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Abstract

Spent hops, a byproduct of brewing exhibit interesting functional qualities and antioxidant potential. This study
aimed to determine the physicochemical, phytochemical, and antioxidant characteristics of dried spent hop (DSH)
obtained from Weizen craft beer brewing. Additionally, spray-dried spent hop powder (DSH-SD) was examined. GC-MS
analysis revealed that the major components of DSH powder were propanoic acid, 3,3'-thiobis-, didodecyl ester (19.64%),
and dodecyl acrylate (15.95%). The DSH exhibited a moisture content of 5.85 + 0.05%, ash content of 4.53 + 0.01%,
protein content of 14.81 £ 0.60%, and water activity (ay) of 0.3182 £ 0.01. Based on phenolic and flavonoid contents, as
well as antioxidant activities evaluated through the ABTS and FRAP assays, the optimal extraction condition for spray
drying was determined to be 80 °C for 60 min. After spray drying, DSH-SD exhibited a moisture content of 8.39 + 0.10%,
ash content of 2.52 + 0.23%, protein content of 3.88 &+ 0.17%, and ay of 0.4460 + 0.01. DSH-SD had a total phenolic
content of 13.17 + 0.62 mg GAE/g and a total flavonoid content of 4.10 + 0.14 mg CE/g. The antioxidant activity was
20.17 £ 0.77 mg TE/g (ABTS assay) and 19.09 + 1.46 mg TE/g (FRAP assay). DSH-SD showed fair flowability with a
Carr index of 17.09 + 1.48%, tapped density of 0.31 & 0.00 g/cm?, and bulk density of 0.26 + 0.00 g/cm?. These findings
suggest that DSH-SD is a promising, sustainable ingredient for functional food applications with potential health benefits.
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Introduction

Beer is the most widely consumed alcoholic
beverage globally, following water and tea. Craft beers
differ from commercial beers as they are produced using
traditional methods, a unique brewing procedure, and
different raw materials. Unlike commercial beers, craft
beers are not filtered or pasteurized, resulting in a higher
health-promoting chemical compounds [1]. In addition,
craft beer has grown in popularity as a result of its
unique aromas and flavors [2] as well as its health
positive benefits [3]. Craft beer is typically brewed in
small, independent breweries that follow traditional

methods [4]. Although water, malt, hops, and yeast are

often the primary raw materials used in beer production,
other unique raw materials, including fruits or spices,
can also be incorporated [5,1]. These ingredients, along
with processing techniques, impart distinct sensory
characteristics to the final product, differentiating craft
beers from their industrial ones [6]. The standard
brewing process consists of 4 steps: malting, mashing,
boiling the wort, and fermentation.

Weizen beer is a classic German wheat beer and
popularity among health-conscious consumers. It made
with top-fermenting yeast (Saccharomyces cerevisiae)

and at least 50% wheat malt. Wheat, the primary
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ingredient in Weizen beer, is composed of
approximately 80% carbohydrates, predominantly in the
form of starch, along with small amounts of proteins,
lipids, and phosphorus. Trace amounts of cellulose and
hemicellulose are also present, including mono-, di-, tri-
, and oligosaccharides [7,8]. This beer is characterized
by its unique fruity flavors, particularly banana and
vanilla as well as phenolic notes that contribute to its
distinctive aroma [9].

The brewing process generates a lot of waste,
including brewer’s spent grains (BSG), spent yeast
(SY), and spent hops (SH), which are frequently fed to
animals or dumped directly into the ground due to their
high nitrogen content. Around 20 kg of byproducts are
produced for every 100 L of beer, of which
approximately 85%, 5%, and 10% are BSG, SH, and
SY, respectively [10]. The large volume of brewing
byproducts poses significant management challenges,
both economically and environmentally. Utilizing
brewing byproducts not only reduces waste but also
increases their commercial value due to their highly
valuable chemical composition. These residues are rich
sources of carbohydrates, protein, fiber, and antioxidant
compounds that have important nutritional and
functional properties [11,12]. Among the brewery
residues, BSG and SY are the most abundantly
generated and possess highly valuable compounds; thus,
they have been widely studied [13-16]. Although the
amount of spent hops (SH) is relatively small, its content
of lipids, amino acids, and coagulated proteins makes it
a valuable byproduct for research, as it could be used to
produce high-value products [10].

