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Abstract

Natural by-products (NBPs), including pomace, peels, stems, and skins, account for over
50% of materials generated during fresh fruit processing. Most of these are discarded or
landfilled, contributing to environmental pollution. NBPs are rich in bioactive compounds,
including polyphenols and flavonoids, suggesting their potential as functional ingredients
for health promotion. Accordingly, twelve types of NBPs from Korea were extracted with
70% ethanol. Each extract was comparatively evaluated at a uniform concentration for
antioxidant, tyrosinase inhibition, and elastase inhibition activities. Anti-inflammatory
and antimicrobial activities were additionally evaluated to identify extracts with superior
overall activity profiles. Based on these findings, four extracts exhibiting the highest
activities were combined, and the NBP complex was further tested for its antioxidant, anti-
inflammatory, and antimicrobial effects. Although certain individual NBPs extracts showed
strong activities, the NBP complex exhibited enhanced overall effects. These findings
indicate that selected NBPs, both individually and in combination, possess significant
potential as health-promoting functional ingredients. The study provides scientific evidence
supporting the valorization of fruit processing residues into value-added products while
addressing environmental concerns associated with their disposal.

Keywords: natural by-products; anti-inflammatory; antimicrobial; functional compounds

1. Introduction
Natural by-products (NBPs), including pomace, peels, stems, and skins, account for

more than 50% of the total biomass generated during fresh fruit processing. Most of
these NBPs are disposed of through landfilling or incineration. However, these practices
contribute to greenhouse gas emissions, including CO2 and CH4, and can result in the
release of dioxins into the environment [1]. Meanwhile, NBPs are increasingly recognized
as rich sources of valuable bioactive constituents, including polyphenols, flavonoids, and
other phenolic compounds. Numerous studies have shown that extracts exhibit notable free-
radical-scavenging capacity and antimicrobial activity against foodborne pathogens. Such
evidence underscores the potential of these by-products to serve as functional ingredients
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with diverse health-promoting effects [2,3]. Given these characteristics, these residual
materials are enriched in bioactive constituents compared to the edible portions of fruits,
suggesting their strong potential for value-added applications [4].

Based on these findings, the antioxidant and anti-inflammatory mechanisms of NBP-
derived phytochemicals have been actively investigated. Inflammatory responses arise
when tissues encounter harmful physical or chemical stimuli, leading to the upregulation
of key mediators such as inducible nitric oxide synthase (iNOS) and cyclooxygenase-2
(COX-2), both of which play central roles in propagating inflammatory signaling [5]. Ox-
idative stress further increases iNOS expression, resulting in elevated nitric oxide (NO)
production that readily reacts with reactive oxygen species (ROS) to generate peroxyni-
trite (ONOO−), a highly reactive oxidant that exacerbates inflammatory tissue damage.
In parallel, oxidative stress also upregulates COX-2, thereby promoting the production
of downstream inflammatory mediators, including prostaglandins. Collectively, these
oxidative stress–driven iNOS and COX-2 pathways form a mutually reinforcing cycle that
intensifies oxidative damage and inflammatory responses [6,7].

Inflammatory responses can be triggered by pathogenic microorganisms that disrupt
tissue homeostasis. Key pathogens, including Staphylococcus aureus (S. aureus), Cutibacterium
acnes (C. acnes), and Pseudomonas aeruginosa (P. aeruginosa), activate pattern-recognition
receptors and stimulate inflammatory signaling. Specifically, C. acnes promotes inflamma-
tion in the pilosebaceous unit [8,9], while S. aureus exacerbates atopic dermatitis through
toxin-mediated immune activation [10,11]. P. aeruginosa sustains chronic inflammation
via biofilm formation that impedes immune clearance [12,13]. Furthermore, opportunistic
pathogens such as E. coli, G. vaginalis, and C. albicans contribute to secondary infections,
cutaneous abscesses, or impaired barrier integrity [14–16]. Collectively, these pathogen-
induced mechanisms—often synergistic with oxidative stress—drive the initiation and
progression of various cutaneous pathologies.

Research on the anti-inflammatory and antimicrobial properties of NBPs has primarily
aimed at mitigating symptoms induced by inflammation and microbial infections. To date,
most studies have focused on individual extracts, leaving the potential benefits of combin-
ing promising NBP candidates largely unexplored. Addressing this gap, the present study
systematically evaluated NBPs, selected the most effective candidates, and examined a
composite extract derived from them to assess its potential as a novel functional ingredient.

2. Materials and Methods
2.1. Bioactivity Assay Materials

2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2-azino-bis(3-ethylbenzthiazoline-6-sulfonic
acid) diammonium salt (ABTS), butylated hydroxyanisole (BHA), potassium persulfate,
trizma base, Elastase from porcine pancreas, Type I, N-Succinyl-Ala-Ala-Ala-p-nitroanilide,
ursolic acid (UA), L-3,4-dihydroxyphenylalanine (L-DOPA) and tyrosinase from mush-
room were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ascorbic acid (AA) was
purchased from Duchefa Biochemie (Haarlem, Netherlands). Sodium carbonate anhydrous
(Na2CO3) and sodium hydroxide (NaOH) were purchased from DAEJUNG (Siheung,
Republic of Korea). Diethylene glycol and dimethyl sulfoxide (DMSO) were purchased
from Junsei Chemical Co., Ltd. (Tokyo, Japan). Sodium phosphate was purchased from
SAMCHUN (Pyeongtaek, Republic of Korea).

