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ABSTRACT

The growing demand for minimally processed clean-label foods has intensified interest in natural antimicrobials as alterna-
tives to synthetic preservatives. However, very little is known about the antimicrobial potential of several wild edible plants
when incorporated into food matrices. This study evaluated the antimicrobial activity of nettle (Urtica dioica L.) leaf extract
and as a clean-label preservative for extending the shelf life of fresh mashed potatoes. The extract exhibited strong antioxi-
dant activity, with DPPH, ABTS, and FRAP values of 21.96 & 0.76 umol Trolox/mL, 17.51 +0.90 umol Trolox/mL, and 5.93 +0.65
Fe(II)/g, respectively. In vitro antimicrobial testing confirmed broad-spectrum activity, with minimum inhibitory and bacte-
ricidal concentrations indicating pronounced susceptibility of Gram-positive bacteria (Staphylococcus aureus, Bacillus cereus,
Listeria monocytogenes) and notable effects on Gram-negative pathogens (E. coli, Salmonella enterica serovar Typhimurium).
Cytotoxicity assessment using 1.929 fibroblast cells showed the extract was non-toxic at concentrations effective for antimicrobial
application. When incorporated into mashed potatoes at 0.5%-2.0% (w/v), nettle extract achieved preservative effects compara-
ble to 0.025% commercial nisin. Treated samples exhibited significantly delayed increases in total viable counts, psychrotrophs,
Enterobacteriaceae, B. cereus, S. aureus, P. aeruginosa, and spoilage fungi during storage at 4°C and 25°C. Electronic tongue
analysis differentiated treatment groups, revealing mild bitterness and astringency at increasing nettle leaf extract incorporation,
but these effects were less detrimental than spoilage-related off-flavors in untreated controls. Overall, nettle leaf extract provides
combined antimicrobial and antioxidant functionality, enhances microbial stability, and maintains acceptable sensory quality,
supporting its potential as a natural alternative to synthetic preservatives in ready-to-eat mashed potato products.

1 | Introduction

The growing demand for clean-label and sustainable food prod-
ucts has driven the food industry to seek alternatives to syn-
thetic preservatives. Natural plant extracts, rich in bioactive
compounds with antimicrobial and antioxidant properties, are
increasingly regarded as viable solutions for extending shelf life
while meeting consumer expectations for food safety (Karnwal
and Malik 2024; Mei et al. 2019; Zhao et al. 2022). These extracts
not only inhibit microbial growth and oxidative deterioration but

alsoalign with global trends toward environmentally responsible
and health-conscious food systems (Karnwal and Malik 2024;
Petcu et al. 2023). Among the diverse sources of plant-based bio-
actives, wild edible plants offer unique opportunities as natural
antimicrobials (Alirezalu et al. 2021; Arfa et al. 2023; Giilhan
and Yangilar 2024; Harrison et al. 2022).

Stinging nettle (Urtica dioica L.) has gained attention due
to its long history of culinary and medicinal use and its rich
composition of phenolic acids (e.g., caffeic, chlorogenic),
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flavonoids (e.g., kaempferol, quercetin), organic acids, and
other secondary metabolites (Kregiel et al. 2018; Mahmoudi
et al. 2014; Sahal et al. 2025; Zhang et al. 2023). For instance,
tincture, a nettle alcoholic extract, is becoming increasingly
popular mainly because they allow better availability of phy-
tochemicals and are stable over a longer period (Sic Zlabur
et al. 2022). In addition, previous studies have demonstrated
that these nettle extracts, prepared using solvents such as
hexane, ethyl acetate, ethanol, and water, exhibit inhibitory
effects against a wide range of microorganisms, including
Gram-positive and Gram-negative bacteria, yeasts, and fila-
mentous fungi (Ahmadi et al. 2014; Elez Garofuli¢ et al. 2021;
Mahmoudi et al. 2014; Modarresi-Chahardehi et al. 2012).
While the in vitro antimicrobial potential of nettle extract
is well-studied, its practical efficacy and sensory impact in
real food systems remain underexplored. These gaps are par-
ticularly critical for highly perishable foods such as mashed
potatoes, which are prone to rapid microbial spoilage, enzy-
matic degradation, and quality deterioration during storage
(CIP 2024; Doan and Davidson 2000; Yu et al. 2024).

Mashed potatoes are a culinary preparation made from cooked
potatoes that are crushed into a smooth or semi-smooth con-
sistency, usually with added ingredients such as milk and
herbs for flavor and texture. Their nutritional composition in-
cludes approximately 79% water content, 2.2g/100g protein,
1.5-2.2g/100g fat, and 13.9-14.6g/100g carbohydrate (Cao
et al. 2025). Just like other potato products, mashed potatoes,
whether freshly prepared or reconstituted from dehydrated
flakes, are highly perishable (shelf-life ca. 7days), owing to this
high moisture content, rich nutrient profile, neutral to slightly
alkaline pH, that favor the growth of spoilage organisms and op-
portunistic pathogens including Bacillus cereus, Pseudomonas
spp., Listeria monocytogenes, and Enterobacteriaceae (do
Nascimento et al. 2020; Thomas et al. 2002; Xu et al. 2023). As
a result, refrigerated potato and mashed potato products often
exhibit limited shelf life unless preservatives or antimicro-
bial processing hurdles are applied (Thomas et al. 2002; Zhao
et al. 2022). Given rising consumer concerns about synthetic ad-
ditives, natural plant-based antimicrobials such as nettle extract
offer a promising alternative for extending shelf life while main-
taining clean-label status.

Therefore, this study aims to address this gap by evaluating
the antimicrobial activity of nettle leaf extract and assessing
its potential in enhancing the microbial stability and quality of
mashed potatoes under realistic storage conditions. In light of
the strong bioactive profile of U. dioica and the clear need for
natural preservation strategies in ready-to-eat starchy foods,
there is scientific and industrial value in systematically evaluat-
ing the antimicrobial, antioxidant, and sensory effects of nettle
leaf extracts in mashed potato products.

