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Abstract

This study aimed to evaluate the effect of roasting methods and levels on the physicochemical and bioactive
compound profiles of Heterotrigona itama bee pollen-enriched coffee from East Kalimantan. Coffee beans were roasted
manually (wok) and semi-industrially (controlled machine) at 3 levels: Light, medium, and dark roast. Parameters
analyzed included proximate composition, density, particle size, color (L*, a*, b¥*), water activity (Aw), solubility, and
bioactive compounds (alkaloids, flavonoids, phenolics, tannins, saponins) along with caffeine content. Phytochemical
screening revealed that increasing roasting temperature significantly reduced bioactive compound intensity. The manual
light roast (80 - 100 °C) exhibited the strongest reactions (+++) for alkaloids, flavonoids, and phenolics, while dark semi-
industrial roasting (200 - 220 °C) caused marked degradation, with several compounds undetected. FTIR spectra (4,000
- 500 cm™) confirmed the presence of O—H, C=0, and C=C aromatic groups (phenolics, CsHsO) and C-H, C—N, C-O
bands from lipids and proteins. The decreasing intensity of -OH and C=C peaks indicated phenolic degradation and lipid
oxidation linked to Maillard and caramelization reactions. Manual light roasting produced the best profile with the highest
alkaloid (1.20 + 0.55 ug/mL), phenolic (45.00 + 0.80 mg GAE/g), flavonoid (12.50 + 0.40 mg QE/g), and caffeine (1.85
+ 0.49 pg/mL) contents, maintaining optimal solubility and color. These findings demonstrate that roasting parameters

critically influence the stability and functional quality of bee pollen coffee.

Keywords: Bee pollen coffee, Bioactive compounds, East Kalimantan, Heterotrigona itama, Physicochemical and
functional properties, Roasting method

Introduction

Coffee is one of the most important plantation
commodities in Indonesia, both economically and
socially. Beyond being a popular beverage, coffee has
become an integral part of the nation’s culture and
lifestyle across various social groups. Recent
innovations in the coffee industry have not only focused
on enhancing flavor and aroma but have also begun to

explore the development of functional coffee products
that offer additional health benefits to consumers. Along
with the growing trend of a healthy lifestyle, consumers
increasingly prefer food and beverages that not only
provide sensory pleasure but also support overall health
through their bioactive compound content. One of the
key components contributing to the health benefits of
coffee and other food products is the presence of
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secondary metabolites. Secondary metabolites are
bioactive compounds naturally produced by plants,
microbes, and certain animals. Although they are not
directly involved in the growth or development of the
organism, these compounds play crucial roles in
protection, ecological interactions, and environmental
adaptation [1,2]. These metabolites include groups such
as alkaloids, flavonoids, phenolics, terpenoids,
saponins, and others, which are known to exhibit a wide
range of biological activities, including antioxidant,
antimicrobial, antidiabetic, anticancer, and
immunomodulatory effects [3-5]. In the context of
coffee, the presence of secondary metabolites such as
chlorogenic acids, caffeine, and flavonoids contributes
not only to its distinctive flavor but also to its health-
promoting properties [6]. Therefore, innovation in
enriching coffee with additional sources of secondary
metabolites from natural materials, such as bee pollen,
has become increasingly relevant and promising for
further development.

East Kalimantan is one of the regions rich in
biodiversity, possesses abundant natural resources that
remain underutilized, including local beekeeping
products such as bee pollen from Heterotrigona itama.
Bee pollen is known to contain various bioactive
compounds and secondary metabolites, including
flavonoids, phenolics, vitamins, minerals, and essential
amino acids, which play important roles in supporting
antioxidant and antidiabetic activities as well as
enhancing the immune system [7]. The combination of
coffee and bee pollen represents a novel innovation that
can enhance the functional value of coffee beverages
while simultaneously utilizing the rich biodiversity of
East Kalimantan. However, the coffee processing
method particularly roasting greatly influences the
physicochemical quality and bioactive compound
content of coffee [6,8-10]. The roasting process, which
involves high-temperature heating, triggers complex
chemical reactions such as the Maillard reaction,
thermal degradation, and caramelization, all of which
contribute to the formation of coffee’s characteristic
flavor, aroma, and color [11-14]. Moreover, roasting can
alter the levels of bioactive compounds, either through
degradation or enhancement, depending on the method
and temperature applied [6]. Therefore, it is essential to
explore how different roasting methods affect the
stability of bioactive compounds, especially when

