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Investigation of the phytochemical 
composition, antioxidant, 
antibacterial, anti‑osteoarthritis, 
and wound healing activities 
of selected vegetable waste
Mohamed A. Salem 1*, Osama G. Mohamed 2,3, Esraa M. Mosalam 4, Aya Ibrahim Elberri 5, 
Hend Mohamed Abdel‑Bar 6, Mariam Hassan 7,8, Ahmed A. Al‑Karmalawy 9, 
Ashootosh Tripathi 3,10, Shahira M. Ezzat 2,11 & Hend E. Abo Mansour 4

Agri-food wastes, produced following industrial food processing, are mostly discarded, leading to 
environmental hazards and losing the nutritional and medicinal values associated with their bioactive 
constituents. In this study, we performed a comprehensive analytical and biological evaluation of 
selected vegetable by-products (potato, onion, and garlic peels). The phytochemical analysis included 
UHPLC-ESI-qTOF-MS/MS in combination with molecular networking and determination of the total 
flavonoid and phenolic contents. Further, the antimicrobial, anti-osteoarthritis and wound healing 
potentials were also evaluated. In total, 47 compounds were identified, belonging to phenolic acids, 
flavonoids, saponins, and alkaloids as representative chemical classes. Onion peel extract (OPE) 
showed the higher polyphenolic contents, the promising antioxidant activity, the potential anti-
osteoarthritis activity, and promising antimicrobial activity, especially against methicillin-resistant 
Staphylococcus aureus (MRSA). Furthermore, OPE revealed to have promising in vivo wound healing 
activity, restoring tissue physiology and integrity, mainly through the activation of AP-1 signaling 
pathway. Lastly, when OPE was loaded with nanocapsule based hydrogel, the nano-formulation 
revealed enhanced cellular viability. The affinities of the OPE major metabolites were evaluated 
against both p65 and ATF-2 targets using two different molecular docking processes revealing 
quercetin-3,4′-O-diglucoside, alliospiroside C, and alliospiroside D as the most promising entities with 
superior binding scores. These results demonstrate that vegetable by-products, particularly, those 
derived from onion peels can be incorporated as natural by-product for future evaluation against 
wounds and osteoarthritis.

The food industry produces tons of waste annually estimated to represent about one-third of the edible food parts 
made for human consumption1. Additionally, the efficient use of agri-food by-products increased tremendously 
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in the last decade due to recent studies relating the dietary consumption of vegetables and fruits with a low 
incidence of diseases and mortality2. Thus, the valorization of agri-food by-products to value-added food and 
pharmaceutical ingredients has become a significant subject of sustainable food research.

Onion (Allium cepa L., F. Liliaceae) is a biennial plant considered one of the most important worldwide 
vegetable crops that is a part of many dishes, sauces, gravies, salads, and sandwiches3. Apart from its culinary 
uses, A. cepa has also been traditionally employed in various indigenous cultures for its therapeutic properties 
for ages. The ancient Egyptians worshiped the bulb because of its spherical form and concentric rings, which 
they thought signified eternity, while Greek and Phoenician sailors used it to avoid scurvy and other ailments4. 
Onion has been reported to have antioxidant, anti-inflammatory, antidiabetic, antiallergic, antithrombotic, neu-
roprotective, anti-hypercholesterolemic, and antimicrobial activitie5. Onion phytoconstituents include flavonoids, 
anthocyanins, carotenoids, terpenoids, oregano-sulfur compounds, vitamins, minerals, carbohydrates, and amino 
acids. The bulbs, which have a distinctive pungent solid odor, are the main onion edible part, with outer peels 
that are discarded as a waste product4. Onion peels are rich in various bioactive compounds, although phenolic 
compounds represent the major part and have attracted the interest of researchers and consumers due to their 
health potential6.

Potato (Solanum tuberosum L. of the Solanaceae family) is one of the most important vegetable crops that 
provide edible tubers, consumed as cooked, boiled, or fried7. Processing raw tubers, particularly during potato 
chips manufacturing, usually involves a peeling step that generates bulky waste which is discarded in landfills 
or used as fertilizer or animal feed8. Potato peels are rich in starch, soluble sugars (e.g., glucose, fructose, and 
sucrose), proteins, dietary fibers, phenolic acids, and glycoalkaloids (e.g., α-chaconine and α-solanine)7. In addi-
tion, potato peel extracts have been reported to have antimicrobial, and antioxidant, activities9.

Garlic (Allium sativum L., family Amaryllidaceae) has been consumed as a part of several dishes or flavoring 
agent for thousands of years, representing the second most widely cultivated Allium species after onion10. Garlic 
phyto-constituents have been reported to have antioxidant, antimicrobial, anti-inflammatory, antidiabetic, anti-
hypertensive, cardioprotective, hepatoprotective, antifibrinolytic, immunomodulatory and anticancer activities, 
which are ascribed to a myriad of sulfur-derived bioactive compounds such as alliin, allicin, S-allylcysteine and 
diallyl sulfide11,12. Garlic processing industry produces annually million tons of by-products from the straw and 
peels, offering promising chances for their valorization into environment-friendly alternatives for residues10,13.

Vegetable peelings are by-products obtained in high amounts from culinary use and the food industry with 
limited applications despite their richness in nutraceuticals. Potato, onion, and garlic peels represent valuable 
vegetable peelings. However, their comparative chemical and biological evaluation has not been explored. In 
addition, most of the bioactivity studies are limited to the crude extracts not in pharmaceutical drug delivery 
system14. Moreover, most of these extracts suffer from poor aqueous solubility, bioavailability, and physicochemi-
cal stability14.

Lipid nanocapsule (LNC) is a biomimetic lipid nanocarrier that is composed of a mixture of oil core coated 
with a shell composed of solid lipids and emulsifier15. LNC possess numerous advantages as biocompatibility and 
biodegradability, small particle size (< 100 nm), ease of manufacturing, physical stability, and high encapsula-
tion efficiency16. However, the major drawback of most of nanoparticles is the burst payload release that could 
compromise therapeutic efficiency and consequently clinical application17. The incorporation of nanocarriers in 
other carrier as hydrogels or scaffold could overcome this challenge18. Hydrogel is a semisolid preparation that 
showed superior potential in different biomedical applications as tissue regeneration, sustained and local drug 
release19. In addition, hydrogel is a 3-D porous matrix that possess high water content and swelling degree20. 
Interestingly, the incorporation of lipid nanocarriers into the hydrogel is supposed to improve the mechanical 
properties of the hydrogel as well as prolong drug release21.

In this context, potato, onion, and garlic peels were studied regarding their chemical compositions and total 
antioxidant capacity. Moreover, the chemical composition was characterized by HPLC coupled with MS2 analysis. 
Consequently, in vitro caractrization, assaying different bioactivities, including antimicrobial, anti-osteoarthritis, 
and wound healing activities were also conducted. Onion peel extract was loaded into lipis capsule based hydrogel 
revealing enhanced cellular viability.

Material and methods
Plant material and extraction.  Onions bulbs (Allium cepa L.) of the yellow cultivar (Giza 20 variety), 
potato tubers (Solanum tuberosum, Krozo variety) and Garlic bulbs (Allium sativum, white baladi variety) 
were provided in October 2021 from Local Factory for Dehydrated vegetables (Menoufia Governorate, Egypt). 
Permission to work on and to collect the plant material comply with the institutional guidelines which were 
obtained from Phamacognosy and Natural Products Department, Faculty of Pharmacy, Menoufia University, 
Egypt. The fully grown bulbs/ tubers were sorted, manually-peeled and the peels were air dried. Voucher speci-
mens were deposited, after inspection by plant taxonomy specialist, at the herbarium of Phamacognosy and 
Natural Products Department, Faculty of Pharmacy, Menoufia University (202110-20). Peels were powdered 
using a laboratory mill and the ground dried powder (100 g, for each replicate) was homogenized with 1 L of 
cold 80% methanol using an ultrasonic bath for 30 min. Extracts were then filtered and concentrated under 
reduced pressure in a rotary evaporator at 40 °C22. The obtained dried extracts were then further subjected to 
chemical characterization and biological tests.

UHPLC–QTOF‑MS/MS analysis and molecular networking.  UHPLC‑QTOF‑MS/MS analysis of 
crude extracts.  Ultra-high-performance liquid chromatographic (UHPLC) analysis was performed on an Agi-
lent system composed of an Agilent 1290 Infinity II UHPLC coupled to an Agilent 6545 ESI-Q-TOF-MS in both 
negative and positive modes23. Methanolic crude extracts were suspended in methanol at 1 mg/mL concen-



3

Vol.:(0123456789)

Scientific Reports |        (2023) 13:13034  | https://doi.org/10.1038/s41598-023-38591-y

www.nature.com/scientificreports/

tration and aliquots (1 µL) of each extract was analysed using the following conditions: Kinetex phenylhexyl 
(1.7 µm, 2.1 × 50 mm) column, 1 min isocratic elution of 90% A (A: 100% H2O + 0.1% formic acid) followed 
linear gradient elution to 100% B (95% MeCN + 5% H2O + 0.1% formic acid) over 6 min with a flow rate of 
0.4 mL/min. ESI conditions were set with the capillary temperature at 320 °C, source voltage at 3.5 kV and a 
sheath gas flow rate of 11 L/min. Ions detected in the full scan at an intensity above 1000 counts at 6 scans/s, with 
an isolation width of 1.3 ~ m/z, a maximum of 9 selected precursors per cycle and using ramped collision energy 
(5 × m/z/100 + 10 eV). Purine C5H4N4 [M + H]+ ion (m/z 121.0508) and hexakis (1H,1H,3H-tetrafluoropropoxy)-
phosphazene C18H18F24N3O6P3 [M + H]+ ion (m/z 922.0098) were used as internal lock masses for positive mode 
while TFA C2HF3O2[M–H]− ion (m/z 112.9855) and hexakis(1H,1H,3H-tetrafluoropropoxy)-phosphazene 
C18H18F24N3O6P3 [M + TFA–H]− ion (m/z 1033.9881) were used as internal lock masses for negative mode.

