) il (%) Total carbohydrates (%)* Ashes (%)

of countercurrent AEP and

EAEP extracts (dry-basis) AEP 22.82 +0.19 241 +0.0° 60.82 + 0.67* 13.69 + 0.35°
EAEP 24.51 +0.22° 3.84 +0.19° 56.93 + 0.79° 14.69 + 0.66*
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Different letters in the columns represent statistical differences (p < 0.05) among extraction methods

*Carbohydrates calculated by difference



Food and Bioprocess Technology
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stability, conformation, and functionality (Jiang et al., 2015).
The effects of using enzyme in the two-stage countercurrent
extraction process on the surface hydrophobicity of green
coffee proteins are shown in Table 4. Enzymatic extraction
decreased H, from 625 to 530 (Table 4). Although par-
tial hydrolysis can increase the H, of a protein due to the
exposure of hydrophobic groups previously buried inside
the native protein molecule (Wu et al., 1998), as previously
shown for the single-stage extraction of green coffee pro-
teins, where enzymatic extraction increased H, from 693.3
to 894.6 (Souza Almeida et al., 2021), more extensive pro-
teolysis, as the one observed in the two-stage countercur-
rent EAEP (29.3%) (Table 4), can indeed decrease protein
surface hydrophobicity. Reduced H,) is probably related to
the disruption of hydrophobic bonds present at the protein
surface and reduction of hydrophobic amino acid aggregates
(Dias & de Moura Bell, 2022; Wu et al., 1998), which can
negatively impact the interfacial tension and emulsion prop-
erties of the protein (Lam & Nickerson, 2013).

Table4 Degree of hydrolysis and surface hydrophobicity for AEP
and EAEP proteins

Degree of hydrolysis (%)  Surface hydro-

phobicity (H,)
AEP 23.8 +0.2° 625.3 + 23.0°
EAEP 29.3 + 1.4° 530.9 +22.2°

Different letters in the columns represent statistical differences (p <
0.05) among the extraction methods
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Protein Molecular Weight Distribution and Degree
of Hydrolysis

The electrophoretic profile (Fig. 3B) and degree of hydroly-
sis (DH) (Table 4) of the two-stage countercurrent AEP and
EAEP protein extracts were evaluated. The higher DH of
the EAEP (29.3%) extract compared with the AEP extract
(23.8%) reflects the use of enzyme in the two-stage counter-
current EAEP (Table 4). Although enzyme was not used dur-
ing the aqueous extraction process, the high DH of the AEP
proteins highlights the role of alkaline extraction conditions
on protein hydrolysis. Prior work with soybeans reported a DH
of 6.4% and 10.1% for the first and second extraction stages,
respectively, when using two-stage countercurrent EAEP (De
Moura et al., 2011). As expected, the results obtained for the
two-stage process differ from our previous study using a sin-
gle-stage extraction, where EAEP green coffee proteins exhib-
ited a DH of 13.8% when the enzyme alkaline protease was
employed during the extraction (Souza Almeida et al., 2021).
The results presented herein emphasize the high susceptibil-
ity of green coffee proteins to hydrolysis in the presence of
enzymes (EAEP) or absence of enzymes under alkaline con-
ditions (AEP).

SDS-PAGE shows the presence of protein fragments and
peptides smaller than 10 kDa for AEP proteins (Fig. 3B).
Although no enzyme was used during the extraction when
producing the AEP extract, its high DH highlights the high
solubility and breakdown of green coffee proteins under the
extraction conditions employed, which involves two-stage
countercurrent extractions at mild temperature (50 °C), high
pH value (pH 9), and agitation (120 rpm), conditions that
could intensify protein hydrolysis. The higher DH of the EAEP
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Fig.3 Effects of AEP and EAEP on A in vitro protein digestibility
and B electrophoretic molecular weight distribution of proteins before
and after digestion. Lane 1 indicates the molecular mass marker
standard (10-250 kDa); lanes 2 and 6 represent AEP and EAEP sam-
ples before digestion; lanes 3, 4, and 5 and 7, 8, and 9 show sam-
ples after oral (SSF), gastric (SGF), and intestinal digestion (SIF) for

proteins (29.3%) correlates with the electrophoretic profile
(Fig. 3B). EAEP proteins exhibited protein fragments close to
17 kDa and 12.5 kDa that were not present in the AEP extract.
Moreover, protein fragments around 31 kDa and 20 kDa were
present in both AEP and EAEP extracts.