coffee is enriched with natural additives such as bee
pollen. Previous studies have shown that roasting
methods can significantly influence the total phenolic
and flavonoid content, as well as the antioxidant
capacity of coffee [15-17]. However, research on bee
pollen-enriched coffee, particularly from the H. itama
species native to East Kalimantan, remains very limited.
Since bee pollen is highly sensitive to heat [18,19], it is
necessary to investigate how various roasting methods
affect the stability of its functional components when
incorporated into coffee. In addition to the bioactive
aspects, the evaluation of physicochemical properties is
also crucial, as parameters such as moisture content, ash
content, pH, water activity (Aw), solubility, powder
color [20], and density greatly influence the final
product quality, storage stability, and consumer
perception [21].

The changes in physicochemical properties are
closely related to the roasting process applied, whether
traditional or semi-industrial. This study focuses on
comparing several roasting methods to identify the most
optimal approach for maintaining physicochemical
quality [6] while simultaneously enhancing the
functional benefits of bee pollen coffee. The findings of
this research are expected to contribute scientifically to
the development of innovative functional coffee
beverages based on the rich biodiversity of East
Kalimantan. Moreover, the results of this study could
serve as a foundation for the downstream development
of value-added commercial products, benefiting both
coffee farmers and local beekeepers, thereby supporting
regional economic growth driven by renewable natural
resources. Furthermore, the successful development of
functional coffee enriched with bee pollen will expand
Indonesia’s portfolio of health-oriented beverage
products, in line with the global trend toward the
consumption of natural, health-promoting foods [22,23].
From a scientific perspective, this study is expected to
provide deeper insights into the relationship between
roasting methods and changes in the physicochemical
and functional properties of bee pollen coffee. These
findings can serve as a reference for future research,
product development, and the establishment of
processing standards for innovative coffee products

utilizing local bioactive resources.
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Materials and methods

Materials

The materials used in this study included Arabica
coffee beans (Coffea arabica L.) obtained from highland
coffee plantations in Mahakam, Kutai Kartanegara, and
Robusta coffee beans (Coffea canephora L.) sourced
from farmer groups in Samarinda Seberang, East
Kalimantan. The bee pollen fresh was derived from
stingless bees (Heterotrigona itama) cultivated through
local meliponiculture in Kutai Kartanegara, and it was
dried to a moisture content below 14%. The chemicals
used were of pro-analysis grade, including Folin—
Ciocalteu reagent, aluminum chloride (AICls), gallic
acid, quercetin, and DPPH all obtained from Sigma-
Aldrich (USA) and Merck (Germany). The solvents

used consisted of methanol, ethanol, and distilled water.

Sample preparation

The coffee beans were cleaned to remove
impurities, then roasted using different methods:
Manual roasting (using a pan), semi-industrial roasting
(using a temperature-controlled machine), and at 3
roasting levels (light, medium, and dark). The roasted
coffee beans were then cooled, finely ground (60 mesh),
and stored in sealed containers. The dried bee pollen was
finely ground using a mortar and pestle, then mixed into
the coffee powder at a proportion of 5% (w/w) until
homogeneous. The mixture was stored in airtight

containers at room temperature until further analysis.

Physicochemical analysis

Proximate analysis

Proximate analysis of the samples was carried out
to determine the contents of moisture, ash, fat, protein,
and total carbohydrates. Moisture content was analyzed
using the oven-drying method at 105 °C, ash content by
incineration at 600 °C, fat content by the Soxhlet
extraction method using n-hexane, and protein content
by the Kjeldahl method (conversion factor 6.25). Total
carbohydrate content was calculated by difference,
subtracting the sum of moisture, ash, fat, and protein
from 100%. All analyses were conducted according to
AOAC [24] methods.

