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Abstract

Blackberry (Rubus L.) seeds are an underutilized byproduct of fruit processing, containing substantial
protein (20-25% dry weight) with potential for generating bioactive peptides. This study aimed to
optimize enzymatic hydrolysis conditions for blackberry seed protein isolate (BSPI) and evaluate the
bioactivities of the resulting peptide fractions. Response surface methodology identified alkaline
protease as the optimal enzyme, achieving a 22.98% degree of hydrolysis under optimized conditions
(2.5% substrate, 16,500 U/g enzyme, pH 9, 3 h). The hydrolysate was fractionated by ultrafiltration into
four molecular weight fractions (< 3, 3-5, 5-10, > 10 kDa). The < 3 kDa fraction exhibited the strongest
antioxidant activity (DPPH IC4,: 15.38 pg/mL), significant a-glucosidase (50.99%) and a-amylase
(63.87%) inhibition, and potent pancreatic lipase inhibition (62.55%). Notably, this fraction demonstrated
exceptional cytotoxicity against HepG2 cells (ICs,: 0.12 pg/mL) with low toxicity toward normal HUVEC
cells (ICs,: 288.24 pg/mL). In vivo studies in a xenograft mouse model confirmed significant tumor
growth inhibition (48.95%) without observable organ toxicity. Blackberry seed-derived peptides,
particularly the < 3 kDa fraction, possess multi-functional bioactive properties including antioxidant,
hypoglycemic, hypolipidemic, and anticancer activities. These findings support the potential application
of blackberry seed peptides as functional food ingredients or nutraceuticals, contributing to the
valorization of agricultural byproducts.

1. Introduction

Plant-derived proteins represent a critical resource for sustainable biomaterials, extending beyond
traditional food applications into pharmaceutical and industrial sectors [1, 2]. While seeds from
conventional crops like legumes and cereals have been extensively studied, numerous underutilized
species offer untapped potential for novel bioactive compounds [3]. Blackberry (Rubus L.) seeds, a major
byproduct of juice and wine processing, account for 20—30% of fruit pomace and contain approximately
20-25% crude protein on a dry weight basis, yet remain largely underutilized [4].

Previous research on blackberry seeds primarily focused on polysaccharides exhibiting anticoagulant
activity and phenolic compounds with anti-inflammatory effects [5, 6]. However, the protein fraction,
which constitutes a major component of the seed, has received limited attention [7]. Unlike conventional
seed proteins, blackberry seed peptides represent a novel valorization pathway for agro-industrial waste.
Importantly, the bioactivities reported for crude extracts cannot be solely attributed to proteins or
peptides without dedicated isolation and characterization, such as blood lipid reduction [8, 9]. Our study
specifically targets the protein fraction, isolating and hydrolyzing it to generate bioactive peptides,
thereby clearly distinguishing our work from prior studies and addressing a significant knowledge gap.

This study addresses key gaps relevant to food and agricultural industries: (1) Waste valorization:
utilizing discarded blackberry seeds as a non-food biomass feedstock [4]. (2) process optimization—
developing an enzymatic-ultrafiltration biorefinery approach for peptide fractionation [10]. (3)
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multifunctional characterization—evaluating antioxidant, hypoglycemic, hypolipidemic, and anticancer
activities to support the development of functional food ingredients or nutraceuticals [11, 12].

We establish that optimized blackberry seed peptides exhibit exceptional in vitro and in vivo bioactivities
meriting further development as therapeutic agents or functional biomaterials [13, 14], aligning with
industrial crop valorization objectives [15]. This work provides the first comprehensive evidence for
transforming horticultural waste into high-value peptide products with food and nutraceutical potential
[16].

2. Material and methods

2.1. Material and chemicals

Blackberry seeds were obtained from Baima Experimental Station (Institute of Botany, Jiangsu Province
and Chinese Academy of Sciences). Alkaline protease (from Bacillus licheniformis, activity > 160 U/mg),
a-glucosidase (EC 3.2.1.20), a-amylase (EC 3.2.1.1), porcine pancreatic lipase (Type Il), cholesterol
esterase, and ultrafiltration membranes (3, 5, 10 kDa MWCO) were sourced from Nanjing Keybionet
Biotechnology Co. Ltd. (China). Cell lines (HepG2, MCF-7, Hela, A549, HUVEC) were acquired from the
National Collection of Authenticated Cell Cultures. All other chemicals were analytical grade.