Hops (Humulus lupulus L.) are widely recognized
for their essential role in beer production, contributing
bitterness, flavor, and microbial stability. Female hop
cones are particularly valued for their high content of
resins, which are categorized into hard and soft resins.
The soft resins contain 2 primary bitter acid groups: a-
acids (e.g., humulone, cohumulone, adhumulone) and B-
acids (e.g., lupulone, colupulone, adlupulone) [17].
During brewing, a-acids are isomerized into iso-a-acids,
which are primarily responsible for beer’s bitterness,
while B-acids contribute to the distinctive hop-derived
flavor [17,18]. Beyond their traditional use in brewing,
hops are increasingly studied for their potential as a
source of bioactive compounds with antioxidant

properties. These antioxidant activities are important not

only for enhancing beer shelf life by reducing oxidative
degradation, but also for potential applications in the
food, pharmaceutical, and nutraceutical industries. Hops
are increasingly recognized as a valuable natural source
of antioxidants. Recent studies have demonstrated that
their antioxidant activity varies depending on extraction
methods and cultivars, with several hop genotypes
exhibiting strong antioxidant potential [19-21]. In
addition, SH still contain valuable bioactive components
such as essential oils, lipids, proteins, ash, and crude
fiber, demonstrating their potential for further utilization
[22]. The main amino acids found in SH are leucine,
alanine, valine, serine, tyrosine, glycine, proline, and
lysine, while key essential oils, include limonene, -
myrcene, and a-humulene [23]. Furthermore, hop bitter
acids contain a- and B-acids. [24]. Additionally, SH
exhibits antioxidant, antibacterial, and antifungal
activities [25,26], as well as anti-proliferative [27], and
anti-inflammatory activities [28]. In addition, spent hop
extract has exhibited anticoagulant and positive effects
on platelet reactivity [29].

Spray drying is a widely used processing
technique for producing dried particles from liquid
materials. This method is particularly effective for
preserving the quality of sensitive compounds, such as
emulsions and bioactive extracts, by minimizing heat
exposure and ensuring short drying durations [30].
Spray drying is commonly employed in the production
of instant foods, beverages, oils, and plant extracts [31].
Compared to conventional drying methods, spray drying
enhances product stability, shelf life, and functionality,
which are critical for handling, storage, and processing.
Spent hops contain valuable bioactive compounds that
make them promising functional food ingredients with
potential health benefits. This research aimed to
evaluate the physicochemical, phytochemical, and
antioxidant properties of spent hops from Weizen craft
beer brewing. Spray-dried spent hop powder was also

investigated.

Materials and methods

Preparation of spent hop

Spent hop (SH), a byproduct of Weizen beer
production, was kindly provided by Hop Beer House
Korat, Nakhon Ratchasima province, Thailand. The SH
was dried in an oven (Memmert, UF110, Germany) at

60 °C for 48 h or until constant weight was achieved.
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The dried SH (DSH) was then ground to a fine powder
using an electric blender and stored at —20 °C until

analysis.

GC-MS analysis of DSH

GC-MS was used to evaluate the volatile
components in DSH with a Bruker Model 450GC
coupled to a Bruker MS model 320MS, which was fitted
with a Rtx-5MS fused silica capillary column (30 m x
0.25 mm; 025 pm in the film thickness). Helium gas was
used at a flow rate of 1 mL/min. A 2 puL sample (50
mg/mL) diluted in ethanol was injected at 250 °C. The
oven temperature was set at 110 °C for 2 min, 200 °C
for 3 min, and 280 °C for 20 min with heating rates of 0,
10, and 5 °C/min, respectively. Data acquisition was
performed in full scan mode in the m/z range of 45 - 500
using electron ionization at 70 eV and 250 °C as the ion
source. Phytochemical compounds were identified by
comparing their mass spectra and the mass reference of
the NIST Mass Spectral Library.

Proximate analysis of DSH

Proximate analysis parameters, including
moisture, protein, and ash contents were determined
according to the method of AOAC [32].

Color and water activity of DSH

The color (L*, a*, b*) of the sample was measured
using a Hunter Lab ColorFlex 4510 device (USA), while
its water activity (aw) was determined using an AqualLab

4TE dew point water activity meter.

Extraction of DSH

A 0.5 g of DSH was mixed with 5 mL of distilled
water and incubated in an orbital shaking water bath
(Memmert, WNB45, Germany) at 150 rpm at 60 and 80
°C for 0, 30, 60 and 90 min. The mixture was then
centrifuged = (HERMLE  Labortechnik ~ GmbH,
Wehingen, Germany) at 5,000 rpm for 5 min. The
supernatant was collected and evaluated for

phytochemical and antioxidant properties.