Nutritional and Functional Properties
of the Two-Stage Countercurrent AEP and EAEP
Proteins

Protein In Vitro Digestibility

The effects of proteolysis on in vitro protein digestibility are
shown in Fig. 3. High protein digestibility (> 97%) was found
for both AEP and EAEP extracts, with no significant differ-
ences (p > 0.05) observed among the treatments. Despite
the higher DH of the EAEP proteins, the addition of alkaline
protease during the extraction did not increase the in vitro
protein digestibility (Fig. 3A). Similar results were reported
by Goertzen et al. (2021), where no improvements in protein
digestibility were observed after proteolysis of chickpea pro-
tein isolates. Lower values of protein digestibility (86%) were
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AEP and EAEP samples, respectively; and lanes 10, 11, and 12 are
the controls (SSF, SGF, and SIF). Different letters indicate statistical
difference (p < 0.05) between the extractions. Red arrows indicate the
enzyme band in the SGF and the blue arrows represent enzyme bands
present in the SIF

reported by Jakubczyk et al. (2018) for green coffee flour.
The higher values observed in our study can be attributed
to the effects of the two-stage countercurrent extraction pro-
cess on releasing smaller and more digestible proteins from
coffee flour, which could facilitate the action of the diges-
tive enzymes, instead of using the coffee flour. Our results
were also higher than the ones reported for other plant pro-
tein extracts such as almonds, peas, and chickpeas (de Souza
et al., 2020b; Jakubczyk et al., 2018; Laguna et al., 2017).

The SDS-PAGE profile showed that the salivary solu-
tion (SSF) did not affect the protein molecular distribution,
indicating the lack of proteolysis in the oral phase. However,
differences in the protein breakdown behavior along the gas-
tric and intestinal digestion process were found. Coffee pro-
teins were partially hydrolyzed by the pepsin enzyme in the
gastric stage, resulting in the release of protein fragments/
peptides smaller than 15 kDa for the AEP and 10 kDa for the
EAEP (Fig. 3B). Pancreatin hydrolysis during the intestinal
phase led to extensive digestion of coffee proteins, and only
faint bands below 10 kDa can be observed (besides the band
of the own pancreatin enzyme), in agreement with the high
protein digestibility reported herein (~99%).
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Solubility

Solubility is a highly relevant functional property since it
influences other functionality of proteins (e.g., thickening,
water retention, foaming, emulsifying, and gelling) and
determines the ease of incorporation of the extracted protein
into foods (Zayas, 1997). The role of the two-stage coun-
tercurrent AEP and EAEP on the solubility of green coffee
protein as a function of pH (2 to 9) is shown in Fig. 4A. AEP
and EAEP proteins presented the typical U-shaped Solubil-
ity vs. pH curve (Fig. 4A), with high and similar solubility
values being observed for proteins obtained by both AEP
and EAEP at very acidic or alkaline pH values (~73 to 90%,
as observed for most proteins). However, reduced solubil-
ity for both AEP and EAEP protein extracts was observed
within the pH range 3.0 to 4.0, suggesting reduced elec-
trostatic repulsion between protein molecules, which could
promote aggregation and precipitation via hydrophobic
interactions, thus decreasing protein solubility (Damodaran
et al., 2008). At the 3—4 pH range, proteolysis during the