PH, solubility, water activity (Aw), density,
particle size distribution and color analysis

The pH was determined using a digital pH meter
after dissolving 1 g of sample in 10 mL of distilled
water. Solubility was tested by dispersing 1 g of sample
in 100 mL of hot distilled water (60 °C), filtering, and
drying the filtrate at 105 °C to constant weight. Water
activity was measured using a water activity meter at
room temperature (25 °C). Density was obtained by
weighing 10 g of sample in a 50 mL graduated cylinder
to determine both bulk and tapped density. Particle size
distribution was analyzed using sieves (20 - 100 mesh)
and expressed as the percentage retained on each sieve
after 10 min of mechanical shaking. Color parameters
were determined using a colorimeter to obtain L*
(lightness), a* (red-green tendency), and b* (yellow-
blue tendency) values. Bee pollen coffee powder
samples were placed in a flat container, and the
instrument probe was positioned on a smooth surface of
the sample. The color values were read directly from the
digital display [25].

Functional properties

Phytochemical screening

Qualitative ~ phytochemical  screening was
conducted to identify the presence of secondary
metabolites in the bee pollen coffee powder samples,
including alkaloids, flavonoids, saponins, tannins,
steroids, and terpenoids. The alkaloid test was
performed using Dragendorff’s or Mayer’s reagent,
indicated by the formation of an orange or brown
precipitate [26]. The flavonoid test employed
magnesium powder and concentrated HCI, with the
appearance of a red coloration indicating a positive
result [26]. The saponin test involved vigorous shaking
of the sample in water, where the formation of stable
foam indicated a positive result. The tannin test was
carried out using a 1% FeCls solution, with a blue-black
coloration confirming the presence of tannins [26]. The
steroid and terpenoid tests used the Liebermann-
Burchard reagent (acetic anhydride and concentrated
H2S0.); a bluish-green color indicated the presence of
steroids, while a red coloration signified terpenoids [26].

Total alkaloid content

Alkaloid content was analyzed
spectrophotometrically using the bromocresol green
(BCG) complexation method by Kurniawan et al. [27].
One gram of bee pollen coffee extract was acidified with
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2 N HCI, purified with chloroform, adjusted to pH 8, and
reacted with BCG reagent. The formed complex was
extracted with chloroform, and its absorbance was
measured at 470 nm using a UV-Vis spectrophotometer.
Quinine sulfate served as the standard, and the results

were expressed as mg quinine equivalent per gram of
sample (mg QE/g).

Total Phenolic Content (TPC)

Total phenolic content (TPC) was determined
using the Folin-Ciocalteu method described by Rahman
et al. [28] with modifications. One mL of the sample
extract was mixed with 5 mL of 10% Folin-Ciocalteu
reagent and incubated for 5 min. Then, 4 mL of 7%
Na2COs solution was added, and the mixture was
incubated for 30 min at room temperature. The
absorbance was measured at 750 nm using a UV-Vis
spectrophotometer. The results were expressed as
milligrams of gallic acid equivalent per gram of sample
(mg GAE/g).

Total Flavonoid Content (TFC)
Total flavonoid content (TFC) was analyzed using the
the aluminum chloride (AICls) method described by
Rahman ef al. [28] with modifications. 1 ml of the
extract was mixed with 4 mL of ethanol, 0.3 mL of 5%
NaNO:, 0.3 mL of 10% AICls, and 2 mL of 1 M NaOH,
then diluted to a final volume of 10 mL with distilled
water. After 15 min of incubation, the absorbance was
measured at 515 nm using a UV-Vis spectrophotometer.
The results were expressed as milligrams of quercetin

equivalent per gram of sample (mg QE/g).

Caffeine Analysis

Caffeine content was determined using High-
Performance Liquid Chromatography (HPLC). The
sample extract was filtered through a 0.45 pm
membrane filter before injection. Analysis was

performed using an HPLC system equipped with a C18

reverse-phase column (250x4.6 mm?, 5 pm). The
mobile phase consisted of a mixture of methanol and
distilled water (40:60, v/v), adjusted to pH 3.0 with
phosphoric acid. The flow rate was set at 1.0 mL/min,
and the detection wavelength was 272 nm. The injection
volume was 20 pL. Caffeine concentration was
quantified by comparing the sample peak area with that
of a caffeine standard calibration curve and expressed as
mg/g of sample.

Statistical analysis

All experiments were conducted in triplicate, and
the results were expressed as mean =+ standard deviation
(SD). Data were statistically analyzed using one-way
analysis of variance (ANOVA) to determine significant
differences among treatments, followed by Duncan’s
Multiple Range Test (DMRT) for mean comparison at a
95% confidence level (p < 0.05). Statistical analyses
were performed using IBM SPSS Statistics version 25.0.