Phytochemical determination

The total phenolic content (TPC) and total
flavonoid content (TFC) of the samples were analyzed
using a UV-VIS spectrophotometer (Thermo Fisher,
Scientific Genesys 10 UV scanning, USA). TPC was

determined based on the Folin-Ciocalteu colorimetric
method [33]. Briefly, 100 pL of the sample was mixed
with 2 mL of Na.COs and allowed to incubate for 2 min.
Then, 100 uL of Folin-Ciocalteu reagent was added, and
the mixture was further incubated for 30 min, and
measured at 750 nm. The TPC was determined using
gallic acid as a standard, based on a calibration curve
ranging from 0 - 0.4 mg/mL. The results were expressed
as mg gallic acid equivalent (GAE)/g sample.
Additionally, TFC of sample was investigated using the
aluminium chloride colorimetric method [33]. A
mixture of 250 pL of the sample and 1,250 pL of
deionized water was incubated with 75 puL of 5% NaNO:
for 6 min. After incubation, 150 pL of 10% AICl;.6H,O
was added and further incubated for 5 min. Then, 500
pL of 1 M NaOH and 275 pL of deionized water were
added, and the mixture was incubated for an additional
10 min. The reaction was measured at 510 nm, and the
TFC was determined using catechin as a standard, based
on a calibration curve ranging from 0 - 0.4 mg/mL. The
results were expressed as mg catechin equivalent (CE)/g

sample.

Antioxidant activity determination

ABTS radical scavenging activity assay was
performed [34]. Briefly, 20 puL of sample was incubated
with 1,980 uL of ABTS"* solution for 5 min in the dark
at room temperature and measured at 734 nm. The
antioxidant activity was calculated using Trolox
equivalents (TE), based on a calibration curve in the
range of 0 - 2.5 mM, and the results were expressed as
mg TE/g sample. The ferric reducing antioxidant power
(FRAP) assay was performed based on the method
described by Benzie and Strain [35]. The FRAP reagent
was freshly prepared by mixing 1 part of 10 mM TPTZ
(2,4,6-tripyridyl-s-triazine) dissolved in 40 mM HCl, 1
part of 20 mM FeCl;s solution, and 10 parts of 300 mM
acetate buffer (pH 3.6). A 100 pL sample was then
combined with 1,000 pL of FRAP reagent and incubated
at 37 °C for 15 min, and measured at 593 nm. The FRAP
value was determined using Trolox equivalents (TE),
based on a calibration curve ranging from 0 - 1.0 mM,

with results expressed as mg TE/g sample.

Spray drying of DSH
DSH powder (100 g) was mixed with 1,000 mL of
distilled water and then heated at 80 °C for 60 min. The
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mixture was then filtered and the supernatant was stored
at 4 °C overnight. A 500 mL portion of the supernatant
was directly mixed with 50 g of maltodextrin (10% w/v),
stirred and subjected to spray drying. Spray drying was
performed using a laboratory-scale spray dryer (Lab
Plant SD-06, West Yorkshire, UK) equipped with a 0.5
mm diameter nozzle and a main spray chamber
measuring 215%500 mm. The process was carried out in
a co-current flow system at a feed temperature of 25 °C,
a drying air flow rate of 4.3 m/s, a pressure of 2.0 bars,
and a feed flow rate of 485 mL/h. Initial investigations
were carried out at a drying air inlet temperature of 180
°C and an outlet air temperature of 90 °C. The resulting
DSH powder (DSH-SD) was then collected, cooled, and

stored in the dark at 4 °C for further examination.

Physicochemical properties of DSH-SD
The moisture, protein, and ash contents of DSH-
SD were determined. Color and a,, of the sample were

evaluated as mentioned before.

Phytochemical and antioxidant determination
of DSH-SD

The sample (0.5 g) was added into 5 mL of
deionized water and then shaken for 10 min. The
supernatant was then centrifuged at 5,000 rpm for 5 min,
collected and evaluated for phytochemical and
antioxidant properties as mentioned before.

