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Rice bran is one of the major by-products of the rice milling process. This study examined the physicochemical
alterations and potential functions of protein hydrolysates of rice bran. After removal of fats, rice bran protein
was hydrolyzed by using bromelain (Br), trypsin (Tr), papain (Pa), and pepsin (Pe) for different durations (1-5
h). The dry yield of the hydrolysates (3.43-6.30%), the peptide (34.87-85.68 mg/g), and the total phenolic
contents (TPC) (21.94-74.59 mg GAE/g) displayed a weak correlation with the duration of the hydrolysis.
Hydrolysates Br5h, Trlh, Palh, and Pe4h exhibited the most potent ferric reducing antioxidant power (FRAP)
and strong 2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS) radical scavenging abilities among all
samples. Following exposure to elevated temperatures (65-100°C), the antioxidant properties of Br5h (ABTS
136.67 mg TE/g; FRAP 35.83 mg Fe(Il)/g) and Pe4h (ABTS 44.78 mg TE/g; FRAP 49.77 mg Fe(Il)/g) remained
potent. Furthermore, it is worth noting that Br5h and Pe4h exhibited the most robust antibacterial effects,
particularly against Staphylococcus aureus and Escherichia coli. Additionally, principal component analysis
revealed comprehensive physicochemical and antioxidant properties within the hydrolysates. Notably, strong
associations were identified between FRAP and peptide content, as well as TPC in Br4h, Pe3h, Pe4h, and Pe5h.
Overall, the hydrolysates Br5h and Pe4h, which demonstrate exceptional thermal stability, show significant
potential as components for the future development of functional food products with antioxidant and antibac-
terial properties.

1. Introduction

Rice (Oryza sativa L.) is a primary staple grain and a key ingredient in
a wide variety of culinary products. The process of producing brown rice
begins with the removal of husk from rough paddy rice. Following this,
brown rice is further polished, resulting in the separation of rice bran
and white rice. It has been documented that the production of 500.8
million tonnes of white rice leads to the generation of approximately
100 million tonnes of bran and husk [1]. Despite constituting approxi-
mately 10% of the by-product’s dry weight, rice bran is frequently dis-
carded as agricultural waste or utilized sparingly as animal feed [2]. In
recent years, there has been a growing focus on upcycling initiatives,
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which aim to promote a circular economy with a more effective man-
agement on food and agricultural waste.

In addition to the production of rice bran oil for human consumption,
defatted rice bran offers various recycling opportunities. Rice bran
protein is notable for its high nutritional value, functionality, and di-
gestibility [1,3]. This protein can undergo further processing to develop
products with enhanced value and multifunctional properties, as
observed in previous studies [4-6]. Enzymatic hydrolysis is a common
choice for this purpose due to its low toxicity, minimal side effects, and
gentle operating conditions [7]. This technique efficiently liberates
bioactive compounds from rice bran protein while preserving its nutri-
tional content and augmenting its functional properties [3,8].
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Various enzymes can be utilized in this process, including plant-
derived papain and bromelain, animal-derived pepsin and pancreatin,
and microorganism-derived alcalase [9,10]. To optimize protein hy-
drolysis, enzymes require specific conditions encompassing tempera-
ture, pH, duration, and enzyme concentration [11]. The extent of
hydrolysis depends on the enzymatic cleavage activity, which is influ-
enced by multiple factors, such as protein molecular weight, amino acid
composition, and peptide sequence [8,11-13].

Enzymatic hydrolysis has been observed to enhance the release of
health-promoting bioactive peptides and phenolic compounds, such as
those with antioxidant and antibacterial properties [3,10,14]. For
example, the antioxidant activities of protein hydrolysates of rice bran
were enhanced through enzymolysis using alcalase and flavourzyme,
applied at various durations [11]. It is believed that these documented
effects are not attributed to a single compound within the hydrolysates
but rather to the synergetic actions of functional peptides and phenolic
compounds [5,10,15]. Additionally, the ability to withstand high tem-
peratures is crucial when utilizing protein hydrolysates as functional
ingredients in food processing to ensure their effectiveness [16].

Hence, this study was carried out to investigate how the duration of
hydrolysis affects several aspects, including the yield of protein hydro-
lysates, peptide content, total phenolic content (TPC), and the antioxi-
dant and antibacterial properties of these hydrolysates. The enzymes
employed in this study were plant-derived bromelain and papain, and
animal-derived trypsin and pepsin. The hydrolysates demonstrating the
most robust antioxidant activity underwent a thermal stability assess-
ment. Furthermore, chemometric analyses were employed to elucidate
the interrelationship and dispersion of antioxidant and physicochemical
properties.

