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Abstract

Cold brew is a method of coffee extraction that uses low temperature, preserving the volatile compounds of coffee. Freeze-
drying allows the preservation of coffee features and nutritional value. The aim of this study was to evaluate the effects of
different cryoprotectants in cold brew extracts as a basis for freeze-dried coffee production. Thus, the Coffea arabica extracts
and the soluble coffee were characterized concerning caffeine content, antioxidant capacity, total phenolic compounds, and
antimicrobial activity to verify the potential of this method. The extracts did not show antimicrobial activity with a high soluble
solid content. It was observed that the cold extraction methods were efficient regarding the caffeine content, antioxidant
capacity, and total phenolic compounds. Freeze-dried coffees also did not show antimicrobial activity, and they maintained
the water and humidity activity standards. In general, cryoprotectants displayed an unfavorable influence on the extract and
freeze-dried coffee in the analyses performed. The coffee extract without cryoprotectants had a higher antioxidant capacity
(88.12%) and content of phenolic compounds (7.74 mg AG/mL of the coffee extract). Only for the analyses of soluble solids,
the cryoprotectants mannitol and fructose showed promising results (14.03 °Brix, 14.40 °Brix, 11.33 °Brix, respectively).
Thus, for the analyses conducted, the cryoprotectants did not lead to significant advantages for this process.
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Introduction

The strong characteristic flavor and aroma of Arabica
coffee makes it the most common drink in Europe and
America. Raw coffee is subjected to the roasting process
that results in a new aroma, flavor, and color. Researchers
have been evaluating and adding soluble coffee to several
different beverages and recipes, such as the incorporation
of coffee in the processing of bread (Fonte et al., 2016a;
Mussatto et al., 2011; Wu et al., 2022).

The degree of roasting of the coffee beans influences
their composition. For example, a high roasting not only
decreases the number of bioactive compounds in the coffee
beans but also stimulates the conversion of endogenous
anti-nutritional compounds in the coffee reducing its nutri-
tional value (Julio et al., 2019). Depending on the extrac-
tion and concentration of coffee, different compositions
in the beverage can be achieved, namely concerning poly-
phenol content, caffeine content, total solids, antioxidant
capacity, and volatile profile, which affects the quality of
the final drink (Almeida et al., 2022; Ballesteros et al.,
2014; Fonte et al., 2016b; Zhang et al., 2017).

New methods of preparation of cold coffee involve
lower temperatures rather than rapid exposure to high tem-
peratures (Kyroglou et al., 2021). The temperature signifi-
cantly influences the aqueous solubility of the compounds
and can result in different compositions in hot and cold
coffees. In addition, long extraction times in cold coffee
can affect the final composition of the extract (Esquivel
& Jiménez, 2012). Recent studies have shown that cer-
tain extraction conditions can minimize the degradation
of volatile compounds during thermal processing (Falé
et al., 2009; Rao & Fuller, 2018).

A trend used by the food industry is the development
of instant coffee, a term used to justify any form of coffee
that does not require special equipment for preparing the
drink, requiring only hot water. Worldwide, the instant
coffee market is valued at more than 30 billion US dol-
lars and contributes over 40% of the total value of cof-
fee consumed (Cordoba et al., 2019) which corresponds
to more than half a million tons of coffee produced each
year. Instant coffee can be produced by drying the coffee
extract by freeze-drying or spray-drying. Drying processes
for commercial instant coffee usually reduce its water con-
tent by less than 5% by mass. The remaining composition
of the blend is a mixture of carbohydrates, proteins, flavor
oils, phosphates, and melanoidins (Gloess et al., 2013;
Khan et al., 2021; Shofinita et al., 2024).

The industrial production of instant coffee follows the
same principles as ordinary coffee, with roasting, grinding,
and extracting roasted beans with either hot or cold water
(Cushnie & Lamb, 2011; Sorgi et al., 2021). After being
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roasted and grounding the coffee starts the extraction; this
is a fundamental step for producing soluble coffees, being
necessary for high concentrations of solids (from 42 to 45% of
weight). The conventional extraction method occurs through
a stirring tank, usually made of stainless steel, filled with
ground coffee. The mixture is usually grounded with water
at a temperature around 180 °C (Khochapong et al., 2021;
Olechno et al., 2021). Another form of extraction is by cold
method, cold brew (CB), although the solubility of caffeine
is lower in water at room temperature or refrigerated. Stud-
ies report that the concentrations of this method were like
the ones obtained for the extraction methods by mocha and
espresso. This fact can be explained by the extensive contact
time between chilled water and ground coffee (Duarte et al.,
2005). CB preparation techniques have gained popularity in
the last few years, both for consumption at home and in coffee
shops, being more prevalent in European countries, the United
States, and Japan (Brighente et al., 2007). Furthermore, the
increase in consumption is related to the fact that these pro-
cesses being slower and with lower temperatures maintain the
flavor, aroma, and bioactive compounds and make the coffee
drink sweeter, smoother, and more full-bodied than conven-
tionally (Surkan et al., 2009; Zhang et al., 2014).

After the concentrated coffee extract, the subsequent
and final step is drying. The limitation of the spray-drying
method is related to the fact that there is a loss of certain
low-boiling aromatic compounds that are characteristic of
coffee due to being a process that operates at high tempera-
tures. In the case of freeze-drying, the freezing step is the
most determinant for the quality of the final product because
it can cause changes in the crystal structure, type, size, and
stability, and then influencing the water vapor flow during
the drying steps, which may have adverse consequences to
the lyophilized product. In this sense, cryopreservation often
occurs to protect materials from freezing stresses (Fonte
etal., 2016a, b; Jalio et al., 2019). This method, on the other
hand, avoids the loss of these aromas and the development
of unpleasant flavors in the dried product, and even though
freeze-drying the aqueous coffee extract requires a longer
drying time, the final quality of the product is superior
(Duarte et al., 2005). After drying, the solid material is pro-
cessed to create the commercial product. These are thermal
and mechanical processes, such as agglomeration, granula-
tion, and melt extrusion (Gloess et al., 2013). There is little
academic literature on these specific applications, due to the
lack of standardization by legislation and the secrecy of the
instant coffee industry.