Results and discussion

Proximate analysis

Table 1 show that the moisture content decreased
significantly with increasing roasting levels, from 5.8%
in the Light Roast to 5.40% - 5.50% in the Dark Roast.
This reduction occurs because roasting involves intense
evaporation of water and volatile compounds, which
may damage the microstructure of bee pollen coffee
[7,29-32]. In addition, the sample humidity decreased
drastically during roasting, reaching below 5% at dark
roasting levels [14]. The ash content remained relatively
stable in Light and Medium Roasts but showed a
noticeable decline in the Dark Roast, ranging from 3.9%
to 3.95%. This finding is consistent with reports that
light inorganic compounds may undergo degradation
and volatilization at elevated temperatures [6-8].
Intensive roasting can influence the mineral content,

which is recorded as ash in bee pollen coffee beans [8].

Table 1 Proximate composition of bee pollen coffee powder based on roasting methods (% dry weight basis).

Proximate analysis

. Ash
Roasting treatment Water cent Fat content Protein Carbohydrates ~ Energy (kkal)
conten
content (%) content (%) (%)
(%)
LR-MW 80 - 100 °C 5.85+0.13>  4.05+0,142 11.75 £ 0.222b 17.10 £ 0.252 64.25 + 0.40¢ 456.65 £ 0.50°
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Proximate analysis

Ash

Roasting treatment Water tent Fat content Protein Carbohydrates  Energy (kkal)
conten
content (%) content (%) (%)
(%)
MR-MW 100 - 140 °C 5.60+0.13¢  4.00+0,132 11.90 £0.18 16.90 + 0.222b 64.60 = 0.38% 457.90 + 0.48%
DR-MW 140 - 160 C 540+0.15¢  3.90+0.26° 12.10 £0.252 16.40 + 0.30¢ 65.20 £ 0.45¢ 460.10 +0.552
LR-SM 160 - 170 °C 5.90+0.12> 4,12 £0.092 11.70 £0.18® 17.00 £ 0.242 64.55 + 0.40 456.50 +£ 0.52°

MR-SM 190 - 200 °C 5.65+0.09¢  4.05+0.232

11.85+0.200

16.85 £ 0.25% 64.65 + (.38 457.65 £ 0.50%

DR-SM 200 - 220 °C 5.50+£0.14c  3.95+0.22°

12.00 £ 0.222

16.45 +0.28¢ 65.10 = 0.422 459.40 £0.532

Description: LR-MW (Light Roast Manual Wok), MR-MW (Medium Roast Manual Wok), DR-MW (Dark Roast Manual Wok), LR-
SM (Light Roast Machinery), MR-MW (Medium Roast Machinery), DR-MW (Dark Roast Machinery).
Note: Different letters indicate statistically significant differences (DMRT test, p < 0.05). The same letters indicate no significant

difference.

The fat content increased from 11.7% in the Light
Roast to 12.1% in the Dark Roast. This increase is
attributed to the relative concentration effect caused by
the loss of water and protein, making the lipid fraction
more dominant, as well as the partial release of lipids
from cellular membranes under intense heating [7]. A
similar pattern of increased lipid extract after medium
roasting compared to light roasting has also been
reported [10]. The highest protein content, ranging from
17.0% to 17.1%, was observed in the Light Roast and
decreased to 16.4% - 16.45% in the Dark Roast. This
decline results from thermal degradation and Maillard
reactions, which consume amino acids and protein
compounds to form melanoidins and other flavor-related
products [11-14]. Tarigan et al. [9] also noted that
proteins undergo denaturation and degradation with
increasing roast levels. Although the increase in
carbohydrate content from 64.3% - 65.2% appears
small, it is relatively significant, especially in the Dark
Roast. This rise is due to water and protein loss, which
proportionally elevates the carbohydrate fraction
[15,16]. Moreover, caramelization reactions and the
transformation of simple sugars into non-starch
compounds contribute to higher measured total
carbohydrate levels [17,19]. The breakdown of sucrose
and initial polyphenols during light roasting, followed
by further degradation in dark roasting, coincides with
an apparent increase in total carbohydrates [20,21].