2.2. Protein Isolation and Hydrolysis

Blackberry seed protein isolate (BSPI) was prepared according to our optimized method. 4 Defatted
seed powder (1:19 w/v in H,0) was extracted at 50°C (pH 10, 78 min), centrifuged (6,000 xg, 20 min),
and precipitated at pH 4.5. The isolate was freeze-dried and stored at - 20°C.

Enzymatic hydrolysis was performed using alkaline protease (selected based on preliminary screening
due to its high efficiency in hydrolyzing glutelin-rich proteins, which are predominant in blackberry
seeds). Response surface methodology (RSM) optimized hydrolysis conditions: A. substrate
concentration (1-3%), B. enzyme dose (14,000-18,000 U/g), C. time (2-4 h), D. pH (9-10) (Table 1).
Hydrolysates were inactivated (100°C, 10 min), centrifuged (6,000 xg, 10 min), and supernatants
lyophilized.
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Table 1

Response surface test factors and
levels

Factors Levels

-1 0 1
A 1 2 3
B 14000 16000 18000
C 2 3 4
D 9 9.5 10

2.3. Peptide Fractionation

BSPI hydrolysate was fractionated using Amicon® stirred ultrafiltration (Millipore) with 3, 5, and 10 kDa
membranes [17]. Fractions were collected as: F1: <3 kDa; F2: 3-5 kDa; F3: 5-10 kDa; F4: >10 kDa.
Lyophilized fractions were stored at - 80°C.

2.4 Bioactivity Assays
2.4.1 Antioxidant activity

Total antioxidant capacity was determined using a T-AOC (A015-2-1) kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). In similar, DPPH scavenging: A153-1-1 kit. Superoxide anion
(0,7) scavenging: A052-1-1 kit. Hydroxyl radical (-OH) scavenging: A018-1 kit. Results expressed as ICs,

or Trolox equivalents (TE).

2.4.2 Antihyperglycemic activity

a-Glucosidase inhibition: pNPG substrate method [18]. 500 pL of the sample and 500 pL of a-
glucosidase solution (6 mol/L) were added, then incubated in water bath at 37 °C for 10 minutes, added
500 pL of pNPG (2.5 mmol/L) solution and further incubated for 40 minutes. 2.0 mL of Na,CO3 (0.2
mol/L) was immediately added to terminate the reaction, and were measured the absorbance at 405 nm.
The inhibition rate was calculated as follows: Y = ((Ag-(A1-A5))/A)*100.

Where: Y is the a-glucosidase inhibition rate (%); A, is the absorbance of the control group; A, is the
absorbance of the sample group; A, is the absorbance of the background group.

a-Amylase inhibition: Bernfeld method [19]. In this experiment, phosphoric acid buffer (0.2 mol/L, pH
6.9) was used to prepare the reagents. A 1% starch solution was prepared and boiled for 10 minutes
while stirring with a glass rod, then cooled to the final volume of 1%. A 1 U/mg a-amylase solution was
prepared with the same solvent and refrigerated at 4 °C. 0.25 mL of enzyme solution was taken and
immersed in water bath at 37 °C for 1 minute, 0.25 mL of samples of different concentrations were

added, and incubated at 37 °C for 4 minutes. Then 0.5 mL of starch solution was added and mixed well,
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and incubated at 37 °C for 4 minutes. 1 mL of DNS reagent was added and boiled in a water bath for 8
minutes. After cooling to room temperature, 10 mL of distilled water was added and the absorbance of
the mixed solution was measured at a wavelength of 540 nm. The mixed solution without a-amylase was
used as a blank control to calculate the inhibition rate of a-amylase.

Inhibition rate (%) = = ((A-B)/A) x100

Where: A is the activity of a-amylase with inhibitor (U/mg); B is the enzymatic activity of a-amylase
without inhibitor (U/mg).

2.4.3 Anticancer activity

In vitro cytotoxicity. The methyl thiazolyl tetrazolium (MTT) method was used to study the inhibitory
effects of four protein peptide components on human cancer cells, including HeLa, HepG2, MCF-7, A549,
and HUVEC cells. The inhibition rate of the samples on the five types of cells was calculated with ICg,

values [20, 21].

In vivo antitumor efficacy. This study was contracted to Nanjing KeyGEN BioTECH Co., Ltd. (China).
Female BALB/c nude mice (age: 5—-6 weeks) were utilized. HelLa cells were harvested. Control Group:
Intravenous injections of PBS. Treatment Group: Intravenous injections of < 3 kDa protein peptide
component (10 mg/kg body weight; 100 uL/10 g body weight). Treatments were administered once
daily. Tumor volumes and body weights were measured every 3 days for 21 days. Tumor volume (V) was
calculated as: V (mm?) = (Length x Width?) / 2. Tumor growth inhibition rate (TGI%) was calculated as:
Inhibition efficiency (%) = (1 - The weight of the experimental group/The weight of the control group)
x100% [20, 21].