Bulk and tapped density

Bulk and tapped densities were assessed using the
methodology outlined by Saifullah er al. [36]. To
determine bulk density, 2 g of sample powder was added
to a 10 mL graduated measuring cylinder, shaken, and
lightly tapped 5 times. The resulting volume changes
were recorded. The bulk density was calculated using
the mass-to-volume ratio of the sample. The tapped
density of powdered samples was calculated estimated
using Eq. (1). A 2 g of sample was placed in a 10 mL
graduated cylinder, and its initial volume was recorded.
The sample was gently dropped 100 times from a height
of 15 cm after which the final volume was measured.
Tapped density was calculated using the following

equation:

Tapped density = oS of sample powder O

Volume after tapping

Flowability

The flow properties of the sample powder were
evaluated using Carr index (CI) and Hausner ratio (HR)
[36]. Both CI and HR were calculated as follows:

__ Tapped density—Bulk density

I x 100 Q)

Tapped density

Tapped density
HR=—F"—"—" 3
Bulk density ( )

Scanning electron microscope (SEM)

Morphology of sample was carried out following
the method of Khongla et al. [33]. The samples were
mounted on aluminum specimen stubs and the particle
morphology of the samples was observed using
scanning electron microscope (FEI, QUANTA 250,
USA) at an acceleration voltage of 15 kV. The structural
characterization of samples was observed under

microscope (100x and 400x objective).

Statistical analysis

All experiments were performed in triplicate (n =
3), and the data were presented as mean + standard
deviation and statistically analyzed wusing SPSS
software. An independent t-test was conducted to
determine significant differences at a 95% confidence
level (p < 0.05). For multiple comparisons, one-way
ANOVA followed by Duncan's multiple range test was
employed.

Results and discussion

GC-MS analysis of DSH

The chemical composition of the dried spent hop
(DSH) powder is presented in Table 1. A total of 40
components were detected via GC-MS analysis,
collectively accounting for 100% of the total volatile
compounds. The major constituents were propanoic
acid, 3,3'-thiobis-, didodecyl ester (19.64%) and dodecyl
acrylate (15.95%), while the minor compounds included
n-hexadecanoic acid (6.52%), 2,5-dimethyl-2-hexanol
(5.50%) and cyclododecane (5.22%). As a result, the
chemical profile of DSH was characterized by the
presence of dodecyl acrylate and propanoic acid, 3,3'-
thiobis-, didodecyl ester, which are not typically found
in fresh hops. These compounds may be degradation or
transformation products formed during brewing, drying,

or storage. Previous research has shown that hop bitter
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acids and aroma compounds degrade during storage at
elevated temperatures, while xanthohumol rapidly
breaks down under heat and light [37-39]. In addition,
high-temperature drying can induce the degradation of
bioactive compounds and lead to the formation of new
substances [40,41]. As a reported by lannone et al. [42],
who reported that hop extracts predominantly contain
monoterpenes, sesquiterpenes, esters, alcohols, and fatty
acids. Key sesquiterpene compounds, including f-
caryophyllene, caryophyllene oxide, and humulene were
highlighted as primary components. Similarly, Bedini e?
al. [43] identified myrcene (24.2%), a-humulene
(16.2%), and p-caryophyllene (6.6%) as major
constituents of spent hop essential oil. In addition,

terpene and sesquiterpene hydrocarbons, including o-
and [-pinene, P-myrcene, limonene, B-farnesene, B-
caryophyllene, and B-humulene. Although essential oils
can still be consistently extracted from spent hops after
the brewing process, however, their quantities and
compositions often differ from previously reported
values. These variations may be influenced by factors
such as the brewing conditions, the quality and origin of
the raw hop material, and the extraction methods
employed. Nevertheless, spent hops retain valuable
compounds suitable for secondary uses in food,
cosmetics, and pharmaceuticals. These bioactive
compounds, particularly sesquiterpenes, hold potential

