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Abstract: The formulation of polymeric microparticles to encapsulate bioactive compounds from
two hop varieties (Nugget and Perle) using sequential green extraction processes was performed.
The technologies used were ultrasound-assisted extraction (UAE) and pressurized hot water (PHW)
extraction. Liquid phases were analyzed for total phenolic content (~2%), antioxidant activity
(IC50, DPPH: 3.68 (Nugget); 4.46 (Perle) g/L, TEAC (~4–5%), FRAP (~2–3%), and reducing power
(~4%)), protein content (~1%), oligosaccharide content (~45%), and for structural features. The
fractions obtained from UAE were selected to continue with the drying process, achieving the
maximum yield at 120 ◦C (Perle) and 130 ◦C (Nugget) (~77%). Based on these results, the formulation
of polymeric microparticles using mannitol as the carrier was performed with these fractions. The
production yield (~65%), particle size distribution (Perle: 250–750 µm and Nugget: ~100 µm), and
rheological features (30–70 mPa s at 0.1 s−1) were the parameters evaluated. The UAE extracts
from hop samples processed using a sustainable aqueous treatment allowed the formulation of
microparticles with a suitable yield, and morphological and viscosity properties adequate for potential
food and non-food applications.

Keywords: hop; mannitol; pressurized hot water; ultrasound-assisted extraction; viscosity

1. Introduction

Biopolymer-based microparticles are useful to protect highly valuable compounds
that can have therapeutic or food uses; moreover, the features of particulate systems allow
to modulate drug delivery, and can improve the appearance, texture, taste or stability
of food products [1,2]. Currently, the formulation of particulate systems using antioxi-
dant compounds obtained from natural sources by sustainable processes has been gaining
attention [3,4]. Microencapsulation via spray-drying is one of the most employed tech-
niques; it favors fast solvent evaporation allowing the production of spheric particles [5].
In comparison to other conventional procedures, microencapsulation has the advantage of
producing microparticles in a quite simple continuous operation [6]. In order to formulate
these systems, food-grade biopolymers, such as mannitol or alginate, are used [2,7,8]. Their
physicochemical features, like molecular weight, branching, solubility, charge or polarity,
enable the assembly of colloidal particles, achieving a range of functional attributes.

Humulus lupulus (commonly known as hops), is a climbing plant belonging to the
Cannabaceae family. This raw material could be an attractive alternative natural source
to cope with increasing market demand for antioxidants [9,10]. H. lupulus has been used
in traditional medicine due to its properties including sedative, antibacterial, antifungal,
and antimicrobial activity [11,12]. Currently, the mainly use of hops is associated with
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the beer industry, the most relevant compounds being essential oils, volatile compounds,
and bittering acids [13–15]. In addition, several studies have shown health benefits of the
polyphenolic components, such as antioxidant, antiseptic or antitumoral properties [16,17].
Recently, the recovery of the phenolic compounds from hops has been studied with a
focus on their incorporation as innovative ingredients for food, pharmaceutic or cosmetic
applications [18].

To produce bioactive extracts from hop varieties, the effectiveness of conventional
processes has been gradually enhanced with the assistance of intensified techniques, namely,
the employment of greener solvents. The current industrial challenge is the design of
extraction processes to produce several products according to the biorefinery target [14].
Green extraction technologies like pressurized hot water (PHW), microwave- or ultrasound-
assisted extraction (UAE) have several advantages, including saving time, energy, and
resources, allowing high efficiency and low environmental impacts [19,20]. Ultrasound-
assisted extraction, also known as sonication, is used as a green extraction technology in
order to obtain bioactive compounds from hops. This technology can promote the release
of bioactive compounds, whereas the application of hydrothermal treatments leads to
enhanced phenolic extraction yield [21]. Other authors evaluated the cascade combination
of ultrasound- and microwave-assisted extraction to obtain phenolic compounds [22].

In this context, the major aim of this study is to explore the potential of the aqueous
crude extracts obtained from two hop varieties (Nugget and Perle Hallertau) by a sequence
of green extraction technologies (pressurized hot water and ultrasound-assisted extraction)
using only water as the extractive agent. The bioactive fractions selected were the base to
produce biopolymeric particulate systems using mannitol as the carrier. A protective layer
of their highly valuable compounds with antioxidant properties was studied.

2. Materials and Methods
2.1. Raw Material

Two hop sample varieties, Nugget (N) and Perle (P), in pellet format, were kindly
provided by Hijos de Rivera S.A. (A Coruña, Spain). The pellets were ground to a powder
consistency and stored in darkness at room temperature (~25 ◦C) and RH ~40%, in hermetic
plastic bags. The detailed composition was previously reported [22]: moisture 9.8% (P)
and 8.7% (N), protein 16.1% (P) and 16.5% (N), ashes 6.8% (P) and 7.0% (N), and total
carbohydrates 31.6% (P) and 32.6 (N).

2.2. Extraction Sequential Process

The sequential extraction process allows the recovery of the maximum quantity of
bioactive compounds obtaining different fractions with different possible applications and
an exhausted solid.