2.2. Cell Culture and Experimental Material

Lipopolysaccharide (LPS), Griess reagent were purchased from Sigma-Aldrich
(St. Louis, MO, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was purchased from Duchefa Biochemie (Haarlem, The Netherlands). The murine
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macrophage cell line RAW 264.7 was obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). Cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; Capricorn Scientific GmbH, Ebsdorfergrund, Germany) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin (Capricorn Scientific GmbH)
at 37 ◦C in a humidified incubator containing 5% CO2 (PHCbi, Tokyo, Japan). To avoid
DMSO-induced artifacts, the final concentration was kept below 0.5%.

2.3. Plant and Fruit Materials

Plant and fruit materials used in this study included peanut (Arachis hypogaea L.,
A. hypogaea), apple (Malus pumila Mill., M. pumila), asian pear (Pyrus pyrifolia var. cultiva
(Makino) Nakai, P. pyrifolia), brown seaweed (Saccharina japonica (Areschoug) C.E. Lane,
C. Mayes, Druehl & G.W. Saunders, S. japonica), onion (Allium cepa L., A. cepa), purple corn
(Zea mays L., Z. mays), bur cucumber (Sicyos angulatus L., S. angulatus), and hinoki cypress
(Chamaecyparis obtusa (Siebold & Zucc.) Endl., C. obtusa). A. hypogaea was cultivated in
Gumi, Gyeongsangbuk-do, and separated into roots, stems, kernels, and shells. M. pumila
and P. pyrifolia were purchased from Geochang, Gyeongsangnam-do, and Ulju, Ulsan,
respectively, and the pomace remaining after juice extraction was used. S. japonica was
collected from Gijang, Busan. A. cepa was obtained from onions grown in Changnyeong,
Gyeongsangnam-do, and the outer peels were separated for use. Z. mays purple corn was
cultivated in Gochang, Jeonbuk-do, and the cobs and husks were separated. S. angulatus
was collected from Chungju, Chungcheongbuk-do, and C. obtusa roots were obtained
from cultivated trees in Dalseong, Daegu, and used in the study. All plant materials were
botanically authenticated at the species level using the Species Korea database operated
by the National Institute of Biological Resources under the Ministry of Environment of
the Republic of Korea (https://species.nibr.go.kr, accessed on 29 November 2025). The
scientific names of all plant materials were verified based on the officially registered
nomenclature in this database to minimize potential errors in taxonomic identification.

2.4. Extraction Process

Raw materials were extracted using 95% ethanol, diluted with triple-distilled water to
achieve final concentrations of either 30% or 70%. For each extraction, 20 g of raw material
was combined with 180 g of solvent, maintaining a 1:9 (w/w) ratio. The mixture was filtered
through filter paper during each extraction cycle to remove insoluble impurities, and the
filtrations were collected and stored. For Z. mays (cob and husk), the raw materials were
pre-frozen and lyophilized prior to extraction, which was conducted three times for 24 h
each using 30% ethanol. For all other materials—A. hypogaea (kernel, shell, leaf/stem, root),
A. cepa (peel), M. pumila (pomace), P. pyrifolia (pomace), S. japonica (discarded thallus),
S. angulatus (whole plant), and C. obtusa (root)—extractions were performed three times for
24 h each using 70% ethanol. All extracts were subsequently concentrated under reduced
pressure at 60 ◦C using a rotary evaporator (HAHNSHIN S&T Co. Ltd., Gyeonggi-do,
Republic of Korea) and then lyophilized to yield the final extracts, which were used for
downstream experiments.

2.5. Total Flavonoid Content Analysis

Total flavonoid content was determined using a colorimetric assay. Briefly, 50 µL of
sample solution was mixed with 500 µL of diethylene glycol and 500 µL of 1 N NaOH.
The mixture was incubated at 37 ◦C for 1 h in an incubator (PHCbi, Tokyo, Japan). After
incubation, the absorbance was measured at 420 nm using a microplate reader (BioTek
Instruments, Winooski, VT, USA). The total flavonoid content was calculated based on a
calibration curve constructed using quercetin as a standard (R2 > 0.99).
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2.6. Total Polyphenol Content Analysis

Total polyphenol content was measured using the Folin–Ciocalteu method. Briefly,
50 µL of sample solution was mixed with 50 µL of Folin–Ciocalteu reagent and incubated
at room temperature in the dark for 5 min. Subsequently, 50 µL of 10% Na2CO3 solution
was added, and the mixture was further incubated at room temperature in the dark for 1 h.
The absorbance was measured at 640 nm using a microplate reader (BioTek Instruments).
The total polyphenol content was calculated using a calibration curve prepared with tannic
acid as a standard (R2 > 0.98).

2.7. DPPH Radical Scavenging Activity

100 µL of samples were treated with 50 µL of 0.2 mM DPPH solution. BHA was used
as a positive control. The plate was incubated in the dark at room temperature for 30 min,
and the absorbance was measured spectrophotometrically at 517 nm using a microplate
reader (BioTek Instruments) [17].

2.8. ABTS+ Radical Scavenging Activity

The ABTS+ radical solution was generated by mixing 7.4 mM ABTS+ with an equal
volume of 2.6 mM potassium persulfate, followed by incubation in the dark at room tem-
perature for 24 h. 100 µL of samples were subsequently treated with 100 µL of the prepared
ABTS+ radical solution, with BHA included as a positive control. After 7 min of incubation
in the dark at room temperature, the absorbance was measured spectrophotometrically at
734 nm using a microplate reader (BioTek Instruments) [18].

