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Abstract

Gelatin capsule waste (GCW), a protein-rich by-product, represents a promising sub-
strate for the generation of potential bioactive substances, including free amino acids and
other soluble substances generated during enzymatic hydrolysis. In this study, gelatin hy-
drolysates with degrees of hydrolysis (DH) ranging from 10% to 40% were produced using
the commercial enzymes NS AC0106 (endopeptidase) and NS AC0107 (aminopeptidase)
to enhance their functional properties. Increasing DH significantly improved antioxidant
activity, surface hydrophobicity, and emulsifying capacity (p < 0.05), while sterilization
further enhanced antioxidant capacity. Structural analyses confirmed extensive protein
degradation and conformational modifications, as evidenced by SDS–PAGE (formation of
low-molecular-weight substances), FTIR (shifts in the amide I region), and NMR (release
of free amino acids). Electronic tongue analysis indicated that enzymatic hydrolysis en-
hanced umami and salty taste attributes. Notably, hydrolysis using NS AC0107 at 40% DH
resulted in the highest antioxidant activity, together with pronounced umami taste and low
bitterness. Overall, GCW-derived hydrolysates show considerable potential as functional
ingredients and provide a sustainable strategy for the valorization of protein-rich industrial
by-products.

Keywords: gelatin capsule waste; gelatin hydrolysate; enzymatic hydrolysis; degree of
hydrolysis; antioxidant activity; functional properties

1. Introduction
Oxidation is a fundamental metabolic process occurring in both living organisms

and food materials [1]. In food systems, oxidative reactions represent a primary pathway
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of chemical deterioration, leading to rancidity, degradation of nutritional quality, and
undesirable changes in sensory attributes such as color and flavor, ultimately affecting
food safety [1]. Similarly, in living cells, excessive oxidative reactions can cause damage to
essential biomolecules, including lipids, nucleic acids, and proteins, resulting in cellular
dysfunction and contributing to the development of various chronic diseases [2]. To retard
oxidative reactions and preserve food quality, antioxidants are commonly added to food
systems. However, despite the strong efficacy of synthetic antioxidants such as BHT,
BHA, and n-propyl gallate, their use is tightly regulated due to potential health concerns,
prompting growing interest in natural antioxidant alternatives, including bioactive dietary
protein compounds [3].

Bioactive peptides with antioxidant properties derived from various protein sources,
such as goat milk protein [4], rainbow trout [5], Atherina boyeri [6], tilapia skin [7], through
enzymatic hydrolysis have attracted considerable interest due to their potential applications
in the pharmaceutical, functional food, and food processing and preservation industries [8],
particularly as a clean-label strategy to replace synthetic additives.

Gelatin capsule waste (GCW) is a major protein-rich by-product generated in large
quantities from the nutraceutical and pharmaceutical industries [9]. According to Service
Pack Manufacturing Company Ltd. in Pathum Thani, Thailand, capsule manufacturing
processes generate approximately 1000 kg of by-products per month. This waste is generally
discarded and cannot be reutilized in capsule production, particularly because the gelatin
may undergo structural and functional changes during manufacturing and processing
steps [10]. Notably, GCW contains a high protein content (approximately 74.23%), making
it a promising substrate for the production of potential bioactive substances (a combination
of free amino acids and other soluble compounds generated during enzymatic hydrolysis).
Accordingly, GCW has attracted increasing attention as a potential raw material for the
development of functional food ingredients [11], thereby stimulating interest in developing
innovative strategies to convert this waste into value-added products through enzymatic
hydrolysis [12]. In this context, previous studies have demonstrated the functional and
bioactive potential of gelatin hydrolysates derived from animal processing by-products,
particularly fish-based sources. Tekle et al. [13] reported that gelatin hydrolysates produced
from fish skin waste effectively functioned as stabilizing and emulsifying agents in ice cream
formulations. Furthermore, Jindapon et al. [14] indicated that gelatin hydrolysates obtained
from fish bones and skin via enzymatic hydrolysis contain bioactive peptides exhibiting
antioxidant and antidiabetic activities. However, despite these promising findings, the
utilization of gelatin capsule waste (GCW) for bioactive substances production remains
limited and insufficiently explored. Transforming GCW into gelatin-derived potential
bioactive substances represents a dual-benefit strategy by expanding alternative protein
resources and minimizing industrial waste. The application of these approaches in food
and pharmaceutical systems can promote value addition and sustainable development
within the nutraceutical and pharmaceutical processing industries [12].

The production of bioactive substances via enzymatic hydrolysis requires precise
control of several processing parameters, including the type of proteolytic enzyme, enzyme-
to-substrate ratio, substrate concentration, incubation time, and pH, in order to obtain
potential bioactive substances with defined molecular sizes and enhanced biological activi-
ties [15]. To be suitable for use as food additives, protein hydrolysates must be produced
using food-grade, commercially available enzymes with acceptable cost for industrial
application [15].

However, to date, no studies have systematically investigated protein hydrolysates
derived from GCW or evaluated their antioxidant activity under different hydrolysis con-
ditions. Accordingly, this study hypothesizes that different types of proteolytic enzymes,
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namely endopeptidase and aminopeptidase, will produce gelatin hydrolysates with distinct
degrees of hydrolysis, peptide profiles, and functional as well as antioxidant properties.
Based on this hypothesis, this study aimed to determine the optimal conditions for produc-
ing gelatin hydrolysates from GCW using two commercial enzymes, namely NS AC0106
(endopeptidase) and NS AC0107 (aminopeptidase), and to assess their antioxidant activities
through DPPH, ABTS, and FRAP assays. Furthermore, the functional properties of the
hydrolysates were evaluated. To further assess their applicability in practical food systems,
the effects of post-processing thermal treatments, including pasteurization and sterilization,
on the antioxidant properties of the hydrolysates were also investigated.

2. Materials and Methods
2.1. Materials and Chemicals

The gelatin capsule waste (GCW) was obtained from Service Pack Manufacturing Co.,
Ltd. (Pathum Thani, Thailand). The gelatin was derived from aquatic sources; however, the
specific species composition was not disclosed by the manufacturer. Enzymes NS AC0106
(endopeptidase) and NS AC0107 (aminopeptidase), commercial trade names supplied by
Brenntag Ingredients (Thailand) Public Company Limited (Bangkok, Thailand), were used
in this study. 2,4,6-trinitrobenzenesulphonic acid (TNBS), 2,2-diphenyl-1-picrylhydrazyl
(DPPH), 2,2-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt (ABTS),
2,4,6-tripyridyl-triazine (TPTZ), and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (Trolox) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Soybean oil
was bought from a supermarket in Bangkok (Thailand). Chemicals required for SDS-PAGE
were purchased from Bio-Rad Laboratories Ltd. (Richmond, CA, USA). GangNam-STAIN™
Prestained Protein Ladder were purchased from iNtRON Biotechnology, Seongnam-Si,
Republic of Korea.