Studies related to the preservation of coffee quality are
also important because they allow us to study whether the
stability and structure of caffeine remain un-changed after
processing coffee and subjecting it to extreme tempera-
tures. Castro and co-workers (Castro et al., 2017) in their
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work incorporated this compound in biopolymer-based
oral films and found no changes in its structure after for-
mulation. Recent developments demonstrate novel tech-
niques to enhance the solubility of coffee extracts, such
as vacuum freezing (Silva & Schmidt, 2019), or even to
improve its organoleptic properties, by generating stable
foam based on nanobubbles produced using spray-freeze-
drying methodologies (Deotale et al., 2020) or micro-
encapsulation using gelatin and gum arabic to preserve
volatile organic compounds (Zanin et al., 2021). However,
the impact of cryoprotectants, widely used in the food
industry, in preserving Coffee arabica cold brew prop-
erties and their influence in the freeze-drying process
remains an unexplored field.

The aim of this study is to develop and evaluate a soluble
coffee by the freeze-drying method using cold brew method,
conducted at room temperature, at low extraction time, in
the presence and absence of cryoprotectants (mannitol and
fructose). The cold brew and the freeze-dried coffees were
fully characterized, to evaluate this methodology’s potential.

Materials and Methods
Materials

The roasted Arabica coffee was commercially available from
Café Gema de Minas® (Capelinha, Brazil, at coordinates
17°39'14.5” S; 42°15'32.3” W). Fructose (Lab-synth, Bra-
zil) and mannitol (>98% purity, Sigma-Aldrich, Brazil) were
used as cryoprotectants. For antioxidant activity evaluation,
2,2-diphenyl-1-picrylhydrazyl (DPPH, C,sH,,N5O¢, >99%,
Sigma-Aldrich) was used. For caffeine content, Milli-Q
water, 10.00% (w/v) aqueous lead acetate solution by Ricca
Chemical (Arlington, USA), and methanol (MeOH) CHRO-
MASOLV™ (Honeywell Riedel-de-Ha&én™, Seelze, Ger-
many) HPLC-grade reagent (purity >99.9%) were used, and
as standard caffeine was used (CgH;(N,O,, >99%, Sigma-
Aldrich). For total phenolic content, Milli-Q water, gallic
acid (code G7384, Sigma-Aldrich), Folin-Ciocélteu reagent
(code F9252, Sigma-Aldrich), and sodium carbonate (anhy-
drous, Na,CO;,>99.5%, Sigma-Aldrich) were used.

Cold Brew Coffee Extraction

The coffee roasted beans were ground in an industrial
coffee grinder to prepare the coffee samples (MLVI-
SNA, Pinhalense, Espirito Santo do Pinhal, Brazil). An
electro-magnetic stirrer with round sieves BT-001 by
Bertel (Caieiras, Brazil) was used to provide the particle
size used. The ground coffee particle size used was #30
mesh, corresponding to the retention between the #28
mesh and #32 mesh sieve opening. The coffee extraction

was performed using an optimized CB method, at 24 °C
(Barroso et al., 2022). Two cryoprotectants, fructose
(0.5%) and mannitol (0.5%), were added to the extracts.
The amount of cryoprotectant was added w/w regarding
total solids, in a feasible concentration that does not
significantly change the coffee taste. The ground coffee
beans and the cryoprotectants were kept in water at a
coffee-to-water concentration of 30%, under stirring (20 g
force) for 45 min in a biochemical oxygen demand (BOD)
incubator CE-300/350-AU by CIENLAB (Sio Paulo,
Brazil) with temperature control set at 24 °C. The same
process was performed for the ground coffee beans without
the cryoprotectants. The extractions occur in triplicate for
each coffee sample. After extraction, the coffee extracts
were transferred to falcon tubes (50 mL) and centrifuged
at 62,259 g force for 10 min with a benchtop centrifuge
from HERMLE (Hermle LaborTechnik GmbH, Wehingen,
Germany). The supernatant was vacuum-filtered and stored
in amber vials until analyzed.

pH and Soluble Solid Content of Cold Brew

The pH determination of cold brew extract was made by
direct reading on the coffee samples. The equipment used
was a bench pH meter of Metrohm (Sao Paulo, Brazil) cali-
brated with buffer solutions (4.01 and 6.98). The determi-
nation of soluble solid content of the cold brew extract was
performed according to method 932.12 of the Association of
Official Analytical Chemists - AOAC (AOAC, 1998). The
analyses used the digital refractometer model RTD-95 from
Instrutherm®(Sﬁo Paulo, Brazil), with the results expressed
in °Brix. Previously, the coffee extract samples were filtered
with cotton, and the content of soluble solids was deter-
mined, with direct reading on the digital refractometer. All
measurements were done in triplicate.

Obtaining Freeze-Dried Soluble Coffee

The coffee extracts added with and without cryoprotectants
were frozen with the aid of liquid nitrogen (LN, — 196 °C)
produced at the Industrial Pharmacy Laboratory of the Fac-
ulty of Biological and Health Sciences (UFVIM). After
freezing, the samples were transferred to the freeze dryer
ModelLS 3000 (Terroni brand), equipped with a control
center, vacuum pump, sample extractor, dew point ana-
lyzer, and sample closing system, at a shelf temperature
from —40 °C progressing to 10 °C. Lyophilization occurred
for 48 h. After 48 h, freeze-dried coffee samples were col-
lected from the trays, packed in polyethylene bags, sealed,
wrapped in aluminum foil, and sent to the desiccator at room
temperature until subsequent analysis.
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Characterization of Cold Brew and Soluble Coffee
Antimicrobial Activity

The method to evaluate the antimicrobial activity of cold
brew and the freeze-dried coffee solution was the agar-well
diffusion method (Epole et al., 2017). Gram-positive bacte-
ria (Staphylococcus aureus ATCC 25923), Gram-negative
bacteria (Escherichia coli ATCC 25922, Proteus mirabi-
lis, Salmonella typhi), and yeast (Candida albicans ATCC
10231) were used as reference strains. Mueller-Hinton Agar
culture medium (3 mm layer) was used in this assay. The
culture was transferred to a Petri plate (8 cm diameter) and
stored at 8 °C. These plates were inoculated with the respec-
tive microorganism, each with seven equidistant wells.