The total energy of bee pollen coffee ranged from
456.50 to 460.10 kcal/100 g, with the highest value
observed in Manual Dark Roast (460.10 kcal) and the
lowest in Machine Light Roast (456.50 kcal). This

variation is closely related to changes in macronutrient
composition specifically, increases in fat and
carbohydrate contents coupled with the reduction of
moisture at higher roasting levels [12]. The roasting
method also affected energy retention; manual roasting
tended to produce slightly higher energy values than
machine roasting at the same level, possibly due to
uneven heat distribution that accelerates water
evaporation without significantly damaging lipid and
carbohydrate structures [7,9] Statistical analysis
revealed a significant difference (p < 0.05) between
Dark Roast and Light Roast treatments, indicating that
the roasting process had a significant effect on the total
energy of bee pollen coffee. The trend of
physicochemical changes was consistent between
manual and semi-industrial roasting methods, although
slight differences in absolute values were observed. This
suggests that the roasting degree plays a more dominant
role in determining composition than the technical
roasting method itself. These findings are supported by
comprehensive reviews emphasizing that roasting is a
key stage in chemical composition transformation
through Maillard reactions, polyphenol degradation,
protein denaturation, and compound volatilization
[6,30].

Physicochemical properties

Tabel 2 show that the roasting degree showed a
significant effect on the physicochemical properties of
bee pollen coffee powder under both manual and semi-
industrial roasting methods. The pH value of the coffee

powder decreased with increasing roasting degree. The
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dark roast exhibited the lowest pH values, ranging from
4.90 to 5.15, indicating an increase in acidic compounds
formed through the thermal degradation of organic
constituents, such as chlorogenic acid [33,34]. The
machine roasting method produced a lower pH
compared to wok roasting, suggesting more intense
Maillard and caramelization reactions.

Solubility significantly increased with darker

roasting levels, with the highest value observed in

machine dark roast (86.10%). This trend is associated
with protein denaturation, cell wall degradation, and the
formation of soluble compounds during intensive
heating [35-37]. Water activity (aw) gradually
decreased from light to dark roast, ranging from 0.45 to
0.41 in both roasting methods. The lower aw in dark
roast samples indicates better microbiological stability
and extended shelf life [38-40].

Table 2 Physicochemical properties of bee pollen coffee powder as affected by roasting method and degree.

Roasting treatment pH Solubility (%) ?’V.ater Density Particle size
Activity (aw) (g/mL) (num)

LR-MW 80 - 100 °C 5.35+0.128 82.50 £ 1.20¢ 0.45+£0.221=  0.45+0.324 185.00 £ 0.052
MR-MW 100 - 140 °C 5.30 +£0.232 83.20£1.15¢ 0.44 +£0.312® 0.46 £ 0.42¢ 180.00 + 0.04°
DR-MW 140 - 160 °C 5.15+0.33b 84.00 £ 1.10° 0.43 +£0.32b¢ 0.47+0.11° 172.00 + 0.04¢
LR-SM 160 - 170 °C 5.20 + 0.44° 84.80 £ 1.10° 0.43 +£0.22% 047+0.11 175.00 + 0.05¢
MR-SM 190 - 200 °C 5.10£0.65¢ 85.50 &+ 1.05%® 0.42 £0.19 0.48+0.212 170.00 + 0.034
DR-SM 200 - 220 °C 4.90+0.334 86.10 = 1.002 041+0.21¢ 0.49+0.312 165.00 £ 0.04¢

Description: LR-MW (Light Roast Manual Wok), MR-MW (Medium Roast Manual Wok), DR-MW (Dark Roast Manual Wok), LR-
SM (Light Roast Machinery), MR-MW (Medium Roast Machinery), DR-MW (Dark Roast Machinery). Note: Different letters indicate
statistically significant differences (DMRT test, p < 0.05). The same letters indicate no significant difference.

The powder density increased with roasting
intensity, with the highest density (0.49 g/mL) recorded
in machine dark roast. High-temperature exposure led to
moisture evaporation and pore shrinkage, resulting in
denser particles [41]. Particle size decreased as roasting
progressed; dark roast powders showed the smallest size
(165 - 172 um) due to the brittleness of cell structures,
which facilitated grinding and enhanced extraction
efficiency of bioactive compounds during brewing [42].
Overall, the semi-industrial roasting method produced
more consistent and controlled physicochemical and
functional profiles, making it suitable for large-scale
production, while manual roasting resulted in greater

variability but retained a more neutral pH characteristic.