2 | Materials and Methods
2.1 | Materials
Fresh leaves of Urtica dioica L. were obtained from a vegeta-

ble farm in Dockside, Chatham, United Kingdom, identified by
their morphological characteristics (Tanyitiku et al. 2024). The

leaves were washed thoroughly under running deionized water,
drained and freeze-dried at —50°C, 0.1 mbar, 48 h using a FT33
MK11 vacuum freeze dryer (Armfield, United Kingdom) for
48h. It was ground to a fine powder using a Thermomix TM6
(Vorwerk, Wuppertal, Germany), passed through a <250pum
UWL 400T sieve shaker (Haver & Boecker, VWR International,
United Kingdom) and then stored in airtight polyethylene bags
during analysis. Maris Piper fresh potatoes were purchased from
a local supermarket (Sainsbury’s, Chatham, United Kingdom).
Unless stated, chemicals and reagents were obtained from
Merck Life Science (Sigma-Aldrich brand, Gillingham, United
Kingdom) and were of analytical grade. All culture media were
obtained from Oxoid Ltd., Basingstoke, Hampshire, United
Kingdom.

2.2 | Nettle Leaf Extraction

Nettle leaf extract (NLE) was prepared following a combined
ultrasonication-maceration procedure (Sic Zlabur et al. 2022).
Here, 1g of dried nettle leaf powder was mixed with 10 mL of
deionized water in a sterile glass tube. The mixture was first
subjected to ultrasonic treatment in a digital ultrasonic bath
(Shenzhen Co. Ltd., Hong Kong, China) at 65°C for 30 min
to enhance cell wall disruption and promote compound re-
lease. After sonication, the suspension was transferred to
an Eppendorf Thermomixer Comfort (Hamburg, Germany)
and macerated at 350rpm and 25°C for 4h. The extract was
then centrifuged (Heraeus Megafuge 8 centrifuge, Thermo
Scientific, United Kingdom) at 4000x g for 10 min, and the
supernatant was collected, filtered (0.45um), and stored at
4°C until further use. Notably, water was selected as the ex-
traction solvent because aqueous extracts of fresh nettle leaves
and roots were found to contain significantly higher total
polyphenol contents with stronger antimicrobial activity than
ethanolic extracts across multiple leaf harvest periods (Florez
et al. 2022; K@szegi et al. 2019, 2023). Extracts were stored at
—20°C until use.

The extraction yield of NLE was estimated according to Lohvina
et al. (2022). In brief, a prepared filtrate was evaporated in a ro-
tary evaporator at 50°C until a thick extract was obtained. The
thick extract was then dried at 50°C for 24h in an incubator
(Gallenkamp, United Kingdom) and was then weighed. The ex-
tract yield was calculated as percent of initial weight to the dry
weight and expressed as a percentage.

2.3 | Preparation of Mashed Potato Samples

Freshly purchased potatoes were peeled, cut into 2-3cm
cubes, and boiled in deionized water for 10min until fully
cooked (fork penetrated without resistance). The cooked
potatoes were then drained thoroughly, mashed manually
using a sterile potato masher, and cooled to 25°C. Five treat-
ments were then prepared: CO (negative control): no pre-
servative, C1 (positive control): 0.025% w/v (250 ppm) nisin
from Lactococcus lactis (potency >9001U/mg), a bacteriocin
widely used in the food industry, N1 to N3 (nettle leaf extract
incorporated mashed potatoes) where N1: 0.5% (w/v) nettle
leaf extract, N2: 1.0% (w/v) nettle leaf extract, and N3: 2.0%
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(w/v) nettle leaf extract. Nisin was selected as a control pre-
servative as it was affirmed as Generally Recognized as Safe
(GRAS) for use as an antimicrobial agent, for instance at max-
imum level of 12mg/kg in unripen cheese and 25mg/kg in
heat-treated meat products (FDA 1988; Younes et al. 2017). In
addition, nisin-incorporated mashed potatoes at a concentra-
tion of 6.25 mg/g were reported to extend the product shelf life
by at least 58 days compared to untreated controls (Thomas
et al. 2002).

To understand the effects of NLE-incorporated mashed pota-
toes during storage, portions (50g) of freshly prepared mashed
potatoes were aseptically transferred into sterile Simax glass
bottles (100mL capacity) and thoroughly mixed with each
prepared treatment. Individual bottles were prepared for each
sampling time point (0, 2, 4, 7, 10, and 14 days) to prevent cross-
contamination. Samples were stored under two conditions:
refrigerated (4°C+1°C) and ambient (25°C+1°C). At each in-
terval, one complete bottle per treatment was withdrawn for
analyses.

2.4 | Phytochemical Analysis of NLE
2.4.1 | Total Phenolic Content

The total phenolic content of nettle extracts was quantified
using the Folin-Ciocalteu colorimetric method according to
Lohvina et al. (2022). Briefly, 0.2mL of the extract was mixed
with 1.6 mL of deionized water, 0.3mL of 20% (w/w) Na,CO,
and 0.1 mL of Folin-Ciocalteu reagent. It was kept in the dark
under ambient conditions for 1h to complete the reaction and
was then diluted to 4 mL using distilled water. The absorbance
was measured at 750nm using a UV-VIS spectrophotome-
ter (Jenway, Cole Palmer, United Kingdom). The calibration
curve was established using gallic acid at concentrations of
0.01-0.1 mg/mL and the results of total phenolic content were
expressed as mg of gallic acid equivalents per gram of extract
(mg GAE/g extract).

2.4.2 | Total Flavonoid Content

Total flavonoid content was determined using the aluminium
chloride colorimetric assay (Fattahi et al. 2014). In this proce-
dure, aliquots of NLE were mixed with aluminium chloride
solution, potassium acetate, and distilled water and incubated
for 30min at room temperature. The formation of a yellow-
colored complex was quantified spectrophotometrically at
415nm. Quercetin was used to generate a standard calibration
curve, and results were expressed as milligrams of quercetin
equivalents (mg QE) per gram of extract.

2.4.3 | DPPH Radical Scavenging Activity

The antioxidant capacity was assessed using the DPPH
(2,2-diphenyl-1-picrylhydrazyl) radical scavenging assay
(Gaber et al. 2023). Briefly, 0.2 mL of NLE was added to 2.8 mL
of 0.1mM DPPH solution in methanol solution, vortexed,
and incubated in the dark at room temperature for 30 min.