2.2. Preparation of Gelatin Capsule Waste

Gelatin capsule waste (GCW) was cut into small sheets (30 × 30 cm2) using scissors
and rinsed three times with ethanol to remove fat, oil, and debris. The washed samples
were then placed in polyethylene bags and stored in a refrigerator at 4 ◦C until further
use. Although ethanol washing was applied to improve material cleanliness, the pres-
ence of minor additives or excipients (e.g., plasticizers or TiO2) originating from capsule
manufacturing was not specifically investigated in this study.

2.3. Hydrolysis of Gelatin Capsule Waste

Hydrolysis was performed following the method of Ngafa et al. [16] and Singh et al. [17]
with a slight modification. The washed GCW was cut into small pieces (∼0.5 × 0.5 cm2) and
mixed with distilled water (50 ◦C) to obtain a final protein concentration of 5 mg/mL.
The gelatin solution was adjusted to the required pH (pH 8 for NS AC0106 and pH 7
for NS AC0107) using 1 N NaOH or 1 N HCl. To start the hydrolysis, different enzyme
concentrations (1, 2, and 3%, w/w) were added to the gelatin solution, which was then
incubated at 55 ◦C for 5 h in a temperature-controlled water bath shaker at 150 rpm for both
enzymes. Aliquots of hydrolyzed samples (2 mL) were collected at 0, 30, 60, 90, 120, 150,
180, 210, 240, and 300 min and immediately heated in a water bath (Model W350, Memmert,
Schwabach, Germany) at 90 ◦C for 15 min to inactivate the enzyme. The resulting solution
was collected, referred to as gelatin hydrolysates, and determined for degree of hydrolysis
(DH) by calculating total primary amino groups using the 2,4,6-trinitrobenzene sulphonic
acid (TNBS) method (Figure S1).

The preparation of hydrolysates with different degrees of hydrolysis (DH) (10%, 20%,
and 30% for NS AC0106 and 10%, 20%, 30%, and 40% for NS AC0107) involved calculating
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the required enzyme amounts based on a linear relationship between DH and the logarithm
(base 10) of enzyme concentration (Figure S2). The hydrolysis process was carried out
according to previously established procedures. Following hydrolysis, the degree of
hydrolysis (DH, %) was determined to verify that the target hydrolysis levels had been
achieved (Figure S3). The mixtures were freeze-dried to obtain dry protein hydrolysates,
which were subsequently used for further analysis. The samples were designated as CT for
non-hydrolyzed GCW, A10, A20, and A30 for hydrolysates prepared with NS AC0106, and
B10, B20, B30, and B40 for those prepared with NS AC0107, where the numbers indicate
the degree of hydrolysis (%).

2.4. Total Primary Amino Groups Content and Degree of Hydrolysis (DH) Determination

The total primary amino groups and DH of the gelatin hydrolysates were analyzed
according to the method of Laosam et al. [18]. The gelatin hydrolysate sample (125 µL)
was added to 2 mL of 0.2 M phosphate buffer, pH 8.2, and 1 mL of 0.1% TNBS solution.
The solution was mixed thoroughly and placed in a temperature-controlled water bath at
50 ◦C for 30 min in the dark. The reaction was terminated by adding 2 mL of 0.1 M sodium
sulfite. The mixtures were cooled at room temperature for 15 min. The absorbance was
measured at 420 nm. L-leucine (0–1.5 mM) was used as the standard. The total primary
amino groups content was then calculated and reported as mmol L-leucine equivalent/g
protein. The DH was defined as follows:

DH =

(
Lt − L0

Lmax − L0

)
× 100 (1)

where Lt represents the quantity of total primary amino groups in the hydrolysate product
liberated at time t, L0 signifies the initial amount of total primary amino groups in the
GCW, and Lmax indicates the maximum quantity of total primary amino groups obtained
from hydrolysate product after undergoing acid hydrolysis. The acid hydrolysis process
involved suspending 0.25 g of hydrolysate product in 2.5 mL of 6 N HCl. Sample tubes
were purged with nitrogen gas and sealed tightly with screwcaps. Hydrolysis was carried
out at 100 ◦C for 24 h. The acid-hydrolyzed sample was neutralized with 6 N NaOH before
quantifying the total primary amino groups content [19].

2.5. Antioxidant Activities
2.5.1. DPPH Radical Scavenging Activity

The DPPH radical scavenging activity of the gelatin hydrolysates was determined
according to the method described in Chinarak et al. [20] and in Laosam, Panpipat, Yusakul,
Cheong, and Chaijan [18], with a slight modification. Sample solution (80 µL) was added to
water (320 µL) and methanolic DPPH solution (2 mL). The mixture was vigorously mixed
and then allowed to stand for 30 min in the dark at room temperature. The absorbance
of the resulting solution was measured at 517 nm. A calibration curve was created with
Trolox (0–1 mM) as a standard (y = −0.0007x + 0.6912, R2 = 0.9909). The DPPH• scavenging
activity was expressed as µmol Trolox equivalent (TE)/g sample.

2.5.2. ABTS Radical Scavenging Activity

ABTS radical scavenging activity was determined according to the method described
in Chinarak, Wongnen, Chaijan, Tamman, Donlao, Cheong, and Worawan [20]. To obtain
an ABTS stock solution, an ABTS reagent at a concentration of 7.0 mM was combined
with 2.6 mM potassium persulfate at the ratio of 1:1 (v/v), and the mixture was allowed
to react in the dark at room temperature for 12–16 h before use. The ABTS solution was
diluted with phosphate buffer (10 mM, pH 7.2) to obtain an absorbance of 0.7 (±0.02) at

https://doi.org/10.3390/antiox15060776

https://doi.org/10.3390/antiox15060776


Antioxidants 2026, 15, 776 5 of 24

734 nm. To initiate the reaction, 30 µL of the sample was mixed with 3 mL of diluted
ABTS solution. The extent to which the ABTS quenched was measured at 734 nm after
5 min incubation at room temperature in the dark. A Trolox standard curve (0–1 mM)
was prepared (y = − 0.0003x + 0.7135, R2 = 0.9988). ABTS radical scavenging activity was
expressed as µmol Trolox equivalent (TE)/g sample.

2.5.3. Ferric Reducing Antioxidant Power (FRAP) Assay

The capacity of gelatin hydrolysates to reduce the ferric–tripyridyltriazine complex
was evaluated by the FRAP assay, as described by Rodsamai et al. [21], with a slight
modification. A total of 2.85 mL of freshly prepared FRAP reagent (10 mM TPTZ solution
in 40 mM HCl plus 20 mM FeCl3·6H2O solution and 30 mM acetate buffer, pH 3.6 in the
ratio of 1:1:10 (v/v/v)) was incubated at 37 ◦C for 30 min before being mixed with 150 µL of
the sample. The mixture was allowed to react in the dark at room temperature. Absorbance
at 593 nm was recorded after 30 min of reaction. The FRAP was calculated from the Trolox
standard curve (0–600 µM) and expressed as µmol TE/g sample (y = 0.0017x + 0.0006,
R2 = 0.9993).