2.4.4 Hypolipidemic Activity
Bile acid binding

Sodium taurocholate binding assay [22]. The cholate binding rate was determined by adding 1 mL of the
sample solution into a centrifuge tube, followed by 1 mL of 0.07 mol/L HCI solution to simulate the
environment of the human stomach. The mixture was incubated in a constant temperature water bath at
37 °C for 1 hour. The pH of the solution was then adjusted to 6.3 using 0.1 mol/L NaOH solution.
Subsequently, 5 mL of 1T mmol/L taurine cholic acid solution was added, and for the blank tube, 5 mL of
phosphate buffer (0.1 mol/L, pH 6.3) was added. After 1 hour of ultrasound in a constant temperature
water bath at 37 °C, the mixture was centrifuged at 6000 r/min for 25 minutes. 2.5 mL of the
supernatant was taken, 7.5 mL of 60% sulfuric acid solution was added and incubated at 70 °C for 30
minutes, then cooled to room temperature. The absorbance was measured at 387 nm. The test was
repeated three times, and the cholate binding rate was calculated using the following formula

Cholate binding rate (%) = (Cy-C4)/Cyx100

Page 6/26



Where: C, is the concentration of cholate in the blank (without peptide), pmol/mL; C, is the
concentration of cholate in the supernatant after adding the peptide, pmol/mL.

Pancreatic lipase inhibition

p-Nitrophenyl laurate method [23]. Type Il porcine pancreatic lipase was prepared into a 5 mg/mL
solution with distilled water. A reaction substrate, p-nitrophenyllaurate (pNPG), was dissolved in an
aqueous solution containing 1% Triton X-100 and 0.05 mol/L sodium acetate to prepare a 0.1% (w/v)
PNPG solution. The lipase inhibition rate was calculated, and the IC5, value was determined using the

following formula
Pancreatic lipase inhibition rate (%) = (1-(A1-A)/Ag) X100

Where: A, is the absorbance of the sample supernatant; A, is the absorbance of the sample control
supernatant; A, is the absorbance of the blank supernatant.

Cholesterol esterase inhibition

p-Nitrophenyl butyrate method [24]. The inhibitory effect of protein peptides on cholesterol esterase was
determined using porcine pancreatic cholesterol esterase prepared with distilled water at a
concentration of 4.2 ug/mL. All reactions were performed in sodium phosphate buffers containing NaCl
(0.1 mol/L), p-nitrophenylbutyrate (PNPB) (0.2 mmol/L), and sodium taurocholate (STC) (5.16 mmol/L),
with a buffer concentration of 0.1 mol/L and a pH of 7.0. The absorbance was measured at 405 nm. The
blank control tube replaced the enzyme solution and sample solution with primary water, while the
background control tube replaced the enzyme solution with distilled water. Cholesterol esterase
inhibition rate (%) was calculated using the following formula

Cholesterol esterase inhibition rate (%) =(1-(C-D)/(A-B)) x100

Where: A is the absorbance of the blank tube; B is the absorbance of the blank focus; C is the
absorbance of the sample tube; D is the absorbance of the background

2.5 Statistical analysis

Data expressed as mean + SD (n = 3). One-way ANOVA (SPSS 16.0) with Tukey's test (p < 0.05).
Response surface analysis used Design-Expert® v8.0.5. A Box-Behnken Design (BBD), a widely used
RSM design for optimizing process parameters, was employed with four independent variables (Factors
A-D) at three levels each (-1, 0, + 1 as defined in Table 1). This design allowed for efficient fitting of a
quadratic model to predict the hydrolysis degree (Y).

3. Results and discussion
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3.1. Preparation of protein hydrolysate isolated from
blackberry seed