For evaluation of the antimicrobial activity, 50 pL of
cold brew was used. A 50 pL solution of freeze-dried cof-
fee solution was also prepared by using a mixture of 30%
freeze-dried coffee and 70% distilled water. The wells (5 mm
diameter) with amoxicillin (1 mg/mL) and amphotericin B
(1 mg/mL) were used as positive controls. The microbial
plates were incubated at 37 °C for 24 h. All agar-well diffu-
sion tests were performed in three independent experiments.

Caffeine Content

The caffeine content in coffee samples (cold brew and
freeze-dried coffee solution) was determined by high-
performance liquid chromatography (HPLC) using a previously
described method by Jeon and co-workers (Jeon et al., 2017).
A total of 1 mL was collected from the cold brew samples,
and 300 uL of a 10% solution of basic lead acetate was
added and centrifuged at 1800 G force for 5 min in a Sigma
3-15 KL centrifuge by Sigma Zentrifugen GmbH (Osterode
am Harz, Germany). The supernatant was collected and fil-
tered with syringe filter PES, pore size 0.45 pm (Berrytec
GmbH, Griinwald, Germany). The determination of caffeine
content was done in an Agilent Technologies 1260 Infinity
II HPLC-UV system (Shimadzu, Barueri, Brazil) equipped
with a ZORBAX Eclipse Plus C18 reverse-phase column
(4.6 100 mm, size 3.5 pm). An isocratic mobile phase of
methanol:water (30:70, v/v) at a flow rate of 1 mL.min~! and
the detection of caffeine at a wavelength of 274 nm were set.
The identification of caffeine content in samples occurs by
comparing their retention time with the 4.5 min observed for
the caffeine standard.

The analysis of the concentration of caffeine in the cold
brew and freeze-dried coffee followed the same procedure
where the solution used for freeze-dried coffee was 30%
of dry coffee in 70% distilled water. A standard calibration
curve of caffeine dissolved in Milli-Q® water with solutions
at 10, 20, 40, 60, 80, and 100 mg/L of caffeine was used.
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The value absorbance of each solution at the wavelength of
274 nm was measure and repeated in triplicate.

Antioxidant Activity

The antioxidant activity of coffee samples (cold brew and
freeze-dried coffee solution) was assessed according to
Falé and co-workers (Falé et al., 2009) with some modi-
fications, using the DPPH (2,2-diphenyl-1-picrylhydrazyl)
radical scavenging. A total of 24 uL of the coffee extracted
sample was added at 976 pL of DPPH solution (0.002% in
methanol). The mixture was incubated for 30 min at room
temperature (~24 °C) and the reaction between DPPH and
coffee extracts occurred. The analysis occurred with the
aid of a digital spectrophotometer (BEL Photonics, model
UV-M51). The measure of absorbance was done at 515 nm
and the antioxidant capacity calculation used the formula

A — Aoy
%BAC = DPPH extract % 100
DPPH

where %AC corresponds to the percentage of antioxidant
capacity, Apppy 1S the absorption of the DPPH solution, and
Ay ract 15 the absorption of coffee sample extract. The essay
was performed in triplicate. The analysis of antioxidant
capacity in freeze-dried coffee followed the same procedure,
but with a 30% freeze-dried coffee solution in 70% distilled
water.

Determination of the Total Phenolic Content

The total phenolic content of coffee samples (cold brew and
freeze-dried coffee solution) was determined according to
the method described by Singleton and Rossi (1965), with
some modifications. The samples were prepared by diluting
20 pL of the coffee extract in Milli-Q water (concentration
1:20 v/v). The total phenolic content was obtained by add-
ing 100 pL of Milli-Q water (pH=7.0), 12.5 pL of the cof-
fee sample, and 12.5 pL of Folin-Ciocalteu reagent, in that
order, in each of the wells of the 96-well microplate. The
microplates were mixed for 30 s and rested for 5 min. A total
of 125 pL of sodium carbonate was added at 1.0 mol.L™!, to
a final volume of 250 pL per well. The microplate remained
at room temperature, protected from light, for 90 min. The
determination of absorbance at a wavelength of 750 nm was
made on the microplate reader SpectraMax® using distilled
water as the negative control.

The analysis of phenolic compounds in freeze-dried cof-
fee followed the same methodology described with a 30%
freeze-dried coffee solution in 70% distilled water. A stand-
ard curve was created with gallic acid (GA) at concentra-
tions ranging from 0 to 2000 mg.L~!, and the results were
expressed in mg of GA per mL of coffee extract.
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Characterization of Instant Coffee
Moisture, Wettability, and Water Activity

The determination of the moisture content of freeze-dried
coffees was conducted by the gravimetric method, at a
temperature of 105 °C in a conventional oven (Ethik Tech-
nology, model 402-5D), until obtaining a constant weight
(AOAC, 2006). Water activity measurement was performed
only on freeze-dried coffee through a direct reading of the
sample on the Aqualab equipment (model 4TE, USA), at a
controlled temperature of 25+0.5 °C (Terra et al., 2007).

Freeze-Dried Coffee Particle Morphology

The morphology of the instant coffee microparticles was
evaluated by scanning electron microscopy (SEM), avail-
able at the Multi-User Advanced Microscopy Laboratory
(LAMMA) at UFVIM. The samples were fixed on double-
sided adhesive tape, pre-fixed to a metal stub, and coated
with gold in a metallizer (Quorum, model Q150 ES) and
examined in the TESCAN scanning electron microscope
(model VEGA LMH) (Ribeiro et al., 2010).

Solubility

The solubility essay was done according to the method pro-
posed by Cano-Chauca and co-workers (Cano-Chauca et al.,
2005) with modifications. For the analysis, 25 mL of deionized
water was transferred to a beaker and stirred at 769 g force in an
Ultra-Turrax homogenizer. A total of 0.5 g of freeze-dried cof-
fee was added carefully and stirred for 5 min. The solution was
transferred to a tube and centrifuged at 831 g force for 5 min
(Thermo Scientific centrifuge, model 37 520, Germany). An
aliquot of 20 mL of the supernatant was transferred to a Petri
plate previously weighed and dried in an oven at 105 °C for
12 h. The estimated solubility percentage was measured by the
difference in mass between the dry supernatant and the freeze-
dried coffee added initially.