The mzXML files were imported and processed with MZmine 2 v2.5324,25 with the following previously pub-
lished parameters26: (1) Mass Detection: MS1 noise level, 1E3; MS2 noise level, 1E2. (2) ADAP chromatogram 
builder: MS-level, 1; min group size in no. of scans, 2; group intensity threshold, 2E4; min highest intensity, 5E3; 
m/z tolerance, 0.01 m/z. (3) Chromatogram deconvolution: Local minimum search algorithm (4) Isotopic peaks 
grouper: m/z tolerance, 0.01 m/z; RT tolerance, 0.05 min; monotonic shape, yes; maximum charge, 2; representa-
tive isotope, lowest m/z. (5) peak alignment: m/z tolerance, 0.02 m/z; weight for m/z, 75; RT tolerance, 0.2 min; 
weight for RT, 25. (6) Peak list rows filter: Only features with accompanying MS2 data and their retention time are 
between 0 and 7.5 min were kept. (7) Duplicate peak filter: filter mode, old average; m/z tolerance, 0.02 m/z; RT 
tolerance, 0.5 min. The resulting feature lists were exported to the GNPS-compatible format, using the dedicated 
“Export for GNPS” built-in options27.

GNPS feature‑based molecular MS/MS network.  A Feature-based Molecular Network (FBMN) was created by 
processing the output of MZmine 2 utilizing FBMN workflow (version release_28.2)28 on GNPS webserver. The 
following parameters were adapted: MS2 spectra were filtered by removing all MS2 fragment ions within ± 17 Da 
of the precursor m/z, and only the top 5 fragment ions in the ± 50 Da window through the spectrum were uti-
lized. Both the MS2 fragment ion tolerance and the precursor ion mass tolerance were set to 0.02 Da. Nodes are 
connected in the molecular network if there is a cosine score above 0.7 and more than 5 matched peaks. Moreo-
ver, nodes were only kept in the molecular network if each of these nodes appeared in each other’s top 10 most 
similar nodes. The maximum size of clusters in the network was set to 100. Additionally, the MS2 spectra were 
searched against GNPS public spectral libraries to find matches having a score above 0.7 and at least 5 matched 
peaks. The molecular networks were visualized using Cytoscape software v.3.9.1.29.

Determination of antioxidant activity.  For the determination of the antioxidant activity, 2,2-diphenyl-
1-picryl-hydrazyl-hydrate (DPPH) method was adopted30,31. Briefly, a stock solution of each extract (10 mg/
mL in methanol) was used to prepare a serial dilution (1000–10 µg/mL in methanol). A stock solution of trolox 
(20 μg/mL in methanol) was used to prepare a serial dilution. In 96 well plate, 100 μL of each sample was added 
to 100 μL freshly prepared DPPH reagent (0.1% in methanol) and the plate was incubated in dark for 30 min at 
room temperature (25 °C). The color intensity was measured at 540 nm using microplate reader FluoStar Omega 
and the resulting data were represented as means ± SD for three biological replicates according to the follow-
ing equation: percentage inhibition = ((Average absorbance of blank-average absorbance of the test)/(Average 
absorbance of blank))*100. The ferric reducing antioxidant power (FRAP) assay was also performed32. Briefly, a 
stock solution of each extract (10 mg/mL in methanol) was used to prepare a serial dilution (1000–10 µg/mL in 
methanol). A stock solution of trolox (2 mM in methanol) was used to prepare a serial dilution (1000–25 µM). 
In 96 well plate, 10 μL of each sample was added to 190 μL freshly prepared TPTZ reagent (300 mM Acetate 
Buffer (pH = 3.6), 10 mM TPTZ in 40 mM HCl, and 20 mMFeCl3, 10:1:1 v/v/v, respectively) and the plate was 
incubated in dark for 30 min at room temperature (25 °C). The color intensity was measured at 593 nm using 
microplate reader FluoStar Omega and the resulting data were represented as means ± SD for three biological 
replicates.

Determination of total phenolics and flavonoids contents.  Total phenolics content was determined 
using the Folin–Ciocalteu method33. Briefly, a stock solution of each extract (10 mg/mL in methanol) was used 
to prepare a serial dilution (1000–10 µg/mL in methanol). A stock solution of gallic acid (1 mg/mL in metha-
nol) was used to prepare a serial dilution. In 96 well plate, 10 μL of each sample was added to 100 μL of Folin-
Ciocalteu reagent (Diluted 1: 10) reagent and 80 μL of 1 M sodium carbonate. The plate was incubated in dark 
for 20 min at room temperature (25 °C). The color intensity was measured at 630 nm using microplate reader 
FluoStar Omega and the resulting data were represented as means ± SD for three biological replicates and the 
results were presented as μg gallic acid equivalent/mg extract. Total flavonoids content was determined using 
the aluminum chloride method34. Briefly, a stock solution of each extract (10 mg/mL in methanol) was used to 
prepare a serial dilution (1000–10 µg/mL in methanol). A stock solution of rutin (200 μg/mL in methanol) was 
used to prepare a serial dilution. In 96 well plate, 15 μL of each sample was added to 175 μL of methanol, 30 μL 
of freshly prepared 1.25% AlCl3 reagent and 30 μL of 0.125 M sodium acetate. The plate was incubated in dark 
for 5 min at room temperature (25 °C). The color intensity was measured at 420 nm using microplate reader 
FluoStar Omega and the resulting data were represented as means ± SD for three biological replicates and the 
results were presented as μg quercetin equivalent/mg extract.

Mouse chondrocyte cell cultures.  Mouse-isolated chondrocyte cell line cells, which were obtained from 
American Type Culture Collection, were cultured using DMEM (Invitrogen/Life Technologies) supplemented 
with 10% FBS (Hyclone), 10 µg/mL of insulin, and 1% penicillin–streptomycin. Cells were plated prior to incu-
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bation at 37 °C in a humidified 5% CO2 incubator. After growing to 80%–90% confluence, cells were harvested 
with 0.25% (w/v) trypsin—0.53 mM EDTA solution. To explore the anti-osteoarthritis activity, chondrocytes 
were treated for 24 h with IL-1β (10 ng/mL) following pretreatment with serial concentrations tested extracts for 
48 h at 37 ºC, then the plates are to be examined under the inverted microscope and proceed for the MTT assay.

MTT cytotoxicity assay protocol.  The method of monitoring in vitro cytotoxicity was performed using 
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide) assay (in vitro toxicology assay kit MTT-
based, Sigma-Aldrich, Inc.) by determining the cell number spectrophotometrically as a function of mitochon-
drial activity in living cells. Initially, chondrocytes cells in the log phase of growth were plated into 96-well plates 
(5 × 103 cell/cm2) for 24  h, after which serial concentrations tested extracts was added for 48  h. Afterwards, 
10 μL of MTT (final concentration of 5 mg/mL) solution was added for 4 h at 37 °C. The cytotoxic effect of the 
tested extracts, dissolved in DMSO, on chondrocytes was determined at various concentrations against the blank 
(DMSO alone). The absorbance was measured spectrophotometrically at a wavelength of 570 nm. The experi-
ments were performed in triplicates.

Enzyme‑linked immunosorbent assay (ELISA) and quantitative real‑time polymerase chain 
reaction (qRT‑PCR).  Nitric oxide was measured colorimetric using nitric oxide assay kit (Abcam, China, kit 
no ab65328). Collagen II was determined using Enzyme-linked Immunosorbent Assay (ELISA) for quantitative 
detection (Novus Biologicals kits). Matrix metalloproteinase 13 (MMP-13) was determined using in vitro Sim-
pleStep ELISA® kit (Abcam, China, kit no. ab270216). NF-κB p65(Nuclear Factor Kappa B p65) was measured 
using Elabscience® ELISA kit. All assays were performed according to the manufacturer’s instruction. All assays 
were performed three times.qRT-PCR was performed using Qiagen RNA extraction (Qiagen, GmbH, Hilden, 
Germany) and the iScript One-Step RT-PCR Kit with SYBR® Green, Bio-Rad) using reader Rotorgene RT- PCR 
system, according to manual instructions35. The sequences of the primers used are presented in Table S1.

Screening the antibacterial activity.  The antibacterial activity of the tested extracts was screened 
against a group of Gram-positive and Gram-negative highly virulent pathogens (methicillin-resistant Staphy‑
lococcus aureus (MRSA USA300), Acinetobacter baumannii AB5075, Escherichia coli ATCC8 and Pseudomonas 
aeruginosa PAO1)36–37. The minimum bactericidal concentration (MBC) of the extracts was determined using 
the broth microdilution method as described before38,39. The experiment was performed three independent 
times and the MBC was recorded as mean ± standard deviation.

Preparation of onion peel extract (OPE) nano‑formulations and in‑vitro characterization of 
the prepared onion peel extract lipid nanocapsule.  Onion peel extract (OPE) loaded Lipid nano-
capsule (LNCOPE) was fabricated using phase inversion method40,41. Briefly, oil-surfactant mixture composed of 
labrafac (Gattefossé S.A. (Saint-Priest, France): Kolliphor® HS15 (Sigma-Aldrich) in ratio of 1:2 w/w was mixed 
with epikuron 200® (Cargill, Minneapolis, MN, USA) (1.5% w/w) using magnetic stirrer at 500 rpm for 30 min. 
Consequently, onion peel extract was accurately weighed and dissolved in the prepared oil-surfactant dispersion 
(10% w/w). Afterwards, the obtained mixture was titrated with equivolume of sodium chloride solution (1.75% 
w/w). LNCOPE was prepared using three thermal-cooling cycles, each for between 70 and 40 °C under continu-
ous magnetic stirring (500 rpm). In the last cycle, the obtained mixture was diluted with cold deionized water 
(10 mL, 4 °C) to aid the formation of LNCOPE.