2.9. Tyrosinase Inhibitory Activity

40 µL of samples were treated with 80 µL of 67 mM sodium phosphate buffer, pH 6.8,
followed by 40 µL of tyrosinase, 125 units. The reaction was initiated by adding 40 µL of
25 mM L-DOPA. AA was used as a positive control. A solvent control was included using
DMSO at the same concentration as in the sample-treated groups. The plate was incubated
in the dark at 37 ◦C for 30 min, and the absorbance was measured spectrophotometrically
at 420 nm using a microplate reader (BioTek Instruments) [19].

2.10. Elastase Inhibitory Activity

100 µL of samples were treated with 50 µL of 0.4 mM Tris-HCl buffer, pH 8.6, followed
by 50 µL of elastase at 1.2 units/mL, prepared in 0.05 mM Tris-HCl buffer. The plate was
incubated in the dark at 37 ◦C for 30 min. Subsequently, 100 µL of 10,000 µg/mL N-Succinyl-
Ala-Ala-Ala-p-nitroanilide, also prepared in 0.05 mM Tris-HCl buffer, was added to each
well and allowed to react in the dark at room temperature for 20 min. UA was used as the
positive control. A solvent control was included using DMSO at the same concentration
as in the sample-treated groups. The absorbance was measured spectrophotometrically at
405 nm using a microplate reader (BioTek Instruments) [20].

2.11. Cell Viability Assay

RAW 264.7 cells were seeded into 96-well plates and treated with samples. The cells
were incubated at 37 ◦C in a humidified incubator (PHCbi) with 5% CO2 for 24 h. After
incubation, the culture medium was removed, and 100 µL of MTT solution was added.
The plate was incubated in the dark at 37 ◦C for 1 h. Following removal of the MTT
solution, 100 µL of DMSO was added to dissolve the purple formazan crystals, and final
concentration of DMSO was kept constant across all treatment and control groups. and the
absorbance was measured at 570 nm using a microplate reader (BioTek Instruments) [21].
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2.12. Nitric Oxide (NO) Production Assay

RAW 264.7 cells were seeded into 6-well plates and treated with samples for 2 h. Subse-
quently, 200 ng/mL LPS was added based on previously validated experimental conditions
in RAW 264.7 macrophages, and the cells were incubated at 37 ◦C in a CO2 incubator
(PHCbio) for 16 h. Then, 100 µL of culture supernatants were mixed with an equal volume
of Griess reagent in a 96-well plate. Nitric oxide production was determined by measuring
the absorbance at 540 nm using a microplate reader (BioTek Instruments) [22–24].

2.13. Western Blotting

After sample treatment, RAW 264.7 cells were washed with phosphate-buffered saline
(PBS) at room temperature. Cells were lysed on ice for 10 min in lysis buffer contain-
ing protease and phosphatase inhibitors, with the process repeated three times. Lysates
were centrifuged at 12,000 rpm for 10 min at 4 ◦C, and protein concentrations in the su-
pernatant were quantified using Bradford reagent (Bio-Rad, Hercules, CA, USA). iNOS
was obtained from Invitrogen (Carlsbad, CA, USA), and COX-2 was obtained from Cell
Signaling Technology (Danvers, MA, USA), Anti β-actin Rabbit (β-actin) from Abbkine
(Wuhan, China). Equal amounts of protein were separated on 8% SDS-PAGE gels and
transferred to nitrocellulose membranes (GE Healthcare Life Sciences, Marlborough, MA,
USA). Membranes were blocked with 5% skim milk at room temperature for 1 h, followed
by overnight incubation at 4 ◦C with primary antibodies diluted 1:1000. The membranes
were then incubated for 2 h with horseradish peroxidase (HRP)-conjugated secondary
antibodies diluted 1:10,000. Protein bands were visualized using enhanced chemilumines-
cence (Abbkine, Wuhan, China) [25]. The uncropped immunoblot images are provided
in Figure S1.

2.14. Kirby-Bauer Assay

Bacterial strains were cultured in liquid media under appropriate growth conditions.
P. aeruginosa, E. coli, S. aureus, C. acnes, C. albicans and G. vaginalis were used. C. acnes and
G. vaginalis was incubated at 37 ◦C in a CO2 incubator (ASTEC Korea Co., Ltd., Seoul,
Republic of Korea), while P. aeruginosa, E. coli, S. aureus, and C. albicans were cultured at
37 ◦C in a standard incubator (Duri Science Inc., Bucheon, Republic of Korea). 100 µL of
cultured bacteria were spread uniformly on solid media using sterile swabs. Sterilized
8 mm paper disks (ADVANTEC, Tokyo, Japan) were placed on the inoculated plates, and
samples were applied to the disks. 5% methyl paraben (MP) was used as a positive control,
and DMSO served as a negative control. After overnight incubation, the diameter of the
clear zones surrounding each disk was measured to evaluate antibacterial activity [26].