Absorbance was recorded at 517nm, and the results were
expressed as umol Trolox Equivalent Antioxidant Capacity
(TEAC) per mL.

2.4.4 | ABTS Radical Cation Scavenging Activity

The ABTS assay was carried out as described by Gaber
et al. (2023). ABTS radical cation was dissolved at 7mM in
2.45mM potassium persulfate and allowed to stand in the dark
for 16 h at 4°C to prepare the ABTS radical reagent solution.
The resulting solution was diluted with 50mM PBS (pH 7.4)
to ensure an absorbance of 0.70 (+0.02) at 734 nm detected in
a UV-vis spectrophotometer (Cary 60, Agilent Technologies,
Santa Clara, CA, USA). Then 10 uL of each sample (at a final
concentration of 1.0 mg/mL) was mixed with 990 1L of ABTS
radical reagent solution; after 6 min incubation at room tem-
perature and in the dark, the absorbance at 734 nm was read.
Ascorbic acid (4 mM) was used as a positive control and PBS as
a negative control. ABTS radical scavenging activity was ex-
pressed as TEAC (umol Trolox/mL) of NLE against the stan-
dard curve (0.05-2mM).

2.4.5 | Ferric Reducing Antioxidant Power (FRAP)

The ferric-reducing activity of NLE was carried out as described
by Thaipong et al. (2006). Here, 140 uL of each sample (at a final
concentration of 2.27 mg/mL) was mixed with 140 uL of 200 mM
PBS (pH6.6) and 140uL of potassium hexacyanoferrate (IIT)
(10mg/mL). The mixture was incubated at 50°C for 20min,
then the reaction was stopped by adding 200 uL of trichloroace-
tic acid (100mg/mL) and then centrifuged at 2000g for 10 min.
400 uL of supernatant was mixed with 400 uL of double distilled
water and 80 uL of ferric chloride (1 mg/mL). This mixture was
incubated in the dark for 10min, and the absorbance was mea-
sured at 700nm. BHT (20 mg/mL) was used as a positive control.
Ferric reducing antioxidant power was expressed as umol TEAC
per mL of NLE.

2.5 | InVitro Cytotoxicity of NLE

Cell viability and proliferation were evaluated using the
CyQUANT MTT Cell Proliferation Assay Kit (Thermo Fisher
Scientific, Catalog No. V13154) following the manufacturer's
protocol. Briefly, 1L929 mouse fibroblasts (ATCC CCL-1) were
maintained in Dulbecco's Modified Eagle Medium (DMEM,
high glucose) supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin at 37°C in a humidified 5% CO, atmo-
sphere. Cells were seeded at 8 x 103 cells/well in 96-well plates
and allowed to attach for 48 h. Nettle extract stocks (10 mg/mL)
were prepared in 70% ethanol, sterile-filtered and diluted in
culture medium to final test concentrations of 25, 50, 100, 200,
400 and 800ug/mL, ensuring the final solvent concentration
did not exceed 1% v/v. Vehicle controls received medium con-
taining the same solvent concentration. After incubation, 10uL
of a 12mM MTT stock solution was added into each well. The
negative control consisted of 10 4L of the MTT stock solution in
100 uL of the medium alone. The plates were incubated at 37°C
for 3h. Subsequently, the content in the wells was reduced to
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25 uL of medium and 50 uL of DMSO to each well, then pipetted
up and down thoroughly to mix. It was then incubated at 37°C
for 10min, thoroughly mixed by pipetting and absorbance was
measured at 570 nm (Multiskan microplate photometer, Thermo
Scientific, United Kingdom). Percent viability was calculated
relative to vehicle controls.

In addition, the concentration-response data were fitted to a
four-parameter logistic nonlinear regression model according to
Equation (1).

(Top — Bottom)

Y = Bottom +
1- (L )AHiIISlope

@®

1C50

where Y represents cell viability (%), C is the extract concentra-
tion (ug/mL), Top and Bottom are the asymptotic maximum and
minimum responses, respectively, and HillSlope describes the
steepness of the curve. The IC,, value, defined as the concentra-
tion required to reduce cell viability by 50%, was calculated from
the fitted model.

2.6 | Antimicrobial Activity of NLE

The antimicrobial activity of NLE was assessed using the agar
well diffusion method, according to CLSI guidelines. Six se-
lected foodborne pathogens and spoilage organisms were used
including Staphylococcus aureus NCTC 8532, Listeria monocy-
togenes NCTC 10357, Escherichia coli NCTC 9001, Salmonella
enterica serovar Typhimurium NCTC 74, Bacillus cereus
NCTC 2599, and Pseudomonas aeruginosa ATCC 9027. Strains
were maintained at —80°C in glycerol stocks and sub-cultured
twice on tryptic soy agar (TSA) prior to experiments. Bacterial
strains were grown overnight in Mueller-Hinton broth (MHB)
at 37°C and adjusted to approximately 10° CFU/mL.

Sterile Mueller-Hinton agar (MHA) plates were inoculated by
lawn plating: 100 L of the standardized bacterial suspension
was spread evenly across the agar surface using a sterile swab
and allowed to dry for 5min. Sterile wells (~6 mm) were asep-
tically formed using sterile blue 1 mL pipette tips. Two drops of
molten MHA were added to the base of the wells and allowed
to dry for another 5min. Subsequently, 100 uL of NLE solution
(50 and 100mg/mL) were added into the wells and allowed for
another 10min. Ciprofloxacin disc (CIP 5ug) was included on
each plate as a positive control to verify assay performance, and
100 uL sterile deionized water served as a negative control. Plates
were incubated at 37°C for 24h. After incubation, inhibition
zone diameters (including the well diameter) were measured in
millimeters using a digital caliper. Mean zone diameters + stan-
dard deviation (n=3) were obtained and interpreted by com-
parison of extract-induced zones with the Ciprofloxacin 5ug as
positive control and water (negative) control. CLSI interpretive
breakpoints (CLSI 2020) were consulted for the positive control
antibiotic.

The minimum inhibitory concentration (MIC) was determined
using the Microbial Viability Assay Kit (Dojindo Molecular
Technologies, Kumamoto, Japan), according to manufacturer
instructions and as slightly modified by Kramer et al. (2015).