2.2.1. Ultrasound-Assisted Extraction

The powdered hops were mixed with distilled water as solvent in a flask (solid:liquid
ratio 1:15, w/w) and introduced in a water bath (FB 11207, Fisherbrand, Singen, Germany).
The ultrasound-assisted extraction (UAE) was carried out using distilled water as solvent
(solid:liquid ratio 1:15, w/w). The operation conditions were optimized in a previous
work [22] using a different solvent to extract the bioactive compounds. The operational
conditions were frequency at 80 kHz and amplitude at 100%, in sweep mode; the extraction
time for Perle was 30 min and for Nugget it was 120 min; the temperature of the extraction
was 55 ± 2 ◦C. After the extraction process, two phases (liquid and solid) were obtained
via vacuum filtration, and both were characterized.

2.2.2. Pressurized Hot Water Extraction

After the UAE treatment, the residual solids of both varieties of hops were introduced
in a stainless steel pressurized and stirred reactor (Parr Instruments, series 4848, Moline,
IL, USA). The extraction temperature (190 ◦C) was selected according to previous work
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where microwave-assisted extraction was used as the green extraction technology [22].
When the reactor achieved the selected temperature (190 ◦C), it was cooled quickly to
room temperature in order to open it. Next, the liquid and solid phases were separated via
vacuum filtration and characterized.

2.3. Solid Residue Fraction Characterization

The raw material and solid residues separated by vacuum pump were characterized
after the sequential extraction processes, at least in triplicate.

The moisture content in the solid sample was determined according to the standard
gravimetric method developed by the Association of Official Analytical Chemists (2000).
The sample was maintained for 48 h in an convective air oven at 105 ± 2 ◦C (P Theroven,
JP Selecta, Abrera, Spain). The ash content was calculated per 100 g of raw material, and
this content was determined gravimetrically using a muffle furnace (ELF, Carbolite, Hope
Valley, UK) at 575 ◦C for 6 h. The protein content present in the two hop varieties was
determined by the Kjeldahl method and calculated applying the conversion factor (6.25) on
the total nitrogen content determined according to the AOAC protocol (2000).

2.3.1. Minerals

The minerals of the solid fractions were analyzed and determined as macroelements
(Na, K, Ca, Mg, Fe) and microelements (Cd, Pb, Cu, Hg) [23]. In the case of mercury, the
content was evaluated using cold vapor atomic absorption spectrometry following the
protocols described elsewhere [23].

2.3.2. Oligosaccharide Fraction

The oligosaccharide fraction was performed using sulfuric acid at 72% (acid hydroly-
sis). This procedure was performed in a water bath at 30 ◦C for 1 h with manual stirring.
Immediately, a second step with sulfuric acid at 4% was carried out, at 121 ◦C for 1 h at
2 atm. The liquid phase was filtered and analyzed using high-performance liquid chro-
matography (HPLC) (1260 Infinity, Agilent Technologies, Santa Clara, CA, USA), following
the protocol described elsewhere [24]. In the case of the solid phase, it was evaluated
gravimetrically as acid insoluble residue (AIR).

2.4. Liquid Fraction Characterization

The dried content of the soluble extract was determined after drying 1 mL at a constant
temperature of 105 ◦C in an air convective oven (P Theroven, JP Selecta, Spain), in triplicate,
for 72 h. The pH value was experimentally measured using a pH meter (Crison GLP 21,
Crison, Alella, Spain) previously calibrated using standards (Crison, Alella, Spain).

The soluble protein content was determined using the Bradford method [25]. The
protocol to measure the quantity of protein in the samples was performed following the
instructions provided by the supplier. Bovine serum albumin (BSA, Sigma, Castellón de la
Plana, Spain) was the standard used to perform the standard curve; the absorbance was
measured at 595 nm. The protocol was carried out at least in triplicate.

The oligosaccharide fraction was determined following the protocol described above [24].
Previously, a hydrolysis of the liquid samples was performed (4% sulfuric acid, 121 ◦C,
20 min).

2.4.1. Antioxidant Features

The total phenolic content (TPC) in each extract was determined using the Folin–
Ciocalteu spectrophotometric method [26]. The Folin–Ciocalteu reagent (VWR Chemicals,
France) was diluted 1:1 (v/v) with distilled water and sodium carbonate solution at 10%
(Na2CO3, Sigma-Aldrich, Burlington, MA, USA). The standard curve was prepared using
gallic acid (Sigma Aldrich, Shangai, China) in concentrations from 0.01 to 0.1 ppm. For the
measurements, 0.25 mL of sample, 1.875 mL of distilled water, 0.125 mL of Folin reagent
(previously prepared), and 0.25 mL of sodium carbonate 10% were introduced in test
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tubes, homogenized in a vortex, and incubated for 1 h in darkness at room temperature.
The absorbance was read at 765 nm using a spectrophotometer (Evolution 201, Thermo
Scientific, Bremen, Germany). The determinations were carried out in triplicate.

2.4.2. Antioxidant Activity

The antioxidant capacity was evaluated using the Trolox equivalent antioxidant capac-
ity (TEAC) assay [27]. Briefly, the liquid samples and water for the control (10 µL) were
placed in a test tube. The ABTS solution was diluted with PBS until absorbance 0.7 ± 0.1 at
734 nm, and was added to 1 mL. The test tubes were incubated for 6 min at 30 ◦C in a water
bath, and the absorbance was read at 734 nm. The standard curve was prepared using
Trolox (Sigma-Aldrich, Søborg, Denmark), and the data were expressed as TEAC values.