2.15. Selection Criteria and Scoring System for NBPs

Evaluation To identify NBP samples with superior functional potential, a quantitative
scoring system was established and applied across five assay categories: antioxidant,
tyrosinase inhibition, elastase inhibition, antimicrobial, and anti-inflammatory activities.
Selection was based on the relative performance of all samples within each category. In
the general scoring framework, the top-performing extract in each assay, as well as any
extract exhibiting at least 90% of the activity of the positive control, was assigned 3 points.
The second-ranked extract received 2 points, and the third-ranked extract received 1 point.
This approach enabled a normalized comparison of bioactivity across assays with differing
experimental scales. For antimicrobial activity, scoring was determined by the number of
microbial strains inhibited. Extracts that inhibited all six tested strains received 3 points,
those inhibiting five strains received 2 points, and those inhibiting four or three strains
received 1 point. In addition, the top three extracts were awarded 1 supplementary point
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each based on the magnitude of inhibition to further differentiate antimicrobial efficacy.
For anti-inflammatory activity, the three extracts demonstrating the strongest inhibition
of nitric oxide production in LPS-stimulated RAW 264.7 macrophages were each given an
additional 2 points to emphasize performance in this biologically critical category.

2.16. Selection Criteria and Heatmap-Based Visualization of NBPs

To comparatively visualize the multifunctional screening results, the functional per-
formance of NBPs across five biological categories—antioxidant, tyrosinase inhibition,
elastase inhibition, antimicrobial, and anti-inflammatory activities—was visualized using a
heatmap after calculating z-score. All analyses and visualizations were performed using
Microsoft Excel software (Microsoft Corp., Redmond, WA, USA).

2.17. High-Performance Liquid Chromatography (HPLC) Fingerprint Analysis

The extract samples were dissolved in methanol to a final concentration of 100 mg/mL
and filtered through a 0.22 µm syringe filter prior to analysis. HPLC analysis was performed
using a YMC-Pack Pro C18 column (4.6 × 150 mm, 3 µm, Agilent Technologies, Santa Clara,
CA, USA). The column temperature was maintained at 30 ◦C. The mobile phase consisted
of solvent A (0.1% trifluoroacetic acid in deionized water) and solvent B (methanol), with a
gradient elution as follows: 0–5 min, 55% A; 20 min, 25% A; 25 min, 20% A; 30 min, 10% A;
30.1–37.0 min, 0% A; 37.1–47.0 min, 55% A. The flow rate was set at 0.6 mL/min. Detection
was carried out using a UV-Vis detector (Agilent Technologies, Santa Clara, CA, USA) at
370 nm, and a sample volume of 10 µL was injected. Detailed chromatographic conditions
are provided in Table S1. The HPLC chromatograms of the selected samples (A. hypogaea
shell, C. obtusa root, A. cepa peel, and S. angulatus whole plant) are presented in Figure S2.

2.18. Statistical Analysis

All experiments were independently performed in triplicate under identical condi-
tions. The resulting data are presented as the mean ± standard deviation (SD). Statistical
analyses were carried out using Microsoft Excel 2016 (Microsoft Corp., Redmond, WA,
USA). Differences between treatment groups were evaluated using an unpaired, two-tailed
Student’s t-test, and statistical significance was defined as p < 0.05. Significance levels were
denoted as * p < 0.05, ** p < 0.01, and *** p < 0.001.

3. Results
3.1. Extraction Yield of NBPs

NBPs were separated by part and pre-processed prior to extraction. The fractions were
extracted following the protocol shown in Figure 1, and the extraction yields were measured
and summarized in Table 1. The extraction yield was calculated using the formula: freeze-
dried extract weight divided by the initial raw material weight, multiplied by 100%. Among
the samples, M. pumila (pomace) extract demonstrated the highest extraction yield at 60.71%,
followed by P. pyrifolia (pomace) at 47.55% and S. japonica (discarded thallus) at 23.90%. In
contrast, the lowest extraction yields were observed for A. hypogaea (shell) at 2.11%, Z. mays
(husk) at 2.30%, and A. cepa (peel) at 2.72%.

Table 1. Extraction yield of NBPs.

A. hypogaea (kernel) A. hypogaea
(shell)

A. hypogaea
(leaf/stem), A. hypogaea (root) A. cepa (peel) M. pumila (pomace)

6.39% 2.11% 9.83% 2.72% 8.83% 60.71%
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Table 1. Cont.

P. pyrifolia (pomace)
S. japonica
(discarded

thallus)
Z. mays (cob) Z. mays (husk) S. angulatus

(whole plant) C. obtusa (root)

47.55% 23.90% 3.28% 2.30% 6.04% 6.40%

 

Figure 1. Extraction process of NBPs.

3.2. Comparative Analysis of Phytochemical Contents and Biological Activities of NBPs

Prior to the evaluation of the biofunctional activities of the NBP extracts, prelim-
inary phytochemical analysis was conducted. The results showed that A. cepa (peel),
Z. mays (cob), and Z. mays (husk) contained relatively high levels of total polyphenols and
flavonoids (Figure 2A,B). Subsequently, NBP extracts were diluted to a final concentration
of 100 µg/mL and comparatively evaluated for their antioxidant, tyrosinase inhibition,
and elastase inhibition activities. NBP extracts were diluted to a final concentration of
100 µg/mL and comparatively evaluated for their antioxidant, tyrosinase inhibition, and
elastase inhibition activities. All extracts and the positive control were treated at a final
concentration of 100 µg/mL, a condition widely used in previous studies for initial screen-
ing of natural product bioactivity [27,28]. Comprehensive assessment of DPPH and ABTS+

radical-scavenging activities revealed that A. cepa (peel), Z. mays (cob), Z. mays (husk), and
C. obtusa (root) exhibited the highest antioxidant capacities, while A. hypogaea (kernel) and
A. hypogaea (shell) showed the second highest activity (Figure 2C,D). BHA was used as a
positive control, as it is a well-established phenolic antioxidant with clearly demonstrated
efficacy. Moreover, BHA exhibits high reproducibility and stability in chemical antioxidant
assays, making it a suitable reference compound for the present study [29]. Tyrosinase
inhibition activity was assessed via a mushroom tyrosinase inhibition assay, with A. cepa
(peel) demonstrating the strongest inhibitory effect, followed by C. obtusa (root), whereas
the remaining extracts exhibited negligible activity (Figure 2E). Elastase inhibition activity
was evaluated through an elastase inhibition assay, and C. obtusa (root) displayed the
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strongest inhibitory effect, followed by A. hypogaea (shell), while the other extracts showed
no significant inhibition (Figure 2F).