for promoting sustainable utilization of brewing

Hauser et al. [44] noted that spent hop material is rich in byproducts.
Table 1 Chemical composition of the DHS powder.
Peak Retention time Compounds Peak area (%)
(min)
1 3.24 Acetic acid 0.50
2 4.48 Isobutyric acid 0.72
3 4.97 1,1--Dimethoxypropane 1.35
4 5.71 Isovaleric acid 3.24
5 5.83 a-Methylbutyric acid 1.17
6 7.35 2(5H)-Furanone, 5,5-dimethyl- 2.23
7 10.97 4-Nonanol, 4-methyl- 2.20
8 12.3 2,5-Dimethyl-2-hexanol 5.50
9 15.79 Caryophyllene 0.43
10 16.33 Humulene 0.34
11 16.47 1-Dodecanol 2.52
12 16.53 Cyclododecane 5.22
13 17.14 Phenol, 2,4-bis(1,1-dimethylethyl)- 0.16
14 18.68 Humulene-1,2-epoxide 1.31
15 19 Caryophyllene oxide 0.23
16 19.73 Dodecyl acrylate 15.95
17 20.64 Tetradecanoic acid 0.31
18 21.67 Phytol, acetate 0.93
19 21.74 2-Pentadecanone, 6,10,14-trimethyl- 0.29
20 22.22 4,4,8-Trimethyltricyclo[6.3.1.0(1,5)]dodecane-2,9-diol 0.46
21 22.77 Hexadecanoic acid, methyl ester 0.27
22 23.26 n-Hexadecanoic acid 6.52
23 23.93 Dodecyl 3-mercaptopropionate 1.76
24 24.34 4,4,5',5"-Tetramethyl-bicyclohexyl-6-ene-2,3'-dione 0.67
25 25.26 3,3,8a-Trimethyl-6-oxodecahydro-1-naphthalenyl acetate 1.99
26 25.97 Octadecanoic acid 0.18
27 29.51 Lupulone 0.77
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Retention time

Peak . Compounds Peak area (%)
(min)
28 30.93 Glycerol B-palmitate 2.07
29 31.52 1,3-Dioxane, 4-(hexadecyloxy)-2-pentadecyl- 1.69
30 33.74 Deacetyldihydrogedunin 1.72
31 34.5 Tetrahydroaraucarolone 3.20
32 34.84 9,19-Cyclocholestan-3-one, 4,14-dimethyl- 2.03
33 35.56 17,21-Dihydroxypregnane-3,11,20-trione 3.03
34 38.52 4,6-Cholestadien-3f3-ol 1.11
35 39.4 Vitamin E 0.38
36 42.5 v-Sitosterol 3.60
37 43.1 B-Amyrin 0.47
38 44.06 a-Amyrin 3.51
39 44.49 Stigmasta-3,5-dien-7-one 0.34
40 51.09 Propanoic acid, 3,3'-thiobis-, didodecyl ester 19.64

Proximate composition, aw, and color value of
spent hop powder

The chemical composition, ay, and color of DSH
and DSH-SD are presented in Table 2. The moisture
content of DSH-SD was higher than that of DSH, with
values of 8.39 £ 0.10% and 5.85 + 0.05%, respectively.
This result is consistent with the findings of Bravi ef al.
[11], who reported moisture levels ranging from 5.30 -
5.41% in brewing spent hops. Such low moisture
content supports the stability of DSH during storage, as
dry conditions inhibit microbial growth and biochemical
deterioration. Water activity (aw) values below 0.60,
which are typical of dry foods, indicate shelf-stable
products in terms of microbial growth and stability. The
ay value of DSH-SD was higher than that of DSH, with
values of 0.4460 £ 0.01 and 0.3182 + 0.01, respectively.
Similar values were reported by Bravi ef al. [11], who
observed a,, values in spent hops ranging from 0.35 -
0.42. The higher moisture content and a,, in DSH-SD
compared to DSH may be attributed to the addition of
maltodextrin during spray drying, as maltodextrin
enhances the hygroscopicity of powders. This is in line
with the findings of Tengese et al. [45], who reported
similar effects in green tea extract. Variations in
moisture content and a,, may also result from differences
in brewing conditions, the characteristics of the raw
materials used, or the drying technologies applied.

The term ash content refers to the mineral content
of a food sample and represents the inorganic residue

that remains after the sample is incinerated at high

temperature in a furnace. The DSH sample exhibited a
higher ash content compared to the DSH-SD. The ash
content of DSH was 4.53 + 0.01%, which is slightly
higher than the values reported by Bravi ef al. [11] (2.33
- 2.11%) and Codina-Torrella et al. [46] (1.67 - 3.37%).
This variation is likely due to differences in hop
composition and processing methods. The ash content of
DSH-SD decreased after spray drying, with a value of
2.52 +0.13%, suggesting a possible loss of minerals and
potentially vitamins during the drying process. This
finding is supported by Ogundele et al. [47], who
observed a reduction in ash content with increasing
drying temperatures in Colocasia esculenta. In this
study, DSH exhibited a higher protein content compared
to DSH-SD. The protein content of DSH was 14.81 +
0.60%, which was lower than the values previously
reported by Bravi et al. [11] (39.67 - 52.02%) and
Olivares-Galvan et al. [12] (20 - 70%). These
differences may result from protein degradation during
the brewing process or inherent variability in the raw
hop materials. The protein content of DSH-SD was 3.88
+ 0.17%, which was significantly lower than that of
DSH. This reduction is likely due to thermal
denaturation caused by the high temperatures during
spray drying [48,49]. Furthermore, the addition of
maltodextrin as a carrier agent may have contributed to
the lower protein content through a dilution effect.
These results indicate that drying temperature, hop
varietal characteristics, and brewing conditions can all