The ferric reducing antioxidant power, also known as FRAP, is based on the reduction
of the ferric 2,4,6-tripyridyl-s-triazine (TPTZ) complex in acidic conditions [28]. The FRAP
solution was prepared with 10 mM TPTZ and 40 mM HCl. The sample or standard was
placed in a test tube (0.1 mL), and 3.0 mL of FRAP solution was added. The absorbance
was read at 593 nm for 6 min, and the assay was performed at least in triplicate. Ascorbic
acid was used as standard.

The reducing power is determined as the reduction of Fe (III) into Fe (II). The hop
extracts were placed in a test tube (1 mL), and phosphate buffer at 0.2 M, pH 6.6 (2.5 mL),
was added. Afterward, potassium ferricyanide at 1% (w/v) (2.5 mL) was added. The test
tube was mixed in a vortex and incubated (50 ◦C, 30 min). Trichloroacetic acid at 10%
(2.5 mL) was added, and the mixture was centrifuged. The supernatant obtained was
mixed with distilled water at a ratio 1:1 (v/v), and ferric chloride at 0.1% (0.5 mL) was
added. The absorbance was measured at 700 nm, at least in triplicate. The standard curve
was prepared used ascorbic acid as standard.

The radical scavenging activity or DPPH (α,α-diphenyl-β-picrylhydrazyl) of the sam-
ples was evaluated [29]. The hop extracts were placed in test tubes (50 µL) and DPPH
solution, previously prepared and adjusted to 0.6 absorbance (measured at 515 nm), was
added. The percentage of inhibition (IC50) was determined and expressed as g/L.

All analyses mentioned above were performed at least in triplicate.

2.4.3. Structural Profiles
High-Performance Size-Exclusion Chromatography

The molar mass distribution of saccharide samples was analyzed by high-performance
size-exclusion chromatography, using the HPLC described above. The columns used were
TSKGel G2500PWXL and G3000PWXL, in series (300 × 7.8 mm, Tosoh Bioscience, Griesheim,
Germany), and a PWX-guard column (40 × 6 mm, Tosoh Bioscience, Griesheim, Germany).
The mobile phase was Milli-Q water, at 0.4 mL/min. The standards used were dextrans
from 1000 to 80,000 g/mol (Fluka, St. Louis, MO, USA).

Fourier-Transform Infrared Spectroscopy

Hop lyophilized samples from the Perle and Nugget varieties and the microparticles
formulated were blended with KBr and dried with an infrared lamp for 30 min. FTIR
spectra were recorded at 400–4000 cm−1 at 25 scans/min (Bruker IFS 28 Equinox equipment,
OPUS-2.52, Billerica, MA, USA) for data acquisition using System 450-MT2.

2.5. Production of Microparticles

The equipment employed to produce microparticles from both studied varieties was
a mini spray-dryer B-290 (BÜCHI, Flawil, Switzerland) equipped with a standard and
high-yield cyclone, equipped with a 1.5 mm nozzle. The tested parameter was the inlet
temperature (from 110 to 150 ◦C), and the flow rate was fixed at 0.7 mL/min, with 20%
feed solution. The atomization air flow rate was evaluated from 439 to 1052 L/h.

The polymer used as the carrier was mannitol, widely used for pharmaceutical appli-
cations due to its high compatibility and inert properties. In order to establish the operation
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conditions to formulate the microparticles, the UAE extract from both varieties was dried
using mannitol (1, 2, 5 and 10%, w/w) as the carrier at 120 ◦C and 130 ◦C for Perle and
Nugget, respectively.

2.5.1. Characterization of Microparticles
Yield of Production

The microparticle production yield (%) was calculated gravimetrically by weighing
the microparticles found in the collector, following Equation (1):

Production yield(%) =
mg microparticles recovered

mg extract + mg mannitol
·100 (1)

Scanning Electron Microscopy

The morphology of the microparticles obtained via atomization was analyzed using
scanning electron microscopy (SEM, JEOL JSM6010LA, Tokyo, Japan). Previously, the
microparticles were covered with a gold layer of 15 nm, and several images were acquired
at different scales to evaluate several parameters.

Particle Size Distribution

This parameter of the formulated microparticle samples was analyzed from the images
obtained via SEM using the ImageJ software (V 1.8.0.). The measurements of microparticle
diameters were made manually, and up to 100 measures per microparticle formulation
were evaluated.

2.6. Rheological Measurements

Steady-state shear tests of selected microparticulate systems were performed at 25 ◦C
on a MCR 302 controlled-stress rheometer (Paar Physica, Graz, Austria). The measuring
system consisted in a sand-blasted parallel plate (25 mm diameter, 0.5 mm gap). The
apparent viscosity versus the shear rate of selected microparticulate dispersions (2%)
typically used for drug delivery systems was monitored in the range of shear rates from
0.1 to 100 s−1. The above content is in the range of that typically employed for natural
materials in different fields from the food to the cosmetic industry [30]. The time-dependent
shear thinning was also monitored by measuring the forward and backward apparent
viscosity curves. In all cases, light silicon oil was employed to cover the edge of the
dispersions to avoid water evaporation during measurements. It should be noted that the
samples were allowed to rest for 10 min in the measuring geometry before rheological
testing to promote the structural and thermal equilibration of the dispersions.

2.7. Statistical Analysis

In all cases, measurements were performed at least in triplicate. Statistical study was
carried out by means of one-factor analysis of variance. The Scheffé test was conducted
to differentiate means values if the ANOVA showed means differences. For this purpose,
a degree of confidence of 95% (p < 0.05) was employed using the PASW Statistics v.22
software (IBM SPSS Statistics, New York, NY, USA).