2.6. Determination of Techno-Functional Properties
2.6.1. Surface Hydrophobicity

The surface hydrophobicity of the gelatin hydrolysates was determined using the
anionic fluorescence probe 8-anilino-1-naphthalene (ANS) based on the method described
by Knežević-Jugović et al. [22], with slight modification. The sample was diluted in 0.1 M
sodium phosphate buffer (pH 7.0) at protein concentrations ranging from 0.1 to 1.0 mg/mL.
The 8 mM ANS (40 µL) was added to the sample diluent (4 mL) and mixed well with vortex.
The mixture was kept in dark place for 10 min. The reaction mixture was measured using
a fluorescence spectrophotometer (RF-6000, Shimadzu Corporation, Kyoto, Japan). The
excitation wavelength was set at 395 nm, and the emission wavelength was 484 nm. The
plot of fluorescence intensity versus protein concentration was fitted using linear regression.
The surface hydrophobicity was defined using the slope of the curve.

2.6.2. Emulsion Activity Index (EAI) and Emulsion Stability Index (ESI)

Soybean oil (1 mL) was mixed with 3 mL of the sample solution (5 mg/mL) using
a homogenizer at a speed of 12,000 rpm for 3 min. Aliquots (50 µL) of the mixture were
taken at 0 and 15 min and immediately mixed with 0.1% (w/v) SDS solution (5 mL). The
resulting solutions were measured using a UV–visible spectrophotometer (EVOLUTION
300, Thermo Scientific, Waltham, MA, USA) at a wavelength of 500 nm. The calculation
formulas for the emulsion activity index (EAI, m2/g) and emulsion stability index (ESI, %)
are as follows [20]:

EAI(m2/g) =
2 × 2.303 × A × DF

lφC
(2)

ESI(min) =
A0
∆A

× ∆t (3)

where A is absorbance at 500 nm, DF is dilution factor, l is path length (m), φ is oil volume
fraction, C is protein concentration (g/m3), A0 is absorbance at 500 nm, ∆A is A0–A15
(where A15 is the absorbance at 500 nm after 15 min), and ∆t is 15 min.

2.7. Thermal Stability

Thermal stability was evaluated using the method of Chaijan et al. [23] with slight
modification. The thermal stability of the samples was tested under two conditions: pas-
teurization and sterilization. The sample solution was transferred into a screw-capped test
tube. The tube was tightly sealed and heated in a water bath at 65 ◦C for 30 min to simulate
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pasteurization, or sterilized in an autoclave at 121 ◦C for 15 min. After heat treatment, the
samples were immediately cooled in an ice-water bath. A sample without heat treatment,
maintained at 25 ◦C, was used as the control. Antioxidant activities (DPPH, ABTS, and
FRAP assays) were subsequently determined and expressed as a µmol Trolox equivalent
(TE)/g sample. In addition, the browning intensity of the samples was determined by
measuring the absorbance at 294 and 420 nm using a microplate reader (SPECTROstar
Nano, BMG LABTECH, Ortenberg, Germany). The samples were dissolved in distilled
water at a concentration of 25 mg/mL prior to analysis. Browning intensity was expressed
as absorbance values at the respective wavelengths [24].

2.8. Fourier Transform Infrared Spectroscopy Analysis

The FTIR spectra of the sample was recorded using an ATR-FTIR spectrophotometer
(Bruker Co., Ettlingen, Germany), as described by [25]. Freeze-dried sample was ground
into fine powder, pressed into a pellet, and placed on the ATR crystal. The spectra were
collected in the wavenumber ranges of 400–4000 cm−1 with 32 scans and a resolution of
4 cm−1. The data were examined with the program OPUS 8.5 (Bruker Optik GmbH 2020,
Ettlingen, Germany).

To resolve the major peaks for protein secondary structure, the Fourier self-
deconvolution and the second derivative were applied to the amide I band region
(1600–1700 cm−1). The deconvolution process was performed and the peaks corresponding
to α-helix (1658–1650 cm−1), β-sheet (1640–1610 cm−1), β-turn (1680–1660 cm−1), ran-
dom coil (1650–1640 cm−1), and β-antiparallel (1700–1680 cm−1) were identified using the
software PeakFit V4.12 [25].

2.9. Determination of Protein Pattern by Sodium Dodecyl Sulfate–Polyacrylamide Gel
Electrophoresis (SDS-PAGE)

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) was used to
investigate the protein patterns in all samples following the method of Chinarak, Wongnen,
Chaijan, Tamman, Donlao, Cheong and Worawan [20], with slight modification. The sample
was mixed with 5% SDS solution to dissolve the protein. The mixtures were then heated
at 90 ◦C for 1 h, after which the protein concentration was determined using the Lawry
method. The final protein concentration was adjusted to 20 mg/mL before mixing with
the sample buffer at a ratio of 1:1 (v/v). The mixture was then denatured by heating in
a water bath at 85 ◦C for 5 min. The mixture (10 µg of protein) was loaded onto the gel,
with 4% stacking gel and 12% separating gel. Then, electrophoresis was performed (Mini
Protein II unit; Bio-Rad Laboratories, Inc., Richmond, CA, USA). After electrophoresis, the
gel was stained for 30 min with Coomassie Brilliant Blue R250, then discolored for 24 h
with a methanol and acetic acid solution. GangNam-STAIN™ Prestained Protein Ladders
were used as standard markers.

2.10. Nuclear Magnetic Resonance (NMR)

For the 1H-qNMR analysis, 700 µL of the gelatin hydrolysate solution was mixed with
100 µL of 0.2 M phosphate buffer (pH 7.4) and 200 µL of deuterium oxide containing the
internal standard, 2.0 mM 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt (TSP).
The mixture was vortexed thoroughly and subsequently centrifuged at 10,000 rpm for
5 min. A 700 µL aliquot of the resulting supernatant was carefully transferred into a
5 mm NMR tube. All 1H-qNMR experiments were conducted on a Bruker Avance III HD
400 MHz NMR spectrometer equipped with a 5 mm CryoProbe Prodigy (double-resonance
broadband observe, including 19F capability) operating at 25 ◦C. The 1H-qNMR spectra of
the gelatin solution were acquired using the following parameters: Carr–Purcell–Meiboom–
Gill (CPMG) pulse program, relaxation delay of 60 s, pulse width of 12.00 µs, 64 scans,

https://doi.org/10.3390/antiox15060776

https://doi.org/10.3390/antiox15060776


Antioxidants 2026, 15, 776 7 of 24

65k data points, sweep width of 24 ppm, and spectral center at 4.7 ppm. A line broadening
factor of 0.3 Hz was applied during data processing. To ensure high accuracy in 1H-NMR
signal assignment, two-dimensional NMR experiments 1H-1H J-resolved (JRES) and 1H-13C
HSQC were acquired and analyzed. All NMR data were processed using TopSpin 3.6.2 [26].