influence the final protein content in spent hop.
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In terms of color, the parameters L*, a", and b"
represent  lightness, redness, and yellowness,
respectively. The DSH-SD sample showed increased L*
and a* values and decreased b* values compared to
DSH. Specifically, DSH had an L* value of 58.68 =+
0.38, indicating a moderately light color, with a* and b*
values of 3.66 + 0.05 and 17.35 £ 0.07, respectively. In

Table 2 Proximate analysis, aw, and color values of spent hop.

contrast, DSH-SD exhibited significantly higher
lightness (L* = 85.37 + 0.39), slightly increased redness
(2" =4.65 £ 0.07), and reduced yellowness (b"=12.57 +
0.57). The increased lightness is likely attributed to the
dilution effect of maltodextrin and the solid content in
the spray-drying feed solution [50].

Parameters DSH-SD
Moisture contents (% wb.) 5.85+0.05° 8.39+0.10°
aw 0.3182£0.01° 0.4460 = 0.01?
Ash (% wb.) 4.53+0.01° 2.52+0.13b
Protein (% wb.) 14.81 + 0.60? 3.88+0.17°
Color
L 58.68 +0.38° 85.37+£0.39%
a" 3.66 £ 0.05° 4.65+0.07°
b* 17.35+0.07* 12.57 £ 0.57°

Different letters within a row indicate significant differences at p < 0.05 using the independent sample t-test.

Phytochemical and antioxidant determination
of DSH

Phytochemical determination

Phytochemical and antioxidant properties of DSH,
following water extraction at 60 and 80 °C for various
incubation times, are presented in Figure 1. Total
phenolic contents (TPC), total flavonoid contents
(TFC), ABTS™ radical scavenging activity, and ferric
reducing ability power (FRAP) were assessed. DSH
extracted at 30, 60, and 90 min at both 60 and 80 °C
demonstrated higher TPC values than the control (0
min). TPC increased with longer incubation times,
however, differences between 30, 60, and 90 min were
not statistically significant (p > 0.05). TPC ranged from
9.40 - 11.82 mg GAE/g at 60 °C and 9.20 - 13.38 mg
GAE/g at 80 °C, showing that extraction temperature
had minimal impact on TPC (Figure 1(a)). These
findings align with those by Bravi et al. [11], who
reported TPC values of 10.90 + 0.23 and 17.58 + 1.32
mg GAE/g in brewing spent hops from Belgian strong
ale and Imperial red beers, respectively. Similarly, Censi
et al. [51] reported TPC values in water-extracted spent
hops ranging from 13.17 - 15.98 mg GAE/g, while
Petron et al. [52] reported a range of 5.84 - 10.33 mg
GAE/g in spent hops from various craft beers. The TFC
of DSH extracts increased with longer incubation times
at both 60 and 80 °C. TFC ranged from 2.98 - 3.69 mg

CE/gat 60 °C and 2.41 - 4.21 mg CE/g at 80 °C (Figure
1(b)). The highest TFC was observed at 80 °C after 90
min (4.21 + 0.07 mg CE/g). These values are consistent
with previous reports by lannone ef al. [42] who
observed flavonoid levels in craft beers ranging from 3.1
- 5.8 mg QE/100 mL and in dried hop varietals from 6.3
- 22.0 mg QE/g. Additionally, Bartmanska et al. [25]
identified xanthohumol, a prenylated flavonoid, as a
major component in spent hop extracts, highlighting the
bioactive potential of flavonoids in DSH. DSH
demonstrates significant potential as a stable source of
phenolics and flavonoids, with minimal differences in
TPC and TFC across extraction times, indicating
efficient recovery even with shorter durations.
Variations in content across studies are influenced by
beer type, brewing processes, and extraction methods.