The particle size and size distribution measured as polydispersity index (PDI) of the fabricated LNCOPE were 
dynamic light scattering technique using Nanosizer ZS Series (Malvern Instruments Ltd., UK). Surface charge 
as zeta potential was measured using electrophoresis. Accordingly, LNCOPE was diluted with deionized water 
(1: 100 v/v) then transferred to disposable plain folded capillary Zeta cells. All the measurements represent the 
average of 20 runs, each run was completed in triplicate at 25 °C using an angle of 90°42.

The entrapment efficiency (EE%) was determined directly by measuring the encapsulated quantity of the 
extract. Briefly, the amount of the unentrapped extract in LNCOPE was separated with ultrafiltration centrifuga-
tion using MWCO 100 K at 14,000 rpm for 45 min. The obtained pellets were dissolved in dimethylformamide 
(10 mL). Onion peel extract was quantified using a previously reported HPLC method. Briefly, the HPLC sys-
tem was composed of Dionex ultimate 3000 controlled by Chromeleon Chromatography Data System with UV 
detector and quaternary pump (Thermo Fisher Scientific, USA). A reverse phase C18 column (Thermo BDS, 
250 × 4.6 mm, 5 μm) was used for onion peel extract separation at detection wavelength of 360 nm at 40 °C. The 
mobile phase composed eluent A (0.1% v/v formic acid in water) and eluent B (0.1% v/v formic acid in acetoni-
trile) at flow rate 1 mL/min. The gradient elution was 100% A at time 0, 97% A at 0–5 min, 50% A 5–45 min, 0% 
A at 45–50 min43. The EE % was calculated using the following equation:

LNCOPE was visualized using transmission electron microscope (TEM, Jeol, JEM-1230, Japan). One drop of 
the LNCOPE was deposited on a copper 300-mesh grid, coated with carbon for 10 min after which, any excess 
fluid was dried with a filter paper. The sample was negatively stained with one drop of 1% phosphotungstic acid, 
applied, and allowed to dry for 5 min44.

Preparation and characterization of onion peel extract loaded nanocapsule based hydro‑
gel.  Extract loaded LNC based hydrogel was prepared by dispersing the LNCOPE into carbopol 940 (Lubrizol 

(1)EE % =

Amount of red onion peel extract determined in the LNC

Total amount of red onion peel extract added
× 100
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Advanced Materials, Inc, Ohio, USA) (1% w/v) under continuous stirring (500 rpm) for 45 min. Afterwards, 
triethylamine (0.5% w/w) was added to neutralize the mixture and form the gel45,46. The pH of the fabricated 
LNCOPE based hydrogel was measured using a pH meter (Jenway, UK). Physical appearance includes color, 
homogeneity and texture were inspected visually46.

The viscosity of the proposed LNCOPE based hydrogel was measured by using Brookfield rheometer (Brook-
field DV-III ultra-programmable cone and plate rheometer fitted with a spindle number 52 and controlled with 
Brookfield Rheocalc operating software, USA). Briefly, 1 g of the prepared LNCOPE based hydrogel was placed 
into the rheometer and the viscosity was measured as a function to the shear rate47.

The spreadability of the prepared LNCOPE based hydrogel was assessed using glass slide method46. About 
0.5 g of the prepared LNCOPE based hydrogel was placed in the center of glass slide with a circle mark of 1 cm 
diameter48.Consequently, LNCOPE based hydrogel was squeezed by another glass slide where a 500 g standard 
weight was placed on the glass slides. Afterwards, the diameter of the gel was measured and the spreadability 
was calculated using the following equation:

The swelling index of LNCOPE based hydrogel was measured using the gravimetric method18. LNCOPE based 
hydrogel (1 g) was lyophilized for 48 h then immersed in phosphate buffer (pH 5.5). The swollen hydrogel was 
removed from the medium and weighed at different time intervals for 24 h. Swelling ratio was calculated using 
the following equation:

In‑vitro onion peel extract release.  The in vitro extract release from the prepared LNCOPE and LNCOPE 
based hydrogel was performed using dialysis method. An aliquot of each formula equivalent to 5 mg onion peel 
extract was placed in dialysis bag (cut-off 10–12 KDa) and immersed in 100 mL of PBS (pH 5.5) at 37 ± 0.1 °C 
in a thermostatically controlled shaking water bath at 50 strokes/min. At predetermined time intervals up to 
24 h, 1 mL of the release medium was withdrawn and the onion peel extract was quantified using the previously 
reported HPLC method45.

In‑vitro experiment.  Cell line and determination of cytotoxicity and cell viability.  Hfb4 normal skin cells 
was purchased from The Egyptian Organization for Biological Products and Vaccines (Vacsera, Cairo, Egypt). 
The cells were grown in DMEM low glucose medium supplemented with 1% penicillin/streptomycin and 10% 
fetal bovin serum; which were purchased from Serana Europe GmbH (Germany). The cells were maintained at 
37  °C and 5% CO2. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) kit was purchased 
from Elabscience® (USA) and was performed according to the supplier’s instructions. Free OPE hydrogel, 
LNCOPE hydrogel, and their blanks were tested for their cytotoxicity and effect on cell viability. The following 
concentrations from the formulations and their blanks were used: 3, 1.5, 0.75, 0.37, 0.18, and 0.09 mg/mL to 
determine which concentration will have the lower cytotoxicity and best cell viability.

Determination of inflammatory markers and oxidative stress biomarkers.  The lipopolysaccharide (LPS) was 
purchased from Merck (USA), and it was used to induce inflammation as well as oxidative stress. Accordingly, 
there were six different groups for these tests; normal Hfb4 cells, LPS only, the two formulations along with their 
blanks with LPS. First, the LPS was added to the cells at a concentration of 10 µg/mL49 and left for 24 h incuba-
tion with the cells. Afterward, the formulations and their blanks were added to the inflamed cells at a concen-
tration of 3 mg/mL, based on the results of MTT assay, and left for another 24 h. Finally, interleukin 6 (IL-6) 
and interleukin 1 beta (IL-1β) were determined in the cells by commercial ELISA kit from Elabscience® (USA) 
according to the supplier’s guidelines.

Malondialdehyde (MDA) and glutathione (GSH) were detected in the cells using commercial colorimetric 
assay kit according to the manufacturer’s instructions (Elabscience®, USA). The groups were divided as in the 
inflammatory markers.

Experimental animals and in‑vivo wound healing activity.  Animals, study design and determination 
of wound contraction.  Seventy five male albino mice aging 6–8 weeks and weighing 30–35 g were obtained from 
Vacsera, Egypt. The mice were accommodated for two weeks on water supply, commercial diet, and light/dark 
cycles. Animal sheltering and handling were according to the Guide for the Care and Use of Laboratory Animals 
(National Research Council) and the proposal was approved by Research Ethical Committee, Faculty of Science, 
Menoufia University, Egypt; FGE1020. All animal experiments were performed in accordance with guidelines and 
regulations for the care and use of experimental animals. Authors have complied with the ARRIVE guidelines for 
reporting. The experimental mice were arbitrarily divided into five different groups with 15 mice in each group as 
follows: untreated, blank 1, blank 2, free OPE hydrogel, and LNCOPE hydrogel. All the treatments were applied top-
ically to the wound area daily for 12 consecutive days. The untreated control group did not receive any treatment.

The mice were anesthetized with pentobarbital (70 mg/kg i.p.). A circular area of about 500 mm2 on the back 
of the mice was marked and cut carefully. The wound area was traced by a graph paper on days 1, 3, 6, 9, and 12. 
The changes in the dimensions of the wound were recorded and the rate of wound contraction was calculated 

(2)Spreadability index = d
2
∗

π

4

(3)Swelling ratio =

Ww−Wi

Wi
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according to the following formula: Healed area

Total wound area
× 100 , where healed area = original wound area−current wound 

area50. The wounds were photographed on the same days by a digital camera.

Histopathological investigation, immunohistochemistry and qRT‑PCR for genes’ expression.  The day of wound-
ing was designated to be day zero. Three representative mice from each group were sacrificed under pentobar-
bital anesthesia on day 1, 3, 6 and 9 to collect wound skin samples for the histopathological examination and 
immunohistochemistry. The remaining mice were sacrificed on day 12 to obtain wound skin samples for the 
same measurements and also for qRT-PCR. The samples for histopathological examination and immunohisto-
chemistry were fixed in 7% formaldehyde.

The samples were cut into small sections; about 5 mm. Afterward, part of the samples was stained with 
hematoxylin and eosin (H & E) to detect histological changes. The other part was stained with Masson’s trichome 
(MT) staining to detect collagen deposition. The images were obtained with an Olympus microscope (Japan) 
equipped with a digital camera.

Immunohistochemistry was performed to identify tumor necrosis factor-alpha (TNF-α) and alpha-smooth 
muscle actin (α-SMA) by corresponding antibodies. In order to generate quantitative measures, the optical 
density (OD) of TNF-α and α-SMA was determined.

The expression level of activating transcription factor 2 (ATF-2), Fos proto-oncogene (c-Fos), Fos-related 
antigen 2 (Fra-2), and Jun proto-oncogene (c-Jun) was determined by qRT-PCR. Total RNA was extracted from 
wound skin tissue homogenate by RNeasy Mini kit (Qiagen, Germany). cDNA was obtained by EasyScript® First-
Strand cDNA Synthesis SuperMix (TransGen Biotech Co., China). The amplification was done by QuantiTect® 
SYBR® Green PCR (QIAGEN, Germany) using StepOnePlus™ Real-Time PCR system (Thermo Fisher Scientific, 
USA). The sequence of the used primers was constructed by Primer-Blast and were purchased from Macrogen 
(Korea) (Table S2). Glyceraldehyde- 3-phosphate dehydrogenase (GAPDH) was used as a reference gene and 
the results were expressed as mean fold change relative to the normal control group.