3.1.1 Determination of hydrolysis degree

The degree of hydrolysis (DH) is a measure of the ability of a protein to hydrolyze into a polypeptide
molecule. The chain length of the polypeptide chain and the types of terminal amino acids significantly
affect its biological activity. The higher the degree of protein hydrolysis, the higher the degree of
hydrolysis of the polypeptide chain, resulting in a greater variety of terminal amino acids [25]. In this
experiment, neutral protease, alkaline protease, acid protease and papain were used to hydrolyze
blackberry seed protein under the optimum conditions for each enzyme. The degree of hydrolysis was
shown in Fig. 1. The highest degree of hydrolysis was achieved with alkaline protease at 10.95%,
followed by acid protease at 9.61%, while neutral protease exhibited the lowest degree of hydrolysis at
2.57%. Liu also concluded that the highest degree of hydrolysis with alkaline protease was 17.86%,
which corresponded to its highest antioxidant capabilities [26]. The higher the degree of hydrolysis, the
greater the amount of peptides produced, which can indicate a higher potential for biological activity.
The high degree of hydrolysis observed with alkaline protease and acid protease may be due to the
abundance of enzyme-specific cleavage sites. After comprehensive consideration, alkaline protease was
selected as the enzyme for the preparation of blackberry seed protein peptide. This represents a 2.1-fold
improvement over conventional hydrolysis, attributed to enhanced cleavage of glutelin-rich blackberry
proteins (> 65% gluten content) [4].

3.1.2. Single factor test design

The results of four factors were below: Substrate concentration (Fig. 2a): Hydrolysis degree plateaued
beyond 2 g/100 mL, indicating saturation kinetics. Therefore, the optimal was 2 g/100 mL. Enzyme
dosage (Fig. 2b): Hydrolysis peaked at 16,000 U/g (enhanced 58% compared with 10,000 U/g), declining
at higher doses due to enzyme aggregation. Time (Fig. 2¢): Maximal DH (22.98%) achieved at 3 h —
prolonged hydrolysis caused peptide reaggregation. pH (Fig. 2d): Alkaline conditions (pH 9) neutralized
proton release during proteolysis, enhancing solubility and enzyme activity by 32% under pH 7.5 [4, 10].

3.1.3 Response surface test design

The Box-Behnken design was used for multiple regression fitting analysis (Table S1 and S2). The
quadratic multiple regression equation predicting the degree of hydrolysis (Y) for protein concentration
(A), enzyme addition amount (B), time (C), and pH (D) was Y =22.58 + 2.3A + 0.52B + 0.56C + 0.53D +

0.59AB + 0.45AC + 0.094AD-0.54BC + 0.092BD + 0.2CD -1.62A2-1.27B%-1.21C2-1.11D2.

The ANOVA for the quadratic model (Table S2) indicated that the model was highly significant (P <
0.001) with a non-significant lack of fit (P > 0.05), confirming the model’s adequacy. The high coefficient

of determination (R? = 0.9770) and adjusted (RZAdj =0.9540) demonstrate an excellent fit of the model to
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the experimental data. Analysis of variance revealed that the linear terms (A, B, C, D), all quadratic terms

(A%, B C?, D?), and the interaction terms AB and AC had significant effects on the degree of hydrolysis
(P < 0.05). The order of factor influence, determined by F-values, was A>C >D >B.

Within the test range, the optimal hydrolysis conditions were determined according to the mathematical
model. Optimal conditions (2.5% substrate, 16,500 U/g enzyme, pH 9, 3 h) yielded 22.98% DH - aligning
with the predicted 23.44% (error < 2%). This validates the model’s precision for industrial-scale peptide
production.

3.2 Biological activity
3.2.1 Antioxidant activity

The ultrafiltration-derived peptide fractions exhibited significant antioxidant potential, with pronounced
molecular-weight dependence (Fig. 4). To determine the total antioxidant capacity and the scavenging
abilities of Vitamin C (V) against DPPH radicals, ABTS cation radicals, and hydroxyl radicals, thereby
evaluating its in vitro antioxidant activity and establishing it as a standard for assessing the antioxidant
capacity of other samples.

The ABTS" free radical scavenging ability is a measure of the total antioxidant capacity of a substance.

Under the action of an oxidizing agent, ABTS" is oxidized to a stable blue-green ABTS". Oxidative stress
is known to be a major cause of many different diseases, including cancer, diabetes, obesity, and heart
disease. The reason behind oxidative stress is the unbalanced production and insufficient removal of
intracellular reactive oxygen species (ROS). During normal cell metabolism, ROS is produced to play
physiological roles such as intercellular signal transduction. The total antioxidant activity of different
molecular weight protein peptides can be determined. As shown in Fig. 4a, F1 (< 3 kDa) exhibited the
best total antioxidant capacity, up to 2.70 mol/g, followed by F4 (> 10 kDa), compared with V (only 3.8

mmol/g).

The free radical scavenging activity of DPPH is used to detect the ability of a substance to provide
electrons or hydrogen, thereby transforming the free radical into a more stable substance [27]. It has
been widely used to test the ability of natural compounds or extracts of plant and animal origin to act as
free radical scavengers or hydrogen donors [28]. For context, the IC4, value of the common antioxidant
V. measured under the same conditions was 12.5 pg/mL, indicating that the F1 fraction possesses

remarkably strong DPPH radical scavenging activity, comparable to this potent standard.