2. Materials and methods
2.1. Materials

Rice bran was obtained from Hock Ju Edar Sdn. Bhd., Malaysia. All
chemical and reagents were of analytical grade and purchased from
Merck KGaA, Germany, e.g gallic acid, 6-hydroxy-2,5,7,8-tetramethyl-
chroman-2-carboxylic acid (Trolox), etc.; SIME Scientific, Germany, e.
g 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ), potassium persulfate, etc.; R&M
Chemicals, UK, e.g. Folin-Ciocalteu reagent; Nacalai Tesque, Japan, e.g.
2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) dia-
mmonium salt; unless stated otherwise.

2.2. Extraction of crude protein from defatted rice bran

Rice bran was defatted in hexane (1:5 ratio) by stirring for 2 h. The
resulting pallet was collected after centrifugation (2000 x g) for 10 min.
Then, the pallet was mixed with distilled water (1:4 ratio), adjusted to
pH 9 using 2 M sodium hydroxide solution, and stirred for 2 h [3]. Next,
the supernatant was collected after centrifugation (8000 x g) for 10 min.
It was adjusted to pH 4.5 using 2 M hydrochloric acid and stirred for
another 20 min. After that, the resulting protein pallet was collected
after centrifugation (12,000 x &) for 10 min. The protein pallet was then
adjusted to pH 7 and dried at 70°C. The yield of the crude rice bran
protein was calculated using Eq. (1).

Dried protein pallet (g)
Defatted rice bran (g)

Yield (%) = x 100% )

2.3. Engymatic hydrolysis of rice bran protein

Rice bran protein underwent hydrolysis with bromelain, papain,
pepsin, and trypsin at an enzyme-to-substrate (E/S) ratio of 1:100 (w/w)
[1]. In the case of bromelain, papain, and trypsin hydrolysis, 1 mg of the
enzyme was added to 40 mL of a 0.1 M potassium phosphate buffer (pH
7) along with 0.1 g of the substrate for each enzyme individually. For
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pepsin hydrolysis, 0.1 M potassium chloride buffer (pH 1.5) was used.
Bromelain and papain hydrolyses were conducted at 50°C, while pepsin
and trypsin hydrolyses were performed at 37°C with continuous gentle
shaking. Subsequently, hydrolysis was terminated by placing the sam-
ples in a boiling water bath for 10 minutes. The supernatant was
collected after centrifugation (5000 x g) for 15 min, oven-dried at 70°C,
and stored at 4°C prior to analysis. The yield of each hydrolysate was
calculated using Eq. (2).

Dried protein hydrolysate (g)
Dried protein pallet (g)

Yield (%) = x 100% 2

2.4. Determination of peptide content

O-phthaldialdehyde (OPA) reagent was prepared freshly by dis-
solving 40 mg of OPA powder in 1 mL of 80% (v/v) methanol, 25 mL of
100 mM sodium tetraborate solution, 2.5 mL of 20% (w/w) sodium
dodecyl sulfate solution, and 100 pL of 2-mercaptoethanol [17]. The
volume was adjusted to 50 mL with distilled water. For assay, 100 pL of
sample (200-2000 pg/mL) was mixed with 1 mL of OPA reagent. The
mixture was then kept in dark at room temperature for 2 min before the
absorbance was read at 340 nm using a UV-Vis spectrophotometer. Soy
peptone solution (200-1000 pg/mL) was assayed as standard. Results
were calculated as milligrams per gram (mg/g) of the dry sample.

2.5. Determination of total phenolic content (TPC)

Briefly, 100 puL sample (200-2000 pg/mL) was mixed with 200 pL of
Folin-Ciocalteu’s phenol reagent and incubated in dark at room tem-
perature for 10 min [15]. Subsequently, 1 mL of 7% (w/v) sodium
carbonate solution was added and further incubated for 30 min. The
absorbance was read at 765 nm. Gallic acid solution (20-100 pg/mL in
80% ethanol) was assayed as standard. Results were expressed as mil-
ligrams of gallic acid equivalent (GAE) per gram of the dry sample.

2.6. Determination of antioxidant activity

For the 2,2-azinobis-(3-ethylbenozothiazoline-6-sulfonate) (ABTS)
assay, 20 uL of sample (200-2000 pg/mL) was mixed with the ABTS
working solution (0.7 + 0.02 at 734 nm) which was diluted from a 7 mM
ABTS stock solution consisting of 2.45 mM potassium persulfate [15].
Then, the absorbance was read at 734 nm after incubating the mixture in
the dark at room temperature for 6 min. Trolox solution (20-100 pg/mL
in 80% ethanol) was assayed as standard. Results were expressed as
milligrams of Trolox equivalent (TE) per gram of the dry sample.

For the ferric reducing antioxidant power (FRAP) assay, 30 uL of
sample (200-2000 pg/mL) was mixed with 90 pL of distilled water and
1.5 mL of FRAP reagent which consisting of 50 mL of 300 mM acetate
buffer (pH 3.6), 5 mL of 20 mM ferric chloride hexahydrate solution, and
5 mL of 10 mM TPTZ solution [15,18]. It was followed by incubation at
37°C for 30 min, and the absorbance was recorded at 593 nm. Ferrous
sulfate heptahydrate solution (200-1000 uM) was assayed as standard.
Results were calculated as milligrams of Fe(II) per gram of the dry
sample.