The determination of wettability was done by the method
proposed by Pereira de Oliveira and co-workers (Pereira de
Oliveira et al., 2022) where 1 g of the freeze-dried coffee
sample was spread over 100 mL of deionized water at 20 °C,
under no stirring. These properties are measured by assess-
ing the time required for the particles to settle or sink and
disappear from the water surface.

Statistical Analysis

All statistical analyses were performed using Stat Soft
STATISTICA® 8.0 software. The data were compared to

identify significant differences between samples using
analysis of variance (ANOVA) followed by the average test
Tukey, with significance at the level set at 5% probability.

Results
pH and Soluble Solid Content of Cold Brew

Cryoprotectants were added to maintain the stability and qual-
ity of the coffee extracts during processing. The cryoprotect-
ants were added to the extract that pass for indefinite storage
at negative temperatures so that when thawed, the material can
continue its normal development. The performed tempera-
ture at which cryopreservation acts is known as “cryogenic
temperature,” that is, the low temperature at which the lique-
fied gases are at atmospheric pressure, and so the addition of
cryoprotectants is essential (Day & Stacey, 2007; Rubinsky,
2003). Table 1 shows the results and standard deviation for pH
and soluble solid content from the cold brew and the influence
of the cryoprotectants used. No statistical differences were
found for pH.

Antimicrobial Activity of Coffee

Cold extraction is a favorable environment for microbiologi-
cal growth due to the long-brewing time and low temperature
used. Additionally, this microbial proliferation is also favored
by the low acidity of these beverages, and consequently,
pathogens or other deteriorating organisms can develop in
them (Kwok et al., 2020). Hence, the antimicrobial activity of
cold brew and the freeze-dried coffee solution was measured.
Amoxicillin (1 mg/mL) was used as a positive control for S.
aureus, P. mirabilis, E. coli, and S. typhi, while amphotericin
B (10 pL/mL) was used for C. albicans. None of the coffee
extraction samples showed antimicrobial activity.

Table 1 Analysis of pH and total soluble solids of cold brew

Samples pH Total soluble

solids (°Brix)
EF 5.56+0.03 14.40*+0.10
EM 5.60+0.02 14.03°+0.11
EW 5.61+0.00 11.33°+0.11

Data presented as mean + standard deviation. Means followed by the
same letter do not differ significantly at 5% probability by Tukey’s
test

EF cold brew with fructose, EM cold brew with mannitol, EW cold
brew without cryoprotectants
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Table 2 Antioxidant capacity, phenolic compounds, and caffeine con-
tent of cold brew and freeze-dried coffee

Sample Antioxidant capacity Phenolic compounds Caffeine

(%) (mg AG/mL of content (mg/
extract) mL)

EF 58.51°+4.05 6.55°+0.91 4.04+0.02
EM 62.40° +4.09 7.60%° +0.69 4.02+0.01
EW 88.124+2.10 7.744+0.72 4.05+0.03
LF 52.17"+4.12 9.55°+0.17 3.68+0.03
LM 49.94™ +3.72 9.98°+0.33 3.68 +0.04
LW 52.23™ +1.83 11.74*+0.76 3.70+£0.04

Data presented as mean + standard deviation. Means followed by the
same letter do not differ significantly at 5% probability by Tukey’s
test

EF cold brew with fructose, EM cold brew with mannitol, EW cold
brew without cryoprotectants, LF soluble coffee with fructose, LM solu-
ble coffee with mannitol, LW soluble coffee without cryoprotectants

Caffeine Content, Antioxidant Activity, and Total
Phenolic Content

The amount of caffeine obtained by extraction in the coffee
drink can be related to several factors such as coffee variety,
roasting point, the particle size of the ground bean, coffee/
water ratio, method of preparation, water temperature, and
time of preparation of the drink (Farah & Donangelo, 2006).
The extracts of coffee samples (cold brew and freeze-dried
coffee solution) obtained (Table 2) showed no significant
difference (p > 0.05) in caffeine content (mg/mL).

Water Activity, Moisture, Solubility, and Wettability
of Soluble Coffee

The results from the analysis of water activity, moisture,
solubility, and wettability from freeze-dried coffee sam-
ples are shown in Table 3. Humidity or moisture content
is defined as the total water content, representing the total
amount of water contained in the food (total water). This
water influences the physical properties of the substance,
namely weight, density, viscosity, and conductivity, among
others. It is usually determined by weight loss during drying.

Freeze-Dried Coffee Particle Morphology

The samples of the analyzed soluble coffees (Fig. 1) have
small microstructures to be visible under standard micros-
copy, so the scanning electron microscope (SEM) was
used to examine these samples. Figure 2 demonstrates the
amplification of the freeze-dried coffees obtained with the
external morphology of the coffees. Most of the particles
analyzed had different shapes, which can result from the
presence of cryoprotectants. Through the morphological
analysis of the particles by SEM, it is possible to see that
the addition of the cryoprotectant influenced the structure of
freeze-dried coffee, and for each cryoprotectant, the design
observed was different.

Another observation noticed is that the soluble coffee
exhibited high proportion of smooth surface with some fis-
sures, indicated by destabilization of the coffee during the
freezing step.