In Fig. 4b, with the increase in the concentration of the peptide component solution, the ability of DPPH
to scavenge free radicals also increased. All the peptides reached their maximum DPPH free radical
scavenging activity at 0.5 mg/mL. At a concentration of 5 mg/mL, F1 achieved nearly 100% DPPH free
radical scavenging rate. The overall free radical clearance rate follows the order: F1 >F4 >F2 >F3. At
0.0625 mg/mL, the free radical scavenging rates of F2 (3-5 kDa) and F3 (5-10 kDa) were very close.
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Table 2
IC5q value of DPPH free radical scavenging capacity

Protein peptides  F1 F2 F3 F4

IC50 (Hg/mL) 1538 2593 4139 17.96

In Table 2, the semi-inhibitory concentrations (ICs,) for F1, F2, F3, and F4 were 15.38 pg/mL, 25.93
pg/mL, 41.39 pg/mL, and 17.96 pg/mL, respectively. F1 had the smallest IC5, value, indicating that its
inhibitory effect was the best. The IC5, value of F3 was the highest, indicating that its inhibitory effect
was relatively poor. These results suggest that the <3 kDa and > 10 kDa protein peptide components of
blackberry seed protein peptides may contain a large number of hydrogen donors, which can react with
free radicals to produce more stable products and terminate the free radical chain reaction. Small
molecular weight peptides < 3 kDa showed the best DPPH radical scavenging rate, which may be due to
their higher content of hydrophobic amino acids that can bind to peroxy DPPH, or the fact that small
molecular weight peptides are more soluble and have more binding sites [29, 30].

Oxidative stress is known to be a major cause of many different diseases, including cancer, diabetes,
obesity, and heart disease [31]. The reason behind oxidative stress is the unbalanced production and
insufficient removal of intracellular reactive oxygen species (ROS). ROS are produced in the normal
process of cell metabolism to play physiological roles such as intercellular signal transduction [32].
Superoxide anions promote oxidation and further react with hydroxyl radicals, resulting in damage to
organelles. Superoxide anions are produced during normal cellular activities, but under disease
conditions, they are overproduced, indirectly leading to lipid oxidation and cell damage. Therefore, the
development of oxidative stress-related diseases can be reduced by eliminating superoxide anions.

As shown in Fig. 4c, in terms of superoxide anion resistance, the smaller the molecular weight, the better
the superoxide anion resistance, especially when the molecular weight is < 10 kDa. The antioxidant
capacity of F3 was the lowest (52.12 + 1.25 U/g), while that of F1 was the highest (59.30 + 2.15 U/g). To
contextualize this activity, the reference antioxidant V possesses a potent superoxide anion scavenging
capacity of approximately 4000 U/g under analogous assay conditions. The results indicated that
smaller molecular weight blackberry seed protein peptides were more suitable as antioxidants.

Hydroxyl radical inhibition ability is also used in antioxidant evaluation. Using multiple antioxidant
evaluation systems allows for a more comprehensive assessment of the antioxidant ability of protein
peptide components. Hydroxyl radicals are highly reactive and can interact with almost all cell
macromolecules they contact, causing severe damage to cells and eventually leading to various chronic
diseases. Thus, hydroxyl radical inhibition is also very important. From Fig. 4d, the inhibitory capacity of
hydroxyl radicals is similar with that of superoxide anions. When the molecular weight is > 10 kDa, the
inhibitory capacity gradually increases with the decrease in molecular weight. The inhibitory ability of F1
was the strongest, reaching 48.56 U/mg, while the other three protein peptide components also
exhibited good inhibitory abilities. The potency of the classic antioxidant V is approximately 1.8 U/mg
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under comparable assay conditions. This comparison highlights the remarkably strong hydroxyl radical
scavenging capability of the F1 fraction.

The superior antioxidant capacity of the < 3 kDa fraction (F1) aligns with the well-established structure-
activity relationship of bioactive peptides, wherein lower molecular weight often correlates with
enhanced ability to donate electrons or hydrogen atoms [33]. The DPPH scavenging IC, of F1 (15.38
pg/mL), while lower than that of ascorbic acid (2.5 pg/mL, this study), is notably superior to many other
plant-derived peptides. For instance, peptide fractions from rapeseed and soybean protein hydrolysates
have been reported with DPPH IC, values of 85.2 pg/mL and 106.5 ug/mL, respectively [34, 35]. This
suggests that the blackberry seed peptides, particularly the F1 fraction, possess a potent radical
scavenging capability. The high antioxidant potency may be attributed to the abundance of hydrophobic
amino acids in the gluten-rich blackberry seed protein [4], which can enhance interactions with radical
species and contribute to the observed strong ABTS* and hydroxyl radical scavenging activities.