Here, two-fold serial dilutions of NLE were prepared in ster-
ile deionized water to yield final concentrations ranging
from 0.125 to 64 mg/mL. Bacterial concentrations of approx.
10°CFU/mL were adjusted in twofold concentrated Mueller-
Hinton broth, and 100puL of the test media containing the
bacteria was combined in 100 uL of the appropriate dilution
of the nettle extract in Greiner Bio-One F-Bottom Clear 96-
well microplates (VWR International, United Kingdom). The
negative control was sterile deionized water, and sterile MHB
served as a blank. After incubation at 37°C for 18 h, 10 uL of
the coloring reagent was added; 1:10 (Gram-negative bacteria:
E. coli, S. typhimurium, P. aeruginosa) or 1:30 (Gram-positive
bacteria: S. aureus, L. monocytogenes, B. cereus), and then in-
cubated at 37°C for another 2h. The absorbance was read at
450nm using a Multiskan FC Type 357 Microplate Photometer
(Thermo Scientific, China). Notably, the coloring reagent is a
mixture of 9 parts of WST solution and 1 part of the electron
mediator reagent, prepared according to the manufacturer's
instructions.

To confirm bactericidal activity, 10 uL aliquots were aseptically
taken from wells showing no visible growth in the MIC assay
and spread-plated onto Mueller-Hinton agar. The plates were
incubated at 37°C for 24h. The MBC was defined as the lowest
concentration of nettle extract resulting in no microbial colony
growth on agar, indicating >99.9% microbial killing.

2.7 | Selectivity Index

The selectivity index (SI) was used to assess the safety margin
of NLE by comparing its cytotoxicity toward mammalian cells
with its antimicrobial activity. SI was estimated as described by
Famuyide et al. (2019), as the ratio between the extract concen-
tration that caused a 50% reduction in cell viability (IC,) and
the minimum inhibitory concentration (MIC) against each tar-
get microorganism (Equation 2).

SI= 1C50 ( mammalian cells)
h MIC (Bacteria)

@

where IC, is the concentration of nettle leaf extract causing
50% inhibition of 1929 fibroblast cell viability, and MIC is the
minimum inhibitory concentration against each bacterial strain
determined in the antimicrobial assays.

2.8 | Shelf-Life Stability Assay
of NLE-Incorporated Mashed Potatoes

2.8.1 | Moisture, pH and Water Activity

Moisture was determined directly using a CEM Smart 6 mois-
ture analyzer (CEM Corp., Matthews, NC, USA) according to
the AOAC 2008.06 official method (Leffler et al. 2008). For
pH and water activity, samples were prepared according to
Lauridsen and Knechel (2003). Here, 10 g of each mashed potato
sample was mixed with 10g of sterile distilled water in a stom-
acher for 60s. The pH of mashed potato samples was measured
using a calibrated pH meter (Model 3510, Jenway, Stone, United
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Kingdom), with the electrode directly inserted into the homog-
enized samples at room temperature (25°C). Water activity (a,,)
was determined using the AQUALAB 4TE water activity meter
(Pullman, USA).

2.8.2 | Microbiological Analysis

Mashed potato samples were analyzed for total aerobic bacte-
ria, psychotropic (cold-tolerant) bacteria, Enterobacteriaceae,
Staphylococcus aureus, Pseudomonas aeruginosa, Bacillus
spp., yeast and molds. Here, 10g of each sample was asepti-
cally homogenized with 90mL of sterile Buffered Peptone
Water using a Stomacher (Seward, Worthing, United
Kingdom). Serial ten-fold dilutions were prepared to 107°
and plated on various agar media as follows. Total viable and
psychotropic bacteria were enumerated on Plate Count Agar
after incubation at 30°C for 48 h and 7°C +1°C for 10days re-
spectively. Enterobacteriaceae were enumerated on Violet Red
Bile Glucose agar, incubated at 37°C for 24h. Randomly se-
lected colonies were then biochemically identified using API
20 strips. Staphylococcus aureus and Pseudomonas aeruginosa
were enumerated on Baird-Parker agar (including egg yolk
tellurite) and cetrimide agar, respectively, after incubation at
37°C for 24 h. For heat-tolerant Bacillus spores, the serial di-
luents were initially subjected to heat treatment at 80°C for
10 min in a water bath, pour-plated onto PCA and incubated
at 30°C for 48 h, allowing surviving spores to germinate and
form colonies. Colonies displaying typical Bacillus morphol-
ogy—large, dry, irregular, and opaque—were enumerated.
Finally, yeasts and molds were enumerated using Dichloran
Rose Bengal Chloramphenicol agar after incubation at 25°C
for 5days. Colony morphology was used to differentiate yeasts
(typically smooth, moist colonies) from filamentous molds
(fuzzy colonies).

2.8.3 | Instrumental Taste Evaluation

The evolution of taste attributes in treated mashed potato
samples was assessed using an electronic tongue (TS-5000Z,
Intelligent Sensor Technology Inc., Kanagawa, Japan) at Day
0, 4, and 7 of the shelf-life model experiments. Our choice of
these sampling points was based on established spoilage ki-
netics of mashed potato products that reported these shelf-life
ranges (Doan and Davidson 2000; Thomas et al. 2002). Here,
approximately 20g of each sample was homogenized with
40mL of deionized water using a Thermomix TM6 (Vorwerk,
Wuppertal, Germany) for 2min at 25°C to obtain a uniform
slurry. The homogenate was centrifuged at 4000 X g for 15 min,
and the clear supernatant was collected for analysis. The su-
pernatants were placed in sample trays and loaded into the e-
tongue equipped with cross-selective lipid membrane sensors
designed to mimic human taste perception. We quantified
taste attributes including sweetness, saltiness, sourness, bit-
terness, umami, and overall taste intensity. Prior to analysis,
the e-tongue system was calibrated with standard taste solu-
tions to ensure accurate discrimination of each taste modality.
Between measurements, the sensors were rinsed with especial
washing solution and standard solutions and reconditioned in
reference solution to prevent carryover effects.