Molecular modeling.  The most abundant compounds identified from the OPE were evaluated against both p65 
and ATF-2 targets using two different molecular docking processes using the MOE program51,52. The structure 
of the identified compounds were obtained from the PubChem website. They were introduced individually into 
the MOE working screen, prepared53,54, and inserted into a single database to be ready for the docking pro-
cess. The X-ray structures of p65 and ATF-2 target proteins (PDB ID:1RAM55 and 6ZR556, respectively) were 
obtained from the Protein Data Bank. Each protein was prepared individually following the full preparation 
steps described earlier57,58. Two different docking processes were performed for the same database prepared 
previously according to the methodology illustrated earlier59,60. One pose for each compound was selected to be 
further investigated based on the obtained scores and RMSD values61,62.

Statistical analysis.  The data were analyzed by One-way analysis of variance (ANOVA) followed by Tukey 
post hoc test using IBM® SPSS® Statistics version 22 software (IBM Corp., NY, USA). Data were presented are 
means ± standard deviations, p < 0.05 as the significance threshold. Heatmap was generated using Metaboanalyst63.

Results
Phytochemical characterization of metabolites by UHPLC–QTOF–MS/MS supported by 
molecular networking.  An Ultra-high  performance liquid chromatography–quadrupole time-of-flight 
mass spectrometry (UHPLC–QTOF-MS/MS) method was used to analyze the metabolites extracted from the 
tested peel extracts (Fig. 1). Both positive and negative MS ionization modes were performed to increase metab-
olite coverage from their preferred mode. A total of 47 compounds were tentatively identified by investigating 
their elution pattern, molecular ions, detected adducts, fragmentation pattern and MS/MS-based molecular 
networks compared to literature data (Table S3). The most representative chemical classes were phenolic acids, 
flavonoids, saponins, and alkaloids.

Total ion chromatograms (TIC) of garlic peel extract (Fig. S1) revealed the presence of a small peak at 3.44 min 
in negative ionization mode. The extracted ion chromatogram showed a molecular ion peak at 312.1240 m/z 
(Fig. S2). The MS/MS analysis revealed the presence of fragments at m/z 297.0995, 190.0512, 178.0513 and 
148.0533. These fragments matched the characteristic fragments for feruloyltyramine with the GNPS library64. 
Using the same protocol, the annotation of the flavonoid aglycone, quercetin, was confirmed in both the negative 
(Fig. S3) and positive (Fig. S4) ionization modes.

Further, the disaccharide sugar, sucrose, showed the characteristic fragments in both negative (Fig. S5) and 
positive (Fig. S6) ionization modes. Additionally, the identification of several compounds was confirmed from 
the molecular networks performed on the analyzed data (Fig. S7). The identification of characteristic alkaloids 
such as solasonine, α-solanine, α-chaconine, β-chaconine, solanidine, and solasodine, particularly from potato 
peel extract, was confirmed from the positive ionization mode (Figs. S8–10). Additionally, the identification of 
these compounds was by the molecular networks performed on the analyzed data (Figs. S11–13).

A heat map analysis based on the abundance (relative peak areas) of the detected metabolites was performed 
to examine metabolome variation in the tested peel extracts (Fig. 1). Onion peel extract contained high levels 
of metabolites from phenolic classes such as flavonoids, anthocyanins, and phenolic acids. Saponins (e.g. allio-
spiroside B, alliospiroside D, ruscogenin and sarsasapogenin) also dominated the metabolome of onion peels. 
Whereas diosgenin, sarsasapogenin, feruloyltyramine, and quercetin were detected in high levels in garlic peel 
extract. Additionally, alkaloids (e.g. solasonine, solasodine, α-solanine, α-chaconine and β-chaconine) uniquely 
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characterized potato peel extract. Phenolic acids and flavonoids were either not abundant or not detected in 
garlic and potato peel extracts.

Antioxidant potential and total phenolic contents.  Two different methods, namely determined the 
antioxidant activity; 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) and the ferric reducing antioxidant power 
(FRAP) assay. The results revealed that onion peels showed the highest antioxidant potential, followed by garlic 

Figure 1.   Metabolomics workflow (A) and heat map (B) of identified metabolites from selected peel extracts as 
analyzed by LC/MS2.
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peel extracts (Fig.  S14). Conversely, the least activity was observed for potato peel extract. Interestingly, the 
results of the two assays were found to be positively correlated (Table 1). The promising antioxidant activities 
encouraged us to further evaluate the phenolics contents. Recent studies suggest the protective effects of phe-
nolic compounds in the management of osteoarthritis, alleviating chondrocyte inflammation and providing 
therapeutic solutions for chronic wound care65,66. Therefore, the total phenolics and flavonoids contents were 
determined spectrophotometrically using the Folin–Ciocalteu and aluminum chloride methods. The results of 
this analysis revealed that onion peels showed the highest phenolics content (196.45 ± 8.83 μg gallic acid/mg 
extract) and flavonoids content (397.03 ± 21.27 μg rutin equivalent /mg extract), followed by garlic peel extract. 
On the contrary, the least activity was observed for potato peel extract. Interestingly, the content of total pheno-
lics was positively correlated with antioxidant capacity (Table 1).

Effect of tested extracts on chondrocyte viability and inflammatory mediators in 
IL‑1β‑stimulated chondrocytes.  The cytotoxicity of the tested extracts from potato, onion, and garlic 
peels on the chondrocytes was tested by MTT assay (Fig. 2). After treatment with different concentrations of 
the tested extracts (0–2000 μg/mL), onion peel extract showed the highest viability with IC50 = 1607 ± 78.8 µg/
mL, when compared to celecoxib (IC50 = 527.1 ± 25.9 µg/mL). On the other hand, potato and garlic peel extracts 
showed similar viability at lower concentrations (IC50 = 396.9 ± 19.5 and 451.2 ± 22.1 µg/mL, respectively). These 
results indicate that the tested extracts were, at lower concentrations, relatively non-toxic to the cells compared 
to blank (DMSO).

Further, we assessed the impact of tested peel extracts on IL-1β-induced inflammation in mouse-isolated 
chondrocytes. We measured chondrocyte expression of key osteoarthritis-associated factors such as matrix 
metalloproteinase 13 (MMP-13), nitric oxide (NO), collagen II, nuclear factor kappa-light-chain-enhancer of 
activated B cells p65 (NF-κB p65) as well as the expression of inflammatory mediators in chondrocytes such as 
interleukin 6 (IL-6), tumor necrosis factor-α (TNF-α), cyclooxygenase-2 (COX-2), and inducible nitric oxide 
synthase (iNOS).

Our results showed that onion peel extract (OPE) showed the most significant down-regulation of MMP-13, 
NO, and NF-κB p65 when compared to PC (positive control is the chondrocytes treated for 24 h with IL-1β 
(10 ng/mL) only) (Fig. 2). The effect on NF-κB p65 was better than celecoxib, while the effect on NO was similar 
to the standard drug. Garlic peel extract showed higher activity than potato peel extract. However, the activity 
was significantly (p < 0.001) lower than onion peels or the standard celecoxib. All the tested extracts significantly 
reduced MMP-13, NO, and NF-κB p65 levels compared to IL-1β-treated chondrocytes (p < 0.001).

Moreover, collagen II levels, which were downregulated by IL-1β treatment, were significantly induced by 
all tested extracts. OPE reversed collagen II  degradation causing its upregulation better than potato and garlic 
peel extracts, still lower than celecoxib (Fig. 2). Further, the overproduction of IL-6, TNF-α, COX-2, and iNOS 
induced by IL-1β were all significantly inhibited (p < 0.001) by the tested peel extracts (Fig. S15). Our results 
showed that OPE showed the most significant downregulation of IL-6, TNF-α, COX-2, and iNOS. The effect on 
IL-6 and TNF-α was better than celecoxib, while the effect on COX-2 was similar to the standard drug.

Screening of the tested extracts for the antibacterial activity.  The antibacterial activity of the 
tested extracts was determined using minimum bactericidal concentration (MBC). All the tested extracts 
showed bactericidal activity against all the tested pathogens except potato extract did not show any bactericidal 
activity against MRSA USA300 and A. baumannii AB5075 (Table  2). OPE recorded the highest bactericidal 
activity against MRSA USA300 and A. baumannii AB5075 with MBC 3.125 ± 0  mg/mL and 4.167 ± 1.8  mg/
mL, respectively. Potato extract recorded the highest bactericidal activity against P. aeruginosa PAO1 with MBC 
6.25 ± 0 mg/mL.

Wound‑healing effects of onion peel extracts.  The promising antibacterial and antiiflammoatory 
activities encouraged us to evaluate the wound healing effects of onion peel extracts in vitro and in vivo using 
conventional and nano-formulations.

Preparation of LNCOPE and in‑vitro characterization of the prepared LNCOPE.  Herein, LNCOPE is fabricated by 
adopting phase inversion technique. This method is simple and omits high energy consumption and organic 
solvents67. The phase inversion technique consists of two consequent steps. First, oil and surfactants are mixed 
with sodium chloride to obtain the primary emulsion. In the second step, heating the blend above the phase 
inversion temperature (70 °C) results in the formation of water in oil emulsion that is inverted to oil in water 

Table 1.   Pearson’s correlation coefficients indicating the relationship between antioxidant activity and 
phenolics contents. # Correlation significant at p < 0.001 (ANOVA).