3. Results and Discussion
3.1. Sequential Extraction Process

This work was focused on sequential extraction using two varieties of hops as raw
material, known as Perle and Nugget. The main aim of this strategy was to obtain the
maximum quantity of bioactive compounds. An overview of the processing and the main
characterization of both materials is presented in Figure 1. The extraction technologies
selected were ultrasound-assisted extraction (UAE) and pressurized hot water (PHW)
extraction. The combination of both was labeled as UAE-PHW.
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The sequential extraction process from Perle and Nugget has a notable influence on
the results of characterization; i.e., the total carbohydrate content showed an increase
after the extraction treatment, suggesting that this process continues until the complete
extraction of carbohydrates. Moreover, the severity of the PHW process could influence
the mineral content decreasing after the extraction process. Several works have found
differences in bioactive and biological properties of the extracts using different extraction
technologies [10,14,18]. This work was based on the biorefinery concept with the aim to
reduce waste. The solid residues obtained in the first step of the extraction process were
used in the next step to achieve the maximum quantity of bioactive compounds from
the raw material, the H. lupulus varieties Perle and Nugget. In addition, the solvent and
operational conditions used in the extraction will have an influence on the results [14,22,31].

3.2. Characterization of Solid Residue Fraction

Table 1 shows the results of the proximal composition of the solid phases after the
extraction process. The major quantity of ashes, carbohydrates, and minerals were extracted
in the first step (UAE), and the sequential extraction treatment (UAE-PHW) also has an
influence on the results. The ash content decreased in both varieties whereas the acid
insoluble residue (AIR) increased. Minimum differences in total carbohydrates were found
in the case of the Nugget variety. The other variety, Perle, showed around 4% of rhamnose
after the second treatment (UAE-PHW). The content of protein in all residual fractions
of hops achieved values around 13–14%, whereas the content of total carbohydrates for
Nugget and Perle was 7% and 5%, respectively.

The varieties and origin of samples could be the reason for the different results ob-
tained. Other authors found that the composition of spent hops and brewing residues was
consistent with the present results, except for the higher protein content (20–70%) [10]. Both
hops showed a value for the mineral content of around 1.6–1.7% after the UAE process,
decreasing to 1.3% after the UAE-PHW extraction treatment (Table 2). A previous work
has reported similar results [10]. The main macroelements were potassium, calcium, and
magnesium with phosphorus in a minor proportion [10]. The solvent, the extraction process
selected, and the severity could be causing these differences [14].
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Table 1. Proximal composition of the solid fraction after ultrasound-assisted extraction (UAE) and
after sequential ultrasound-assisted and pressurized hot water extraction (UAE-PHW) using two
varieties of H. lupulus, Perle and Nugget, as the raw material.

Perle Nugget

UAE UAE-PHW UAE UAE-PHW

Moisture (%) 6.47 ± 0.10 b 5.22 ± 0.02 d 7.92 ± 0.10 a 5.64 ± 0.03 c

Ash (%) 5.11 ± 0.21 a 3.88 ± 0.14 c 4.63 ± 0.14 b 3.81 ± 0.09 c

Protein (%) 13.53 ± 0.25 b 13.57 ± 0.07 b 14.21 ± 0.11 a 14.11 ± 0.04 a

AIR (%) 49.90 ± 3.86 b 75.55 ± 1.00 a 38.43 ± 2.16 c 71.36 ± 3.86 a

Carbohydrates (%) 5.39 ± 0.12 b 4.79 ± 0.09 c 7.05 ± 0.21 a 7.08 ± 0.11 a

Glucose 2.92 ± 0.04 c 3.45 ± 0.04 b 3.37 ± 0.06 b 4.39 ± 0.03 a

Xylose 1.23 ± 0.02 b 0.96 ± 0.02 c 1.60 ± 0.04 a 1.26 ± 0.01 b

Galactose 0.43 ± 0.02 a 0.21 ± 0.02 c 0.44 ± 0.02 a 0.35 ± 0.01 b

Rhamnose 0.16 ± 0.01 b 3.94 ± 0.76 a 0.24 ± 0.01 b 0.09 ± 0.01 c

Arabinose 0.40 ± 0.01 a 0.17 ± 0.02 b 0.41 ± 0.03 a 0.20 ± 0.02 b

Acetic acid 0.07 ± 0.01 d 0.23 ± 0.01 c 0.48 ± 0.01 b 1.18 ± 0.59 a

Superscripts with different letters by row show significant differences (p < 0.05).

Table 2. Content of minerals in the solid fraction after ultrasound-assisted extraction (UAE) and after
ultrasound-assisted and pressurized hot water extraction (UAE-PHW) from the two varieties.

Perle Nugget

UAE UAE-PHW UAE UAE-PHW

Total minerals (%) 1.61 1.36 1.70 1.34
Macroelements (g/kg)

K 5.4 1.7 7.0 2.2
Ca 8.1 9.8 7.6 9.3
Mg 2.1 1.7 2.1 1.5

Microelements (mg/kg)
B 25 10.8 29 13.2

Cd <2 <2 <2 <2
Cu 82.2 116 23.6 35
Na 310.4 325.6 311.8 310
Pb <6 <6 <6 <6
Hg <0.040 0.044 0.064 0.114

Macro- and microelements were analyzed in duplicate; the standard deviation was <10%. Data are given as
mean ± standard deviations.