Figure 2. Comparative analysis of phytochemical contents and biological activities of NBPs. (A): Total
polyphenol contents (TAE, tannic acid equivalents); (B): Total flavonoid contents (QE, quercetin equiv-
alents); (C): DPPH radical scavenging activity; (D): ABTS+ radical scavenging activity; (E): Mushroom
tyrosinase inhibition activity; (F): Elastase inhibition activity; Positive control; BHA: Butylated hy-
droxy anisole (C,D), AA: Ascorbic acid (E), UA: Ursolic acid (F). The statistical analysis of all data
was performed using Microsoft Excel software. Data represents the mean ± standard deviation (SD),
n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001 compared with untreated control. Each circle represents an
individual data point from independent samples.

3.3. Comparative Antimicrobial Activity of NBPs

The antimicrobial efficacy of NBPs against six microorganisms associated with skin
diseases and inflammation was evaluated using the paper disk diffusion method. Each
extract was applied at a 5% concentration, and the diameter of the inhibition zones (clear
zones) was measured (Figures 3 and 4). Among the extracts, A. cepa (peel) exhibited the
strongest activity against all six tested strains. C. obtusa (root) showed clear inhibition
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against five strains, excluding G. vaginalis. A. hypogaea (shell and root) inhibited four strains,
excluding G. vaginalis and C. albicans. S. angulatus (whole plant) demonstrated antimicrobial
effects against all strains except E. coli, C. albicans, and G. vaginalis.

 

Figure 3. Antimicrobial activity of NBPs. Positive control: methyl paraben (MP), negative control:
dimethyl sulfoxide (DMSO). Paper disk size: 8 mm. (A) P. aeruginosa; (B) E. coli; (C) S. aureus;
(D) C. acnes; (E) C. albicans; (F) G. vaginalis. a: A. hypogaea (kernel), b: A. hypogaea (shell) c: A. hypogaea
(leaf/stem), d: A. hypogaea (root), e: A. cepa (peel), f: M. pumila (pomace), g: P. pyrifolia (pomace),
h: S. japonica (discarded thallus) i: Z. mays (cob), j: Z. mays (husk), k: S. angulatus (whole plant),
l: C. obtusa (root).

3.4. Anti-Inflammatory Activity of NBPs

NO production was quantified in LPS-stimulated RAW 264.7 cells, a murine
macrophage line widely used for assessing inflammatory responses. The anti-inflammatory
potential of the NBPs was evaluated at two concentrations, 10 µg/mL and 100 µg/mL,
to determine their efficacy in modulating NO production. At the lower concentration
of 10 µg/mL, none of the extracts significantly inhibited NO production compared with
the untreated control, suggesting that this dose was largely ineffective in suppressing
the inflammatory response (Figure 5A). At 100 µg/mL, however, the extracts displayed
markedly different levels of activity. S. angulatus (whole plant), C. obtusa (root), and A. cepa
(peel) exhibited the strongest inhibitory effects on NO production (Figure 5B). Notably,
S. angulatus and C. obtusa reduced NO production to 9.31% and 11.72% of the LPS-treated
group (100%), approaching the untreated control level (9.09%).
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Figure 4. Clear zones represent the antimicrobial activity of NBPs. Positive control: methyl paraben
(MP), negative control: dimethyl sulfoxide (DMSO). Paper disk size: 8 mm. (A) P. aeruginosa; (B) E. coli;
(C) S. aureus; (D) C. acnes; (E) C. albicans; (F) G. vaginalis. Each circle represents an individual data
point from independent samples.

3.5. Comprehensive Evaluation and Selection of NBPs

A multi-criteria scoring system integrating five functional activities, including an-
tioxidant activity, tyrosinase inhibition, elastase inhibition, antimicrobial activity, and
anti-inflammatory activity, was applied to comparatively evaluate all NBPs (Figure 6).
Based on cumulative scores, four extracts with the highest overall functional performance
were identified as the most promising candidates. To assess their combined potential across
multiple bioactivities, particularly anti-inflammatory effects, C. obtusa (root) achieved the
highest total score of 13, followed by A. cepa (peel) with 11, A. hypogaea (shell) with 5, and
S. angulatus (whole plant) with 4. Lower-ranked samples were Z. mays (cob) and Z. mays
(husk) with 3, A. hypogaea (kernel) with 2, A. hypogaea (root) with 1, and other extracts with
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0. Figure 6 presents a heat map and corresponding graph based on this scoring system,
visually highlighting that the top four extracts, A. cepa (peel), C. obtusa (root), A. hypogaea
(shell), and S. angulatus (whole plant), were selected for combination into the NBPs complex.
The HPLC fingerprint profiles of the four selected extracts were additionally confirmed
and are presented in Figure S2.