3.2.2 Antihyperglycemic activity

Diabetes is a very old disease in human civilization. In recent years, various effective treatments have
been successfully applied, but many side effects of drug treatments can endanger the health of patients
[36]. Protein hydrolysates from different edible seeds have anti-diabetic activity and have the potential to
be used as alternative therapies. Studies of hypoglycemia have focused on the inhibition of a-
glucosidase and a-amylase, as these enzymes are the main digestive enzymes involved in daily
carbohydrate metabolism [37].

All protein peptide components were prepared as 0.5 mg/mL protein peptide solutions for
determination. As shown in Fig. 5a, F1 exhibited the best a-glucosidase inhibition effect, with an
inhibition rate of 50.99%. The a-glucosidase inhibition rate decreased with the increase in molecular
weight of protein peptide components. F3 had an inhibition rate of only 29.99%, while the inhibition rate
of F4 increased to 37.38%. Among the four components, only F1 had an inhibition rate exceeding 50%.
Therefore, F1 has better potential to reduce blood glucose in vitro, making it worthy of further study.

a-Amylase is one of the main enzymes involved in the digestion of dietary starch. The oligosaccharides
released by its activity can be further decomposed into glucose, which is rapidly absorbed by the body.
Therefore, the inhibition of a-amylase activity is considered one of the effective strategies to control
diabetes [38].

From Fig. 5b, different protein peptide components exhibited an increasing inhibition rate of a-amylase
activity with increasing concentration. Among them, F1 showed the best a-amylase inhibitory activity,
with an inhibition rate of up to 63.87 £ 0.95% at 5 mg/mL, and consistently exhibited the highest
inhibitory rate across different concentrations. It was followed by F4. The a-amylase inhibitory activities
of F2 and F3 were relatively weak and very similar, with inhibition rates of 42.38 +1.11% and 41.95 +
1.25% at 5 mg/mL, respectively.
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Our finding that the < 3 kDa fraction (F1) exhibited the strongest inhibition against a-glucosidase and a-
amylase is particularly intriguing. Olagunju and coworkersfound that all peptides could inhibit a-amylase
and a-glucosidase activities, with the 3—5 kDa and > 10 kDa peptides having the most pronounced
effects, which differed from the present study. This discrepancy might be due to the division of < 3 kDa
peptides into two fragments, < 1 kDa and 1-3 kDa components. Both hydrolyzed Mexican black bean
and Brazilian cacao bean peptide components have shown good hypoglycemic effects [39, 40]. This
discrepancy underscores the source-dependent functionality of bioactive peptides. The unique amino
acid sequence and composition derived from blackberry seed gluten, which comprises over 65% of the
seed protein, may yield specific low-molecular-weight peptides that act as potent enzyme inhibitors. This
appears to contradict a study by Olagunju et al. on pigeon pea protein, where the 3—5 kDa and > 10 kDa
fractions showed the most pronounced effects. This hypothesis is supported by Jorge et al. [41], who
found that glutenin hydrolysates from amaranth seeds possessed superior hypoglycemic activity. The
high glutelin content in blackberry seeds may thus be a critical factor defining the efficacy of its small
peptide fractions, offering a novel and targeted material for managing postprandial blood glucose levels.

3.2.3 Anticancer activity

In vitro cytotoxicity. The toxic activity of four protein peptide components (F1-F4) and the positive control
drug 5-fluorouracil (5-Fu) against four cancer cells (Hela, HepG2, MCF-7, A549), and normal human
umbilical vein endothelial cells (HUVEC) was studied using the MTT thiazolium blue colorimetric assay.
Since the 1980s, 5-fluorouracil (5-Fu) has been a common main drug for the treatment of cancer, and it is
clinically used in the treatment of colon cancer, stomach cancer, breast cancer, ovarian cancer, liver
cancer, and other cancers. However, relevant studies have pointed out that 5-Fu can also cause damage
to normal cells while eliminating cancer cells [42].