3.2.1. Liquid Fraction Characterization
Antioxidant Activity

Figure 2a shows a similar trend for both varieties, with a slight increase after the two
extraction technologies; the values increased except the total phenolic content and the re-
ducing power in Perle. The value of TEAC after the sequential extraction process increased
from 5.2 to 6.1 for Perle, and from 2.6 to 4.2 for the Nugget variety. The higher content
for the Perle variety could suggest higher solubility of this raw material in comparison
with Nugget. The antioxidant activity was also evaluated using a DPPH assay, and the
minimum value for IC50 (g/L) was identified for UAE-PHW Nugget (3.68), followed by
Perle (UAE = 4.46; UAE-PHW = 4.76) and UAE Nugget (5.73), suggesting lower activity
than those of butylhydroxyanisol and butylhydroxytoluene.
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Figure 2. Total phenolic content, protein content, and TEAC value results (a) and carbohydrate
content (b) for both varieties (Perle and Nugget), using ultrasound-assisted extraction (UAE) and the
sequence of ultrasound-assisted extraction and pressurized hot water extraction (UAE-PHW). Note:
TEAC: Trolox equivalent antioxidant capacity; FRAP: Ferric reducing antioxidant power.

Other authors assessed the total phenolic content in extracts obtained from hops and
reported a higher value using ethanol in comparison with water; similar results were also
found for TEAC value [32]. These results suggest that organic solvents promote the recovery
of phenolic content from this raw material. In the current work, the proposed extraction
promoted the recovery of the antioxidant fraction from the Nugget variety, but no significant
differences were found for the Perle variety. Sanz and coauthors (2022) evaluated the
features of the ethanolic fraction obtained from H. lupulus, observing a similar performance
with the current work regarding DPPH and ABTS antiradical capacities [22,32].

The total carbohydrate content is presented in Figure 2b. Values around 30% for the
liquid fraction obtained after UAE and around 45% for UAE-PHW extraction were found.
As expected, this content was higher than that obtained in the extraction with organic
solvent (ethanol) with values between 3 and 10% [22]. This behavior suggests that water
extraction could be a suitable strategy to obtain saccharide fractions when H. lupulus is
used as the raw material. On the other hand, the glucose fraction obtained using UAE was
around 13.5% for both varieties. In the case of the samples obtained after the sequential
extraction process, the maximum was observed for xylose, with a value 13.5% for both
varieties, confirming the solubilization of the hemicellulosic fraction.
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3.3. Structural Profiles
Molecular Weight Profile

The molar mass distribution profile of the liquid samples obtained using the tested
extraction process were evaluated. Figure 3 displays these results. When UAE extraction
was performed, two fractions were differentiated (Figure 3a). In the case of Nugget, one
fraction was between 1000 and 5000 Da, and the other under 1000 Da. A similar behavior
was observed with the Perle variety for the small size fraction; the other peak was found
around 5000 Da.
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Figure 3. Profile of molar mass distribution of the liquid phases obtained after (a) ultrasound-assisted
extraction (UAE) and (b) the sequential extraction UAE and pressurized hot water extraction (UAE-
PHW), and spectra of FTIR of the extracts obtained after ultrasound-assisted extraction (UAE) and
the microparticles (MP) formulated with mannitol at different contents: MP2 (2%), MP5 (5%), and
MP10 (10%) for Perle (c) and Nugget (d). The solid line represents mannitol; the corresponding
wavenumbers (1053 and 1070 cm−1) are plotted as dashed lines.

After the sequential extraction (UAE-PHW), significant differences between the vari-
eties were observed (Figure 3b). The profile of Perle showed three fractions, under 1000 Da,
between 25,000 and 5000 Da, and above 80,000 Da, whereas the Nugget variety only dis-
played a fraction under 1000 Da. According to these results, the extraction process had an
influence on the molar mass distribution profile, since the higher severity of the pressurized
hot water extraction causes hydrolytic actions on the cell walls.

These results were in line with another work where fractions with different molecular
weights were obtained [33]. The extraction technology applied has an important role in the
molecular mass distribution profile of the samples; the severity and other factors suggest
the influence in these results [34].
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3.4. Fourier-Transform Infrared Spectroscopy

The bands of the representative groups present in H. lupulus and mannitol are shown
in Figure 3. The samples analyzed were the extracts dried via atomization with the highest
yield (120 and 130 ◦C for Perle and Nugget, respectively), and the representative micropar-
ticles (MP) formulated with mannitol as the polymeric carrier, at different percentages.

The extracts from Perle (Figure 3c) and Nugget (Figure 3d) were analyzed, and the
peaks found between 985 cm−1 and 1025 cm−1 could be vibrations of the CH2-OH groups
of carbohydrates [35]. The bands found at 1373 and 1400 cm−1 suggest stretching vibrations
of C–H and CH2 groups; usually they are observed between 1300 and 1460 cm−1. The
peaks found at 1608 cm−1 could be related to phenolic ring C=C, detected in the range
between 1508 and 1653 cm−1 [36,37].

Mannitol and the corresponding microparticles (Figure 3) were also analyzed to
explore the main peaks. In this case, bands at 1053 and 1070 cm−1 were found in the
spectrum, and these peaks could be associated with the C-O stretching group [38]. The
peak obtained at 875 cm−1 suggests being highly dependent on the presence of mannitol.