2.7. Thermal stability test

Briefly, 5 mL of crude protein and hydrolysates (2 mg/mL) were
incubated in water bath at various temperatures (65°C, 75°C, 85°C, and
100°C) for 30 min [16]. Meanwhile, one sample was kept at room
temperature to serve as a control. After incubation, all samples were
examined for antioxidant activity.

2.8. Determination of antibacterial activity

The minimum inhibitory concentration (MIC) and minimum
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Fig. 1. Layout of minimum inhibitory concentration (MIC) assay.

bactericidal concentration (MBC) were determined on the samples with
the highest antioxidant activity [17]. Escherichia coli (ATCC 25922) and
Staphylococcus aureus (ATCC BAA-1026) suspensions were prepared
with optical density (OD) of 0.08-0.1 at 625 nm. For the MIC test, 200 uL
samples (100 mg/mL) were filtered through a 0.45 pm syringe filter and
pipetted into four wells in a 96-well flat bottom microplate individually.
Each sample was then serially diluted, starting with 100 uL of sample
(100 mg/mL) mixed with 100 pL of distilled water, resulting in con-
centrations of 50 mg/mL, 25 mg/mL, 12.5 mg/mL, and 6.25 mg/mL,
individually. One well of each sample concentration served as a sterility
control, while the remaining three wells had 5 uL of bacterial suspension
added. Distilled water (100 uL) was assayed as negative control in row
G, and the bacterial suspension was added into the distilled water in row
H as a positive control (Fig. 1). The microplate was incubated at 37°C for
24 h, and then absorbance was measured at 590 nm. To indicate bac-
terial growth, 25 pL of 0.2 mg/mL iodonitrotetrazolium chloride dye
was added to each well, and the development of pinkish-red color after
30-min incubation signify bacterial growth. For the MBC test, a loopful
of the content from each well without bacterial growth was spread onto
a Mueller Hinton agar plate, followed by incubation at 37°C for 24 h.
The MBC of the sample was determined by the absence of bacterial
colonies.

2.9. Statistical and chemometric analyses

All the experiments were carried out in triplicate, and the results
were presented as mean values along with their respective standard
deviations. The differences between these mean values were further
assessed through one-way analysis of variance (ANOVA) and Tukey’s
Honestly Significant Difference (HSD) test at a significance level of 0.05,
using IBM SPSS version 28.0.1.0. In addition, JMP® Pro version 16.0.0
was employed for various chemometric analyses, including Pearson
correlation analysis, Bartlett’s sphericity test, Kaiser-Meyer-Olkin
(KMO) test, Principal Component Analysis (PCA), and Hierarchical
Cluster Analysis (HCA).

3. Results and discussion
3.1. Yield of rice bran protein and hydrolysates

The protein yield from rice bran is 11.34 + 0.25% (Table 1). Sub-
sequent enzymatic hydrolysis resulted in approximately 50% and more
reduction in dry yield of hydrolysates relative to the yield of the
extracted crude protein. It is worth noting that the protein content of rice
bran (10-16%) can vary due to factors, such as its origin, cultivation
method, and extraction condition [3,8]. A similar study [19] reported a
protein yield of 11.85%, while another study [20] achieved a higher
protein content of 20.78% using a pH shift extraction method. Addi-
tionally, different combinations of solvent-to-solid ratio, pH, tempera-
ture, and centrifugation speed can lead to variations in protein yield
[19]. To enhance protein yield, researchers have explored techniques
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such as mild heating, microwave treatment, and ultrasonication during
pH shift extraction [3,10,21,22]. While rice bran protein underwent
hydrolysis for various durations, there were only minimal significant
differences in yield observed within the same enzyme group. Extrinsic
factors, such as pH and electrolytes, can potentially lead to enzyme
deactivation and affect the rate of hydrolysis [11]. A similar study re-
ported an initial increase in the hydrolysis rate up to 3 h, followed by a
decrease [23]. This trend was different with the results observed in the
hydrolysis in this study.

3.2. Peptide content in the hydrolysates

The yield of hydrolysates is closely related to the degree of hydro-
lysis, which indicates how efficiently an enzyme can cleave peptide
bonds. In simpler terms, the increasing trend in peptide content with
longer duration of enzymatic hydrolysis suggests that the degree of
hydrolysis rises as the hydrolysis process continues (Table 1). Trypsin
hydrolysis primarily cleaves peptide bonds at the carboxyl side of
arginine and lysine, whereas pepsin hydrolysis mainly targets tyrosine,
tryptophan, and phenylalanine [7,21]. In the current study, both enzy-
matic hydrolyses released a significant number of peptides from rice
bran protein.