2.9 | Statistical Analysis

All analyses were carried out in triplicate for each treatment
group and sampling interval. Data were analyzed using IBM
SPSS Statistics using IBM SPSS v.31.0.0.0 (117) (IBM Corp.,
Armonk, NY, USA). The results are reported as mean + stan-
dard deviation. One-way analysis of variance (ANOVA) was
performed to evaluate the effect of flour substitution levels
on all measured parameters. When ANOVA indicated sig-
nificant differences (p<0.05), Tukey's Honestly Significant
Difference (HSD) test was applied for pairwise comparisons
among means.

3 | Results and Discussion

3.1 | Extraction Yield and Phytochemical Content
of NLE

The extraction yield of NLE was 49.20% + 1.78% (Table 1), indi-
cating that nearly half of the dry plant material was recoverable
as crude extract. Flérez et al. (2022) reported a higher extraction
yield, ranging between 21.84% and 91.83%, when water was
used as a solvent. In contrast, Zekovi¢ et al. (2017) and Fayza
et al. (2025) reported lower yields of 3.66%, 1.50%, 8.75%, and
28.6%, respectively, when 96% ethanol, ethyl acetate, and pure
methanol were used as extraction solvents. These variations in
nettle leaf extraction yields were attributed to differences in the
plant's harvesting season, maturity, and drying methods, which
influence the concentration of polyphenols and other second-
ary metabolites (Fayza et al. 2025; Flérez et al. 2022; Ghaima
et al. 2013). In this study, the obtained yield represents a typ-
ical range for polar solvent extractions of leafy plant matrices
(Lohvina et al. 2022).

NLE contained total phenolic content of 81.62+4.32mg
GAE/g and a total flavonoid content of 32.74 +0.98 mg quer-
cetin equivalents (QE)/g extract (Table 1). These values are
consistent with previous reports (Adhikari et al. 2016; Florez
et al. 2022; Sawalha et al. 2025) but lower than those re-
ported by Elez Garofuli¢ et al. (2021); TPC ranged between
359.51+14.58 and 2368.89 +£30.11 mg GAE/100g. Correlating
with previous studies (Elez Garofuli¢ et al. 2021; Sahal et al.
2025; Zhang et al. 2023), the results indicated a rich profile in
phenolics and flavonoids, particularly caffeic acid derivatives,
flavonol glycosides, and quercetin, which could contribute to
the strong antimicrobial potential of NLE (Zhang et al. 2023;
Yang et al. 2025).

Furthermore, the antioxidant activity, as assessed by rad-
ical scavenging assays, were 21.96+0.76 umol Trolox/mL
for DPPH, 17.51+0.90 umol Trolox/mL for ABTS and 5.93
Fe(IT)/g dry weight for FRAP (Table 1). The IC,, for DPPH was
63.65+0.45ug/mL and 38.99+0.62ug/mL for ABTS, con-
firming a moderated to high antioxidant capacity to neutral-
ize free radicals. Similar results have been reported for nettle
leaves (Florez et al. 2022), pomegranate and guava leaf (Gaber
et al. 2023) and Spirulina platensis (Shalaby and Shanab 2013)
extracts. NLE antioxidant efficacy can be attributed to the
synergistic action of multiple polyphenols, which are known
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Extraction yield, TPC, TFC, and antioxidant capacity (ABTS, DPPH, and FRAP) of nettle leaf extract.

TABLE 1

FRAP

ABTS

DPPH

TEAC (pmol

TEAC (nmol

Total flavonoid
content (mg QE/g)

Total phenolic content

Fe(1)/g
5.93+0.65

Trolox/mL) IC,, (ng/mL)
38.99+0.62

IC,, (ng/mL)

Trolox/mL)

(mg GAE/g)

Extraction yield (%)

63.65+0.45 17.51£0.90

21.96£0.76

32.74+0.98

81.62+£4.32

49.20+£1.78

Note: Results are expressed as mean +standard deviation.
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FIGURE 1 | Effect of NLE on L929 mouse fibroblast cells (ATCC
CCL-1).

to donate hydrogen atoms and stabilize reactive oxygen spe-
cies (Gonelimali et al. 2018; Singh et al. 2012). These anti-
oxidant properties can contribute to the stabilization of food
matrices by delaying oxidative processes during storage as
well as confer potential health benefits in humans (Sahal et al.
2025; Zhang et al. 2023).

3.2 | InVitro Cytotoxicity of NLE

The effect of NLE on L1929 fibroblast cells is presented in
Figure 1. Across the tested concentrations (25-800ug/mL),
NLE exhibited low cytotoxicity, with cell viability remaining
85% at concentrations <200ug/milk A dose-dependent de-
cline in viability became evident at >400ug/mL, and a more
pronounced reduction was observed at 800 ug/mL, where via-
bility decreased to approximately 57.68%. The viability pattern
observed here aligns with studies evaluating other culinary
herbs used as natural preservatives, which typically maintain
fibroblast viability above 75% at concentrations relevant to food
systems (de Lima Pena et al. 2025). Also, nonlinear regression
identified an estimated IC, of 635.89 ug/mL. These findings
are consistent with previous reports showing that U. dioica
leaf extracts demonstrate high biocompatibility and low toxic-
ity toward normal mammalian cells (Giil et al. 2012; Wojciak
et al. 2024). For instance, D'Abrosca et al. (2019) reported that
U. dioica L. decreased the proliferation of non-small cell lung
cancer H460, H1299, A549 and H322 cell lines in a time and
dose-dependent manner but showed no toxic effects on nor-
mal lung cells. Wojciak et al. (2024) demonstrated that con-
centration ranges of 25-200ug/mL of both ethanol extract
and polyphenolic fraction of U. dioica had no negative impact
on the viability and metabolism of normal colon epithelial
cells after 24h of incubation. This low cytotoxicity has been
attributed to the extract's antioxidant phenolics, flavonoids,
vitamins, and trace minerals, which may protect cells rather
than damage them (Florez et al. 2022; K&szegi et al. 2019;
Xie et al. 2022). According to the National Cancer Institute
(NCI) guidelines for crude plant extracts: IC,; <20 ug/mL in-
dicates highly cytotoxic/very potent, 20-100 ug/mL, moderate
cytotoxicity and >100ug/mL, weak or negligible cytotoxic-
ity (Canga et al. 2022). Thus, indicating that NLE possesses
low mammalian cytotoxicity within the concentration range,
a promising attribute in food applications (Elez Garofuli¢
et al. 2021; Wojciak et al. 2024; Zhang et al. 2023).
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FIGURE2 | Agarwell diffusion of selected foodborne pathogens: 1: Staphylococcus aureus NCTC 8532, 2: Pseudomonas aeruginosa ATCC 9027, 3:
Escherichia coli NCTC 9001, 4: Listeria monocytogenes NCTC 10357, 5: Bacillus cereus NCTC 2599, and 6: Salmonella enterica serovar Typhimurium
NCTC 74. NLE: Nettle leaf extract, —: Negative control (deionized water), +: Positive control (Ciprofloxacin 5ug).