Antioxidant determination

The antioxidant activity of DSH, measured by the
ABTS and FRAP assays, is presented in Figure 1. The
DSH extracts, incubated at both 60 and 80 °C for 30, 60,
and 90 min, exhibited higher antioxidant activity than
the control group (Figures 1(c) and 1(d)). The ABTS™"
scavenging activity of DSH ranged from 21.69 - 29.38
mg TE/g at 60 °C and 20.28 - 30.25 mg TE/g at 80 °C
(Figure 1(c)), with the highest activity observed at 80
°C after 90 min. However, no significant differences (p
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> 0.05) in ABTS™ scavenging activity were found
between incubation times at 80 °C. According to
Codina-Torrella et al. [46] reported that spent hop
extracts exhibited an antioxidant capacity of 60.03 =+
1.30 umol TE/g in the ABTS assay. In addition, Censi
et al. [51] found that the ABTS values of spent hops
from various handcrafted beers ranged from 4.72 - 9.74
pmol TE/g. These differences in antioxidant activity
suggest variability between studies, which may be
attributed to factors such as the raw material
characteristics, extraction methods, brewing recipes, or
specific conditions during the brewing process. In the
FRAP assay, DSH extracts at 60 and 80 °C exhibited
values ranging from 13.74 - 18.52 TE/g and 12.82 -
19.43 TE/g, respectively, with the highest FRAP values
at 80 °C for 60 and 90 min (19.50 + 1.19 and 19.43 +
0.92 TE/g, respectively). Notably, significant
differences (p < 0.05) in FRAP values were observed
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between the extraction times at 60 °C and 80 °C for 60
min (Figure 1(d)). Censi et al. [51] reported FRAP
values of 87.89 - 102.65 umol TE/g for water-extracted
spent hops and 29.28 - 33.81 umol TE/g for ethanol-
extracted hops. Similarly, Petron et al. [52] observed
reducing antioxidant power in spent hop extracts from
various craft beers, with values ranging from 3.62 - 5.10
mg ascorbic acid/g. The differences observed in
antioxidant activity in this study could be attributed to
variations in raw material sources, cultivation
conditions, harvest time, and brewing processes. Based
on the evaluation of total phenolic, total flavonoid, and
antioxidant properties, the extraction conditions of 80
°C for 60 min were determined as optimal for DSH
processing. These parameters were subsequently

selected for spray drying preparation and further

analysis.

C
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Figure 1 Phytochemical and antioxidant activity of water-extracted spent hop at 60 and 80 °C for 0, 30, 60, and 90 min.

(a) total phenolic compounds, (b) total flavonoid contents, (c) ABTS radical scavenging activity, and (d) Ferric reducing

antioxidant power. White bars with different capital letters indicate significant differences at p < 0.05. Black bars with

different letters indicate significant differences at p < 0.05. * Significant differences (p < 0.05) within a bar as determined

using the independent sample t-test.

Phytochemical determination and antioxidant
activity of DSH-SD

The phytochemical properties and antioxidant
activity of DSH-SD are summarized in Table 3. The

TPC and TFC values of DSH-SD were 13.17 + 0.62 mg
GAE/g and 4.10 + 0.14 mg CE/g, respectively. These
values demonstrate that DSH-SD retained a significant

amount of phenolic and flavonoid compounds after the
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spray-drying process. The antioxidant activity assays
showed that DSH-SD exhibited ABTS™" scavenging
activity of 20.17 + 0.77 mg TE/g and FRAP activity of
19.09 + 1.46 mg TE/g, indicating DSH-SD possessed
antioxidant properties.

The preservation of antioxidant capacity and
phytochemical content after spray drying suggests that
the process is effective in retaining the bioactive
components of spent hops. Phenolic compounds, which
are abundant in spent hops, are the primary contributors
to antioxidant activity through free radical scavenging
and oxidative stress reduction. Furthermore, the
presence of prenylated flavonoids from lupulin glands in
hops enhances the biological potential of DSH-SD.
These compounds are known for their therapeutic
properties, including anti-inflammatory and anticancer
effects [53]. These findings reveal spray-dried spent
hops as a potential source of functional bioactive
compounds suitable for nutraceutical and functional
food applications. The observed antioxidant capacity is
positively associated with higher quantities of phenolic

compounds found in spent the hops. In addition, the

Table 3 Phytochemical and antioxidant activities of DHS-SD.

lupulin glands of hop cones contain prenylated
flavonoids, which have a wide range of biological
activities with potential therapeutic applications in
human health [53]. Additionally, the antioxidant activity
found in DSH-SD may be attributed to the presence of
specific bioactive constituents identified by GC-MS,
including dodecyl acrylate and propanoic acid, 3,3'-
thiobis-, didodecyl ester. Although these compounds are
not classical antioxidants like phenolic acids or
flavonoids, some long-chain esters and acrylates have
been reported to exhibit radical scavenging properties.
As evidenced by previous studies, n-butyl acrylate has
been shown to alter antioxidant systems through
glutathione depletion and catalase inhibition [54].
Similarly, long-chain fatty acid esters of quercetin
derivatives have demonstrated antiproliferative and anti-
cancer therapeutic [55], while other long-chain fatty
acids have been associated with enhanced oxidative
stability [56]. These findings suggest that such
compounds in DSH-SD may contribute synergistically

to its overall antioxidant capacity.