In contrast, the enzyme bromelain exhibits a broader range of pref-
erential cleavage sites when compared to trypsin. Bromelain primarily
cleaves peptide bonds at lysine, glutamic acid, glycine, ornithine, and
alanine residues [24]. Similarly, a study on corn protein hydrolysis using
bromelain found that the peptide content increased gradually with
extended hydrolysis duration, ultimately reaching the highest degree of
hydrolysis (12.1%) after 5 h [25]. These results are consistent with our
findings, suggesting that an extended hydrolysis duration is necessary
for bromelain to release a greater quantity of peptides. Additionally, our
results indicated that pepsin hydrolysates contain significantly higher
levels of peptides compared to papain hydrolysates, despite papain
having a broader specificity for cleaving peptide bonds at lysine,
phenylalanine, and arginine [9]. The distinctions in their
structure-function relationships could be a promising area for further
exploration in future studies.

Table 1
Yield, peptide and total phenolic contents of crude protein and protein hydro-
lysates of rice bran.

Sample Yield (%) Peptide (mg/g) Total phenolic content
(mg GAE/g)
Crude protein 11.34 + 0.254 37.46 + 0.64" 21.23 + 0.53%
Brlh 6.00 + 0.005¢PE 54.89 + 0.64°F 28.35 + 1.01"1K
Br2h 6.30 + 0.20° 55.64 + 0.56"% 27.00 + 0.58VK-
Br3h 6.17 + 0.065°P 67.50 + 0.32° 31.73 + 1.17¢
Br4h 6.17 + 0.125¢0 67.50 + 0.64° 40.50 + 0.10F
Br5h 6.23 + 0.125¢ 70.47 + 0.32° 45.90 + 0.58°
Trlh 5.67 + 0.21°PF 48.96 + 0.96" 38.14 + 3.09%F
Tr2h 5.80 + 0.17B¢PE 57.12 + 1.40° 29.03 + 0.58MMK
Tr3h 6.00 + 0.175CPE 57.12 + 0.64° 28.01 + 0.58"K
Tr4h 5.90 + 0.105¢PE 54.89 + 0.32°% 29.70 + 1.177Y
Tr5h 5.63 + 0.15°F 66.76 + 1.115¢ 32.04 + 0.10%H
Palh 5.83 + 0.155¢PE 34.87 + 0.32F 23.96 + 4.22KM
Pa2h 5.93 4 0.155¢PE 54.15 + 0.32°F 24.98 + 1.55"KM
Pa3h 6.17 + 0.255¢0 56.38 + 0.32° 21.94 + 1.55'™M
Pa4h 5.43 + 0.31F 60.09 + 0.56°P 46.58 + 2.03°
Pa5h 5.57 + 0.12F 55.64 + 0.10°F 35.10 + 1.17%¢
Pelh 3.67 =+ 0.06" 56.56 + 0.32° 54.34 + 1.55¢
Pe2h 3.70 + 0.447 57.49 + 0.64° 54.68 + 1.01€
Pe3h 3.43 + 0.06" 68.06 + 1.28° 60.41 + 0.58°
Pe4h 3.47 £ 0.21F 79.56 + 0.56" 72.23 + 2,924
Pe5Sh 3.47 + 0.06" 85.68 + 0.56" 74.59 + 2,114

Br = bromelain; Tr = trypsin; Pa = papain; Pe = pepsin; 1-5 h = hydrolysis
duration (hour).

AMData in the same column with different superscripts are significantly (p <
0.05) different (n = 3).
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3.3. TPC in the hydrolysates

The results clearly demonstrated the effectiveness of enzymatic hy-
drolysis in releasing phenolic compounds (21.23 mg GAE/g) from rice
bran crude protein. There was a general upward trend in TPC with
increasing duration of hydrolysis observed in both bromelain and pepsin
hydrolyses (Table 1). Notably, pepsin hydrolysis was found to release
the most phenolic compounds from rice bran hydrolysates compared to
the other enzymes used at various durations. These findings align with
similar studies that have indicated a connection between prolonged
hydrolysis duration and the liberation of more phenolic compounds [25,
26]. Moreover, previous research has shown that phytochemical com-
pounds bound to protein complexes can also be released through
enzymatic hydrolysis [14,15,27]. Approximately 74% of the phenolic
compounds in rice exist in the form of insoluble bound compounds.
Therefore, employing enzymes such as protease, cellulase, and glucoa-
mylase can be more effective in converting these compounds into free or
soluble conjugates [28]. Additionally, higher levels of phenolic com-
pounds, such as ferulic, protocatechuic, p-hydroxybenzoic, chlorogenic,
caffeic, coumaric, gallic acids, quercetin, and (-)-epicatechin, were
observed after the rice bran was enzymatic hydrolyzed [28]. This
enhancement in TPC in the protein hydrolysates aligns with the results
of a similar study that used alcalase, neutrase, and flavourzyme to

d

16000 -
14000
1200

ABTS (mg TE/g)
E B
2 5

-
g8 B

FLERL A

0.0

troemeelain Trypsin

o

FRAP (mg Fe{lll/g)
b & 6 B8 B
E 2 B 8 B

o
=

g &

Bromelain

Trypsin

Measurement: Food 13 (2024) 100141

hydrolyze rice bran protein [29].