DPPH FRAP Phenolics Flavonoids

DPPH 1 – – –

FRAP 0.992# 1 – –

Phenolics 0.996# 0.996# 1 –

Flavonoids 0.987# 0.999# 0.994# 1
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Figure 2.   Effects of selected peel extracts on chondrocyte viability and IL-1β-induced extracellular matrix 
degradation and inflammatory mediators. The cytotoxic effect of the tested extracts, dissolved in DMSO, on 
chondrocytes was determined at various concentrations against the blank (DMSO alone). To explore the anti-
osteoarthritis activity, chondrocytes were treated for 24 h with IL-1β (10 ng/mL) following pretreatment with 
serial concentrations of the tested extracts for 48 h at 37 °C. Positive control (PC) is the chondrocytes treated 
for 24 h with IL-1β (10 ng/mL) only. Levels of nitric oxide (NO) was measured colorimetric using nitric oxide 
assay kit. Collagen II, matrix metalloproteinase 13 (MMP-13) and NF-κB p65(Nuclear Factor Kappa B p65) 
were determined using Enzyme-linked Immunosorbent Assay (ELISA). Data are presented as the mean ± S.D. 
of three independent experiments. Asterisks indicate significance level (*, **, ***p < 0.05, 0.01 and 0.001, 
respectively).
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emulsion upon cooling below the phase inversion temperature (40 °C). The addition of cold water at the third 
cycle triggers irreversible shock that breaks the emulsion system and favors the solidification of the lipid to form 
a shell thus forming stable nanocapsule16.

Table 3 demonstrates the in-vitro physicochemical characteristics of the prepared LNCOPE. Generally, particle 
size is one of the important factors affecting different nanocarriers’ therapeutic potential44. LNCOPE had a par-
ticle size of 38.54 nm ± 4.88. This relatively small particle size could be attributed to the presence of Kolliphor® 
HS15 and Epikuron 200®. These surfactants could diminish interfacial oil tension and, consequently the globule 
size41. The measured PDI value was 0.19, indicating the formulation of a homogenous monodisperse system42. 
High onion peel extract EE% (87.99% ± 3.57) could be attributed to surfactants that could improve the extract 
solubility in the oil core. The appearance of LNCOPE as a spherical non-aggregated particle with a particle size 
30–40 nm is agreed with the DLS determinations (Fig. S16).

In‑vitro evaluation of LNCOPE based hydrogel.  The prepared topical hydrogel was translucent, homogenous, and 
non-gritty, with a pH value of 5.68 ± 0.68. The slightly acidic nature of the proposed hydrogel could be beneficial 
in topical delivery to avoid irritation as it mimics the skin pH68. The viscosity of the prepared LNCOPE based 
hydrogel as a function of shear rate is expressed in Fig. 3a. It could be noticed that system viscosity is inversely 
proportional to the shear rate indicating a pseudoplastic flow. In topical preparations, pseudoplastic flow is 
favored over other types where it could be easily spread upon medium shear force45.

The spreadability of LNCOPE was assessed using the glass slide method, where the value was found 345 
mm2 ± 1.1. The spreadability is an indicator of the ease of application and consistency of hydrogels. This result 
is in accordance with previous reports that indicate this value would be accepted for ease of spreading and 
application17,46.

To assess the capacity of LNCOPE based hydrogel to provide wet environment when they are utilized onto an 
open wound area, the swelling behavior in PBS pH 5.5 was investigated. The hydrogel’s high absorption capacity, 
which is important for rapid absorption of exudates to keep the wound dry and precludes airborne infection69. 
It could be depicted from Fig. 3b that the swelling ratio of LNCOPE increases with time. The swelling ability of 
carbopol 940 could be its carboxylic acid moieties70,71.

The in vitro release profile of OPE from LNC and LNC-based hydrogel is displayed in Fig. 3c. The acidic 
media was used to mimic the pH of the skin. LNC showed a higher release rate than LNC-based hydrogel at all 
time points. LNC showed burst release where about 21.29% ± 3.57 of OPE was released after 3 h. An almost 100% 
OPE from LNC was observed 24 h. On the contrary, only 67.84% ± 3.26 OPE was detected from LNC-based 
hydrogel at 24 h with no burst release. This could be attributed to the ability of carbopol to act as a barrier and 
increase the viscosity that hinders drug release46.

Effect of OPE on Hfb4 cell cytotoxicity, cell viability, inflammatory markers and oxidative stress biomarkers.  Treat-
ment of Hfb4 cells with the formulations and their blanks revealed a reverse relationship between concentration 
and cytotoxicity (Fig. S17). The highest cytotoxicity was observed at a dose of 0.093 mg/mL (9.23, 8.54, 3.76, and 
3.28%; respectively for blank 1, blank 2, free OPE, and LNCOPE), whereas the lowest cytotoxicity was observed at 
a dose of 3 mg/mL (7.65, 6.45, 3.11, and 2.54%; respectively for blank 1, blank 2, free OPE, and LNCOPE). These 
results indicate that the onion-containing formulations were non-toxic to the cells compared to the extract-free 
blanks.

Regarding cell viability, it was a concentration-dependent; the highest cell viability was observed at 3 mg/mL 
(Fig. S17). At all used concentrations, free OPE showed a significant increase in the viability of the cells compared 
to its blank by 15.64, 16.74, 16.24, 20.37, 20.12, and 21.9%, P < 0.01, respectively at 3, 1.5, 0.75, 0.37, 0.18, and 
0.09 mg/mL. In the same manner, the LNCOPE-treated cells showed significant elevation in the viability of the 
cells by 17.08, 18.34, 20.08, 22.4, 22.18, and 23.23%, P < 0.01, respectively at the same serial dilution compared to 

Table 2.   Antibacterial activity of the tested peel extracts. *Data are presented as mean ± standard deviation. 
– No antibacterial activity was detected against the tested organism.

Peel extracts

Minimum bactericidal concentration (MBC) mg/mL*

MRSA USA300 Acinetobacter baumannii AB5075 Escherichia coli ATCC87 Pseudomonas aeruginosa PAO1

Onion 3.125 ± 0 4.167 ± 1.8 12.5 ± 0 10.417 ± 3.6

Garlic 12.5 ± 0 6.25 ± 0 12.5 ± 0 12.5 ± 0

Potato – – 12.5 ± 0 6.25 ± 0

Table 3.   Characterization of the prepared LNCOPE formulation. a Measured by DLS. b Measured by 
electrophoresis. c Calculated as a percentage of initial onion peel extract added, determined directly by HPLC. 
d Expressed as mean ± SD (n = 3).

LNCOPE Particle size (nm)a,d PDIa,d Zeta potential (mV)b,d EE %c,d

Characterization 38.54 ± 4.88 0.19 ± 0.02 − 13.87 ± 1.57 87.99 ± 3.57
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blank 2. Furthermore, when the cells were treated with LNCOPE, it showed a significant increase in their viability 
compared to free OPE at all used concentrations by 2.56, P = 0.004; 2.19, P = 0.029; 3.99, P = 0.001; 2.6, P = 0.007; 
3.21, P = 0.001; and 2.61%, P = 0.001, respectively.

LPS only-treated cells showed a significant increase in IL-6 and IL-1β by 5.68 and 12.63 folds, P < 0.001; 
respectively, compared to normal control cells. Treatment of the cells with free OPE and LNCOPE significantly 
decreased the concentration of these cytokines by 50.04 and 41.52%, respectively, P < 0.001 for free OPE, whereas 
by 72.13 and 72.86%; respectively, P < 0.001 for LNCOPE in comparison with the LPS only group. When com-
paring the formulations with their corresponding blanks, the OPE showed a significant reduction in IL-6 and 
IL-1β (52.56 and 39.79%; respectively, P < 0.001), and the same was observed for LNCOPE (73.56 and 73.18%; 
respectively, P < 0.001). It is worth mentioning that the LNCOPE formulation showed a significant decrease in the 
concentration of the cytokines by 44.21 and 53.59%, respectively, P < 0.001 relative to the free OPE group (Fig. 4).

As shown in Fig. 4, the LPS control group showed significant elevation in the level of MDA (1.49 fold, 
P < 0.001) with a substantial decrease in the concentration of GSH (39.02, P < 0.001) compared to the normal 
control group. Treatment of Hfb4 cells with free OPE and LNCOPE significantly decreased the concentration 
of MDA (33.9 and 51.8%, P < 0.001; respectively) and increased the concentration of GSH (31.40 and 43.71%, 
P < 0.001; respectively) in comparison with the LPS only group. When comparing the formulations with their 
corresponding blanks, both free OPE and LNCOPE significantly decreased the concentration of MDA (31.93, 
50.86%, P < 0.001; respectively) and increased the level of GSH (36.99, 54.54%, P < 0.001; respectively). In addi-
tion, treatment with LNCOPE significantly decreased the MDA content of Hfb4 (27.08%, P < 0.001) and increased 
their content of GSH (9.37%, P = 0.005) relative to the free OPE-treated cells.

Effect of OPE on excision wound model.  The rate of wound contraction in the group treated with the free extract 
was significantly higher than the untreated group, and it was 0.186–40.24% from day 1 to day 12 compared to 

Figure 3.   In-vitro characterization and drug release of the prepared LNCOPE based hydrogel. (a) viscosity, (b) 
swelling rate and (c) in-vitro drug release in phosphate buffer (pH 5.5). Data are expressed as the mean ± SD.



12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:13034  | https://doi.org/10.1038/s41598-023-38591-y

www.nature.com/scientificreports/

0.16–7.11% for the untreated group (Table 4). At the end of the experiment, the free OPE and LNCOPE showed 
an increased rate of wound contraction by 4.59 and 7.61 folds, respectively, compared to their corresponding 
blanks. Treatment of the mice with LNCOPE significantly enhanced the rate of wound contraction (0.29–63.99%) 
compared to the free extract. It is worth mentioning that the rate of wound contraction was in the following 
descendant order: LNCOPE > free OPE > blank 2 > blank 1 > untreated, as presented in Fig. S18.

Figure 5 shows that on the first day of wounding, the untreated group exhibited ulceration (arrow head), 
edema (star), and lost skin tissue with the disturbed architecture of the layers of skin (arrow). On days 3, 6, and 
9, the untreated mice started to show epidermal cells (arrow) with some vacuolation (V), congested blood ves-
sels (star on day 3), and lost tissue (arrow head). The inflammatory phase startedon day 3 and continued on day 
6. There was an excessive accumulation of granulation tissue (star) at day 9; indicating the proliferative healing 
phase. On the twelfth day, there was a thin epidermis (arrow), dilated blood vessels (star), and an accumulation 
of granulation tissue (arrow head).