EAEDP significantly increased protein average solubility from
44.1 to 55.4%, highlighting the impact of higher proteolysis
(DH of 29.3 for EAEP and 23.8% for AEP) on the release of
smaller protein fragments and peptides that are often more
soluble. Similar results were reported by Jamdar et al. (2010)
where the hydrolysis of peanut protein isolates (DH from 10
to 40%) significantly improved the protein solubility (from
40 to 90%) in the minimum solubility pH range of 4-6.
Solubility measurements agree with zeta potential val-
ues presented in Fig. 2, which show that AEP and EAEP
proteins present a zero net charge at pH 3.2 and pH 2.0,
respectively. The shift in the pl of the AEP proteins from
3.15 to 2.0 (hydrolyzed, EAEP) likely contributed to the
higher solubility of EAEP proteins (55 vs. 44%) at pH 3-4.
Increased solubility of EAEP proteins at pH 3—4 can be
attributed to the release of smaller peptides (Table 4), ion-
izable groups (Souza et al., 2019), and the reduced surface
hydrophobicity (H,) of the EAEP proteins (530.9 for EAEP
vs. 625.3 for AEP) (Table 4). Therefore, by tailoring extrac-
tion conditions, coffee proteins with the desired functionality

Fig. 4 Evaluation of coffee A
protein solubility (A) and color 120
parameters (L*, a*, b*, and H)
(B) of AEP and EAEP proteins 100 a
at different pH values. Different a,b EAEP
letters indicate significant dif- = AEP
ferences (p < 0.05) among the g\_
extracts, comparing the effect z
of pH and processing strategy =
2
(AEP vs. EAEP) i
Q
n
20
0
2 3 4 5 6 7 8 9 10
pH
B
pH 2.0 pH 3.0 pH 3.5 pH 4.0 pH 5.0 pH 7.0 pH 9.0
L*
AEP 7.88+0.19 15.59+0.87 14.19+246 1203227 534321 1.99 £0.16 0.96 + 0.07
EAEP 9.04 £0.31 13.80+1.86 10.69+1.86 7.68+2.37 4.51+0.81 1.13£0.12 0.62 £ 0.19
a*
AEP 1.77 £0.35 1.26+0.66 1.01+057 0.64+0.62 -2.81+1.82  -1.96+0.35 -1.02 £ 0.09
EAEP 3.96 £0.30 2.84+0.56  1.80+0.23 138%0.38 -0.87+027  -1.02+0.14 -0.67 £0.21
b*
AEP 0.41£0.19  595%1.01 764075 9.06:061 3.46%1.56  -0.38+0.09 0.41+0.18
EAEP 4.07+04 8.17+1.15 6.94+0.65 7.50%201 2.39+0.50 0.48 +0.12 0.23+0.14
H*
AEP 383:164 78.6+4.2 827+36  861%39 1264:73 190.8+1.3 158.6+ 6.9
EAEP 4571038 71.0+1.1 75505  79.5+17 110.9%9.3 154.8+6.8 159.9 +15.4
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can be produced for applications in a variety of food-related
applications.

The highest solubility values (up to 90%) were obtained
from pH 7.0 to 9.0 for AEP/EAEP skim proteins (Fig. 4). At
alkaline pH, stronger electrostatic repulsion between protein
molecules (ZP ~ —30 mV, Fig. 2) overcomes their hydropho-
bic interactions (Damodaran et al., 2008; Zayas, 1997), which
in turn increases their solubility into the aqueous medium.
Thus, at alkaline pH, the additional benefits of proteolysis
on protein solubility were not observed. Despite differences
in the extraction processes used (single vs. two-stage extrac-
tion), the results presented herein are in agreement with the
solubility of green coffee proteins produced by the single-
stage extraction process at pH 4.0 (35 vs. 56% for AEP e
EAEDP, respectively) and 9.0 (> 88%) (Souza Almeida et al.,
2021). The increased solubility of EAEP proteins at low pH
values is of interest for food applications involving acidic
mediums such as beverages, smoothies, and sports drinks.

Changes in the color parameters (L*, a*, b*, and H) of the
protein extracts during the solubility assays at different pH
values are described in Fig. 4B. Protein solutions went from
red/orange colors (hue angle varying from 42 up to 83) in
acidic media to a dark green appearance (hue angle varying
from 119 up to 159) under neutral/alkaline pH. Color changes
in the protein extracts could be related to the instability of
compounds such as anthocyanins and chlorophylls released
during the extractions, which are unstable toward pH changes,
as previously reported for green coffee proteins (Souza
Almeida et al., 2021). These results highlight the importance
and need for adequate pH selection and development of
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Fig.5 Emulsifying activity index (EAI) (A) and emulsifying stabil-
ity index (ESI) (B) of two-stage countercurrent AEP and EAEP skim
proteins. Different letters in the columns indicate statistical difference
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strategies to mask the color of green proteins to enhance their
applications in the food and nutraceutical industries.