2.11. Electronic Tongue

The taste profile of the samples was determined using an electronic tongue (E-tongue)
system (α-Astree II, Alpha M.O.S., Toulouse, France). The analysis was conducted accord-
ing to the method described by Kingwascharapong et al. [27], with slight modifications.
Seven sensors, including sourness (AHS), saltiness (CTS), umami (NMS), sweetness (ANS),
bitterness (SCS), and general or complex taste functions (PKS and CPS), were used in this
study. All sensors were pretreated in the reference solution following the manufacturer’s
protocol for at least 24 h prior to analysis. Liquid samples (3 g) were mixed with 100 mL of
distilled water using a vortex mixer. An aliquot of 80 mL of the mixture was then injected
into the electronic tongue system for analysis. The data were analyzed using Alpha MOS
software version 17.0.

2.12. Statistical Analysis

All experiments were carried out in triplicate, and the results are presented as mean
values. The data were analyzed by analysis of variance (ANOVA), and mean differences
were determined using Duncan’s multiple range test. Statistical analysis was conducted us-
ing SPSS software (version 22 for Windows; SPSS Inc., Chicago, IL, USA), with significance
established at p < 0.05.

3. Results and Discussion
3.1. Degree of Hydrolysis (DH)

The degree of hydrolysis (DH) is a key response in determining the optimization
parameters and producing protein hydrolysates with various functionalities [28]. The results
indicated that degree of hydrolysis (DH) in both enzymatic hydrolysis processes increased
gradually with hydrolysis time, particularly in the initial stages of the reaction (Figure S1).
During the initial stage (30–180 min), DH increased sharply, indicating that a large number
of peptide bonds were hydrolyzed. However, after 180 min of hydrolysis, the DH rate
slowed and eventually reached a plateau, suggesting minimal further hydrolysis, likely
due to substrate depletion, decreased enzyme activity, enzyme autodigestion, or product
inhibition [29]. These trends are similar to the hydrolysis curves reported for brownstripe
red snapper [30], gelatin hydrolysates from unicorn leatherjacket skin [31], and Indian
mackerel [29]. At the same hydrolysis time, higher DH was observed with increasing
enzyme concentrations, regardless of enzyme type, indicating greater peptide bond cleavage.
Under identical enzyme levels and hydrolysis time, NS AC0107 yielded higher DH than NS
AC0106, suggesting more extensive hydrolysis of GCW. This difference may be attributed to
the distinct catalytic properties of the enzymes. NS AC0107, classified as an aminopeptidase,
directly hydrolyzes peptide bonds at the amino terminus of proteins, resulting in the release
of free amino acids. In contrast, NS AC0106 functions as a broad-spectrum endoprotease
that catalyzes protein degradation by cleaving peptide bonds within the internal regions of
the polypeptide chain, thereby generating smaller peptide fragments [32]. These differences
may arise from variations in enzyme purity, specific activity, and structural stability, which
influence catalytic efficiency and substrate specificity, ultimately leading to the generation
of peptides with different functional characteristics [33]. Thus, the functional properties of
the enzymes are another key factor governing the hydrolysis rate, leading to different DH
values at the same time point depending on the type and concentration of enzyme used.
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When log10 (enzyme unit) was plotted against DH after hydrolysis for 180 min, a linear
relationship was obtained (Figure S2). Log10 enzyme concentration and DH clearly show a
positive linear relationship for both enzymes, suggesting that hydrolysis efficiency increases
proportionately with increasing enzyme concentration. Interestingly, the regression line for
NS AC0107 is constantly above that of NS AC0106; this shows that NS AC0107 has a greater
DH at the same enzyme concentration, indicating its superior proteolytic efficiency. The
strong linear correlation suggests that enzyme concentration is the primary determinant of
the degree of hydrolysis at 180 min of hydrolysis time. In order to optimize the process and
produce GCW hydrolysate at particular hydrolysis levels, this linear equation can be used
to calculate the enzyme concentration (X) to reach a target DH (Y). In this study, protein
hydrolysates with DH levels of 10%, 20%, and 30% were targeted for hydrolysis using NS
AC0106, noted as A10, A20 and A30, respectively, whereas DH levels of 10%, 20%, 30%, and
40% were targeted for NS AC0107, noted as B10, B20, B30 and B40, respectively, compared
with non-hydrolyzed GCW (CT) (Figure S3). The calculated enzyme requirements were 0.5,
4.5, and 43.5 g per 100 mL for NS AC0106 and 0.2, 1.0, 5.8, and 34.4 g per 100 mL for NS
AC0107, respectively. The resulting protein hydrolysates were subsequently subjected to
analyses of functional properties and antioxidant activity in the following stages of the study.

3.2. Antioxidant Activities of Gelatin Capsule Waste Hydrolysate

Antioxidant activities, as determined by DPPH, ABTS, and FRAP assays of hy-
drolysates with different DH values are shown in Figure 1a. DPPH radical scaveng-
ing activity is widely employed to assess the hydrogen-donating capacity of protein
hydrolysates [34]. As the DH increased, DPPH radical scavenging activity significantly
increased (p < 0.05). In comparison to non-hydrolyzed GCW (CT), the gelatin hydrolysate
prepared by NS AC0106 (A10, A20, and A30) presented a modest increase in DPPH radical
scavenging activity as DH increased from 10% to 30%. This may be because the bioac-
tive substances produced during hydrolysis react with free radicals more efficiently than
the original protein, converting them into stable molecules. Interestingly, the gelatin hy-
drolysate hydrolyzed by NS AC0107 (B10, B20, B30, and B40) exhibited a higher DPPH
radical scavenging activity compared to the NS AC0106 groups at the same degree of
hydrolysis, reaching up to 37.32 µmol Trolox/g sample at DH40% (B40). This could be
explained by the fact that different proteases generate different bioactive substances, which
have varying abilities to donate electrons to free radicals, resulting in differences in DPPH
scavenging activity [35].

The ABTS assay evaluates antioxidant activity in both hydrogen-donating compounds
and chain-breaking antioxidants [34]. As shown in Figure 1b, hydrolysates obtained using
NS AC0106 exhibited ABTS radical scavenging activities of 65.03, 115.56, and 207.11 µmol
Trolox/g sample at DH levels of 10%, 20%, and 30%, respectively. Similarly, hydrolysates
produced using NS AC0107 showed values of 52.50, 101.56, 118.72, and 309.37 µmol
Trolox/g sample at DH levels of 10%, 20%, 30%, and 40%, respectively. Notably, ABTS
radical scavenging activity increased by 6.75-fold and 10.07-fold for samples A30 and B40,
respectively, compared with non-hydrolyzed GCW (CT). This supports the findings of
Shaibani et al. [36], which showed that, up to a certain point, higher DH led to increased
ABTS radical scavenging activity in crab hydrolysates. The observed variations among
hydrolysates can be attributed to differences in enzyme specificity during hydrolysis,
which govern the resulting peptide profiles. These variations, in turn, influence key peptide
characteristics, including chain length, hydrophobicity, and amino acid composition, all of
which are known to modulate antioxidant activity [37]. In particular, potential bioactive
substances with favorable structural features can effectively donate electrons or hydrogen
atoms, thereby enhancing their ability to scavenge ABTS radicals [5].
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Figure 1. Antioxidant activities of gelatin capsule waste hydrolysates. DPPH• radical scavenging
properties (a), ABTS• radical scavenging properties (b), and ferric reducing antioxidant power
(FRAP) (c). CT, gelatin capsule waste; A10–30, gelatin capsule waste hydrolyzed with NS AC0106 at
degree of hydrolysis 10–30%; B10–40, gelatin capsule waste hydrolyzed with NS AC0107 at degree of
hydrolysis 10–40%, respectively. Different letters indicate significant differences (p < 0.05).