3.3 | Antimicrobial Effect of NLE

NLE demonstrated measurable inhibitory activity against all
six tested foodborne pathogens (Figure 2). Its mean inhibition
zones ranged from 2+0.71 (P. aeruginosa) to 32+0.45mm
(B. cereus) at 100mg/mL of NLE (Table 2), indicating broad-
spectrum antimicrobial potential. Also, MIC and MBC ranged
between 10.01-89.38 and 11.21-52.50pg/mL respectively.

Rahmani et al. (2024) reported similar MIC and MBC values
ranging between 11.25-95mg./mL and 11.25-190pg/mL re-
spectively. While all pathogens were inhibited, susceptibility
differed markedly; Gram-positive bacteria (B. cereus, S. aureus
and L. monocytogenes) displayed the highest sensitivity, Gram
negative (E. coli and S. typhimurium) exhibited moderate sen-
sitivity, reflecting the protective role of the Gram-negative
outer membrane, which can limit penetration of hydrophobic
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phenolic compounds (Harrison et al. 2022; Zendo et al. 2017).
The smallest zones (2mm) were observed for P. aeruginosa, a
microorganism inherently resistant to many plant extracts due
to efflux pumps, biofilm-forming capacity, and membrane-
level resistance mechanism (Lemoni et al. 2025; Oulahal and
Degraeve 2022). These results agree with earlier reports (Elez
Garofuli¢ et al. 2021; Ghaima et al. 2013; Giilgin et al. 2004;
Oulahal and Degraeve 2022) that nettle extracts exert strong
antimicrobial effects against Gram-positive organisms through
disruption of membrane permeability and interference with cel-
lular energy pathways.

In contrast to low toxicity toward mammalian cells (Figure 1),
NLE showed clear antimicrobial activity against S. aureus, L.
monocytogenes, E. coli, S. typhimurium, B. cereus, and P. aerugi-
nosa in line with previous studies (Harrison et al. 2022; Kukric
et al. 2012; Zendo et al. 2017). Plant extracts with high phenolic
content often exhibit this dual characteristic, where microbial
membranes are more susceptible to disruption than mamma-
lian cells (de Lima Pena et al. 2025; Elez Garofuli¢ et al. 2021).
NLE exhibited antimicrobial activity primarily due to its phe-
nolic compounds, flavonoids, and other phytochemicals (Elez
Garofuli¢ et al. 2021; Harrison et al. 2022; Sahal et al. 2025).
Phenolics such as caffeic acid, chlorogenic acid, and querce-
tin derivatives, commonly found in nettle, exert antimicrobial
activity by increasing membrane permeability, inducing ox-
idative stress, and interfering with microbial energy systems
(Elez Garofuli¢ et al. 2021; Oulahal and Degraeve 2022; Sahal
et al. 2025), mechanisms that are generally less harmful to eu-
karyotic cells due to their robust antioxidant and repair path-
ways. Their broad antimicrobial effect suggests potential use
as a natural preservative to extend the shelf-life of food prod-
ucts (Alirezalu et al. 2021; Tanyitiku et al. 2024). For instance,
ready-to-eat potato products are highly susceptible to micro-
bial spoilage due to their high moisture, moderate pH, and
rich carbohydrate content, which support growth of Bacillus,
Pseudomonas, and Enterobacteriaceae under chilled condi-
tions (Doan and Davidson 2000; Lauridsen and Knachel 2003;
Thomas et al. 2002). As such, incorporating nettle extract into

TABLE 2 | Inhibition zone, MIC and MBC of NLE.

the mashed potato matrix could therefore delay microbial pro-
liferation, particularly for Gram-positive pathogens commonly
associated with cooked starchy foods.

3.4 | Selectivity Index

The selectivity index (SI) provides a critical indicator of the
balance between antimicrobial efficacy and mammalian cell
safety and is increasingly used to evaluate plant-derived anti-
microbials for food applications (Famuyide et al. 2019). In the
present study, NLE showed high SI values against all tested
foodborne and spoilage microorganisms, ranging from 7.11 to
63.54 (Table 3). The strongest selectivity was observed against
L. monocytogenes (SI=53.36) and P. aeruginosa (SI=63.54), two
organisms that play a major role in the spoilage and safety of re-
frigerated mashed potatoes (Doan and Davidson 2000; Thomas
and Masters 1988). This high selectivity explains the pronounced
reduction in psychrotrophic counts observed in NLE-treated
samples during cold storage (Figure 6). The susceptibility of L.
monocytogenes to NLE is consistent with the known vulnera-
bility of Gram-positive bacteria to phenolic acids and flavonoids
that disrupt cytoplasmic membrane integrity and inhibit energy
metabolism (Famuyide et al. 2019; Gonelimali et al. 2018).