Discussion
pH and Soluble Solid Content of Cold Brew

Usually, pH alterations work as an indicator of changes in the
coffee fruits, such as the undesirable fermentation process that
occurs in the pre- and post-harvest period. These alterations
result in defective products, in addition to influencing the per-
ceived acidity and overall organoleptic properties, making the
pH an essential parameter of analysis in relation to sensory
attributes. According to literature, the ideal pH for marketable
coffees should be between 4.95 and 5.30, making the coffee’s
sensory characteristics more acceptable, palatable to the con-
sumer, without excess bitterness or acidity (Fernandes et al.,
2003; Siqueira & Abreu, 2006). Regarding the results in
the present study, the EF and EM samples’ pH values were
5.56+0.03 and 5.60+0.02, respectively, which were not dis-
tant from the one observed for the EW samples (5.61 +0.00),
indicating a negligible impact of the cryoprotectants. None
of the coffee extracts showed the value within the standards
of coffee drinks recommended by Fernandes and co-workers
(Fernandes et al., 2003). The difference obtained may be

Table 3 Water activity,

. - Sample Water activity (aw) Moisture (%) Solubility (%) Wettability (min)
moisture, solubility, and
wettability of freeze-dried LF 0.26"+0.02 11.26°+1.12 55.03°+3.09 3.50°+0.08
coffees LM 0.25*+0.01 4.78°+2.04 61.40°+3.86 1.48°+0.57
LW 0.15°+0.01 2.86°+0.19 86.03%+1.28 1.25°+0.10

Data presented as mean + standard deviation. Means followed by the same letter do not differ significantly

at 5% probability by Tukey’s test

LF soluble coffee with fructose, LM soluble coffee with mannitol, LW soluble coffee without cryoprotect-

ants
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Fig. 1 Structure of the freeze-
dried manufactured, left-to-
right: soluble coffee with fruc-
tose (LF), soluble coffee with
mannitol (LM), and soluble
coffee without cryoprotectants
(LW), respectively

related to the climatological characteristics, the location of
the region, and the type of processing to which they were
submitted. Rao and Fuller found that cold extraction results
in higher pH values compared to those obtained in coffees by
hot extraction, resulting in lower total acidity in cold extrac-
tion processes (Rao & Fuller, 2018). Cordoba and co-workers
(Cordoba et al., 2019) found similar results in their study.
The higher pH values can be justified by the degree of coffee
roasting. The pH value is proportional to the roasting intensity
as there is the degradation of the acids present in green cof-
fee and the degradation of those formed at the beginning of
the roasting process (Siqueira & Abreu, 2006; Moura et al.,
2013). Furthermore, the sensory profiles of coffee consump-
tion have a positive correlation with soluble solids and the
formation of texture; the concentration of caffeine is related
to bitterness and astringency (Gloess et al., 2013).

The soluble solids correspond to the mass of ground coffee
that is dissolved in the coffee brewing stage. Concerning this
analysis, it is desirable for coffee to have a high value of solu-
ble solid content, not only for industrial performance, but also
for its contribution to guarantee the quality of the drink. This
may suggest that the addition of other substances in roasted
coffee can indicate fraud or adulteration in coffee (Pinto et al.,
2002). Soluble solids also contribute to the construction of the
foam of coffee (proteins, polysaccharides, and melanoidins)
(Illy & Viani, 2004). The analysis of soluble solids present in
the cold brew extracts was performed in the present study to
identify whether cryoprotectants would influence their amount
and which of the extracts would have the highest content in
these solids. So, the EW sample showed the lowest content of
soluble solids (11.33+0.11 °Brix), and consequently a worse
coffee texture. On the other hand, the soluble solids represent
the content of sugars, glucose, fructose, and sucrose present

Fig.2 SEM of the soluble cof-
fee with fructose (A), soluble
coffee with mannitol (B), and
soluble coffee without cryopro-
tectants (C), respectively, with
3000x magnification

in the sample, which justifies that fructose (EF) extract had a
higher range of soluble solids (14.40+0.10 °Brix).

It was possible to observe that the incorporated cryopro-
tectants influenced the soluble solid content and influenced
the Maillard reaction. The use of cryoprotectants contributed
not only to increase the yield of the coffee freeze-drying
process, but their addition also increased the quality of the
product by increasing the soluble solid content. However,
this difference is not that significant compared to the extract
without cryoprotectant, so that it is financially unfeasible to
use the cryoprotectant.

Regarding the values found for soluble solid content, these
are low values when compared to the literature, which presents
soluble solid values for Arabica coffee ranging from 24 to 27
°Brix (Moura et al., 2013). This difference may be related to
the difference between hot and cold extraction methods since
this variation (2427 °Brix) is for the hot extraction process.
Furthermore, the degree of roasting may also have contributed
to the low results of this study, because the coffee used was
commercial roasting grade and the more the coffee is roasted,
the greater is the loss of sugars, due to caramelization.

Antimicrobial Activity of Coffee

Although no coffee extraction samples showed antimicrobial
activity, it is known that phenolic compounds, like caffeic
acid, an ordinary phenolic compound found in coffee beans,
have a large antimicrobial activity against bacteria, viruses,
and fungi (Khan et al., 2021). This class of compounds alters
the rigidity of the cell wall, which results in the loss of cell
integrity. On the other hand, these compounds can disrupt
the permeability of the cell membrane in microorganisms
by altering various intracellular functions through hydrogen
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bonding to enzymes. This process can induce irreversible
damage to the cell leading to the cessation of its activities,
and consequently to cell death (Cushnie & Lamb, 2011).
There are few microbiology studies with coffee or its com-
pounds alone. It has been established that high-pressure-
assisted extraction enhances the extraction rate of bioactive
compounds from coffee beans, such as chlorogenic acid and
caffeine (Lin et al., 2022). Sorgi and co-workers studied the
antimicrobial effect of caffeic acid stock solution on Strep-
tococcus mutans and obtained an IC5y=2.938 +0.1225 mM,
thus revealing antimicrobial activity against S. mutans (Sorgi
et al., 2021). Rauha and co-workers (Rauha et al., 2000)
also studied the antifungal and antibacterial effects of caf-
feic acid from Finnish plant extracts. The study showed no
antibacterial or antifungal activity for this compound. On the
other hand, Khochapong and co-workers’ study showed that
coffee pulp extract in concentrations of 150 and 200 mg/mL
has an inhibitory effect against E. coli and S. aureus, respec-
tively. These inconsistent results may be due to the different
conditions used in the extract preparation method as well as
the different origins of Coffea arabica used (Khochapong
et al., 2021). Daglia and co-workers (Daglia et al., 1994)
investigated the relationship between the inhibitory effect
of coffee extract (antimicrobial activity) and some chemical
indicators of the degree of roasting. Thus, according to this
study, it was possible to confirm that there is an influence
of the degree of roasting on the inhibitory effect. And that
can justify the absence of antimicrobial activity in the pre-
sent study. Almeida and co-workers (Almeida et al., 2006)
evaluated the antibacterial activity of coffee extracts by the
disk diffusion method on E. coli and P. mirabilis, verifying
positive antibacterial activity. This difference may be related
to the hot extraction method that was used and the coffee/
water ratio, which was 20%.