Some studies have reported the utilization of different hop varieties, evaluated to
extract bioactive compounds [36,37].

Microparticle Production and Characterization

The liquid samples obtained after UAE treatment were dried via atomization, and
temperatures from 110 to 150 ◦C were tested (Figure 1). In the case of Perle, the yield ranged
from 64 to 77% (w/w), and for Nugget from 66 to 77% (w/w), these being the maximum
values obtained at 120 and 130 ◦C, respectively. Table 3 shows the yields. Based on these
results, polymeric microparticles using different percentages of mannitol (0–10%, w/w)
were produced. The content of mannitol influences the drying yield of the microparticles.
In the case of the Perle variety, the values have shown a maximum yield of 66.8% using
1% of mannitol, whereas the maximum value for Nugget was 63.7 at 2% of mannitol. No
significant differences at 2% mannitol for the two varieties were observed.

Table 3. Yields of microparticle production using UAE extracts and mannitol as the carrier.

Spray-Drying Yield (%)

UAE-Perle UAE-Nugget

Mannitol/T (◦C) 120 ◦C 130 ◦C

1 66.8 a ± 1.5 61.2 b ± 1.7
2 61.9 a ± 2.4 63.7 a ± 2.9
5 44.6 b ± 1.3 60.9 a ± 0.2
10 32.3 b ± 3.1 41.2 a ± 3.1

Data are given as mean ± standard deviations. Superscripts with different letters by row show significant
differences (p < 0.05).

The behavior observed suggests that the mannitol percentage is an important factor.
Nevertheless, the values obtained using 1% (w/w) were suitable and similar to other
works [39]. When the percentage of mannitol was increased, the yield of microparticle
production decreased. Therefore, the selection of the percentage of mannitol is a critical
parameter depending on the final application. According to the antioxidant activity results
and considering the production yield of the microparticles, the Perle variety features could
be preferred in comparison to the Nugget variety.

3.5. Microstructure

The liquid samples obtained after the ultrasound-assisted extraction and sequential
extraction process were dried via atomization, and the SEM of the microparticles is shown
in Figure 4.
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(a) UAE-Perle 

     
(b) UAE-Nugget 

     
(c) UAE-PHW-Perle 

     
(d) UAE-PHW-Nugget 

 
Figure 4. Scanning electron microscopy images of selected microparticles (1% mannitol) obtained
after ultrasound-assisted extraction (UAE) and the sequential extraction process (UAE-PHW) for
the Perle and Nugget varieties from H. lupulus. Note: Magnitudes of the images of UAE Perle and
Nugget: ×5000 and ×500; and images of UAE-PHW Perle and Nugget: ×5000 and ×100.
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The morphological assessment of the formulated microparticles was performed using
scanning electron microscopy. In both cases, the Perle and Nugget samples showed a
similar appearance, and possible aggregates can be observed at a different magnification.
The field vision of the samples was represented in the images to evaluate the behavior
and features of the polymeric microparticle systems. Additional images of the polymeric
microparticles produced at different mannitol contents for both studied hop varieties are
presented in Figure S1.

The size distributions of the microparticles were also evaluated, observing the same
behavior for both varieties. The extraction process influences the size; after the second
extraction, the size of the microparticles increased noticeably.

The size of the microparticles obtained after UAE was 220–260 µm and 70–80 µm for
Perle and Nugget, respectively. After the second extraction process (UAE-PHW), the size of
the microparticles was 750 µm and 100–120 µm for Perle and Nugget, respectively. Other
biopolymeric carriers could be evaluated to formulate several particulate systems and their
features. In a work where alginate, starch, and carrageenan were evaluated, microparticles
with different behaviors and shapes were obtained depending on the carrier used [8].

Analyzing the results achieved, the final application of the microparticles could be the
reason to select the Nugget (bigger size) or Perle (smaller size) variety, since the values of
antioxidant activity and phenolic compounds are greater for Nugget.

3.6. Rheology Measurements

Figure 5 shows the viscoelastic profiles of representative microparticulate systems
measured at 25 ◦C, selected based on their spray-drying yields. The knowledge of their
rheological properties is essential during processing to extend their possible applications.
All dispersions exhibited non-Newtonian behavior, being the shear-thinning profiles suc-
cessfully described by the well-known power law model (R2 > 0.989). The drop in the
apparent viscosity over the tested shear rate range was similar for all tested dispersions
(about 2 decades). At a fixed shear rate, the microparticles from Perle featured lower
apparent viscosity when compared to those formulated with Nugget, independently of the
selected extraction treatment. For both hop varieties, it was also observed that micropar-
ticles subjected to the sequential UAE-PHW processing presented lower viscosity than
those made from ultrasound extracts, confirming the expected and previously mentioned
hydrolysis of polysaccharidic fractions.
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Figure 5. Steady shear measurements for microparticulate systems formulated at selected conditions
with hop antioxidants coated with mannitol (1%).

The rheological results suggested that microparticles incorporated with hop extracts
with higher antioxidant potential feature smaller flow resistance. Nevertheless, the magni-
tude of the tested systems was consistent with those previously reported in the literature
for polymer microparticles prepared with different natural sources [30,40]. It should be
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highlighted that the thixotropic character, with the consequent advantage for its application,
was not identified in the tested systems at the studied experimental conditions.