It is worth noting that various hydrolysis processes released phenolic
compounds differently. For instance, maximum TPC (38.14 mg GAE/g)
was released at the initial 1 h during trypsin hydrolysis and then
decreased with prolonged hydrolysis. In the case of papain hydrolysis,
TPC (46.58 mg GAE/g) significantly increased at the 4 h duration in the
current study. The difference in TPC release aligns with findings from
similar studies that have reported varrying amounts of TPC in protein
hydrolysates of rice bran using trypsin [1,30]. Several factors have been
proposed to account for these differences, including the interference of
enzymatic activity by enzyme inhibitors, variations in the origin and
cultivar of rice, and the termination of enzymes due to high temperature.
In comparison to the present study, research conducted with rice bran
from China over various hydrolysis durations (2-6 h) resulted in a lower
range of TPC (1.03-1.12 mg GAE/g) [30].

3.4. Antioxidant activities of hydrolysates

ABTS and FRAP assays were employed to determine the optimal
duration of enzymatic hydrolysis, as illustrated in Fig. 2. These assays
operate on different mechanisms, the ABTS assay primarily involving
hydrogen atom transfer, while the FRAP assay is based on single electron
transfer reactions. In the ABTS assay, a general upward trend in

uhh mih m2h

ih mdh w5k

Papain Papsin

Hydrolysate

mfh mih mih m3h m4h m5h

Papadn Pepsin

Hydrolysate

Fig. 2. (a) ABTS radical scavenging activity and (b) FRAP values of crude protein and protein hydrolysates of rice bran at various durations. ~Different superscripts

indicate significant (p < 0.05) difference (n = 3).
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antioxidant activity was observed during the initial 1-h hydrolysis.
However, in the case of the FRAP assay, a decreasing trend in values was
noticed during the initial 1-2 h for trypsin, papain, and pepsin hydro-
lyses, followed by an increase later for trypsin and pepsin hydrolyses.

Within the same enzyme group, the bromelain hydrolysate exhibited
the highest antioxidant activity (ABTS 136.67 mg TE/g; FRAP 35.83 mg
Fe(Il)/g) after 5 h of hydrolysis, labeled as Br5h. In contrast, trypsin
hydrolysate showed the highest antioxidant activity (ABTS 90.73 mg
TE/g; FRAP 19.00 mg Fe(II)/g) during the initial 1-h hydrolysis, labeled
as Trlh, followed by a reduction at 2-3 h and a subsequent increase.
Similarly, during the initial 1-h hydrolysis, papain hydrolysate exhibited
the highest antioxidant activity (ABTS 106.25 mg TE/g; FRAP 23.85 mg
Fe(II)/g), labeled as Palh, followed by a reduction during prolonged
hydrolysis. In the case of pepsin hydrolysis, there was an insignificant
difference in the ABTS assay (44.78 mg TE/g), but a significant increase
in the FRAP value (49.77 mg Fe(Il)/g) was observed at 4-h hydrolysis,
labeled as Pe4h.

The results highlighted that a longer hydrolysis duration (e.g. 5
hours) does not consistently improve the antioxidant activity of hydro-
lysates, despite greater release of peptides and TPC. Our results shared
similarities with other research findings. Previous studies involving
enzymatic hydrolysis using alcalase, neutrase, and flavourzyme showed
weak relationship between hydrolysis duration and the antioxidant ac-
tivities of protein hydrolysates of rice bran [11,29]. For example, in a
recent study, prolonged trypsin hydrolysis (6 h) of rice bran protein
exhibited lower ABTS radical scavenging activity (10.26%) compared to
its crude protein (27.31%) [30]. In contrast, another study reported that
the protein hydrolysate of corn silk produced through trypsin hydrolysis
for only 1 h exhibited the highest ABTS radical scavenging activity
(66.66%) [16], aligning with the findings of Tr1lh in our study. These
results indicate that the connection between hydrolysis duration and
antioxidant activity is complex.

In general, longer hydrolysis duration tends to produce lower mo-
lecular weight peptides and more phenolic compounds, resulting in
higher antioxidant potential [31]. This phenomenon is evident in the
present study, where the extended hydrolysis by bromelain and pepsin
demonstrated the increase of ABTS radical scavenging activity and FRAP
values over the tested hydrolysis durations (1-5 h). The antioxidant
activity might be attributed to the presence of bioactive peptides with
specific properties, including sulfur-containing, negatively-charged
acidic, and hydrophobic amino acids, as well as the presence of phenolic
compounds that are potentially capable of donating protons and elec-
trons, depending on their functional group arrangement, configuration,
and the number of free hydroxyl groups [32]. The quantity of these
compounds was notably higher in Br5h and Pe4h compared to the native
protein. Further study should focus on analyzing the potential functional
groups.