Figure 5. Anti-inflammatory effect of NBPs. Inhibitory effects of NBPs on NO production in LPS-
stimulated RAW 264.7 cells, as assessed through the Griess reagent assay. (A): NO inhibition at
10 µg/mL NBPs. (B): NO production at 100 µg/mL NBPs. RAW 264.7 were treated for 2 h prior to
LPS stimulation and subsequently incubated for an additional 16 h. The statistical analysis of all data
was performed using Microsoft Excel software. Data represents the mean ± standard deviation (SD),
n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001 compared with LPS stimulated group. Each circle represents
an individual data point from independent samples.

3.6. Cytotoxicity of Four Selected NBPs

Prior to the experiments, the cytotoxicity of each extract was evaluated in RAW
264.7 macrophages to identify non-cytotoxic ranges and determine suitable mixing propor-
tions. Concentrations that maintained cell viability above 90% were selected as reference
concentrations. Based on these results, the maximum non-cytotoxic levels were determined
to be 100 µg/mL for A. hypogaea (shell), 50 µg/mL for S. angulatus (whole plant), 25 µg/mL
for A. cepa (peel), and 12.5 µg/mL for C. obtusa (root) (Figure 7). These concentrations were
subsequently used to establish the 8:4:2:1 ratio for the NBP complex.

3.7. Biofunctional and Anti-Inflammatory Evaluation of NBP Complex

The biological functions and anti-inflammatory activities of the NBP complex were
evaluated through antioxidant, tyrosinase inhibition, elastase inhibition, cytotoxicity, and
inflammatory mediator assays. Antioxidant assessment revealed marked activity in the
DPPH radical scavenging assay at 200 µg/mL and in the ABTS radical scavenging assay
at 100 µg/mL, both exhibiting inhibition rates exceeding 95% (Figure 8A,B). Tyrosinase
inhibition activity was minimal (Figure 8C), whereas the elastase inhibition assay showed
a 13.80% inhibition at 200 µg/mL (Figure 8D). Based on the preliminary cell viability
data obtained from Figure 7, the maximum treatment concentration for the present exper-
iment was set at 750 µg/mL. Under these conditions, cell viability remained above 90%
at 187.5 µg/mL (Figure 8E). Building on this, nitric oxide production was measured at
50 and 100 µg/mL, with the NBP complex reducing LPS-induced NO levels by 18.96%
and 12.12%, respectively (Figure 8F). Western blot analysis further demonstrated that the
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expression of the inflammatory mediators iNOS and COX-2 decreased in a dose-dependent
manner at both concentrations (Figure 8G), supporting the anti-inflammatory properties of
the NBP complex.

Figure 6. Overall Functional Assessment of NBPs: cumulative functional performance across an-
tioxidant, tyrosinase inhibition, elastase inhibition, antimicrobial, and anti-inflammatory activities.
(A): Heatmap showing relative performance within each functional category. (B): Cumulative scores
calculated based on relative performance within each category. All data processing and visualization
were performed using Microsoft Excel software.

3.8. Antimicrobial Properties of the NBP Complex

The antimicrobial activity of the NBP complex was evaluated against six microbial
strains (Figure 9). The complex exhibited inhibitory effects against all tested microorgan-
isms except G. vaginalis. At 1% concentration, the NBP complex showed antimicrobial
activity against P. aeruginosa, E. coli, C. acnes, and C. albicans. At concentrations of 3%
and 5%, inhibitory effects additionally extended to S. aureus, resulting in concentration-
dependent antimicrobial activity across five strains. These results indicate that the NBP
complex possesses antimicrobial activity against several skin-associated pathogenic or
inflammation-exacerbating microorganisms, except for G. vaginalis.
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Figure 7. Cytotoxicity of Four Selected NBPs in RAW 264.7 Cells. RAW 264.7 cell were seeded in
96 well plates and treated with A. hypogaea (shell), S. angulatus (whole plant), A. cepa (peel), and
C. obtusa (root) for 24 h. Cell viability was determined by MTT assay. All statistical analyses were
conducted with Microsoft Excel software. Data represents the mean ± SD, n = 3. * p < 0.05, ** p < 0.01,
*** p < 0.001 in comparison to non-treated groups. Each circle represents an individual data point
from independent samples.

Figure 8. In vitro Activities of NBP Complex. The NBP complex, composed of A. hypogaea (shell),
S. angulatus (whole plant), A. cepa (peel), and C. obtusa (root), was evaluated for its diverse functional
properties at in vitro. (A): DPPH radical scavenging activity. (B): ABTS+ radical scavenging activity.
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(C): Mushroom tyrosinase inhibitory activity. (D): Elastase inhibition activity. (E): Cell viability
in RAW 264.7 cells following 24 h treatment with the NBP complex. (F): Inhibitory effects on NO
production in LPS-stimulated RAW 264.7 cells, assessed using the Griess reagent assay. (G): Effects on
iNOS and COX-2 expression in LPS-stimulated RAW 264.7 cells. The complete Western blot images
are provided in Figure S1. RAW 264.7 cells were pretreated with the NBP complex for 2 h prior to
LPS stimulation and subsequently incubated for an additional 16 h (F,G). All statistical analyses were
conducted with Microsoft Excel software. Data represents the mean ± SD, n = 3. * p < 0.05, ** p < 0.01,
*** p < 0.001 compared with untreated control or LPS-only group. Each circle represents an individual
data point from independent samples.