Cytotoxicity of four protein peptides z-arg:ilr?s? axenic cancer cells and normal cells
IC50+ SD / pg/mL
Sample Hela HepG2 MCF-7 A549 HUVEC
5-Fu 7.55+1.25 4.08 £0.09 22.17+1.55 19.41+1.83 50.04 £ 6.59
F1 43240712 0.12+0.01®  47.32+504°  33.92+258°  28824+19.57¢
F2 12.42+1.05°  0.2140.03°2 49.40+6.11°  38.81£3.15%  168.80+20.04°
F3 88.59+15.37° 7.04+1.18° 60.35+4.21° 42.62+584°P 146.87+13.29 2
F4 77.37+16.44° 70.52+14.05° 89.04+10.059 96.17+12.73° 410.24+52.46¢
ap<0.001,°p<0.01,°p<0.05 9 = not significant, complexes compared with 5-Fu, respectively.
Values with different superscript letters are significantly different (p < 0.05).
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As can be seen from Table 3, the four protein peptide components exhibit the highest inhibitory activity
on HepG2 cell proliferation, with IC5, values of 0.12, 0.21, 7.04, and 70.52 pg/mL, respectively, especially
F1 and F2. The inhibitory activity of HepG2 cell proliferation was higher than that of 5-Fu (4.08 pg/mL).
At the same time, the toxic effects of the four protein peptide components were very low, with their ICg,
values for HUVEC all higher than 100 pg/mL, which was much higher than that of the positive drug 5-Fu,
especially F4 (IC5, = 410.24 ug/mL). For Hela cells, the inhibitory activity of F1 was the highest (4.32

pg/mL), even higher than that of the positive control drug 5-Fu (7.55 pg/mL). This was followed by F2
(12.42 pg/mL), F4 (77.37 pg/mL), and F3 (88.59 pg/mL) components. For MCF-7 cells and A549 cells,
the inhibitory activity of F1 was the highest (47.32 ug/mL, 33.92 pg/mL), followed by F2 (49.40 pg/mL,
38.81 ug/mL), F3 (60.35 pg/mL, 42.62 pg/mL), and F4 (89.04 pg/mL, 96.17 ug/mL) components. Ding
also reached a similar conclusion in a study on the inhibitory activity of almond proteolysis on breast
cancer cells, where the peptide component < 10 kDa showed the best inhibitory activity. In general, small-
molecule peptide components are better able to induce apoptosis of cancer cells. * The remarkably low
ICs, of the F1 fraction against HepG2 cells (0.12 pg/mL), which is significantly lower than that of the
chemotherapeutic drug 5-Fu (4.08 pg/mL), highlights its exceptional potency. More importantly, the F1
fraction demonstrated markedly lower cytotoxicity towards normal HUVEC cells (IC5, = 288.24 pg/mL)
compared to 5-Fu (IC5, = 50.04 pg/mL), indicating a superior selective toxicity against cancer cells and a
potentially wider therapeutic window. This high selectivity is a coveted feature in anticancer drug
development. Our results are consistent with the trend observed by Ding, where < 10 kDa almond protein
hydrolysates showed the highest inhibitory activity against breast cancer cells [43].

In vivo antitumor efficacy. Figure 6(a)-(e) demonstrated that administration of the < 3 kDa protein peptide
component (F1, 10 mg/kg) induced significant suppression of both tumor growth and body weight in
tumor-bearing mice compared to the PBS control group. At day 21 post-treatment: PBS control mice
exhibited mean HepG2 tumor volumes of 1.196 cm?® and tumor weights of 1.62 g. The 3 kDa protein
peptide component-treated mice displayed markedly reduced mean tumor volumes of 0.570 cm? and
tumor weights of 0.83 g. The T/C value (tumor/control ratio) for the < 3 kDa protein peptide component
group was 53.07%, corresponding to a tumor growth inhibition rate (TGIR) of 48.95%. Figure 6(f) revealed
no discernible toxicopathological alterations in the heart, liver, spleen, lungs, kidneys, or brain tissues of
protein peptide-treated mice compared to controls, indicating negligible systemic toxicity. Analysis of
tumor angiogenesis (g) via CD31 immunohistochemistry on day 21 showed a significant decrease in
microvessel density within tumors from protein peptide-treated mice relative to PBS controls. This
reduction in neovascularization correlates with the observed anticancer efficacy.

In general, these findings establish that the < 3 kDa protein peptide component possesses marked in vivo
anticancer efficacy against HepG2 cells, coupled with an excellent safety profile based on the absence of
significant organ toxicity. The in vivo efficacy and negligible systemic toxicity of the F1 fraction further
corroborate its promise as a safe and effective anticancer agent. The anti-angiogenic effect observed via
reduced CD31 expression provides a plausible mechanism for its tumor-suppressive action in vivo.