As the coffee extract, the freeze-dried coffee did not show
antimicrobial activity for any bacteria and yeast analyzed.
Even though there was a halo of inhibition of C. albicans for
freeze-dried coffees, the halo of inhibition was smaller than
that defined by the legislation to affirm that the analyzed
coffee showed antimicrobial activity.

Caffeine Content, Antioxidant Activity, and Total
Phenolic Content

In cold brew coffee samples, the caffeine values were
slightly higher than in the freeze-dried coffee solution.
Cold brew without cryoprotectants (EW) showed the high-
est caffeine content (4.05+0.03 mg/mL). The soluble coffee
without cryoprotectants (LW) showed 3.70 +0.04 mg/mL of
caffeine content. The present study found higher results than
the extracts obtained by Angeloni and co-workers (Angeloni
et al., 2019), which found 1.25 mg/mL of caffeine for extrac-
tion with a 10% coffee/water ratio and 6 h of extraction at a
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temperature of 22 °C. And similar results were reported by
Fuller and Rao (2017), who found values of approximately
1.2 mg/mL for extraction of 5 h at a temperature of 24 °C.

A loss of approximately 10% in caffeine content was
observed after the drying process. Also, the caffeine levels
obtained were similar (p > 0.05) for whole freeze-dried cof-
fee, indicating that the addition of cryoprotectants does not
affect caffeine levels after the freeze-drying process. Data
reported in the literature show that caffeine levels vary
according to the species of raw material and that for soluble
coffee, the extraction process promotes the enrichment of
solids, with a consequent decrease in caffeine content, which
confirms our results (Olechno et al., 2021).

The contents of antioxidants as caffeine and chlorogenic
acid are essential factors for the healthiness of coffee. The
antioxidant content contributes to the bitterness of coffee
(Esquivel & Jiménez, 2012; Gloess et al., 2013). Consider-
ing the capacity of the coffee samples to perform the oxi-
dation-reduction reaction, analyzing freeze-dried samples
through the DPPH stable radical method (Table 2), there
was no significant difference (p > 0.05) between samples.
However, before drying there were statically significant
differences (p < 0.05) between EF—cold brew with fruc-
tose sample (58.51 +4.05%)—and EW—cold brew without
cryoprotectant sample (88.12+2.10%). These values for
antioxidant capacity are higher than the results obtained for
the samples after freeze-drying (LW—soluble coffee with-
out cryoprotectants 52.23 + 1.83%; LF—soluble coffee with
fructose 52.17 +4.12%; LM—soluble coffee with mannitol
49.94 +3.72%).

It was observed that in the samples of freeze-dried cof-
fee, the amount of antioxidant capacity decreased in relation
to the extract, as a function of the drying process. These
results are explained because, during drying processes, there
is a loss of bioactive compounds with antioxidant capacity.
Indeed, several techniques have been developed to promote
real-time quantification throughout the roasting process,
such as near-infrared spectroscopy (Catelani et al., 2017).
Others have been described as promising pre-treatment
methodologies to improve the extraction of antioxidant com-
pounds, such as pulsed electric field (Bilge et al., 2022). A
plausible reason for the decrease of antioxidant capacity is
the sensitivity of antioxidant compounds to thermal cycles
and therefore the reduction in free radical inhibitory activity.
Similar effects on the antioxidant activity of coffee have the
type of roasting. Usually, low roast grades have the highest
antioxidant activity and higher roast grades have the lowest
antioxidant activity (Duarte et al., 2005).

According to a study performed by Pinelo and co-workers
(Pinelo et al., 2004), who evaluated the interaction between
phenols and antioxidant capacity, the variations in the ability
to sequestering free radicals can be related to the disposi-
tion of polyphenolic compounds subject to polymerization
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reactions, which results in the formation of oligomers with a
larger area for cargo displacement. Thus, when the degree of
polymerization exceeds the critical value, there is increased
molecular complexity, reducing the availability of hydroxyl
groups in the reaction with the stable radical DPPH. That
results in a decreased inhibitory capacity of radicals. How-
ever, regarding the antioxidant capacity of the cold brew, the
samples analyzed, in general, have a high percentage of inhi-
bition. Also, the high rate of inhibition of the coffee samples
of cold brew without cryoprotectants (88.12+2.10%) was
approximately 8% superior to those values found by Wolska
and co-workers (Wolska et al., 2017). Their study evaluated
free radicals by the method of DPPH, using a hot extraction
by infusion of Coffea arabica, and it was found to have an
inhibition of free radicals of approximately 80%.

According to another study that evaluated six brands of
commercially roasted coffee, using a cold extraction with a
10% coffee/water ratio, the lowest inhibition of free radical
values found were 55% and 60% in the cold brew. Further-
more, in that study, the authors observed the influence of pH
and coffee/water ratio on the antioxidant activity (Kamiyama
et al., 2015).

Results found in this study were close to those reported
by Vignoli and co-workers (Vignoli et al., 2012) for solu-
ble coffee, which obtained values of 48.90% for analysis
of antioxidant capacity by DPPH. In addition to the drying
process, these low values found for the antioxidant capacity
of freeze-dried coffee with fructose may also be related to
the fact that fructose is a reducing sugar, which contributed
to the oxidation of coffee. In addition to being known for the
presence of caffeine and its antioxidant properties, coffee
also contains other important phenolic compounds like feru-
lic acid, caffeic acid, catechins, and anthocyanins, and bio-
logically active compounds like nicotinic acid, trigonelline,
quinolinic acid, tannic acid, and pyrogallic acid (Esquivel &
Jiménez, 2012; Kyroglou et al., 2021).