FRAP activity was positively correlated with DPPH radical scavenging activity, with
ferric reducing antioxidant power increasing significantly (p < 0.05) as the degree of hydrol-
ysis increased (Figure 1c). The FRAP values of hydrolysates produced using NS AC0106
increased from 0.33 to 7.44 µmol Trolox/g sample as the DH increased from 10% to 30%.
Similarly, hydrolysates obtained using NS AC0107 exhibited a marked increase in FRAP,
ranging from 0.43 to 29.37 µmol Trolox/g sample, as the DH increased from 10% to 40%.
Compared with non-hydrolyzed GCW (CT), FRAP values increased by 24.8-fold and
97.9-fold for samples A30 and B40, respectively. The observed variations in reducing power

https://doi.org/10.3390/antiox15060776

https://doi.org/10.3390/antiox15060776


Antioxidants 2026, 15, 776 10 of 24

among hydrolysates may be attributed to differences in potential bioactive substances,
particularly their electron-donating capacity, as well as the degree of hydrolysis, which
influences Fe3+-reducing ability [38]. This supports the findings of Czelej et al. [39] that
showed that the type of enzyme and degree of hydrolysis were related to the antioxidant
activity of protein hydrolysates.

3.3. Techno-Functional Properties of Gelatin Capsule Waste Hydrolysate

Protein surface hydrophobicity is a key determinant of technological functionality,
as it regulates protein–protein and protein–water interactions via the balance of exposed
hydrophobic and hydrophilic regions. These features are essential for interfacial activity
and, consequently, for emulsifying and foaming properties [40]. In both enzymatic systems,
the surface hydrophobicity of GCW hydrolysates increased significantly with increasing
degree of hydrolysis, as shown in Figure 2a. This trend can be attributed to enzymatic
hydrolysis, which progressively unfolds gelatin macromolecules and exposes previously
buried hydrophobic amino acid residues. Surface hydrophobicity increased from 8 in non-
hydrolyzed GCW (CT) to 46 at 30% DH for NS AC0106, and to 107 at 40% DH for NS AC0107.
At the same degree of hydrolysis (DH), gelatin hydrolysates produced using NS AC0107
exhibited significantly higher surface hydrophobicity than those obtained with NS AC0106.
The extent of this exposure is strongly influenced by enzyme characteristics, as NS AC0107
(a flavor-modifying protease) and NS AC0106 (a broad-spectrum endoprotease) differ in
substrate specificity and cleavage patterns. These differences may arise from variations in
enzyme purity, specific activity, and structural stability, which ultimately govern catalytic
efficiency and potential bioactive substances generation. Overall, surface hydrophobicity is
governed by both the type of hydrolytic enzyme and the degree of hydrolysis.

Emulsifying activity was evaluated to characterize the adsorption behavior of protein
hydrolysates at the oil–water interface. The ability of proteins to diffuse, adsorb, rearrange,
and interact to form a cohesive interfacial film governs emulsion formation [41]. The emul-
sifying activity index (EAI) reflects the capacity of proteins to form emulsions, whereas
the emulsifying stability index (ESI) indicates resistance to flocculation and aggregation,
thereby representing emulsion stability [42]. As shown in Figure 2b, hydrolysis using
NS AC0106 resulted in a decrease in EAI. Specifically, EAI values declined from 17.76 in
non-hydrolyzed GCW (CT) to 11.76, 9.93, and 12.79 m2/g at DH levels of 10%, 20%, and
30%, respectively. This reduction may be attributed to the generation of small bioactive
substances during hydrolysis, which diminishes amphiphilicity and weakens interfacial
film formation [42]. Similar findings have been reported for gelatin hydrolysates with high
DH, where smaller peptide size leads to reduced emulsifying capacity [43]. Conversely,
hydrolysis using NS AC0107 significantly enhanced EAI, increasing from 17.76 (CT) to 26.65,
28.93, and 31.44 m2/g at DH levels of 10%, 20%, and 30%, respectively. This improvement
suggests that potential bioactive substances generated by NS AC0107 possess more favorable
structural characteristics for interfacial adsorption and stabilization. However, the EAI of
gelatin hydrolysates decreased to 20.75 m2/g at higher hydrolysis (40% DH; B40). This initial
enhancement in emulsifying activity, followed by a decline at higher DH, can be explained
by structural changes during hydrolysis. Moderate hydrolysis promotes the exposure of
previously buried hydrophobic groups and the formation of peptides with balanced am-
phiphilicity, facilitating rapid adsorption at the oil–water interface during homogenization
and improving emulsifying performance [44]. In contrast, extensive hydrolysis leads to the
generation of low-molecular-weight substances with reduced chain length and amphiphilic-
ity, which are less effective in forming stable interfacial films, thereby decreasing EAI [44].
The emulsifying stability index (ESI) was also significantly affected by hydrolysis (Figure 2b).
For NS AC0106, ESI values ranged from 25.44 to 27.87 min, while those for NS AC0107

https://doi.org/10.3390/antiox15060776

https://doi.org/10.3390/antiox15060776


Antioxidants 2026, 15, 776 11 of 24

ranged from 27.64 to 27.93 min at 10–30% DH, before decreasing to 23.64 min at 40% DH.
Notably, hydrolysates produced using NS AC0107 exhibited slightly higher ESI than those
obtained with NS AC0106 at comparable DH levels. Similar trends have been reported for
gelatin hydrolysates from deer antler base and protein hydrolysates from bighead carp [45].
The observed emulsifying behavior is closely associated with bioactive substances’ struc-
tural characteristics. Potential bioactive substances with exposed hydrophobic residues can
effectively adsorb at the oil–water interface and stabilize newly formed droplets, preventing
coalescence. However, sufficient peptide chain length is required to form a cohesive and
viscoelastic interfacial film, with a minimum length of approximately 20 amino acids re-
ported for effective emulsification. In addition to chain length, both solubility and surface
hydrophobicity play critical roles: high solubility facilitates rapid diffusion to the interface,
while appropriate hydrophobicity enhances interfacial anchoring [46].