A similar study on the protein hydrolysate of rice reported that the
antioxidant effect was directly proportional to the content of poly-
phenols and peptides [33]. Another similar study also noted that the
pepsin hydrolysates of orange by-products exhibited the highest anti-
oxidant activity after 3.5 h of hydrolysis [31], which closely resembles
the findings for Pe4h in the present study. These results highlighted the
importance of the content and properties of peptides and phenolic
compounds in determining the antioxidant potential of hydrolysates.

In this study, papain and trypsin hydrolyses exhibited different trend
compared to bromelain and pepsin hydrolyses. Even though Pa4h
released the highest concentrations of peptides and phenolic com-
pounds, the highest antioxidant activity was found in Palh. This sug-
gests that the antioxidant activity of Palh was not directly related to the
quantity of released peptides and phenolic compounds, but rather to the
inherent antioxidant properties of the compounds themselves. This
finding aligns with a study [34], which also observed that papain hy-
drolysates displayed the highest ABTS radical scavenging activity after a
1-h hydrolysis.

On the other hand, the results indicated that the antioxidant activity
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of Trlh was primarily attributed to the TPC, while Tr5h was mainly
contributed by antioxidant peptides. Both samples exhibited antioxidant
activity without significant difference (p > 0.05). This is consistent with
a similar study that reported how trypsin hydrolysis enhanced the FRAP
value of protein hydrolysate of Portuguese rice bran due to the liberation
of more antioxidant phenolic compounds [1]. These findings underscore
the complex relationship between hydrolysis duration and antioxidant
activity, which is influenced by various factors, including the properties
of the released compounds.

In addition to the presence of phenolic compounds, the variations in
antioxidant activity among the hydrolysates are closely related to the
size and quantity of antioxidant peptides generated during enzymatic
hydrolysis. Small peptides with molecular weights (1-3 kDa) are known
to exhibit potent biological activity [15]. Similar studies found that
enzymatic hydrolysates of rice bran protein [8,35] and corn protein
meal [25] with 1-3 kDa sizes displayed high antioxidant activity.
Furthermore, the choice of enzyme, hydrolysis condition, and the
presence of hydrophobic and aromatic amino acids at the C-terminal of
the peptide chain are closely linked to the antioxidant potential of hy-
drolysates [6,36].

To gain deeper insights into this topic, further studies are recom-
mended. These studies could integrate antioxidant assays with advance
technology, such as gas or liquid chromatography mass spectrometry
(GCMS or LCMS), Fourier-transform infrared (FTIR) spectroscopy, nu-
clear magnetic resonance (NMR) spectroscopy, and amperometry. The
combination of these methods can enhance the accuracy and precision
of the outcomes, thereby providing a more comprehensive under-
standing of the structure-function relationship.

3.5. Thermal stability of the antioxidant hydrolysates

Thermal stability is a crucial characteristic of antioxidants because
heat treatment is frequently employed in various stages of food pro-
cessing. In this study, heat treatment at different temperatures was
applied to crude protein and hydrolysates, including Br5h, Trlh, Palh,
and Pe4h, to investigate the thermal impact on their antioxidant activ-
ities, as shown in Fig. 3.

While it is generally known that antioxidant peptides [37] and
phenolic compounds [38] are sensitive to heat treatment, this study
revealed that the rice bran crude protein displayed remarkable stability,
with an insignificant change in ABTS radical scavenging activity and a
gradual increase in FRAP value even after heating to 100°C. The fluc-
tuations in antioxidant activity among the hydrolysates indicate that the
response to heat treatment can vary depending on the specific compo-
nents and conditions of the samples. It is possible that some compounds
within the samples are more resistant to heat-induced degradation,
contributing to the observed differences in thermal stability.

The structural properties of proteins and peptides can indeed be
altered after heating, potentially leading to the release of more peptides
with antioxidant activity [33]. This could explain the observed gradual
increase in antioxidant activity in certain samples in the study. Aggre-
gation of rice bran crude protein during heating may expose their hy-
drophobic domains associated with antioxidant activity. Similar studies
have reported increased antioxidant activity after heat treatment at
various temperatures. For instance, the antioxidant activity of egg white
protein [39] and its pepsin hydrolysates increased after heat treatment
at 60°C, 65°C, and 100°C compared to non-heated samples [33].
Additionally, similar findings were reported in the case of protein hy-
drolysates of corn silk [16] and jackfruit seed peptides [40], where the
antioxidant activity remained stable at high temperatures, up to 100°C.
These results highlighted the potential for heat treatment to enhance the
antioxidant properties of certain protein and peptide samples.