Figure 4.   Effect of free OPE and LNCOPE and their blanks on inflammatory markers and oxidative stress 
biomarkers. (a) IL-6, (b) IL-1β, (c) MDA and (d) GSH. Data are expressed as the mean ± SD and were analyzed 
using one-way ANOVA followed by Tukey post hoc test. Values were considered significantly different at 
p < 0.001. a, significant versus normal control; b, significant versus LPS only; c, significant versus blank 1; d, 
significant versus blank 2 and e, significant versus free OPE. GSH, glutathione; IL-6, interleukin 6; IL-1β, 
interleukin 1 beta and MDA, malondialdehyde.

Table 4.   Rate of wound contraction. a, significant versus untreated group; b, significant against blank 1; c, 
significant versus blank 2; d, significant versus free OPE at p < 0.001.

Wound contraction (%) Untreated Blank 1 Blank 2 Free OPE LNCOPE

Day 1 0.16 ± 0.37 0.06 ± 0.08 0.36 ± 0.46 0.186 ± 0.21 0.29 ± 0.40

Day3 0.49 ± 0.22 0.56 ± 0.27 0.66 ± 0.38 7.7 ± 2.10a b c 17.04 ± 2.59a b c d

Day 6 1.71 ± 0.4 1.73 ± 0.35 2.03 ± 0.31 17.8 ± 2.07a b c 34.36 ± 4.55a b c d

Day 9 3.7 ± 2.57 3.79 ± 2.56 4.06 ± 2.52 30.2 ± 2.3a b c 49.53 ± 4.04a b c d

Day 12 7.11 ± 3.12 7.19 ± 3.12 7.43 ± 3.11 40.24 ± 5.64a b c 63.99 ± 6.4a b c d
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Regarding blank 1-treated groups, it showed ulceration with the disturbed architecture of the layers of the skin 
(arrow) on the first day. There was a disturbed architecture with edema (arrow head), and new epithelialization 
started appearing (arrow) on the third day. At day 6, there was a slightly healed epidermis (arrow head), minimal 
granulation tissue (white arrow), and good vascularity (BV). Relative epithelization (dark arrow), granulation 
tissue (white arrow), and blood vessels were observed on day 9. In the end, good epithelization (dark arrow) 
was detected.

Blank 2-treated mice exhibited ulceration with the disturbed architecture of the layers of the skin (arrow) on 
the first day of the treatment. On day 3, the mice slightly showed healed epidermis (arrow head), but there were 
some lost areas (arrow). Later on day 6, there was a slightly healed epidermis (arrow) with little accumulation 
of granulation tissue (star) and congested blood vessels (arrow head). Good epithelization (dark arrow) and 
granulation tissue (white arrow) were detected at day 9. Finally, on day 12, good epithelialization (dark arrow 
head) and severe granulation tissue (white arrow) were observed.

Concerning free OPE, the mice showed ulceration (arrow head), edema, and lost skin tissue with disturbed. 
The treatment on the third day showed edema (arrow head), and new epithelialization started appearing (dark 
arrow). The sixth day was similar to the third, but good granulation tissue was observed (white arrow). At day 
9, good epithelialization (dark arrow head), and severe granulation tissue (white arrow). On the last day, there 
was a normal structure of the epidermis (arrow) and hair follicle (star), the architecture of the layers of the skin 
(arrow), and monocellular infiltrate (white arrow) on the first day. This indicates the early inflammatory and 
proliferative stages compared to the untreated control and the corresponding blank 1.

The LNCOPE-treated mice started with ulceration (arrow head), monocellular infiltrate (white arrow), edema, 
and destructed hair follicles (star). Day 3 showed a new epithelialization (dark arrow) and increased vascularity 
(BV). The mice showed good architecture of the epidermis (arrow) with the accumulation of granulation tis-
sue (star) at day 6. Normal skin architecture formed of epidermis and dermis with good epithelialization (dark 
arrow), severe accumulation of granulation tissue (white arrow), and deposition of collagen fibers (circle) was 
observed at day 9. At the end of the treatment, there was a normal structure of the epidermis (arrow) and the 
hair follicle (star). These results signify an accelerated wound healing process compared to the untreated and 
blank 2 groups. In addition, the inflammatory cells, the granulation tissue, and the collagen fibers were more 
dense than free OPE.

Concerning the effect on collagen precipitation, MT staining shows that the untreated group exhibited mild 
collagen deposition from day 1 to day 6 (Fig. S19). The deposition was increased gradually from day 9 to reach 
the maximum at day 12. Similarly, blank 1 and 2-treated groups exhibited mild collagen precipitation from day 1 
to day 6 with2-treated groups exhibiting mild collagen precipitation from day 1 to day 6 with an abrupt increase 
at day 9 to reach the highest level at day 12. Both free OPE and LNCOPE-treated groups started with mild collagen 
deposition with severe precipitation on day 9 for free OPE and on day 6 for LNCOPE.

Figure 5.   Effect of free OPE and LNCOPE and their blanks on histopathology of the wound tissue stained by 
H&E and visualized at 200×.
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Effect of OPE on TNF‑α and α‑SMA immunoreactivity.  The effects of free OPE and LNCOPE and their blanks 
on TNF-α and α-SMA immunoreactivity were evaluated (Fig. 6). The untreated group started with mild immu-
noreactivity and gradually increased to severe at day 6 and beyond. The blank 1 group showed mild reactivity 
on day 1, severe at day 6, and decreased to moderate at day 12. Blank 2 group started with moderate reactivity, 
reached severity at day 6 and decreased again to mild at day 12. Free OPE and LNCOPE-treated mice showed 
high immunoreactivity toward TNF-α at the first day, but LNCOPE was more severe. Afterward, both groups 
showed a gradual decrease in the reactivity to reach very mild immunoreactivity at day 12. Statistical measures 
reflected that free OPE and LNCOPE groups showed a significant increase in the OD of TNF-α in the first day by 
67.32% and 89.6%, P < 0.001; respectively, compared to the untreated group. The free OPE group showed a sig-
nificant increase in the OD by 65.68% and by 66.66%, P < 0.001; respectively, on day 1 and day 3 in comparison 
with its blank. In contrast, there was a significant decrease in the OD of free OPE compared to blank 1 at day 6, 
9, and 12 (40.83, 44.48, and 54.57%, P < 0.001; respectively). Treatment of the mice with LNCOPE significantly 
elevated the OD of TNF-α by 83.25 and by 82.12%, P < 0.05; respectively, at day 1 and day 3 relatively to blank 
2. At day 6, 9, and 12 there was a significant decrease in the OD for LNCOPE group compared to its blank (54.15, 
57.5, and 66.28%; P < 0.001). Ultimately, there was a statistically significant difference between the free OPE and 
LNCOPE-treated groups where LNCOPE decreased the OD of TNF-α by 29.03%, P = 0.007 relative to free OPE. 
These results are consistent with H & E histopathological investigation; both indicate earlier inflammatory phase 
in the formulations-treated groups compared to the untreated group and their blanks.

Regarding α-SMA, it was assessed to indicate myofibroblast activity as presented in Fig. S20. In the first day, 
all the studied groups showed mild immunoreactivity toward α-SMA except LNCOPE-treated group; it showed 

Figure 6.   Effect of free OPE and LNCOPE and their blanks on TNF-α immunohistochemistry and the quantified 
optical density. Data are expressed as the mean ± SD and were analyzed using one-way ANOVA followed 
by Tukey post hoc test. Values were considered significantly different at p < 0.05. a, significant versus normal 
control; b, significant versus blank 1; c, significant versus blank 2 and d, significant versus free OPE. TNF-α, 
tumor necrosis factor-alpha.
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an increased reactivity. The reactivity of the untreated group was increased gradually from day 6 to day 12. For 
blank 1 and 2 groups, immunoreactivity for α-SMA was increased at day 6 with severe reactivity at day 9 and 
day 12. Free OPE and LNCOPE-treated groups exhibited severe reactivity against α-SMA starting from day 6 but 
LNCOPE group was more highly reactive than free OPE. These observations were consistence with the statistical 
analysis; only LNCOPE-treated mice showed significant increases in the OD of α-SMA by 29.82%, P = 0.003 in the 
first day compared to the untreated group. On the other hand, free OPE group revealed a significant elevation in 
the OD against blank 1 starting from day 6 (21.14, P < 0.001; 16.59, P < 0.001; and 26.3%, P < 0.001; respectively at 
day 6, 9, and 12). Likewise, the LNCOPE-treated mice showed significant increase in the OD of α-SMA compared 
to blank 2 (25.56, 30.85, and 36.11%, P < 0.001; respectively, at day 6, 9, and 12). At the end, the LNCOPE group 
showed significant increase in the OD of α-SMA by 11.9%, P = 0.002 compared to free OPE group. These findings 
are in harmony with H & E staining, which indicated early proliferative phase in free OPE and LNCOPE-treated 
groups but LNCOPE showed more pronounced proliferative features.

Effect of OPE on genes’ expression.  Free OPE and LNCOPE-treated mice showed significant increase in the 
expression level of ATF-2, c-Fos, Fra-2, and c-Jun by 1.17, P = 0.012; 1.82, P = 0.001; 1.89, P = 0.005 and 2, 
P = 0.001 folds; respectively, for the free OPE group and by 2.28, 4.2, 3.5, and 4.75, P < 0.001; respectively, for the 
LNCOPE group comparing with the untreated group (Fig. 7). Free OPE group exhibited significant up-regulation 
of these genes (0.78, P = 0.033; 2.03, P = 0.001; 1.51, P = 0.008 and 1.99, P = 0.001 folds; respectively) relatively 
to its corresponding blank 1-treated group. When comparing LNCOPE group to blank 2, it showed significant 
increase in the expression level of the genes by 1.73, 5.33, 2.63, and 4.13 folds, P < 0.001; respectively. Compar-
ing LNCOPE with free OPE showed that LNCOPE significantly upregulated the expression of the genes by 50.76, 
P = 0.017; 84.19, P < 0.001; 55.38, P = 0.012; and 91.17%, P < 0.001; respectively.