Parameters DHS-SD
TPC (mg GAE/g) 13.17+£0.62
TFC (mg CE/g) 4.10+0.14
ABTS (mg TE/g) 20.17+£0.77
FRAP (mg TE/g) 19.09 + 1.46

Bulk and tapped densities, and flowability

Bulk and tapped densities are major indicators of
transportation costs and packaging requirements [57].
Generally, the bulk properties of food powders are
highly dependent on particle size and its distribution
[58]. DSH-SD had the lowest bulk and tapped densities
compared to DSH (Table 4). These results showed that
spray drying led to an increase in particle volume.
Consequently, DSH-SD requires a larger storage
container than an equivalent weight of DSH. Carr’s
compressibility index categorizes powder flowability as
follows: 10% suggest excellent flow, 11 - 15% show
good flowability, 16 - 20% indicate fair flow ability, 21
- 25% indicate acceptable flow characteristics, and 26 -

31% indicate poor flow ability [59]. DSH powder
exhibited poor flowability, while DSH-SD powder
exhibited fair flowability. However, the Carr index and
Hausner ratio of DSH powder were higher than those of
DSH-SD powder, indicating higher compressibility and
cohesiveness, resulting in poor powder flowability [60].
These findings suggest that the addition of maltodextrin
prior to spray drying had a better effect on the
flowability of the dried powder. As a result, the DSH-
SD had better flowability (Carr Index = 17.09 + 1.48),
lower bulk density values 0.26 = 0.00 g/cm?) and tapped
density values (0.31 = 0.00 g/cm?). This is primarily
attributed to the density and spherical morphology of the
spray-dried powder.
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Table 4 Bulk density, tapped density, Carr index, Hausner ratio, and flow properties of DHS and DHS-SD.

pBlllk pTaPPEd . * . % .
Samples . . Carr index” (%) Hausner ratio Flow properties
(g/cm?) (g/cm®)
DSH 0.33+0.01 0.46 +0.01 29.35+0.56 1.42+0.01 Poor
DSH-SD 0.26 £ 0.00 0.31 +0.00 17.09 £1.48 1.21+£0.02 Fair

* Significant differences (p < 0.05) indicated within a column as determined using the independent sample t-test.

Scanning electron microscope (SEM)

The SEM photographs of DSH and DSH-SD
powder is presented in Figure 2. The SEM photographs
of DSH revealed flake-like particles with rough surfaces
and irregular structures, with particle sizes ranging
between 30 - 170 um. On the other hand, DSH-SD
showed more uneven particle size, spherical shape and
slight agglomeration, with particle sizes ranging from 8
- 26 pum. According to Tatasciore et al. [61], the
powdered hop extracts produced from spray drying

method exhibited a shriveled, crumpled spherical

400 pm

morphology, with diameters ranging from 2 - 10 um.
The differences in particle morphology can be attributed
to the influence of the drying method on surface
characteristics. Spray drying typically results in
spherical particles due to rapid solvent evaporation and
particle solidification, whereas traditional drying
methods often lead to irregular structures. This distinct
morphology of DSH-SD contributes to improved
flowability and reduced cohesiveness, which are
advantageous for processing and handling.

Figure 2 Scanning electron microscopy analysis of hop powder. SEM microimages of: (a) DHS powder at a magnification

of 400%, (b) DHS-SD powder at a magnification of 100x.

Conclusions

Spent hops have demonstrated potential as a
sustainable and health-promoting functional food
ingredient. GC-MS analysis confirmed the presence of
valuable bioactive compounds, while proximate
analysis and color evaluations demonstrated its stability
and visual appeal. The optimal extraction condition for
spray drying DSH at 80°C for 60 min effectively
preserved phytochemicals, resulting in high levels of
phenolics and flavonoids with potent antioxidant
properties. Favorable bulk and tapped densities, along
with fair flowability and uniform particle morphology

observed via SEM, further confirms its suitability for
industrial applications. Thus, DSH-SD is a possible
beneficial ingredient for the development of innovative
and functional food products.
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