The values found for the content of total phenolic com-
pounds in the coffee extracts demonstrated no significant
difference, with a value averaged at 7.74 +0.72 (mg GA/mL
of extract). This method allows quantifying the content of
total phenolic compounds acting as a fundamental indica-
tor about the antioxidant capacity. However, the reducing
capacity of the Folin-Ciocalteu reagent is related to different
electron donor substances, being sensitive not only to the
phenolic compounds but also to the presence of proteins,
ascorbic acid, and other reducing compounds (Brighente
et al., 2007; Falé et al., 2009). According to Panusa and
co-workers (Panusa et al., 2013) and Ramalakshmi and
co-workers (Ramalakshmi et al., 2009), who evaluated the
extraction process of phenolic compounds in coffee, the
temperature and extraction method directly influenced such
compounds. The part of the plant used also plays a crucial
role in the content of these compounds. The solvent used has

a significant effect on the extraction efficiency. Panusa and
co-workers (Panusa et al., 2013) in their work found that the
phenolic content increased about 1.5 times when replacing
the solvent from water to ethanol. This shows that ethanol
can dissolve a wider range of compounds. In addition, the
variety of coffee used in the preparation of the extract also
influences the amounts of phenolic compounds extracted.
This statement may justify the difference in results obtained
by Cruz and co-workers (Cruz et al., 2017) for the extrac-
tion of roasted coffee dark by the hot infusion method. The
authors obtained 1.00 +0.02 mg GA/mL of extract, whereas
Cordoba and co-workers (Cordoba et al., 2019) obtained
0.56 +0.04 mg GA/mL of extract after 14 h of cold extrac-
tion with a 10% coffee/water ratio.

The values found for the content of total phenolic com-
pounds after the lyophilization process showed a significant
difference (p <0.05) between the samples, with the LW—
soluble coffee without cryoprotectant sample—having the
highest range of phenolic compounds (11.74 mg AG/mL of
lyophilized extract).

Considering the value of phenolic compounds in the coffee
extract and after drying, the efficiency of lyophilization for all
samples was significant, demonstrating that the cryoprotectants
and the freeze-drying process did not interfere negatively in
the retention of total phenolic compounds, suggesting that the
phenolic compounds present in the samples are stable.

Furthermore, after coffee drying, there is high preserva-
tion of the phenolics, since the Folin-Ciocalteu reagent is
reduced to a high extent by the highly reactive polyphenolic
compounds present in the samples. Saénz and co-workers
(Saénz et al., 2009) also observed a higher content of
phenolic compounds in the dry particles when compared
to the initial extract. According to Coelho and co-workers
(Coelho et al., 2014) and Pérez-Martinez and co-workers
(Pérez-Martinez et al., 2010), this increase may result from
the increased concentration of conjugated phenolic com-
pounds during sample preparation and after the drying pro-
cess relative to the original solution, thus increasing the total
phenolic compound content. Moreover, some studies report
that solvents with high polarities, such as water, can result in
extracts with impurities, such as organic acids and reducing
sugars, which may influence the determination of phenolic
compounds (Schafranski et al., 2019).

Regarding the effect of reducing sugars, such as fruc-
tose, on the concentration of phenolic compounds, we
could verify a significant influence; hence, these samples
have the lowest values both for the antioxidant capacity
(58.51+4.05%) and for the content of phenolic compounds
(6.55+0.91 mg AG/mL of extract).

We must keep in mind that phenolic compounds have a
diversified chemical structure, with multiple mechanisms of
action in the prevention of oxidative reaction (Valenzuela &
Nieto, 1996).
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Water Activity, Moisture, Solubility, and Wettability
of Soluble Coffee

The water activity (aw), or free water, represents the water
in the free state and is thus available for biochemical and
chemical reactions. All these reactions can compromise
the stability and quality of food (Picanco et al., 2018; Terra
et al., 2007). For instance, this water favors microbial growth
and reactions that can alter the food composition and proper-
ties. This activity is determined by a water activity meter,
whose value ranges from O to 1. Water activity is one of
the most important properties for the processing, conserva-
tion, and storage of foods. It is also worth mentioning that
water activity values below 0.3 lead to little or no microbial
growth, because there is no development of microorganisms
(Celestino, 2010; Damodaran et al., 2018). According to the
Brazilian Health Surveillance Agency (ANVISA), RDC n°
277 in effect, the water activity values must be below 0.3 for
soluble coffee; however, all analyzed samples of lyophilized
soluble coffee had a water activity near 0.3, thus demonstrat-
ing a common tendency to deteriorate and develop microor-
ganisms (ANVISA, 2005).

Coffee without cryoprotectant (LW) showed the low-
est water activity (0.15+0.01) and a significant difference
(p <0.05) among the samples with cryoprotectant. This
may be related directly to the hygroscopic capacity of the
cryoprotectants used. Since the monosaccharide fructose is
a reducing sugar, it can absorb moisture which may have
favored its high value of water activity to LW. Thus, the
cryoprotectant influenced the water activity of freeze-dried
coffee; however, the results obtained remained within the
standards established by Brazilian regulatory authorities.

Another critical parameter to evaluate the conservation of
foods is humidity/moisture, a parameter related to the stabil-
ity of soluble coffee during storage. The freeze-drying pro-
cess should result in low residual moisture content because
the presence of high residual moisture content can result in
the dissolution of the freeze-drying product even after the
process following a short storage period (Fonte et al., 2016a,
b). Campelo-Felix and co-workers (Campelo-Felix et al.,
2017) highlight that knowing the moisture of the powder it
is possible to predict its behavior when stored in locations
with different values of relative humidity, and thus predict
the water absorption and damage to the product.

Since for one good drying process for soluble coffee, the
humidity values should not be higher than 5%, only the LF
sample showed humidity (11.26 +1.12%) higher than 5 g
water/100 g dry solid, and therefore does not meet the values
recommended by ANVISA (2005).

The LF and LM samples did not present a significant dif-
ference in water activity, but regarding humidity, there was
a significant difference (p < 0.05). The LM sample had less
content (4.78 £2.04%) than the LF sample (11.26 +1.12%)
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which is justified since mannitol is not hygroscopic like
fructose. This sugar has excellent potential as an ingredient
in formulations of products that should not have high humid-
ity (Fernandes et al., 2013).