3.6. Antibacterial properties

Table 2 presents the MIC and MBC of protein hydrolysates of rice
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Table 2
Minimum inhibitory concentrations (MIC) and minimum bactericidal concen-
trations (MBC) of protein hydrolysates of rice bran.

Hydrolysate E. coli Staphylococcus aureus

MIC (mg/mL) MBC (mg/mL) MIC (mg/mL) MBC (mg/mL)

Br5h > 100 ND 6.25 50
Trlh > 100 ND 12.5 50
Palh > 100 ND 6.25 100
Pe4h 12.5 100 6.25 100

Br = bromelain; Tr = trypsin; Pa = papain; Pe = pepsin; 1-5 h = hydrolysis
duration (hour); ND = not determined.

bran against E. coli and S. aureus. The results showed that only Pe4h
(MIC 12.5 mg/mL and MBC 100 mg/mL) displayed antibacterial activity
against E. coli, while Br5h, Trlh, and Palh did not exhibit any anti-
bacterial effects. On the other hand, all the hydrolysates, with MIC
6.25-12.5 mg/mL, inhibited the growth of S. aureus. The MBC results
revealed that 50 mg/mL of Br5h and Tr1h, as well as 100 mg/mL of Palh
and Pe4h, exhibited bactericidal effects against S. aureus. Importantly,
all the hydrolysates were more potent against S. aureus compared to
E. coli. While Br5h was found to be the most effective against S. aureus,
Pe4h exhibited a broader spectrum of antibacterial activity against both

E. coli and S. aureus.

The varying susceptibility of Gram-negative bacteria, such as E. coli,
to antibacterial compounds can be attributed to their protective struc-
tures, which include the peptidoglycan cell wall and an outer lipo-
polysaccharide membrane. These structures limit the penetration of
hydrophilic compounds into the cells. However, certain chemical com-
pounds, such as phenolic compounds and esters, can affect the cell
membrane target sites of both Gram-positive and Gram-negative bac-
teria [41]. Despite the noticeable increase in peptide content and total
phenolic content (TPC) in the hydrolysates in this study, these

Table 3
Pearson correlation coefficients (r) analysis between physicochemical and
antioxidant properties of crude protein and protein hydrolysates of rice bran.

Parameters Peptide TPC ABTS FRAP
Peptide 1.0000 0.7249** -0.0809 0.3960%**
TPC 0.7249** 1.0000 -0.1587 0.4369**
ABTS -0.0809 -0.1587 1.0000 0.1002
FRAP 0.3960%** 0.4369%* 0.1002 1.0000

(r) near to +1 or —1 indicates strong relationship and near to 0 indicates weak/
no relationship.

[0.000| < r < |0.250| weak correlation; |0.250| < r < |0.750| moderate corre-
lation; |0.750| < r < |1.000]| strong correlation

**Correlation is significant at p < 0.01.
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Table 4
Eigenvalues, variability, cumulative variability, Bartlett’s sphericity test, and Kaiser-Meyer-Olkin (KMO) test that are associated with each principal component.
Variables PC1 PC2
Physicochemical and antioxidant properties
Eigenvalues 2.0636 1.0657
Variability (%) 51.591 26.643
Cumulative variability (%) 51.591 78.233
Bartlett’s sphericity test p < 0.0001, there is at least one of the correlations between the variables that is significantly different from 0.
Kaiser-Meyer-Olkin (KMO) test 0.607, KMO > 0.5 is deemed as adequate for performing PCA.
compounds did not significantly contribute to the antibacterial proper- Furthermore, a peptic hydrolysate of rice bran protein, containing
ties. It is notable that the improvement in antibacterial activity for both cationic peptides, was reported to be effective against Gram-negative
protein hydrolysates in this study was relatively modest compared to the Porphyromonas gingiva [43]. However, a similar study using Protease
results from a similar study on protein hydrolysates of string beans [42], G6 did not show such effects [17]. Additionally, other antimicrobial
where the MIC and MBC values for S. aureus were considerably lower. protein hydrolysates derived from Vicia faba demonstrated antibiofilm
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Fig. 4. Chemometric analysis of physicochemical and antioxidant properties of crude protein and protein hydrolysates of rice bran. (a) PCA biplot; (b) PCA loading
plot; (c) PCA score plot; (d) Dendrogram of HCA. Note: PI = protein; A = bromelain; B = trypsin; C = papain; D = pepsin; 1-5 = hydrolysis duration (h).
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activities against Pseudomonas aeruginosa PA14 [44]. These variations
highlight the complex interactions between specific hydrolysates, bac-
terial strains, and their resistance mechanisms, which can vary from one
study to another [45]. Further study in this area could benefit from
identifying the specific antibacterial compounds within the hydrolysates
and expanding the scope to encompass a variety of food spoilage mi-
croorganisms. This broader investigation would provide a more
comprehensive understanding of the potential applications and effec-
tiveness of protein hydrolysates in combating microbial food spoilage.