Molecular docking between onion peel bioactive metabolites on p65/Atf‑2.  Analyzing the bind-
ing modes of the most promising investigated compounds within the binding pocket of p65 (Table 5), it was 
found that quercetin-3,4′-O-diglucoside (S = −  7.182  kcal/mol and RMSD = 1.565) formed six H-bonds with 
Lys93 (2 H-bonds), Asp103, Ser112, Ile110, and Gln114 at 2.92, 3.17, 2.97, 2.97, 3.13, and 3.14 Å, respectively. 
Also, it formed an extra pi-H interaction with Ser112 at 4.04 Å. Additionally, alliospiroside C (S = − 7.024 kcal/

Figure 7.   Effect of free OPE and LNCOPE and their blanks on the expression level of AP-1 signalling-related 
proteins. (a) ATF-2, (b) c-Fos, (c) Fra-2, and (d) c-Jun. Data are expressed as the mean ± SD and were analyzed 
using one-way ANOVA followed by Tukey post hoc test. Values were considered significantly different at 
p < 0.05. a, significant versus normal control; b, significant versus blank 1; c, significant versus blank 2 and d, 
significant versus free OPE. ATF-2, activating transcription factor 2; c-Fos, Fos proto-oncogene; Fra-2, Fos-
related antigen 2; c-Jun, Jun proto-oncogene.
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mol and RMSD = 2.161) showed the formation of four H-bonds with Ser112, His111, and Lys93 (2 H-bonds) at 
2.83, 2.85, 2.89, and 3.07 Å, respectively. Moreover, alliospiroside D (S = − 7.282 kcal/mol and RMSD = 2.212) 
formed three H-bonds with His111, Asp94, and Lys93 at 3.07, 3.14, and 3.20 Å, respectively. It formed an H-pi 
interaction with Phe113 at 4.06 Å as well.

On the other hand, observing the binding modes of the most promising investigated compounds within 
the binding pocket of ATF-2, it was concluded that quercetin-3,4′-O-diglucoside (S = − 9.205 kcal/mol and 
RMSD = 1.356) formed three H-bonds with Asn156, Arg69, and Asn114 at 2.05, 2.95, and 3.25 Å, respectively. 
Moreover, it formed two extra H-bonds with Asn156 through an Mg2+ ion bridge at 2.24 and 3.30 Å, respectively, 
besides, a pi-H interaction with Val40 at 4.56 Å. Also, alliospiroside C (S = − 7.344 kcal/mol and RMSD = 1.567) 
was found to be able to form two H-bonds with Ser155 and Asn114 at 2.72 and 3.22 Å, respectively. At the same 
time, it bound Asn156 with two H-bonds through an Mg2+ ion bridge at 2.10 and 2.14 Å, respectively. Alliospi-
roside D (S = − 8.794 kcal/mol and RMSD = 1.918) achieved the formation of six H-bonds with Thr188, Ser155 
(2 H-bonds), and Arg69 (3 H-bonds) at 2.67, 2.73, 2.83, 2.87, 2.92, and 2.99, respectively. Besides, it formed two 
extra H-bonds with Asn156 through an Mg2+ ion bridge at 2.07 and 2.14 Å, respectively.

Discussion
The high volume of vegetable biological wastes generated by culinary uses and industrial processes raises the 
cost of environmental protection. Consequently, new strategies for recycling biological waste are indispensable 
to transform them into sustainable value-added products. Thus, the potential of this waste for various applica-
tions such as bioenergy, feed alimentation, and pharmaceutical production has been reported72,73. Valorization of 
vegetables wastes and their by-products (e.g. potato, onion and garlic peels) can meet the demands for potential 
pharmaceuticals and cosmeceuticals applications at the industrial levels74–76. Potato, onion, and garlic peels are 
renewable resources for bioactive metabolites. However, the comparative study on biological activities as an 
anti-inflammatory in the context of osteoarthritis and antimicrobial in the context of wound healing remains 
unknown.

Osteoarthritis is a common orthopedic degenerative joint disease representing the most common chronic 
musculoskeletal disorder that drives cartilage extracellular matrix degradation, affecting millions of individuals 
worldwide77. Metabolic diseases, age, sex, trauma and hormonal disturbance are among the risk factors related to 
the devolvement of osteoarthritis78. Osteoarthritis can affect all joints, particularly the knee, spine, shoulder, hip, 
feet, and hands, leading to chronic pain, cartilage stiffness, inflammation, and joint disability in older adults78. 
Pharmacological therapies as non-steroidal anti-inflammatory drugs (NSAIDs), acetaminophen, duloxetine, hya-
luronic acid, glucosamine, and chondroitin are commonly prescribed to relieve symptoms of osteoarthritis79,80. 
Thus, it remains a challenge to develop an efficient, safe, cost-effective, and sustainable pharmacological treatment 
for the management of osteoarthritis from plant resources81. Traditionally, onion peels, as well as their boiled 
aqueous extract, have been used to relieve symptoms of muscle cramping pain in the legs and inflammation in 
the knees. However, the scientific evidence for such uses remains to be investigated. The potential effects and 
mechanism of onion peel extract on IL-1β-stimulated chondrocytes are unclear. Therefore, in the present study, 
we assessed the ability of the tested peel extracts to protect against inflammation and collagen breakdown in 
response to IL-1β treatment in mouse-isolated chondrocytes. Onion peel extract significantly inhibited the 
overproduction of NO, MMP-13, NF-κB p65, IL-6, TNF-α, COX-2 and iNOS induced by IL-1β. These findings 
suggested that onion peel extract showed the best anti-inflammatory activity. Furthermore, our analysis revealed 
that, in contrast to the IL-1β induction, treatment with onion peel extract inhibited IL-1β-stimulated MMP-13 
production and collagen II degradation, and thus protecting chondrocytes from IL-1β-stimulated extracellular 
matrix (ECM) degradation. Due to its ability to stimulate the transcription of inflammatory mediators, the 
NF-κB pathway plays a significant role in inflammation82,83. Our results also showed that onion peel extract 
showed significantly inhibited IL-1β-stimulated NF-κB p65 production, even better than celecoxib. However, 
further research is needed to establish whether onion peel extract or its bioactive metabolites exerted in vivo 
anti-inflammatory effects via the NF-κB pathway (Fig. S21).

Further, we also evaluated the potential antibacterial activities of peel extracts. against highly virulent bacterial 
strains belonging to ESKAPE pathogens (the world’s leading cause of nosocomial infections)84. Previous studies 
reported the antibacterial activity of onion (Allium cepa) and garlic (Allium sativum), but little was reported 
about potato (Solanum tuberosum)85.

The antibacterial activity of the onion peels extract was superior to that of garlic and potato peels extracts in 
our study and that of other botanical extracts in previous studies39,86–88. The superiority of the antibacterial activ-
ity of the onion peels extract was demonstrated by lower minimum bactericidal activity and broad antibacterial 
spectrum activity against both Gram negative and Gram positive highly resistant bacterial strains.

The antibacterial activity from our screening revealed that onion peel extract exhibited promising activity 
against MRSA. We then extended these studies into a mouse model to explore the wound-healing potential of 
onion peel extracts. Many plants contain biologically active compounds, which were recently captured much 
more attention in the biomedical fields89,90. Onion peels are major source for various phytochemical compounds 
that possess potent anti-oxidant and anti-inflammatory properties91. In this context, we also aimed to investi-
gate its activity against LPS-induced inflammation in Hfb4 normal skin cells and further against in-vivo wound 
healing model. In addition, we compared the activity between the conventional free extract hydrogel and its 
nano-capsulated form in-vitro and in-vivo. Lipid nanocapsule (LNC) is a biomimetic lipid nanocarrier composed 
of a mixture of oil core coated with a shellconsisting of solid lipids and emulsifier15. In this study, the oil core is 
composed of labrafac that is medium-chain triglycerides with previously reported biocompatibility, penetration 
enhancement potential, and provides LNC bulkiness92,93. Kolliphor® HS 15 is a non-ionic surfactant composed 
of a mixture of PEG 660 and PEG 660 hydroxystearate that improve LNC stability and stealth features67,94.
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Moreover, the lipid surfactant Epikuron is phosphatidylcholine improves the LNC biocompatibility and 
shell rigidity67. Finally, sodium chloride is usually added during the fabrication of LNC to modulate the phase 
inversion temperature to suitable range94. The major drawback of most nanoparticles is the burst payload release 
that could compromise therapeutic efficiency and clinical application17. The incorporation of nanocarriers in 
other carrier as hydrogels or scaffolds could overcome this challenge18. Hydrogel is a semisolid preparation 
that showed superior potential in different biomedical applications as tissue regeneration, and sustained and 
local drug release19. In addition, hydrogel is a 3-D porous matrix with high water content and swelling degree20. 
Interestingly, the incorporation of lipid nanocarriers into the hydrogel is supposed to improve the mechanical 
properties of the hydrogel as well as prolong drug release21.

To ensure the safety of the used formulations, the cytotoxicity and cell viability of the free OPE and LNCOPE 
were examined against Hfb4 cells and revealed no cytotoxic effect with enhanced cellular viability compared 
to their extract-free blanks. Previous reports preceded us in reporting the non-cytotoxic effect of OPE against 
cultured fish liver cells95.

LPS is commonly used to induce inflammation and oxidative damage in various in-vitro and in-vivo models49. 
In our in-vitro experiments, the LPS control group showed elevated levels of IL-6, IL-1β, and MDA and low levels 
of GSH. IL-6 and IL-1β are common inflammatory cytokines, whereas MDA is a predictor of lipid peroxida-
tion and the GSH is a potent free radical scavenger and highly contributes to the anti-oxidant capacity of the 
cells96. The LPS can induce reactive oxygen species (ROS) and nitric oxide (NO); thereby, generating oxidative 
stress microenvironment. It can also stimulate the release of different inflammatory mediators as a result of the 
activated microphages, which also generate NO. Therefore, the inflammatory response and oxidative stress can 
be intercalated in the pathogenesis induced by LPS97. Tang et al.98 suggested that LPS can also induce inflamma-
tion and ROS through the activation of the mitogen-activated protein kinase (MAPK) signaling pathway and 
nuclear factor-kappa B (NF-κB). Our results are in line with others that demonstrated that the LPS generates an 
inflammatory response and oxidative stress49,98–100.