The soluble coffees obtained showed a significant differ-
ence (p <0.05) between all the samples regarding humidity.
However, the LW sample was the only sample that fitted
with moisture content less than 3%, a technical specification
requirement of diverse soluble coffee for consumption in
countries; however, the LM sample is within the maximum
range stipulated by legislation (less than 5%). The lower
humidity rate is related to a longer useful life and better
product’s sensory characteristics. Exposing food to condi-
tions of high moisture content and temperatures results in
changes in the food and consequently sensory and microbio-
logical changes (Surkan et al., 2009).

The results obtained with wettability and solubility
contributed to verify the good dissolving capacity of lyo-
philized coffee. The solubility analyzed in all freeze-dried
coffees showed a significant difference between the sam-
ples (p <0.05), where the sample that presented the best
result was LW (86.03 +1.28%). Regarding the samples LF
and LM, both showed low solubility (55.03 +£3.09% and
61.40+3.86% respectively). This is justified by the structure
of mannitol, which is a polyol and presents low solubility.
Regarding fructose, the low solubility may be related to the
fact that the sample shows a collapsed structure after lyophi-
lization (Figs. 1 and 2).

Solubility is associated with the powder’s ability to main-
tain a homogeneous mixture with water, generating a stable
combination, that is, its ability to reconstitute itself in water.
Campelo-Felix and co-workers (Campelo-Felix et al., 2017)
point out that solubility is one of the critical points considered
by the industry and consumers as a factor of product quality.
Soluble coffees are expected to have quick and homogeneous
resuspension without supernatant particles or sediment.

Although Campelo-Felix and co-workers (Campelo-Felix
et al., 2017) and Bhandari and co-workers (Bhandari et al.,
1992) indicate that optimal solubility values for powdered
foods are in the range of 92-99%, the solubility of the cof-
fees produced in this study was a little lower, indicating just
a reasonable solubility. According to Fernandes and co-
workers (Fernandes et al., 2013) and Pereira de Oliveira and
co-workers (Pereira de Oliveira et al., 2022), solubility is a
decisive factor for the quality of powdered products, in line
with what Caparino and co-workers (Caparino et al., 2012)
reported, indicating that solubility is considered the most
reliable criterion for evaluating the behavior of a powder in
an aqueous solution.

The wettability analysis relates the time needed to wet,
sink, disperse, and solubilize soluble products. For a powder
to be considered instantaneous, its wetting time must be less
than 60 s (Nakilcioglu-Tas & Otles, 2019).
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The results found for LM and LW (1.48 +0.57 and
1.25 +0.10 min, respectively) were a median reconstitu-
tion time. However, they are not good values since there are
studies that consider optimal wettability values for powder
products with results between 10 and 60 s (Bhandari et al.,
1992; Campelo-Felix et al., 2017). In turn, LF shows the
worst result, with 3.50+0.08 min for wettability. The rea-
son related to the high wetting time of the LF sample may
be related to the cryoprotectant used in this sample, which
ended up impairing the water penetration, in addition to the
collapsed sample. So, this issue may have contributed to
the formation of a barrier and thus have influenced the low
wettability due to high surface tension.

Freeze-Dried Coffee Particle Morphology

All the freeze-drying conditions were performed the same
way for all the treatments. Regarding the results, it is pos-
sible to observe that the samples LW and LM presented a
good morphology for soluble coffees. The morphology of
the LM sample resembles structures in the form of ice crys-
tals which may have resulted from the interaction of man-
nitol with compounds in the extract, since it is part of the
polyol group and has a compact structure, contributing to the
formation of crystals in the system (Rapaille et al., 2003).

It is possible to observe particles with different morphol-
ogies, pointed surfaces, and irregular sizes. For example,
in the fructose sample, there was a compact structure with
defined contorts. While LW presents a porous structure, it
does not have a defined atomic structure, corroborated by
Bhandari and Hartel (2005), who state that soluble coffee
has a porous structure.

The absence of cracks on the surface of the particles pro-
duced with fructose (LF) was found, which ensures greater
protection of the compounds, and thus an improvement in
their stability. However, as shown in the previous analysis,
due to their more condensed and compacted structure, these
crystals present low solubility since their system prevents
diffusion of water during the solubilization process.

Thus, the LW sample presented the highest porosity
and rough surface justified by the increased solubility of
the model, which confirms that the porosity influences the
solubility of dry food (Terroni et al., 2013). These arrange-
ments in the crystalline structure of soluble coffee resulted
from the freeze-drying process, in which both the surface
morphology and molecular order undergo changes (Levin
etal., 2021; Zhang et al., 2014).

In addition, Raman (2015) observed equivalent results,
annealing the effects of freezing conditions on 10% coffee
samples. In this study, they used microscopy during freeze-
drying to evaluate how process parameters help optimize
crystal structure. Thus, drying speeds were found to have
a high influence on crystal microstructure. The annealing

step also influenced the sizes of the ice crystals and had a
beneficial effect on the freeze-drying rate of coffee.

Conclusions

Coffee is a complex natural matrix with a wide range of bio-
active compounds. In this work, we explored the impact of
cryoprotectants in the freeze-drying process of Arabica cof-
fee cold brew, aiming to obtain soluble coffee with desirable
properties. The antioxidant properties and phenolic compound
concentrations were higher in the Arabica coffee freeze-dried
in the absence of cryoprotectants, whereas the evaluated cryo-
protectants (fructose and mannitol) increased the content of
soluble solids. The caffeine concentration differences between
the developed preparations were not significant.

Using fructose as cryoprotectant led to a coffee prepara-
tion that does not fulfill the standard requirements, since
it presents moisture values above 5%. Freeze-dried soluble
coffee prepared in the absence of cryoprotectants displayed
better solubility, highest porosity, lowest moisture, and water
activity. No significant differences were attained between
the two cryoprotectants evaluated.

In summary, the application of fructose or mannitol as
cryoprotectants in the preparation of freeze-dried soluble
coffee did not present a practical advantage, while freeze-
drying Arabica coffee in the absence of cryoprotectant led
to a product with desirable features.
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