Color characteristics of bee pollen coffee

Table 3 shows the color parameters (L*, a*, b*,
and hue angle) of bee pollen coffee powder subjected to
different roasting methods. The results indicate a
significant effect (p <0.05) of roasting level and method
on all color attributes. In general, the L wvalue
(brightness)* decreased progressively with increasing

roasting intensity, both in manual and semi-industrial

methods. Light roast samples exhibited the highest
brightness (L*) with range 36.50 for LR-MW and 33.00
for LR-SM, while dark roast samples showed the lowest
at 28.00 and 26.00, respectively. This darkening effect
is closely related to Maillard reactions, caramelization,
and pigment degradation occurring during roasting,
which produce brown melanoidin compounds that
reduce lightness [43,44]. The a (redness)* and b
(yellowness)* values also showed a gradual decline with
higher roasting degrees. This indicates a reduction in red
and yellow pigments due to the breakdown of phenolic
compounds and sugars, leading to the formation of
darker color complexes. The decrease in hue angle (H®)
further confirms this color shift from yellowish to
brownish tones, characteristic of intensified roasting
[45]. Comparatively, coffee roasted using the semi-
industrial (temperature-controlled) method exhibited
slightly lower L*, a* and b* values than manually
roasted samples at similar roasting levels. This suggests
that the controlled heating process allowed more
uniform heat transfer, enhancing non-enzymatic
browning reactions and producing a darker, more

homogeneous color.
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Table 3 Color characteristics of bee pollen coffee powder as affected by roasting method and degree.

Roasting treatment L* (Brightness) a* (Red) b* (Yellow) Hue (H°)
LR-MW 80 - 100 °C 36.50 £ 0.51» 5.20+£0.222 12.80 £ 0.35% 67.622
MR-MW 100 - 140 °C 32.00 £ 0.43" 4.90 £ 0.24° 10.50 + 0.38° 65.32°
DR-MW 140 - 160 °C 28.00 £ 0.33¢ 4.40+0.17¢ 8.50 + 0.24¢ 62.41°
LR-SM 160 - 170 °C 33.00 £ 0.32¢ 4.80+0.26° 11.00 £0.27° 66.922
MR-SM 190 - 200 °C 29.50 + 0.354 4.50+£0.17¢ 9.50 £ 0.29¢ 64.25%
DR-SM 200 - 220 °C 26.00 £ 0.34¢ 4.20+£0.274 7.80 £0.234 61.43¢

Description: LR-MW (Light Roast Manual Wok), MR-MW (Medium Roast Manual Wok), DR-MW (Dark Roast Manual
Wok), LR-SM (Light Roast Machinery), MR-MW (Medium Roast Machinery), DR-MW (Dark Roast Machinery).
Note: Superscript letters (a-e) indicate significant differences in each color parameter based on the DMRT test (p < 0.05).

The L* (brightness), a* (redness), and b* (yellowness) values decreased with increasing roasting level, consistent with

the characteristics of the Maillard reaction and caramelization that darken the color of bee pollen coffee grounds.

Phytochemical compound profile

Table 4 shows that the phytochemical analysis
revealed that the roasting treatment significantly
affected the presence of bioactive compounds in bee
pollen coffee. Several classes of compounds were
identified, including alkaloids, flavonoids, phenolic
compounds, tannins, saponins, triterpenoids, and
steroids. The detection intensity of each compound was
categorized as very strong (+++), moderate (++), weak
(+), or not detected (—). In the light roast treatment, both
under manual (wok) and semi-industrial (machine)
methods, most phytochemical constituents exhibited
strong to very strong reactions, indicating that the
bioactive compounds remained largely intact and had
not undergone significant thermal degradation. This
observation aligns with previous reports stating that
phenolic and flavonoid compounds are more stable at
low to moderate heating temperatures [46]. Conversely,
in the medium to dark roast treatments, a decrease in
observed for most

detection  intensity = was

phytochemical compounds, particularly saponins,
tannins, and flavonoids. This phenomenon is attributed
to the thermal degradation of these thermolabile
compounds. The decline in phenolic and flavonoid

contents at higher temperatures has been consistently

reported in various studies, showing a negative
correlation between roasting temperature and the
[47]. Alkaloids,