Figure 2. Surface hydrophobicity (H0) (a), and emulsion ability index (EAI) and emulsion stability
index (ESI) (b) of gelatin capsule waste hydrolysates. CT, gelatin capsule waste; A10–30, gelatin
capsule waste hydrolyzed with NS AC0106 at degree of hydrolysis 10–30%; B10–40, gelatin capsule
waste hydrolyzed with NS AC0107 at degree of hydrolysis 10–40%, respectively. Different letters
indicate significant differences (p < 0.05).

3.4. Thermal Stability of Gelatin Capsule Waste Hydrolysate

Thermal processing is a critical step in food manufacturing, and the stability of bioac-
tive compounds under heat is essential for preserving their functional properties. To
simulate typical processing conditions, the thermal stability of gelatin hydrolysates was
evaluated under pasteurization (65 ◦C for 30 min) and sterilization (121 ◦C for 15 min),
with unheated samples serving as the control. Eight sample groups were examined, com-
prising non-hydrolyzed GCW (CT) and enzymatically hydrolyzed samples prepared using
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NS AC0106 (A10–A30) and NS AC0107 (B10–B40) at varying degrees of hydrolysis (DH).
Antioxidant activity, as a key functional attribute, was assessed using DPPH and ABTS
radical scavenging assays, as well as the FRAP assay. As shown in Figure 3, all samples
exhibited significantly enhanced antioxidant activities (DPPH, ABTS, and FRAP) with
increasing treatment temperature (p < 0.05), indicating that thermal processing, particularly
sterilization, can promote the formation of antioxidant components. For DPPH radical
scavenging activity (Figure 3a), sterilization (121 ◦C, 15 min) markedly increased activity in
all samples compared with the unheated controls. Specifically, the activity increased by
approximately 1.5-fold in CT, 1.8–2.7-fold in the NS AC0106-treated samples (A10–A30),
and 1.9–7.4-fold in the NS AC0107-treated samples (B10-B40). Notably, the enhancement
was more pronounced in NS AC0107-treated samples, particularly at higher DH levels, sug-
gesting that potential bioactive substances generated by this enzyme may possess greater
susceptibility to heat-induced structural modifications, thereby improving their radical
scavenging capacity. Similarly, ABTS radical scavenging activity (Figure 3b) increased
following thermal treatment, with more pronounced effects observed under sterilization,
showing increases of approximately 1.0–1.7-fold after pasteurization and 1.0–4.0-fold after
sterilization. Consistent trends were observed for FRAP (Figure 3c), with ferric reducing
antioxidant power increasing by approximately 6.8–97% and 60–527% after pasteurization
and sterilization, respectively. Similar observations have been reported by Chen et al. [47],
who demonstrated that the antioxidant activity of egg white hydrolysates progressively
increased after thermal treatment compared with untreated samples.

The enhancement in antioxidant activity may be attributed to structural modifications
of potential bioactive substances induced by heat treatment. Thermal processing can disrupt
hydrogen bonding and promote conformational changes, leading to increased exposure
of reactive amino acid side chains capable of donating electrons or hydrogen atoms to
neutralize free radicals [48]. In addition, elevated temperatures increase molecular mobility,
further facilitating the interaction between reactive groups and radical species. Moreover,
thermal processing may promote the Maillard reaction, a non-enzymatic browning process
involving interactions between amino groups and carbonyl compounds. This reaction gener-
ates a range of intermediate and advanced products with recognized antioxidant properties,
including free radical scavenging, metal chelation, and chain-breaking activity [49]. The
formation of Maillard reaction products (MRPs) was evaluated by measuring absorbance at
294 and 420 nm, representing intermediate and advanced stages, respectively [24].

As shown in Figure 4a,b, absorbance at both wavelengths (294 nm and 420 nm) increased
with rising temperature, particularly under sterilization. The increase at 294 nm indicates
the formation of intermediate compounds (e.g., Amadori products), while the increase at
420 nm reflects the development of brown pigments at later stages. Notably, sterilized
samples exhibited approximately two-fold higher absorbance at 420 nm than untreated hy-
drolysates, indicating more intense browning. These results are consistent with the enhanced
antioxidant activity observed in Figure 3, suggesting that MRPs contribute to the increased
antioxidant capacity. Similar findings have been reported for various protein hydrolysates,
including silver carp [50] and scallop gonad hydrolysates [49], where MRPs contributed
significantly to improved antioxidant activity. Although Maillard reaction products (MRPs)
contribute beneficial properties, including enhanced antioxidant activity and improved flavor
characteristics, certain MRPs may also exert adverse health effects. For instance, elevated
levels of carboxymethyl lysine (CML) have been associated with diabetes and cardiovascular
diseases, whereas acrylamide is recognized as a potential carcinogenic compound [51]. The
formation of these hazardous compounds is influenced by several factors, including the type
and concentration of carbonyl and amino compounds, heat intensity, moisture content, and
pH conditions. In general, MRP formation is more pronounced in high-temperature, low-
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moisture processing methods such as baking and frying, whereas substantially lower levels
are typically observed in milder thermal treatments, including steaming and boiling [52]. In
the present study, the applied thermal treatments (e.g., pasteurization and sterilization) were
conducted under controlled conditions, which are less favorable for excessive formation of
hazardous MRPs such as acrylamide. Therefore, the risk associated with these compounds
is expected to be limited under the conditions studied. Overall, the results indicate that
thermal processing, particularly sterilization, enhances the antioxidant potential of gelatin
hydrolysates through both the structural modification of potential bioactive substances
and the formation of MRPs. Therefore, thermally processed gelatin hydrolysates represent
promising functional ingredients for application in food systems.

Figure 3. Antioxidant activities of gelatin capsule waste hydrolysates before and after pasteurization
and sterilization. DPPH radical scavenging properties (a), ABTS radical scavenging properties (b),
and ferric reducing antioxidant power (FRAP) (c). CT, gelatin capsule waste; A10–30, gelatin capsule
waste hydrolyzed with NS AC0106 at degree of hydrolysis 10–30%; B10–40, gelatin capsule waste
hydrolyzed with NS AC0107 at degree of hydrolysis 10–40%, respectively. Different uppercases
indicate significant differences (p < 0.05) between groups and different lowercases indicate significant
differences (p < 0.05) of same group.
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Figure 4. UV absorbance (A294 (a), A420 nm (b)) and appearances (c) of gelatin capsule waste
hydrolysates before and after pasteurization and sterilization. CT, gelatin capsule waste; A10–30,
gelatin capsule waste hydrolyzed with NS AC0106 at degree of hydrolysis 10–30%; B10–40, gelatin
capsule waste hydrolyzed with NS AC0107 at degree of hydrolysis 10–40%, respectively. Different
uppercases indicate significant differences (p < 0.05) of same groups. n indicates non-significant
differences (p ≥ 0.05).
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3.5. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Fourier transform infrared spectroscopy (FTIR) was employed to investigate changes
in functional groups of GCW hydrolysates, as alterations in vibrational characteristics
reflect modifications in protein structure. The FTIR spectra (Figure 5a) showed that
all samples exhibited similar overall profiles, indicating that the primary backbone
structure of gelatin was largely preserved after enzymatic hydrolysis. The amide A band,
associated with N-H stretching vibrations, shifted from 3298 cm−1 in the control (CT)
to 3269–3265 cm−1 in the hydrolysates. This shift toward lower wavenumbers suggests
increased hydrogen bonding interactions, likely due to the formation of shorter peptide
chains during hydrolysis.