3.2.4 Hypolipidemic activity
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Bile acids are the main components of micelles and are released during liver cholesterol oxidation.
Molecules with the ability to bind bile acids have dual roles. They can inhibit micelle formation and
promote bile acid release by increasing the rate of cholesterol oxidation. Additionally, some molecules
can reduce the absorption of dietary cholesterol by inhibiting pancreatic cholesterol esterase, which is
involved in the release of free cholesterol from dietary cholesterol esters [44].

As shown in Fig. 7a, the cholate binding rate decreased as the protein peptide concentration decreased.
For <10 KDa peptides, the binding capacity of cholate decreases with the increase of molecular weight,
but for F4, the binding capacity increases again and is higher than that of F2 and F3. It can also be seen
from Table 4 that F1 showed the best inhibitory effect, with an IC5y of 9.43 mg/mL. The second most
effective component was F4, with an IC5, of 12.67 mg/mL. F3 showed the worst inhibitory effect, with an
IC5q of 29.7 mg/mL.

Table 4
IC5q value of sodium taurine cholate binding rate of different
protein peptide components

Protein peptide <3kDa 3-5kDa 5-10kDa >10kDa

ICso (Mg/mL)  9.43 15.93 29.07 12.67

From Fig. 7b, the inhibitory activity of pancreatic lipase increased with the concentration of protein
peptides from different components, showing a positive correlation. F1 exhibited the best inhibitory
effect on pancreatic lipase. When the protein concentration was 0.625 mg/mL, 1.25 mg/mL, 2.5 mg/mL,
5 mg/mL, and 10 mg/mL, the inhibition rate gradually increased to 11.25%, 21.52%, 36.22%, 47.24%, and
62.55%, respectively. At different concentrations, the inhibition rates of F1 were the highest, and the
other three protein peptide components showed similar inhibition rates. At 10 mg/mL, the inhibition
rates followed the order: F1>F2 >F4 >F3.

A 5 mg/mL solution of different protein peptide components can inhibit cholesterol lipase. The inhibitory
effect of F1 on cholesterol lipase was the best, with an inhibition rate of 65.05%. The inhibition rate of F4
was 58.91%. The inhibition rates of F3 and F2 components were 52.23% and 51.22%, respectively. The
inhibition rate of all four protein peptide components on cholesterol lipase exceeded 50%, indicating a
good inhibitory effect on cholesterol lipase (Fig. 7c).

The potent hypolipidemic activity of the F1 fraction, particularly its inhibition of pancreatic lipase
(62.55%), positions it as a strong candidate for managing obesity and hyperlipidemia. This efficacy is
comparable to, and in some cases surpasses, that of well-studied soy protein hydrolysates. For example,
Zhong et al. [45] identified a soy peptide with a pancreatic lipase inhibition IC5, of approximately 0.5
mg/mL, whereas our F1 fraction achieved a similar level of inhibition at tested concentrations. The
simultaneous high binding capacity to bile acids and inhibition of cholesterol esterase suggest a multi-
targeted mechanism of action for the F1 fraction. This multifaceted hypolipidemic effect may be linked
to the high proportion of hydrophobic and acidic amino acids in the blackberry seed protein hydrolysate,
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as these residues are known to facilitate interactions with lipids, bile acids, and the active sites of
digestive enzymes [44].

4. Conclusions

This study demonstrates an integrated biorefinery approach for converting blackberry seeds—an
underutilized agricultural byproduct—into high-value bioactive peptides. Through optimized enzymatic
hydrolysis and ultrafiltration fractionation, the <3 kDa peptide fraction was identified as a promising
multifunctional ingredient with potent antioxidant, hypoglycemic, hypolipidemic, and anticancer
activities. The exceptional in vitro and in vivo efficacy, combined with low toxicity toward normal cells,
highlights its potential for functional food and nutraceutical applications. These findings support the
sustainable valorization of fruit processing residues, contributing to a circular bioeconomy.
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In vivo antitumor efficacy and safety assessment of the <3 kDa protein peptide component in HepG2
xenograft-bearing mice. (a) Representative photographs of mice from PBS control and <3 kDa protein
peptide component-treated (Dose: 10 mg/kg) groups at day 21. (b) Comparative tumor volumes at
endpoint. (c) Tumor volume progression curves over 21 days. (d) Body weight change profiles during the
treatment period. (e) Endpoint tumor weight comparison between treatment groups. (f) Hematoxylin and
eosin (H&E)-stained sections of brain, heart, liver, spleen, lung, and kidney tissues. (g) Representative
CD31-immunostained tumor sections depicting microvessel density. Scale bar = 20 ym. Error bars
represent standard error of the mean (SEM; n = 5 mice per group).
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