Emulsifying Activity Index and Emulsification Stability
Index

Emulsifying properties such as emulsification activity index
(EAI) and emulsification stability index (ESI) are signifi-
cantly affected by changes in the protein structure, size, com-
position, solubility, and surface hydrophobicity (Damodaran
et al., 2008). Therefore, the impact of using enzymes in the
two-stage countercurrent extraction process was evaluated
on the EAI and ESI of the extracted protein (Fig. 5). Higher
EAI and ESI values were observed at pH values outside the
pH range 3.0 to 4.0 for both AEP and EAEP proteins, being
similar at all pH values, except at pH 3.5, for which the AEP
proteins presented a significantly higher EAI than the EAEP
skim proteins (28.9 vs. 11.9 m?%/g).

Although one could expect that the higher solubility of
EAEP proteins at pH 3.5 would favor the migration and
adsorption of proteins/peptides to the oil interface (De
Almeida et al., 2014), the presence of small peptides can be
associated with droplet coalescence, reducing the interfacial
area and, consequently, the protein emulsifying properties
(Damodaran et al., 2008). In addition, the reduced surface
hydrophobicity of EAEP protein extracts (625.3 AEP and
530 EAEP, Table 4) might have contributed to its reduced
EAI at pH 3.5. Surface hydrophobicity is the primary driv-
ing force for absorption (Lam & Nickerson, 2013), thus
influencing protein absorption at the oil/water interface.
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Highest EAI values (up to 76.6 m%/g) were found for both
AEP and EAEP proteins at pH 5.0 and 9.0 with no signifi-
cant differences (p > 0.05) among them. As observed for
EAI, higher ESI was observed at pH 2.0 and alkaline pH.
Overall, EAEP proteins presented higher ESI at alkaline
conditions (30.3 min at pH 9.0), followed by pH 7.0 (Fig. 5).
Emulsion stability is enhanced by electrostatic repulsion
between emulsified droplets and hydration of the proteins
adsorbed in the surrounding film (Zayas, 1997), conditions
favored by the aforementioned pH values.

To the best of our knowledge, there is a lack of studies in
the literature describing the impact of extraction conditions
on the EAI of green coffee proteins, which hinders the com-
parison of our data with other studies. However, it is pos-
sible to infer that coffee proteins present higher emulsifying
properties (especially away from the 3.0-4.0 pH range) than
other plant proteins such as flaxseed, lentil, and almonds
(Tirgar et al., 2017; Karaca et al., 2011; Dias & de Moura
Bell, 2022), which highlights their promising use as emulsi-
fiers in different food and cosmetic products.

Foaming Capacity and Stability

The foaming properties of proteins are frequently associated
with their ability to be adsorbed onto the air/water interface
and to decrease surface tension, creating a strong interfa-
cial film via protein—protein interactions (Day, 2013). The
influence of the AEP and EAEP on foaming capacity (FC)
and foaming stability (FS) of green coffee protein extracts
generated by the two-stage countercurrent process is shown
in Fig. 6.
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Fig. 6 Effect of two-stage countercurrent AEP and EAEP on foaming
capacity (FC) (A) and foaming stability (FS) evaluated at 10 min (B)
for coffee proteins. Different letters in the columns indicate statistical