High SI values were also observed for E. coli (36.63) and
Salmonella Typhimurium (20.55), supporting the significant
suppression of Enterobacteriaceae in treated mashed potatoes
(Figure 7). Although Gram-negative bacteria possess an outer
membrane that typically limits penetration of phytochemicals
(De Rossi et al. 2025; Oulahal and Degraeve 2022), polyphenols
present in nettle leaves (e.g., quercetin, caffeic acid, chlorogenic
acid) are known to interfere with efflux pumps, metal homeo-
stasis, and oxidative stress regulation, enhancing antimicro-
bial action (Giilgin et al. 2004; Sahal et al. 2025). Comparably,
Bacillus cereus exhibited the lowest SI value (7.11), consistent
with the well-documented resilience of spore-forming bacteria.
Nonetheless, this value is still considered acceptable for food-
preservation applications, particularly when used in conjunction

Inhibition zone (imm)

Organisms tested NLE (50mg/mL) NLE (100mg/mL) Ciprofloxacin (5png.) MIC (ug/mL) MBC (ng/mL)
S. aureus 12£0.25 25+0.98 14+0.60 62.28 42.10

L. monocytogenes 10+0.44 17+0.66 13+0.21 11.92 20.33

E. coli 13.46+0.88 18+0.60 14+0.04 17.36 11.21

S. enterica serovar 16+0.54 20+0.31 15+0.28 30.95 14.56
Typhimurium

B. cereus 15+0.64 32+0.45 14+0.69 89.38 52.50

P. aeruginosa 0.4+0.06 2+0.71 13+0.88 10.01 13.18

TABLE 3 | Selectivity index (SI) of NLE against selected foodborne pathogens.

Organisms S. aureus L. monocytogenes E.coli S.entericaserovar Typhimurium B. cereus P. aeruginosa
SI 10.21 53.36 36.63 20.55 7.11 63.54
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FIGURE 3 | Moisture variation at (a) 25°C and (b) 4°C in mashed potato samples. CO (negative control): No preservative, C1 (positive control):
0.025% (w/v) nisin, N1: 0.5% (w/v) nettle leaf extract, N2: 1.0% (w/v) nettle leaf extract, and N3: 2.0% (w/v) nettle leaf extract.

with refrigeration or other hurdle technologies (Karnwal and
Malik 2024; Lemoni et al. 2025). The reduction of B. cereus
counts in treated mashed potatoes (Figure 8) is therefore consis-
tent with the extract's moderate but effective selectivity against
this pathogen. With this, the SI findings provide mechanistic
support for the observed shelf-life extension of mashed potatoes
treated with NLE, demonstrating that antimicrobial effects oc-
curred at concentrations well below those causing cytotoxicity.

3.5 | Shelf-Life Stability of NLE-Incorporated
Mashed Potatoes

3.5.1 | Changes in Moisture, pH and Water Activity
During Storage

Monitoring moisture content, pH, and water activity is critical
for determining the shelf-life and safety of mashed potatoes, as
these parameters collectively influence microbial growth, en-
zymatic activity, and physicochemical stability during storage.
High moisture levels create a favorable environment for spoilage
microorganisms and accelerate chemical reactions, while pH af-
fects the growth potential of bacteria, yeasts, and molds, with
lower pH generally inhibiting pathogenic species. Water activity
(a,,), which reflects the availability of free water for microbial

metabolism, is a key predictor of microbial proliferation and ox-
idative changes.

In the current study, mashed potato samples storage at both 4°C
and 25°C exhibited a gradual increase in moisture content and
water activity (a,) from Day 0 to Day 14, regardless of nettle ex-
tract incorporation (Figures 3 and 4). Regarding moisture, the
mashed potatoes exhibited high moisture content from Day 0
(>68%), consistent with the intrinsic water-rich nature (typi-
cally between 75% and 80%) of cooked potatoes (do Nascimento
et al. 2020). Water activity (a,) values remained high (0.89-0.99)
across all treatments and storage conditions, reflecting the
moist, starch-rich nature of mashed potatoes. This behavior is
consistent with previous reports on cooked starch-based foods,
where post-processing structural relaxation of gelatinised starch
granules and partial breakdown of the potato cell matrix pro-
mote water migration and redistribution within the product (do
Nascimento et al. 2020). As storage progressed, starch retrogra-
dation and weakening of the gel network can release previously
bound water, resulting in increased measurable moisture and a,
values (Jantrawut et al. 2023). The increase in water activity may
also be attributed to enzymatic and microbial activity, which
can liberate low-molecular-weight compounds and free water,
particularly under refrigerated and ambient storage conditions
(FAO 2003; Fernandez et al. 2009; Yu et al. 2024). Previous
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FIGURE4 | Water activity changes at (a) 25°C and (b) 4°C in mashed potato samples. CO (negative control): No preservative, C1 (positive control):
0.025% (w/v) nisin, N1: 0.5% (w/v) nettle leaf extract, N2: 1.0% (w/v) nettle leaf extract, and N3: 2.0% (w/v) nettle leaf extract.

reports have shown that spoilage microorganism growth ac-
celerates the release of free water due to enzymatic disruption
of starch-protein networks (Zhang et al. 2023; Yu et al. 2024).
Although nettle extract possesses antimicrobial properties, its
incorporation did not completely inhibit these physicochemical
changes, suggesting that structural and biochemical processes
intrinsic to mashed potatoes dominate water dynamics during
storage.

In contrast to moisture and a , a progressive decrease in pH was
observed over the same storage period (Figure 5). With the ad-
dition of NLE producing no significant shift in pH, initial pH
values of the mashed potatoes were mildly acidic (approximately
6.0-6.3), consistent with typical values for cooked tubers, whose
natural pH ranges between 5.5 and 6.5 (Fernandez et al. 2009).
During storage, a slight decrease in pH was observed in nettle-
treated samples, particularly by Day 7. The untreated samples
exhibited a slower rate of pH decline, indicating partial suppres-
sion of acid-producing microflora. This pH decline is typical for
mashed potato products and has been associated with the met-
abolic activity of psychrotrophic spoilage microorganisms and
lactic acid-producing bacteria (Lauridsen and Knechel 2003;
Doan and Davidson 2000). Similar trends have been reported
in refrigerated potato purées and other cooked vegetable prod-
ucts, where acidification occurs even in the presence of natu-
ral antimicrobial agents (Lauridsen and Knechel 2003; Lemoni

et al. 2025; Thomas et al. 2002). Typically, pH levels below 4.6
are detrimental to the survival of microorganisms and bacteria
tend to live within a narrower pH range (4.5-9.0) than yeasts or
molds (2.0-10.0) (Lima et al. 2023).

Despite high moisture and a, a lower pH stability observed in
nettle-treated samples reflects the extract's ability to moderate
both biochemical and microbiological changes. This pattern
aligns with earlier findings where polyphenol-rich extracts in-
hibited enzymatic and bacterial processes associated with pH
decline and water release in chilled mashed vegetable products
(Yang et al. 2025). As such, understanding these parameters en-
ables the development of clean-label preservation approaches,
where natural antimicrobials and processing techniques can be
optimized to maintain product stability without reliance on syn-
thetic additives.