Figure 9. Antimicrobial Activity of NBP Complex. (A) Representative images of inhibition zones on
agar plates. Positive control: methyl paraben (MP), negative control: dimethyl sulfoxide (DMSO). Paper
disk size: 8 mm. a: 5% of NBP complex, b: 3% of NBP complex, c: 1% of NBP complex. (B) P. aeruginosa;
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(C) E. coli; (D) S. aureus; (E) C. acnes; (F) C. albicans; (G) G. vaginalis. All statistical analyses were
conducted with Microsoft Excel software. Data represents the mean ± SD. Each circle represents an
individual data point from independent samples.

4. Discussion
During the extraction of NBPs, it was observed that M. pumila (pomace), P. pyrifolia

(pomace), and S. japonica (discarded thallus) exhibited noticeably higher yields compared
to other extracts. This unusual observation during the experiments prompted a focus
on the notably high extraction yields of these samples to explore the factors underlying
their enhanced extraction efficiency. Investigation of their common characteristics revealed
a high content of water-soluble polysaccharides. Water-soluble polysaccharides contain
abundant hydroxyl groups (-OH) within their molecular structures, which confer high
hydrophilicity. This structural feature promotes interactions with solvents, enhancing
solubility, and consequently facilitating the extraction of water-soluble components from
polysaccharide-rich samples [30,31].

In the case of fruit by-products (M. pumila (pomace), P. pyrifolia (pomace)), it was
observed that they formed viscous solids upon freeze-drying. This property is attributed
to their high content of sugars and pectins, which increases the proportion of extractable
components during solvent extraction, resulting in higher yields [32,33]. Although not a
fruit by-product, S. japonica (discarded thallus), which also exhibited high extraction yields,
was further analyzed. Similar to fruit pomace, brown algae like S. japonica are known to be
rich in water-soluble polysaccharides such as alginate, fucoidan, and laminaran [34,35].

However, unlike fruit pomace, S. japonica formed a powder upon drying. This differ-
ence is due to variations in the types of sugars and structural characteristics of polysaccha-
rides between the two categories. Sugars in fruit pomace primarily consist of monosac-
charides like fructose and glucose or disaccharides. Previous studies reported that the
total sugar content of M. pumila (pomace) ranged from 46% to 69% [36], with approxi-
mately 49.86 g/100 g of fructose in dried M. pumila (pomace) [37]. In P. pyrifolia (pomace),
fructose predominates among the sugars, followed by glucose and sucrose [38]. These
low-molecular-weight sugars exhibit high hygroscopicity and stickiness, contributing to
the clumping of extracts [39].

In contrast, S. japonica contains low amounts of these low-molecular-weight sugars,
and its water-soluble polysaccharides are of high molecular weight with low hydrophilicity.
Notably, the major component, alginate, forms gels upon contact with water and binds
with minerals such as calcium and sodium to form a stable three-dimensional gel matrix,
limiting water absorption [40–42]. Conversely, pectin in fruit pomace contains numerous
hydrophilic functional groups such as hydroxyl (-OH) and carboxyl (-COOH) groups,
which can form hydrogen bonds with water molecules, facilitating water adsorption and,
in combination with sugars, contributing to clumping and stickiness [43].

Despite the high extraction yields and favorable physicochemical properties of these
extracts, their biological activities were found to be relatively low. In contrast, the four ex-
tracts that demonstrated notable bioactivity—A. hypogaea (shell), S. angulatus (whole plant),
A. cepa (peel), and C. obtusa (root)—exhibited low to moderate extraction yields of 2.11%,
6.04%, 8.83%, and 6.40%, respectively. These findings further suggest that extraction yield
does not necessarily correlate with biological activity. Consequently, while extraction
efficiency provides useful information for material recovery, comprehensive evaluation
of bioactive properties remains essential for identifying extracts suitable for composite
formulations with enhanced functional effects. Therefore, future studies should integrate
both yield and bioactivity data to guide the rational design of multi-component extracts.
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In the present study, antimicrobial activity was evaluated not from a clinical ther-
apeutic perspective, but as an initial screening to assess the functional properties and
potential industrial applications of natural product derived materials. Given this objective,
the use of conventional antibiotics as positive controls may not provide an appropriate
benchmark, as their highly specific mechanisms of action limit direct comparison with the
broad-spectrum and non-specific antimicrobial effects observed in preliminary evaluations
of plant extracts. In contrast, MP exhibits antimicrobial activity against a wide range of
microorganisms, including both Gram-positive and Gram-negative bacteria, and has been
widely used as a non-antibiotic preservative across the cosmetics, food, and pharmaceu-
tical industries [44,45]. Therefore, in the present study, MP was employed as a positive
control to enhance the practical relevance of the experimental results and the validity of
their interpretation.

In the field of natural product research, initial cytotoxicity evaluations have been
reported to serve as a basis for subsequent investigations exploring a range of bioactivities,
including studies employing cancer cell models. Compounds that reduce cell viability are
particularly likely to possess biological activities related to cell proliferation regulation
and apoptosis induction [46,47]. In this context, the extracts of A. cepa (peel) and C. obtusa
(root), which exhibited relatively high cytotoxicity in the present study, may be considered
promising candidates for further mechanistic studies, including those involving tumor
cell-based models, to expand the evaluation of their bioactive potential.