4. Conclusions

Sequential extraction was performed to achieve the maximum recovery of bioactive
compounds (phenolic compounds, antioxidant fraction, protein content, and carbohydrate
content) in the liquid fraction from H. lupulus (varieties Perle and Nugget), with the highest
content found for the Perle variety. The fractions obtained were suitable to produce poly-
meric microparticles using mannitol as the carrier. The formulations showed differences
in the size distribution, with the highest size found for the Perle variety (750 µm) and the
smallest for Nugget (120–150 µm). Hence, this is a critical parameter for future applications,
because a higher content of bioactive compounds was exhibited for Perle. Moreover, the
flow resistance of microparticles enriched with hop extracts notably decreased. Several
fields of application could be suitable for these polymeric microparticles, from biomedical
to cosmetic or nutraceutical, improving the stability of the final product or helping to
release active compounds. Future studies should be focused on assays of toxicity, stability,
and bioactive compound release to corroborate the potential of the microparticles during
application, including the testing of other biopolymer carriers that could enhance their
behavior.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods12203881/s1, Figure S1: Scanning electron microscopy
images of polymeric microparticles formulated with mannitol and the extracts obtained by ultrasound
assisted extraction (UAE) for Perle and Nugget varieties from H. lupulus. Note: MP2, MP5 and MP10
mean microparticles with mannitol at 2%, 5% and 10% (w/w), respectively.
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16. Keskin, Ş.; Şirin, Y.; Çakir, H.E.; Keskin, M. An Investigation of Humulus lupulus L.: Phenolic Composition, Antioxidant Capacity
and Inhibition Properties of Clinically Important Enzymes. S. Afr. J. Bot. 2019, 120, 170–174. [CrossRef]

17. Önder, F.C.; Ay, M.; Sarker, S.D. Comparative Study of Antioxidant Properties and Total Phenolic Content of the Extracts of
Humulus lupulus L. and Quantification of Bioactive Components by LC–MS/MS and GC–MS. J. Agric. Food Chem. 2013, 61,
10498–10506. [CrossRef]

18. Vicente de Andrade Silva, G.; Demaman Arend, G.; Antonio Ferreira Zielinski, A.; Di Luccio, M.; Ambrosi, A. Xanthohumol
Properties and Strategies for Extraction from Hops and Brewery Residues: A Review. Food Chem. 2023, 404, 134629. [CrossRef]
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21. Tyśkiewicz, K.; Gieysztor, R.; Konkol, M.; Szałas, J.; Rój, E. Essential Oils from Humulus lupulus ScCO2 Extract by Hydrodistillation
and Microwave-Assisted Hydrodistillation. Molecules 2018, 23, 2866. [CrossRef]

22. Sanz, V.; Torres, M.D.; Lopez Vilarino, J.M.; Dominguez, H. Green Extraction of Phenolic Compounds from Perle Hallertau and
Nuggets Hop Pellets. Food Biosci. 2022, 50, 102044. [CrossRef]

23. Queffelec, J.; Flórez-Fernández, N.; Dominguez, H.; Torres, M.D. Microwave Hydrothermal Processing of Undaria pinnatifida for
Bioactive Peptides. Bioresour. Technol. 2021, 342, 125882. [CrossRef] [PubMed]

24. Flórez-Fernández, N.; Torres, M.D.; González-Muñoz, M.J.; Domínguez, H. Recovery of Bioactive and Gelling Extracts from
Edible Brown Seaweed Laminaria ochroleuca by Non-Isothermal Autohydrolysis. Food Chem. 2019, 277, 353–361. [CrossRef]
[PubMed]

25. Bradford, M.M. A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilizing the Principle of
Protein-Dye Binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef] [PubMed]

26. Singleton, V.L.; Rossi, J.A. Colorimetry of Total Phenolics with Phosphomolybdic-Phosphotungstic Acid Reagents. Am. J. Enol.
Vitic. 1965, 16, 144. [CrossRef]

27. Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant Activity Applying an Improved ABTS
Radical. Free Radic. Biol. Med. 1999, 26, 1231–1237. [CrossRef]

28. Benzie, I.F.F.; Strain, J.J. The Ferric Reducing Ability of Plasma (FRAP) as a Measure of “Antioxidant Power”: The FRAP Assay.
Anal. Biochem. 1996, 239, 70–76. [CrossRef]

29. Von Gadow, A.; Joubert, E.; Hansmam, C.F. Comparison of the Antioxidant Activity of Rooibos Tea (Aspalathus linearis) with
Green, Oolong and Black Tea. Food Chem. 1997, 60, 7377.

30. Gupta, S.; Wang, W.S.; Vanapalli, S.A. Microfluidic Viscometers for Shear Rheology of Complex Fluids and Biofluids. Biomicroflu-
idics 2016, 10, 043402. [CrossRef]

31. Lamberti, L.; Grillo, G.; Gallina, L.; Carnaroglio, D.; Chemat, F.; Cravotto, G. Microwave-Assisted Hydrodistillation of Hop
(Humulus lupulus L.) Terpenes: A Pilot-Scale Study. Foods 2021, 10, 2726. [CrossRef]