particularly caffeine, were still detected across all

stability of natural antioxidants

treatments, although with lower intensity in dark roast
samples. This is consistent with the characteristic of
caffeine as a relatively heat-stable alkaloid, which may
nevertheless experience partial volatilization or
degradation at temperatures exceeding 200 °C [48].
Triterpenoids and steroids were detected only in light
and medium roast samples. The absence of these
compounds in dark roast samples may result from their
high volatility or structural transformation under
elevated temperatures. Maswal et al. [49] reported that
triterpenoid and steroid compounds could degrade at
temperatures above 180 °C, indicating the importance of
optimizing roasting temperature in the development of
functional coffee beverages. Overall, medium roasting
under the semi-industrial method appeared to yield the
best results in preserving bioactive compounds while
minimizing losses due to thermal reactions. The medium
roasting can produce a balanced bioactive profile
between compound stability and desirable flavor

development [50].

Table 4 Phytochemical compound profile of bee pollen coffee powder as affected by roasting method and degree.

Roasting Treatment Alkaloids Flavonoids Phenolic Tannin Saponin Triterpenoids Steroids
LR-MW 80 - 100 °C +++ +++ +++ ++ ++ ++ _
MR-MW 100 - 140 °C ++ ++ ++ ++ + + _
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Roasting Treatment Alkaloids Flavonoids Phenolic Tannin Saponin Triterpenoids Steroids
DR-MW 140 - 160 °C + + + + + — _
LR-SM 160 - 170 °C ++ ++ ++ ++ + + -
MR-SM 190 - 200 °C ++ ++ + + + + -
DR-SM 200 - 220 °C + + + - - - —

Description: LR-MW (Light Roast Manual Wok), MR-MW (Medium Roast Manual Wok), DR-MW (Dark Roast Manual
Wok), LR-SM (Light Roast Machinery), MR-MW (Medium Roast Machinery), DR-MW (Dark Roast Machinery).
Note: (+++): Very strong reaction (strong positive), (++): Moderate reaction (moderate positive), (+): Weak reaction

(weak positive), (—): Not detected.

Bioactive compound content

The roasting process is known to influence the
content of bioactive compounds such as alkaloids,
phenolics, flavonoids, and caffeine in bee pollen coffee.
The results showed that both manual and semi-industrial
roasting methods, with varying roasting levels (light,
medium, and dark), significantly affected the bioactive
composition of bee pollen coffee. Figure 1 show that
the highest alkaloid content was observed in the LR-
MW with range 1.20 £ 0.05 pg/mL, while the lowest
value occurred in the DR-SM with range 0.85 + 0.22
pg/mL. Alkaloids, including caffeine as one of their
components [51], are thermolabile and can undergo
degradation at high temperatures over prolonged
exposure [52]. Consequently, the darker the roast level,
the greater the reduction in alkaloid content. This
decline can also be attributed to Maillard reactions and
thermal decomposition that occur during the final stages
of roasting [13,17].

Figure 2 show that phenolic compounds play a
crucial role in the antioxidant activity of bee pollen
coffee. The highest total phenolic content (TPC) was

observed in the LR-MW with range 45.00 = 0.80 mg
GAE/g, while the semi-industrial dark roast (DR-SM)
showed a marked decline with range 32.50 £+ 0.60 mg
GAE/g. This reduction is likely due to the degradation
of free phenolics during heating or their conversion into
polymerized forms that are not detectable by the Folin-
Ciocalteu method [53]. However, light roasting may
promote the release of bound phenolic compounds from
the cellular matrix [39], resulting in higher phenolic
content in the light roast samples.

Figure 3 show that the flavonoid levels also
decreased with increasing roasting intensity. The
highest flavonoid concentration was found in the
manual light roast (LR-MW) with range 12.50 + 0.40
mg QE/g, whereas the lowest was recorded in the semi-
industrial dark roast (DR-SM) with range 8.50 + 0.20
mg QE/g. Heating can cause structural degradation of
flavonoids such as quercetin and kaempferol, which are
unstable at elevated temperatures [54]. Ghani ef al. [55]
reported that intensive heat treatment reduces flavonoid
bioactivity through oxidation and aromatic ring