The concentrations used were selected based on (i) commonly applied screening levels
in natural-product research and (ii) preliminary cell-viability results to ensure non-cytotoxic
ranges. Individual extracts were mainly evaluated at defined screening concentrations,
whereas the complex was examined within non-cytotoxic ranges. Full dose–response
curves for all single extracts were beyond the scope of this work and will be addressed in
future studies. The scoring system described in Section 2.13 was calculated using results
obtained at the predefined screening concentrations in each assay, and it did not combine
data generated at different concentration levels.

This study has certain limitations, as it was conducted under restricted in vitro condi-
tions and specific concentration ranges. The results should be interpreted as exploratory
indicators, providing a relative comparison of trends rather than an absolute quantitative
assessment of potency. The scoring system, while useful for preliminary screening, may
not fully capture the distinct biological relevance of heterogeneous assays like antioxidant
and antimicrobial activities. Therefore, further standardized quantitative analyses and
mechanistic evaluations are warranted to elucidate the molecular pathways of the iden-
tified candidates. For the NBP complex, future investigations should focus on assessing
synergistic interactions and identifying key active components.

Despite these limitations, this study is significant for re-evaluating industrial by-
products as high-value functional materials. By scientifically verifying the multifunctional
potential of 12 natural by-products, we provide a foundation for transitioning these under-
utilized resources into advanced composite formulations. This initial screening serves as a
critical stepping stone for future applied research in functional material development.

5. Conclusions
This study demonstrates the potential of plant by-products, which are often discarded

through incineration or landfilling, to serve as multifunctional bioactive materials. Among
residues collected from various regions in Republic of Korea, A. hypogaea (shell), C. obtusa
(root), A. cepa (peel), and S. angulatus (whole plant) were selected based on their superior
performance in overall bioactivity assessment, antibacterial activity, and anti-inflammatory
effects. The composite extract, prepared based on RAW 264.7 cell viability results, exhibited
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significant antibacterial activity, particularly against E. coli and P. aeruginosa, and effectively
inhibited NO production as well as the inflammatory mediators iNOS and COX-2 at 50
and 100 µg/mL. These results underscore both the functional and environmental benefits
of repurposing plant residues. Considering the ecological impact of conventional disposal
methods, this study highlights the importance of sustainable utilization of by-products
and provides a foundation for future research on their development as multifunctional
bioactive materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nutraceuticals6020021/s1, Figure S1: Western blot whole band
in Figure 8; Figure S2: HPLC fingerprint profiles of selected plant extracts with bioactive potential;
Table S1: Detailed HPLC condition.

Author Contributions: Conceptualization, Y.-J.K.; methodology, N.-H.P. and J.-A.B.; investigation,
N.-H.P., J.-A.B., M.-P.J., S.Y. and J.-Y.K.; resources, G.H.K.; writing—original draft preparation, N.-H.P.
and Y.-J.K.; writing—review and editing, N.-H.P., J.-A.B., B.-A.K. and Y.-J.K.; supervision, Y.-J.K.;
project administration, N.-H.P., J.-A.B. and Y.-J.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the Regional Innovation System & Education (RISE)
program through the Institute for Regional Innovation System & Education in Busan Metropolitan
City, funded by the Ministry of Education (MOE) and the Busan Metropolitan City, Republic of Korea
(2026-RISE-02-005-001).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available from the corresponding
author upon reasonable request.

Conflicts of Interest: Author Seulki Yoon was employed by the company OATC Skin Clinical
Trial Center, Seoul, Republic of Korea, and author Gyu Hoon Kim was employed by the company
Skinhealth Cosmetic Co., Ltd., Busan, Republic of Korea. The remaining authors declare that the
research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:

A. cepa Allium cepa L.
A. hypogaea Arachis hypogaea L.
AA Ascorbic acid
ABTS 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
BHA Butylated hydroxyanisole
C. acnes Cutibacterium acnes
C. albicans Candida albicans
C. obtusa Chamaecyparis obtusa (Siebold & Zucc.) Endl.
COOH Carboxyl group
COX-2 Cyclooxygenase-2
DMEM Dulbecco’s Modified Eagle Medium
DMSO Dimethyl sulfoxide
DPPH 2,2-diphenyl-1-picrylhydrazyl
E. coli Escherichia coli
FBS Fetal bovine serum
G. vaginalis Gardnerella vaginalis
HRP Horseradish peroxidase
iNOS Inducible nitric oxide synthase

https://doi.org/10.3390/nutraceuticals6020021

https://www.mdpi.com/article/10.3390/nutraceuticals6020021/s1
https://www.mdpi.com/article/10.3390/nutraceuticals6020021/s1
https://doi.org/10.3390/nutraceuticals6020021


Nutraceuticals 2026, 6, 21 18 of 20

L-DOPA L-3,4-dihydroxyphenylalanine
LPS Lipopolysaccharide
M. pumila Malus pumila Mill.
MP Methyl paraben
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NBPs Natural by-products
NO Nitric oxide
OH Hydroxyl group
ONOO− Peroxynitrite
P. aeruginosa Pseudomonas aeruginosa
P. pyrifolia Pyrus pyrifolia var. cultiva (Makino) Nakai
PBS Phosphate-buffered saline
ROS Reactive oxygen species
S. angulatus Sicyos angulatus L.
S. aureus Staphylococcus aureus
S. japonica Saccharina japonica (Areschoug) C.E. Lane, C. Mayes, Druehl & G.W. Saunders
SDS-PAGE Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
UA Ursolic acid
Z. mays Zea mays L.
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