FS (%) at 10 min

FC and FS of green coffee proteins were affected by the
pH, with higher values observed at lower pH values. As
previously reported for amaranth proteins, good foaming
properties at acidic pH can be associated with both higher
protein unfolding and viscoelasticity, besides greater flex-
ibility of the protein at acidic medium, compared with
alkaline pH (Bolontrade et al., 2016). In general, coffee
proteins obtained by aqueous extraction presented higher
FC than EAEP proteins obtained by enzymatic extraction,
with the highest value at pH 2.0 and 4.0 and the lowest
value at pH 9.0 (Fig. 6A). Structural modifications aris-
ing either from pH changes or proteolysis can influence
the conformation of the proteins at air/water interfaces,
impacting the interfacial rheology and, consequently, the
foaming properties (Day, 2013). Proteolysis reduced the
surface hydrophobicity of coffee proteins (Table 4), which
probably contributed to the decrease in FC of the EAEP
protein extracts (statistically significant at pH 2, 4, and
7) (Fig. 6A). Others have reported that reduced H,, due to
proteolysis exposes negative charges on the structure of
smaller peptides, preventing the formation of stable foams
(Achouri et al., 1998).

FS followed a similar trend to FC when evaluated at
10 min, with higher FS (117%) observed for AEP skim
proteins at acid pH (2.0), followed by the pH 3.0-4.0
(46.7-72.5%) (Fig. 6B). The higher FS skim proteins at
pH values close to the pI could be attributed to the higher
electrostatic attraction between proteins, which can adsorb
at the interface and decrease the interfacial tension form-
ing a rigid, viscous, and elastic film (Zayas, 1997).

Foaming stability after 30 and 60 min was also evalu-
ated (Fig. 7) and the foams were stable at most pH values,
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difference (p < 0.05) among samples, independent of the extraction
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Fig.7 Stability of coffee protein 140
foams evaluated at 10, 30, and
60 min, from pH 2.0 to 9.0

FS (%)
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except at pH 2.0, which presented an expressive decay for
both AEP (from 117 to 31%, when evaluated at 10 and 60
min, respectively) and EAEP proteins (from 84.5 to 0%,
when evaluated at 10 and 60 min, respectively). Thus, con-
sidering FS at longer periods, coffee protein foams present
poor stability at pH 2.0 and higher stability at the pH range
from 3.0 to 4.0.

In general, AEP foams presented higher FS over time
when compared to EAEP foams (Fig. 7), which could be
related to the skim compositions, where AEP skims pre-
sented lower oil (2.41 vs 3.84%, W_;/Wiied skim) @0d higher
carbohydrate content (60.8 vs. 56.9%, Wymonydrates Wdried skim)
(Table 3). It is known that coffee oil can act as an antifoam
agent due to its ability to retard the foam-forming and stabi-
lizing activities through the mechanisms of bubble breakage
and shrinkage (Padma Ishwarya & Nisha, 2021). Further-
more, coffee carbohydrates can increase the viscosity of the
solution and favor the protein film thickness at the interface
acting as foam stabilizers (Arya & Rao, 2007), therefore jus-
tifying the better FS of the foams prepared with AEP skims.

Conclusions

The findings present herein highlight, for the first time, the
influence of extraction conditions on the extractability and
structural modifications altering the functionality of green
coffee proteins and the integrated impact of extraction condi-
tions and cream demulsification strategies on the recovery of
the extracted oil. Oil and protein extraction yields of 58 and
72% were achieved at the 1.14 kg scale, respectively; being
similar to the ones obtained at the 0.05 kg scale. The use of
enzyme during the multistage extraction, besides increasing
protein extraction yields by 13%, compared to the aqueous
extraction process, resulted in modifications in the phys-
icochemical characteristics (e.g., reduced size and surface
hydrophobicity) of the extracted protein. Although proteoly-
sis resulted in smaller and more soluble protein fragments/

@ Springer
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peptides at acidic pH (3.0-5.0), it did not significantly alter
their emulsifying properties, except at pH 3.5, where AEP
proteins had a significantly higher emulsification activity
index. Overall, the emulsification properties of AEP and
EAEP green coffee proteins were high, despite the extraction
methods used. Nonetheless, proteolysis significantly reduced
the foaming capacity and stability of the hydrolysates at
some of the pH values evaluated. Importantly, enzymatic
extraction produced an emulsion with reduced stability to
both chemical and enzymatic demulsification approaches.
Our study highlights that the two-stage countercurrent AEP/
EAEP are effective environmentally-friendly processing
strategies for the production of green coffee lipids and pro-
teins with desired functional properties.
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