Figure 5. FTIR spectra (a) and secondary structure content (b) of gelatin capsule waste hydrolysates.
CT, gelatin capsule waste; A10–30, gelatin capsule waste hydrolyzed with NS AC0106 at degree of
hydrolysis 10–30%; B10–40, gelatin capsule waste hydrolyzed with NS AC0107 at degree of hydrolysis
10–40%, respectively. Different letters indicate significant differences (p < 0.05).

Similarly, the amide B band, corresponding to the asymmetric stretching of =C-H
and –NH3+ groups, was observed at 2925–2931 cm−1 in the hydrolysates, slightly lower
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than in CT (2935 cm−1), indicating interactions involving protonated amino groups and
structural rearrangement [25]. The amide I band (1600–1700 cm−1), a key indicator of
protein secondary structure, appeared within 1624–1689 cm−1 for all samples, consistent
with the random coil conformation of gelatin. Notably, samples B30 and B40 exhibited
lower wavenumbers (~1624 cm−1), suggesting greater conformational changes, likely due
to partial unfolding and rearrangement of polypeptide chains during hydrolysis [25]. The
amide II (1512–1550 cm−1) and amide III (~1240 cm−1) bands, corresponding to N-H
bending and C-N stretching vibrations, were present in all samples. However, reduced
intensity in the amide III region (1240–1250 cm−1) was observed in hydrolysates, with
some peaks becoming less distinct. This decrease indicates reduced N-H interactions, likely
resulting from peptide bond cleavage during enzymatic hydrolysis.

To further elucidate structural alterations, the secondary structure composition of
protein hydrolysates was quantified by deconvolution of the FTIR spectra in the amide I
region (1600–1700 cm−1). The following assignments were used: 1610–1640 cm−1 (β-sheet),
1640–1650 cm−1 (random coil), 1650–1658 cm−1 (α-helix), 1660–1680 cm−1 (β-turn), and
1680–1700 cm−1 (β-antiparallel) [25]. As shown in Figure 5b, random coil structures
predominated in all samples, followed by β-sheet and β-turn conformations, while α-
helical structures were not detected. This is consistent with the nature of gelatin as a
denatured form of collagen, which predominantly exhibits disordered conformations
due to the disruption of the native triple-helix structure during processing [53,54]. With
increasing degree of hydrolysis (DH), the relative contents of β-sheet and random coil
structures decreased, whereas β-turn and β-antiparallel structures increased, particularly
in samples A30 and B40. Since β-sheet structures contribute to intermolecular stability,
their reduction, together with the increase in β-turn and β-antiparallel structures, indicates
a transition toward less ordered conformations. This structural rearrangement is likely
associated with peptide bond cleavage and the resulting unfolding and fragmentation of
polypeptide chains during enzymatic hydrolysis.

Similar structural modifications have been reported in other protein hydrolysates,
such as pumpkin seed proteins [55]. Overall, the FTIR analysis confirms that enzymatic
hydrolysis induces significant conformational changes in GCW proteins, which may con-
tribute to the enhanced antioxidant activity and improved techno-functional properties
observed in the hydrolysates.

3.6. Protein Pattern by SDS-PAGE

Protein patterns of GCW hydrolysates produced using different enzymes with dif-
ferent hydrolysis times are shown in Figure 6. Native gelatin typically consists of several
polypeptide components, including α chains (90–110 kDa), β chains (180–220 kDa), and
γ chains (270–300 kDa) [54]. Nevertheless, the presence of lower molecular weight frac-
tions in gelatin can occur as a result of partial collagen degradation during the gelatin
manufacturing process [56]. The control sample (CT) exhibited distinct bands above 245,
135, 68, and 63 kDa, corresponding to γ, β, and α chains, respectively. In contrast, enzy-
matic hydrolysates displayed bands predominantly below 17 kDa, indicating extensive
proteolytic degradation of gelatin into low-molecular-weight substances. These results
demonstrate that both enzymes were highly effective in cleaving the gelatin polypeptides
into low-molecular-weight substances. Similar findings were reported by [15], who ob-
served that gelatin hydrolysates derived from Cyprinus carpio skin were mainly composed
of peptides with molecular weights ranging from 6.5 to 14.5 kDa.
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Figure 6. Protein pattern by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)
of gelatin capsule waste hydrolysates (GH). CT, gelatin capsule waste (Lane 2); A10–30, gelatin capsule
waste hydrolyzed with NS AC0106 at degree of hydrolysis 10–30% (Lanes 3–5); B10–40, gelatin capsule
waste hydrolyzed with NS AC0107 at degree of hydrolysis 10–40% (Lanes 6–9), respectively.

3.7. Nuclear Magnetic Resonance (NMR)

To further elucidate structural modifications at the molecular level, 1H-NMR spec-
troscopy was employed to analyze gelatin and GCW hydrolysates [57]. The spectrum
(Figure 7a) of the control sample (CT) exhibited broad and overlapping signals, reflecting
the presence of diverse proton environments within the intact and heterogeneous gelatin
structure. Such spectral complexity is characteristic of native proteins and may arise from
contributions of aliphatic side chains, aromatic amino acid residues (e.g., tyrosine, trypto-
phan, and phenylalanine), and other associated components [55]. In contrast, the 1H-NMR
spectra of gelatin hydrolysates (A10-B40) displayed a noticeable simplification of peak
patterns, particularly in the aliphatic region (0.5–5.0 ppm), following enzymatic hydrolysis.
This simplification indicates the cleavage of large protein molecules into smaller peptide
fragments, resulting in a more uniform chemical environment for amino acid residues.