Treatment of the cells with free OPE and LNCOPE reversed the detected parameters in the LPS only group. 
This favorable effect could be attributed to the presence of polyphenolic compounds, which are valuable natural 
antioxidants and significant determinants of most natural extracts’ antioxidant capacity96. More specifically, 
quercetin is one of the major flavonols in the onion and, interestingly, is present in high amounts in the outer 
dry scales compared to the inner pulp. Flavonoids can inhibit cyclooxygenase enzymes that are responsible for 
the production of prostaglandins, which play a crucial role in initiating inflammation101. Furthermore, quercetin 
can downregulate the pro-inflammatory cytokines. Onion peel extract was also found to enrich the antioxidant 
defense enzymes; superoxide dismutase (SOD) and catalase (CAT)102. Our findings are in harmony with previous 
studies that reported the anti-inflammatory and anti-oxidant activity of onion peel extracts102–105.

Concerning the wound in-vivo model, it is well known that the skin represents a substantial part of the body’s 
defense mechanism. Accordingly, skin injuries disrupt the anatomical structure and the physiological functions 
of the skin and even may make it vulnerable to infections if not promptly and adequately healed. Therefore, 
repairing the injured skin is essential to restore its functions50. The wound healing process has four distinct stages; 
hemostasis, inflammation, proliferation, and remodeling/maturation. The hemostasis starts with vasoconstriction 
to limit the blood flow and is rapidly followed by the initiation of blood clotting cascade. In the inflammatory 
step, the neutrophiles and macrophages are recruited to the site of injury and the macrophage produce differ-
ent pro-inflammatory cytokines and chemokines including IL-1, IL-6, IL-27, and TNF-α106. Keratinocytes and 
fibroblasts mainly mediate the proliferation phase. Re-epithelialization and vascularization also take place in this 
stage. Precisely, fibroblasts form a new extracellular matrix (ECM) in which collagen III is predominant, leading 
to the formation of the granulation tissue and, ultimately, the scar. Then, the fibroblasts become myofibroblasts 
that express α-SMA, which contracts the borders of the wound107. Finally, collagen III is replaced by more 
strength and mature collagen I in the maturation phase. It is noteworthy that any disruption in these phases can 
lead to impaired wound healing and diseases or infections; thereby, an accelerated healing process is crucial108.

The untreated mice showed a normal pattern of the typical wound healing process and its characteristic 
features within the usual time required for a wound to heal ≈ 12 days. After treatment of the mice with onion 
peel extract hydrogels, the healing was accelerated compared to the untreated mice. The inflammatory phase 
was observed earlier at day 1 with mononuclear infiltration. It increased TNF-α, as indicated by the histopatho-
logical and immunohistochemical investigations, compared to the untreated group in which the inflammation 
was started at day 3. Concerning the proliferative phase, MT stain was used to provide clear morphological 
features required for the assessment of wound healing that could not be offered by H & E staining including 
collagen deposition, which stained bright blue color109. In the untreated group, considerable amount of collagen 
deposition was detected at day 9, which helped the formation of the granulation tissue, and simultaneously, the 
myofibroblasts expressed the α-SMA. These steps were earlier in the extracts-treated groups (at day 6) and the 
LNCOPE-treated group showed more dense collagen precipitation and more α-SMA compared to free OPE. These 
histopathological and immunohistochemistry analyses align with the wound contraction rate since the nano-
formulation showed the highest wound contraction followed by the free extract hydrogel.

On the other hand, activating protein-1 (AP-1) signaling pathway is involved in multiple cellular processes 
including, but not limited to, inflammatory response, cellular growth, differentiation, and apoptotic cascade. 
AP-1 consists of four basic protein family; Jun, Fos, ATF, and musculoaponeurotic fibrosarcoma (Maf)110. AP-1 
and its related proteins are expressed in different manner throughout the layers of the skin and it was found that 
they are involved in several skin-related processes such as keratinocytes differentiation, response to ultraviolet 
radiation, photo-aging, and even repairing of the skin injuries111. The underlying mechanism for the accelerated 
wound repair in onion peel extracts-treated groups could be the modulation of AP-1 signaling and further the 
inflammatory cytokines. The untreated group showed downregulated AP-1, which indicated by its components 
of ATF-2, c-Fos, Fra-2, and c-Jun. Treatment of the mice with the extracts has upregulated these genes, which 
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could enhance the wound healing inflammatory phase. Our results are in harmony with Ha  et al.112 who demon-
strated the beneficial role of AP-1 on human keratinocytes and with Lee et al.113 who reported that AP-1 signaling 
stimulates myofibroblast differentiation and production of ECM.

It is worth to mention that the nano-formulated hydrogel showed superior results relatively to the free extract 
and this could be ascribed to the advantages of LNC involving better biocompatibility, improved biodegradabil-
ity, small particle size (< 100 nm) that ease its entrance to the cells, physical stability, and high encapsulation 
efficiency16. LNC is a biomimetic lipid nanocarrier that is composed of a mixture of oil core coated with a shell 
composed of solid lipids and emulsifier15. In this study, the oil core is composed of labrafac that is medium-
chain triglycerides with previously reported biocompatibility, penetration enhancement potential and provides 
LNC bulkiness92,93. Kolliphor® HS 15 is a non-ionic surfactant composed of a mixture of PEG 660 and PEG 660 
hydroxystearate that improve LNC stability and stealth features67,94. Moreover, the lipid surfactant Epikuron is 
phosphatidylcholine improves the LNC biocompatibility and shell rigidity67. Finally, sodium chloride is usually 
added during the fabrication of LNC to modulate the phase inversion temperature to suitable range94. The major 
drawback of most of nanoparticles is the burst payload release that could compromise therapeutic efficiency and 
consequently clinical application17. The incorporation of nanocarriers in other carrier as hydrogels or scaffold 
could overcome this challenge18. Hydrogel is a semisolid preparation that showed superior potential in differ-
ent biomedical applications as tissue regeneration, sustained and local drug release19. In addition, hydrogel is 
a 3-D porous matrix that possess high water content and swelling degree20. Interestingly, the incorporation of 
lipid nanocarriers into the hydrogel is supposed to improve the mechanical properties of the hydrogel as well 
as prolong drug release21.

MS/MS-based molecular networking emerges as a promising technique to supplement compound annota-
tion based on the chemical similarity in MS/MS fragmentation patterns64. Thus, we performed further analysis 
using the Feature-Based Molecular Networking (FBMN) on the GNPS website (http://​gnps.​ucsd.​edu). UHPLC-
ESI-QTOF-MS/MS-Based molecular networking guided the tentative identification of 47 compounds. It was 
noticeable that the highest antioxidant capacity and total phenolics of onion peel extract reflect its richness as a 
source of antioxidant metabolites. This result perfectly aligns with the findings of LC/MS analysis, which have 
indicated that onion peel extract displayed the richest content of phenolic compounds. The most abundant bio-
active compound classes were phenolic acids, flavonoids and steroidal saponins. It has been reported that the 
daily intake of phenolics-rich food or food supplements is highly related to the prevention and management of 
several diseases. Phenolics were either detected at trace levels or not detected in other tested extracts. The role of 
computational chemistry in drug discovery has significantly increased nowadays114,115. Molecular docking as the 
most widely used technique proposes a new mechanism of action for a particular drug or describes the existing 
one. Briefly, this helps to save time, effort, and cost in the long journey of new drug development116,117. Molecular 
docking studies against p65 and ATF-2 targets showed that quercetin-3,4′-O-diglucoside, alliospiroside C, and 
alliospiroside D achieved the most promising binding scores and modes. This greatly recommends the expected 
inhibitory activities of the compounds mentioned above toward p65 and ATF-2 based on their binding affinities. 
Together, our findings suggest onion peel extract has potential therapeutic values useful for future evaluation 
for treating osteoarthritis and wounds.

Conclusion
Breakthroughs in natural products research have shifted the focus of drug discovery and development to bioactive 
metabolites derived from food and its by-products. This study aimed to determine the chemical composition of 
selected vegetable by-products (potato, onion, and garlic peels) using liquid chromatography-mass spectrom-
etry (LC–MS). Further, the antioxidant activity was evaluated using 2,2-diphenyl-1-picrylhydrazyl (DPPH) 
and ferric-reducing antioxidant power (FRAP) assays. The totals of flavonoid and phenolic compounds were 
also determined. We found that onion peel extract significantly reduced the production of pro-inflammatory 
cytokines, such as NO, TNF-α, and -IL-6. Moreover, OPE inhibited the expression of MMP-13, COX-2, and 
iNOS in mouse-isolated chondrocytes, protecting Against IL-1β-mediated ECM degradation. Interestingly, onion 
peels showed antioxidant capacity as well as the antimicrobial activity against Gram-positive and Gram-negative 
bacteria. The results also revealed the promising in vitro wound healing activity for onion peel extracts. Onion 
peel extract reversed LPS-induced pathogenesis in Hfb4 normal skin cells through its anti-inflammatory and anti-
oxidant effects. Furthermore, the nano-formulation revealed no cytotoxicity and enhanced the cellular viability. 
Moreover, the extracts accelerated the in vivo wound healing process mainly through activation of AP-1 signaling 
pathway. These findings suggest the potential applications of onion peel extract supported by further in-depth 
studies as natural pharmaceutical ingredients with antioxidant, anti-osteoarthritis, and wound healing activities.

Data availability
Thee data used to support the findings of this study are included within the article.
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