3.7. Chemometric analysis

Pearson correlation coefficient was determined to investigate the
relationship between physicochemical and antioxidant properties of the
rice bran crude protein and its hydrolysates (Table 3). PCA was con-
ducted (Table 4, Fig. 4) to further explain the correlation and distribu-
tion of these physicochemical and antioxidant properties. Prior to the
PCA, Bartlett’s sphericity test and KMO test were performed to validate
the dataset’s suitability and sampling adequacy for a suitable PCA
application. The results of Bartlett’s sphericity test (p < 0.05) and KMO
test (KMO > 0.5) indicated that the dataset was suitable and adequate,
respectively. Then, the dataset was subjected to PCA. PC1 and PC2 with
an eigenvalue (EV) > 1 explained a cumulative variance of 78.233%, in
which PC1 representing 51.591% of the variance and PC2 representing
26.643% of the variance, respectively. HCA was also applied to further
explain the differences between the rice bran crude protein and its
hydrolysates.

Table 3 shows significant moderate correlations (p < 0.01), partic-
ularly the strong associations between TPC and FRAP, as well as peptide
content (r = 0.4369 and 0.7249, respectively). Additionally, a moderate
correlation (r = 0.3960) was observed between FRAP and peptide
content, given their close positioning. In contrast, a weak correlation (p
> 0.01) was found for ABTS radical scavenging activity against FRAP
value, TPC, and peptide contents (r = 0.1002, -0.1587, and -0.0809,
respectively). Notably, our ABTS radical scavenging activity differs from
those of previous studies [8,35,46]. It is essential to consider other
factors that might influence physicochemical properties, such as sample
preparation, enzyme, extraction method, and environmental conditions,
such as temperature and electrolytes in the medium.

According to the PCA results, Br4h, Pe3h, Pe4h, and Pe5h are clearly
separated from the other samples by PC1. Samples located close to each
other share similar physicochemical and antioxidant properties, while
those situated farther apart are dissimilar. The samples positioned near
the center of the plot generally have more comprehensive properties.
The proximity of Br4h, Pe3h, Pe4h, and Pe5h to TPC, FRAP, and peptide
content suggests that the phytochemicals they produced are quite
similar compared to other samples.

In line with the PCA results, the dendrogram from HCA also dem-
onstrates a clear separation into two distinct clusters, represented in red
and green colors. These results indicated a positive correlation between
the FRAP values of most bromelain and pepsin hydrolysates with
released peptides and TPC (green clusters). Conversely, the ABTS radical
scavenging activity of crude protein, trypsin, and papain hydrolysates
shows a negative correlation with released peptides and TPC (red clus-
ters). These relationships warrant further investigation to understand
their structure-function connections. Consequently, the dendrogram
helps illustrate both the differences between samples and the similarity
of properties in Br4h, Pe3h, Pe4h, and Pe5h.

Overall, Br3h, Tr5h, Pa4h, and Pelh are positioned near the center of
the plot, indicating their generally more comprehensive physicochem-
ical and antioxidant properties compared to other samples within the
same enzyme group. Notably, Pe4h stands out as the only sample with
high total phenolic and peptide contents. As an extension of this study,
we recommended selecting these five hydrolysates for further fraction-
ation and purification, coupled with omics approaches and bioinfor-
matics. It is essential to extract and identify these bioactive compounds,

Measurement: Food 13 (2024) 100141

followed by in vivo experiments and animal trials to better understand
their efficacy.

4. Conclusion

In summary, rice bran protein was extracted and subjected to enzy-
matic hydrolysis using plant-derived bromelain and papain, and animal-
derived trypsin and pepsin at various time intervals. The choice of
enzyme and hydrolysis duration significantly impacted the physico-
chemical and antioxidant properties of the resulting hydrolysates. Pro-
tein hydrolysates of rice bran produced by using bromelain (Br5h) and
pepsin (Pe4h) demonstrated superior antioxidant activity, particularly
in ABTS and FRAP assays. Prolonged hydrolysis generally increased
antioxidant potential, with a close connection with the release of TPC.
The physicochemical and antioxidant properties were correlated, while
PCA and HCA analyses revealed distinct groupings of hydrolysates based
on their properties. Some hydrolysates exhibited antibacterial activity,
Pe4h was the most potent against E. coli and S. aureus. These variations
highlight the complex interactions between hydrolysates and bacterial
strains. Furthermore, Br5h and Pe4h exhibited excellent thermal sta-
bility and hold promise as potential ingredients for antioxidant and
antibacterial applications in the development of functional food prod-
ucts. Overall, this study provides valuable insights in optimizing the
enzymatic hydrolysis and the potential application of protein hydroly-
sates of rice bran. Further research is recommended to identify bioactive
compounds and assess their efficacy through in vivo experiments.
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