Additionally, a slight decrease in signal intensity in the aromatic region (5.0–7.0 ppm)
was observed, suggesting partial disruption of the spatial arrangement of aromatic amino
acid residues during hydrolysis. These changes are consistent with molecular weight
reduction and the formation of simpler bioactive substance structures following enzymatic
hydrolysis [58]. The 1H NMR spectrum of sample B40 exhibited a pronounced reduction
in aromatic proton signals, together with improved peak resolution in the aliphatic re-
gion compared with other hydrolysates (Figure 7b). This pattern reflects a higher degree
of hydrolysis, indicating extensive peptide bond cleavage and the generation of smaller
bioactive substances and free amino acids. With increasing DH, signals corresponding
to individual amino acids became more prominent, whereas those associated with more
complex bioactive substance structures diminished. Notably, B40 revealed the presence of
several identified amino acids, particularly hydrophobic, aromatic, and sulfur-containing
residues, including tryptophan, methionine, histidine, lysine, cysteine, and tyrosine, rec-
ognized for their potential antioxidative properties [59], which may contribute to the
antioxidant activity observed in the sample, as shown in Figure 1. In addition, major
components included sugars, particularly α- and β-glucose, as well as amino acids such
as glycine, taurine, and alanine. The coexistence of reducing sugars and amino acids may
promote Maillard reactions during subsequent thermal processing, which likely contributes
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to the increased browning intensity and enhanced antioxidant activity observed in B40
(Figures 3 and 4, respectively).

a 

CT 

A10 

A20 

A30 

B10 

B20 

B30 

B40 

Chemical shift Chemical shift 

Chemical shift Chemical shift 

b 

Figure 7. 1H-NMR 400 MHz spectrum of all gelatin hydrolysates (a) and 1H-NMR 400 MHz spectrum
of B40 (b) solution in 80% D2O phosphate buffer pH 7.4. CT, gelatin capsule waste; A10–30, gelatin
capsule waste hydrolyzed with NS AC0106 at degree of hydrolysis 10–30%; B10–40, gelatin capsule
waste hydrolyzed with NS AC0107 at degree of hydrolysis 10–40%, respectively. Keys for the
assignments of peaks: 1, Isoleucine; 2, Leucine; 3, Valine; 4, Ethanol; 5, Lactate; 6, Alanine; 7, Lysine;
8, Acetate; 9, Gamma aminobutyric acid; 10, Proline; 11, Glutamine; 12, Asparagine; 13, Glycine; 14,
Cysteine; 15, Glutamate; 16, Histidine; 17, Methionine; 18, Phenylalanine; 19, Proline; 20, Serine; 21,
Threonine; 22, Tryptophan; 23, Tyrosine; 24, β-Glucose; 25, α-Glucose; 26, Formate; 27, Adenosine
monophosphate; 28, Taurine.

3.8. Electronic Tongue

Since taste is a key determinant of consumer acceptance and practical application,
the taste profiles of GCW hydrolysates were evaluated using an electronic tongue (E-
tongue) [27,60,61]. In this study, the taste profiles of GCW protein hydrolysates were
assessed using sensors corresponding to sourness (AHS), saltiness (CTS), umami (NMS),
sweetness (ANS), bitterness (SCS), and general or complex taste functions (PKS and CPS)
under different enzymatic treatments and degrees of hydrolysis (Figure 8). The control
gelatin sample (CT) exhibited relatively higher intensities of sourness and sweetness.
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Following enzymatic hydrolysis with NS AC0106 and NS AC0107, the taste profiles changed
markedly. Bitterness, umami, and saltiness increased progressively with increasing degree
of hydrolysis (DH), whereas sweetness decreased. In particular, umami intensity was
significantly enhanced, likely due to the release of free amino acids such as aspartic acid
and glutamic acid, which are well-known contributors to umami taste [62]. The increase in
bitterness can be attributed to the exposure of hydrophobic amino acid residues during
proteolysis. As peptide bonds are cleaved, hydrophobic side chains become more accessible
and interact with taste receptors, thereby intensifying bitterness. Notably, sample B40
exhibited pronounced umami and sourness while maintaining relatively low bitterness
(Figure 8). The activity of aminopeptidase (NS AC0107), an exoprotease responsible for
cleaving peptide bonds at the N-terminus, contributed to the release of free amino acids,
which may enhance flavor development and reduce bitterness [63]. Song et al. [64] reported
that aminopeptidase exhibits potential debittering properties in both casein and soybean
protein hydrolysates. In addition, the presence of glutamine, which was distinctly detected
in sample B40 (Figure 7), may further contribute to its enhanced umami characteristics.
This observation is consistent with previous findings by Weng, Sun, Wang, Sui, Fang, Tang
and Shen [62], which reported that protein hydrolysates rich in free amino acids exhibited
strong umami perception with reduced bitterness. Overall, these results demonstrate that
enzymatic hydrolysis significantly modulates the taste profile of protein hydrolysates.
Among the tested samples, B40 exhibited a favorable balance of taste attributes, suggesting
its potential as a flavor-enhancing ingredient in food applications.

Figure 8. Comparison of taste profiles (Radar map) of gelatin capsule waste hydrolysates (GH).
CT, gelatin capsule waste; A10–30, gelatin capsule waste hydrolyzed with NS AC0106 at degree of
hydrolysis 10–30%; B10–40, gelatin capsule waste hydrolyzed with NS AC0107 at degree of hydrolysis
10–40%, respectively.

4. Conclusions
In this study, gelatin capsule waste (GCW) was enzymatically hydrolyzed to produce

potential bioactive substances, and the effects of protease type and degree of hydrolysis
(DH) on the structural, functional, and antioxidant properties of the resulting hydrolysates
were systematically evaluated. Enzymatic hydrolysis induced significant structural mod-
ifications, including changes in functional groups, hydrogen bonding interactions, and
protein conformation, which were associated with enhanced antioxidant activities (DPPH,
ABTS, and FRAP), increased surface hydrophobicity, improved emulsifying properties, and
enhanced umami taste. Thermal processing, particularly sterilization, further enhanced
the antioxidant capacity of the hydrolysates, likely through structural alterations and
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Maillard reaction pathways. However, considering that the hydrolysates contained both
reducing sugars and free amino acids, the potential formation of harmful Maillard-derived
compounds during thermal treatment should be carefully monitored and controlled.

Although hydrolysis using NS AC0107 at 40% DH produced hydrolysates exhibiting
the most favorable combination of functional properties, antioxidant activity, and sen-
sory characteristics, the enzyme concentration required to achieve this DH was estimated
through extrapolation beyond the calibration range. Therefore, this condition should be
interpreted with caution, as its practical implementation and economic feasibility at pilot
or industrial scale remain to be verified. Overall, these findings highlight the potential
of GCW hydrolysates as value-added functional ingredients and provide an effective
approach for the sustainable valorization of gelatin capsule waste in functional food in-
gredients. Nevertheless, further investigations on the safety of GCW hydrolysates are
warranted, particularly through cellular and in vivo studies, to comprehensively evaluate
their biological effects and potential applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox15060776/s1, Figure S1: Variation in the degree of hydrolysis
of gelatin capsules waste hydrolyzed by NS AC0106 (a) and NS AC0107 (b) at enzyme concentrations
of 1, 2, and 3% (w/w of protein). Figure S2: The relationship between the log10 enzyme concentration
and the degree of hydrolysis of gelatin capsules waste hydrolyzed by NS AC0106 and NS AC0107.
Figure S3: Degrees of hydrolysis of gelatin capsule waste hydrolysate samples hydrolyzed with NS
AC0106 (A10, A20, and A30) and NS AC0107 (B10, B20, B30, and B40) at 55 ◦C for 3 h. The enzymatic
hydrolysis was carried out at 55 ◦C for 3 h.
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