32. Noshad, M.; Alizadeh Behbahani, B.; Rahmati-Joneidabad, M. Investigation of the Chemical Properties and Antimicrobial
Activities of Humulus lupulus Extract on Staphylococcus aureus, Listeria monocytogenes, Escherichia coli, and Enterobacter aerogenes in
Vitro. J. Food Sci. Technol. 2022, 19, 143–152. [CrossRef]

https://doi.org/10.1016/j.foodchem.2019.125535
https://doi.org/10.1016/j.carbpol.2017.03.033
https://doi.org/10.1016/j.ijbiomac.2022.01.129
https://doi.org/10.1016/j.tifs.2022.06.002
https://doi.org/10.1016/j.lwt.2021.110905
https://doi.org/10.1016/j.jep.2008.01.011
https://www.ncbi.nlm.nih.gov/pubmed/18308492
https://doi.org/10.1016/j.lwt.2022.113186
https://doi.org/10.1016/j.tifs.2019.08.018
https://doi.org/10.1016/j.lwt.2021.112974
https://doi.org/10.1016/j.sajb.2018.04.017
https://doi.org/10.1021/jf4031508
https://doi.org/10.1016/j.foodchem.2022.134629
https://doi.org/10.31545/intagr/103748
https://doi.org/10.1111/jfpe.13197
https://doi.org/10.3390/molecules23112866
https://doi.org/10.1016/j.fbio.2022.102044
https://doi.org/10.1016/j.biortech.2021.125882
https://www.ncbi.nlm.nih.gov/pubmed/34560434
https://doi.org/10.1016/j.foodchem.2018.10.096
https://www.ncbi.nlm.nih.gov/pubmed/30502157
https://doi.org/10.1016/0003-2697(76)90527-3
https://www.ncbi.nlm.nih.gov/pubmed/942051
https://doi.org/10.5344/ajev.1965.16.3.144
https://doi.org/10.1016/S0891-5849(98)00315-3
https://doi.org/10.1006/abio.1996.0292
https://doi.org/10.1063/1.4955123
https://doi.org/10.3390/foods10112726
https://doi.org/10.22034/FSCT.19.126.143


Foods 2023, 12, 3881 15 of 15

33. Kurumatani, M.; Fujita, R.; Tagashira, M.; Shoji, T.; Kanda, T.; Ikeda, M.; Shoji, A.; Yanagida, A.; Shibusawa, Y.; Shindo, H.; et al.
Analysis of Polyphenols from Hop Bract Region Using CCC. J. Liq. Chromatogr. Relat. Technol. 2005, 28, 1971–1983. [CrossRef]

34. Ramirez, C.S.V.; Temelli, F.; Saldaña, M.D.A. Production of Pea Hull Soluble Fiber-Derived Oligosaccharides Using Subcritical
Water with Carboxylic Acids. J. Supercrit. Fluids 2021, 178, 105349. [CrossRef]

35. Masek, A.; Chrzescijanska, E.; Kosmalska, A.; Zaborski, M. Characteristics of Compounds in Hops Using Cyclic Voltammetry,
UV-VIS, FTIR and GC-MS Analysis. Food Chem. 2014, 156, 353–361. [CrossRef] [PubMed]

36. Ivanovski, M.; Petrovic, A.; Ban, I.; Goricanec, D.; Urbancl, D. Determination of the Kinetics and Thermodynamic Parameters of
Lignocellulosic Biomass Subjected to the Torrefaction Process. Materials 2021, 14, 7877. [CrossRef]

37. Macchioni, V.; Picchi, V.; Carbone, K. Hop Leaves as an Alternative Source of Health-Active Compounds: Effect of Genotype and
Drying Conditions. Plants 2022, 11, 99. [CrossRef]

38. Rajbanshi, K.; Bajracharya, R.; Shrestha, A.; Thapa, P. Dissolution Enhancement of Aceclofenac Tablet by Solid Dispersion
Technique. Int. J. Pharm. Sci. Res. 2014, 5, 127–139.

39. Grenha, A.; Guerreiro, F.; Lourenço, J.P.; Lopes, J.A.; Cámara-Martos, F. Microencapsulation of Selenium by Spray-Drying as a
Tool to Improve Bioaccessibility in Food Matrix. Food Chem. 2023, 402, 134463. [CrossRef]

40. Torge, A.; Grützmacher, P.; Mücklich, F.; Schneider, M. The Influence of Mannitol on Morphology and Disintegration of
Spray-Dried Nano-Embedded Microparticles. Eur. J. Pharm. Sci. 2017, 104, 171–179. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1081/JLC-200063640
https://doi.org/10.1016/j.supflu.2021.105349
https://doi.org/10.1016/j.foodchem.2014.02.005
https://www.ncbi.nlm.nih.gov/pubmed/24629980
https://doi.org/10.3390/ma14247877
https://doi.org/10.3390/plants11010099
https://doi.org/10.1016/j.foodchem.2022.134463
https://doi.org/10.1016/j.ejps.2017.04.003

	Introduction 
	Materials and Methods 
	Raw Material 
	Extraction Sequential Process 
	Ultrasound-Assisted Extraction 
	Pressurized Hot Water Extraction 

	Solid Residue Fraction Characterization 
	Minerals 
	Oligosaccharide Fraction 

	Liquid Fraction Characterization 
	Antioxidant Features 
	Antioxidant Activity 
	Structural Profiles 

	Production of Microparticles 
	Characterization of Microparticles 

	Rheological Measurements 
	Statistical Analysis 

	Results and Discussion 
	Sequential Extraction Process 
	Characterization of Solid Residue Fraction 
	Liquid Fraction Characterization 

	Structural Profiles 
	Fourier-Transform Infrared Spectroscopy 
	Microstructure 
	Rheology Measurements 

	Conclusions 
	References