fragmentation.
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Figure 1 Effect of roasting on alkaloids.
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Figure 4 Effect of roasting on caffeine.
Figure 4 show that the highest caffeine content level was found in the semi-industrial dark roast (DR-
was observed in the manual light roast treatment (LR- SM) with range 1.40 + 0.22 pg/mL. Although caffeine
MW) with range 1.85 £+ 0.49 pg/mL, while the lowest is relatively more thermally stable than other
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compounds, studies have shown that partial degradation
can still occur during prolonged and intensive roasting
processes [51-54]. Moreover, the manual roasting
method tends to be slower and less intense than
mechanical roasting, allowing better retention of

volatile and semi-volatile compounds, including
caffeine. Overall, manual roasting at light levels proved
to be more effective in preserving the bioactive
constituents of bee pollen coffee, implying higher
antioxidant potential and functional value. These
findings are consistent with recent literature trends
regarding the impact of roasting on the nutraceutical

compounds of coffee [12,39,56,57].

FTIR spectral profile of bee pollen coffee at
different roasting levels

The FTIR spectra in Figure 5 shows the
characteristic absorption patterns of bee pollen coffee
subjected to manual (M) and semi-industrial (SM)
roasting at light, medium, and dark levels. The spectral
range of 4,000 - 500 cm™! displays various functional
groups associated with key bioactive compounds such
as phenolics, flavonoids, lipids, and proteins [48,58].
The broad absorption bands observed at 3,300 - 3,640
cm™! correspond to the stretching vibrations of hydroxyl
(—OH) and amine (-NH) groups derived from phenolics,
carbohydrates, and proteins [59]. The gradual reduction

in peak intensity with increasing roasting level indicates

bands at 2,900 - 2,840 cm™* correspond to aliphatic C—
H

representing lipid and fatty acid components [60,61].

stretching of methyl and methylene groups,

The slight increase in intensity at higher roasting
temperatures suggests the formation of Maillard-derived
volatile compounds or lipid oxidation products. The
peaks between 1,700 and 1,640 cm™ are attributed to
(C=0) and aromatic (C=C)
vibrations, indicating the presence of carboxylic acids,

carbonyl stretching
esters, and amides [59]. The higher intensity of these
bands in medium and dark roasts suggests oxidative
degradation and structural rearrangement during the
Maillard reaction. The fingerprint region at 1,500 -
1,000 cm™ exhibits strong C-N, C-O, and C-O-C
stretching bands from proteins, alcohols, and
polysaccharides, indicating molecular rearrangement
and biomolecule breakdown [62-63], which may
contribute to melanoidin-like compounds responsible
for the brown color and antioxidant activity of roasted
bee pollen coffee. Peaks at 820 - 580 cm™ represent
aromatic C—H bending, suggesting the persistence of
stable phenolic rings under high-temperature roasting.
Overall, the FTIR analysis supports quantitative data
showing that increasing roasting temperature decreases
alkaloid, flavonoid, and phenolic contents due to
Light
particularly under manual conditions, better preserves

oxidation and polymerization. roasting,

phenolic hydroxyl groups and conjugated aromatic

thermal degradation of phenolic structures and the loss systems, maintaining antioxidant potential and
of hydrogen bonding due to dehydration. The absorption functional quality of bee pollen coffee.
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Figure 5 FTIR spectral profile of bee pollen coffee at different roasting levels.
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Conclusions

The results revealed that roasting level
significantly affected the physicochemical properties
and bioactive compound composition of Heterotrigona
itama bee pollen coffee. Light roasting, particularly
under the manual method, produced balanced moisture
content and water activity, high solubility, and stable
color and aroma characteristics. Proximate analysis
showed an increase in fat and ash content at higher
roasting levels, while protein and carbohydrate contents
decreased due to thermal degradation. Phytochemical
tests and FTIR spectroscopy confirmed that increasing
roasting intensity led to a reduction in hydroxyl (—OH)
and amine (-NH) groups, along with an increase in
carbonyl (C=0) and aliphatic (C—H) bands, indicating
oxidation and dehydration of phenolic, flavonoid, and
alkaloid compounds. Furthermore, the highest levels of
total phenols, flavonoids, and alkaloids were obtained in
the light roast, whereas caffeine content increased with
moderate to dark roasting. These findings suggest that
light roasting is the most effective condition for
preserving bioactive compounds, resulting in a
functionally superior bee pollen coffee with lower
caffeine content. Overall, this study highlights the
potential of light-roasted bee pollen coffee as a high-
value functional beverage and a promising healthy

coffee alternative originating from East Kalimantan.
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