3.5.2 | Microbial Growth

At Day 0, all mashed potato samples showed low initial mi-
crobial loads (<2 Log,, CFU/g), confirming hygienic prepa-
ration (Figure 6). During storage at 25°C, untreated controls
(CO) exhibited rapid microbial proliferation, exceeding the
spoilage threshold of 7 Log,, CFU/g by Day 4. Similar growths
were observed in fresh-cut potatoes stored between 0°C and
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FIGURE 5 | pH changes at (a) 25°C and (b) 4°C in mashed potato samples. CO (negative control): No preservative, C1 (positive control): 0.025%
(w/v) nisin, N1: 0.5% (w/v) nettle leaf extract, N2: 1.0% (w/v) nettle leaf extract, and N3: 2.0% (w/v) nettle leaf extract.

10°C, where the total number of colonies of samples showed
a straight upward trend, ranging from 2.5-3 Log,, CFU/mL
to 4.4-5.5 Log,, CFU/mL (Zhao et al. 2022). Psychrotrophs,
important for refrigerated foods, increased steadily in CO sam-
ples during cold storage, surpassing 6 Log,, CFU/g by Day 10
(Figure 7). In contrast, samples treated with nettle extracts
demonstrated concentration-dependent inhibition: N1 de-
layed spoilage until Day 5, while N2 and N3 extended shelf life
to 7 and 9days, respectively. The nisin control (C1) showed
comparable suppression to N3, maintaining total aerobic
count below 6 Log,, CFU/g until Day 7 (Figure 6). In terms of
psychrotrophic growth, nettle treatments, especially N2 and
N3, suppressed more effectively than nisin (C1), with counts
remaining <5 Log,, CFU/g at Day 14. Under refrigerated stor-
age (4°C), microbial growth was significantly slowed across
all treatments, particularly in the first 2days during sample
storage. However, CO still reached spoilage limits by Day 10,
whereas N3 and C1 remained within acceptable limits (<7
Log,, CFU/g) for the entire 14-day study period. These results
align with previous findings (Lauridsen and Knechel 2003)
where the number of mesophilic bacteria in raw pre-peeled

potatoes stored at 4°C was found to display a lag phase before
an increase was observed between Days 5 and 7. Moreover, the
retail shelf life of pre-peeled potatoes was estimated at only
6 days when stored at or below 4°C (Doan and Davidson 2000).
The current findings are consistent with previous research
that mashed potatoes are highly susceptible to microbial
contamination when exposed to unfavorable storage tem-
perature and post-processing environments (Lauridsen and
Knechel 2003; Thomas et al. 2002). Also, it indicates the sig-
nificance of plant-derived phenolics to inhibit mesophilic and
psychrotrophic microorganisms (Petcu et al. 2023).

Enterobacteriaceae count, indicative of Gram-negative spoil-
age and hygiene quality, was detectable in the control (C0) right
from Day 2 and it became highest by Day 14, reaching 4.9 Log,,
CFU/g at 25°C (Figure 8). In contrast, Enterobacteriaceae were
markedly reduced in the nettle- and nisin-treated samples, re-
maining below 3 Log,, CFU/g in N3 and C2. Nettle extracts
indicated a significant reduction in these counts in a dose-
dependent manner, with the highest concentration reducing
Enterobacteriaceae to <2 Log,, CFU/g by Day 7. The selective
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FIGURE 6 | Total viable count (TVC) at (a) 25°C and (b) 4°C in mashed potato samples. CO (negative control): No preservative, C1 (positive con-
trol): 0.025% (w/v) nisin, N1: 0.5% (w/v) nettle leaf extract, N2: 1.0% (w/v) nettle leaf extract, and N3: 2.0% (w/v) nettle leaf extract.

inhibition of Enterobacteriaceae was consistent with the antibac-
terial spectrum of Gram-negative bacteria by NLE (See Table 2).
For the identification tests, four bacteria including Enterobacter
cloacae, Enterobacter kobei, Escherichia coli, and Serratia lique-
faciens were identified in both samples stored at 25°C and 4°C.
These organisms are often introduced through environmental
contamination, post harvesting and/or during handling and
can thrive in moist, nutrient-rich foods like mashed potatoes
(Gonelimali et al. 2018; Gu et al. 2022).

The findings indicated that heat-resistant Bacillus spores
survived during processing and increased during storage
(Figure 9). The outgrowth of Bacillus cereus was particularly
evident in CO and C1 at ambient conditions, whereas nettle
extract (N2, N3) significantly suppressed spore germination
and vegetative growth, a finding consistent with the activity
of polyphenolic compounds against spore-forming bacteria
(Karnwal and Malik 2024). The inhibition of Bacillus spores
is particularly notable because these organisms are respon-
sible for both spoilage and potential foodborne illness in po-
tato products (Doan and Davidson 2000). For example, after
5-12days of storage at 25°C, 60% of pasteurized potato purees
were found to contain B. cereus, and by Day 20, 80% of the

samples stored at 10°C were found to contain this pathogen
(Thomas et al. 2002). B. cereus strains were also found in pu-
reed containing broccoli, carrots, zucchini, and split peas in
the range of 6-8 Logl0 CFU/g at 20°C and 4-6 Logl0 CFU/g
at 10°C (Choma et al. 2000; Thomas et al. 2002). At counts of
ca 10%/g of sample, Thomas and Masters (1988) predominantly
isolated Bacillus, Streptococcus, and Staphylococcus in pre-
cooked potato-topped pies stored at 4°C and 37°C, indicating
such food products represented a potential public health risk
if stored at inappropriate temperatures.

Pseudomonas aeruginosa was low in all samples and was not
detected until Day 4 at 25°C of storage (Figure 10). By Day 14,
CO0 was 6.7 Log,, CFU/g and 4.2 Log,, CFU/g at 25°C and 4°C
respectively. Similarly, Lauridsen and Knechel (2003) enu-
merated Pseudomonas spp. in raw pre-peeled potatoes packed
in modified atmosphere and stored at 4°C (3.5 x10°> CFU/g)
and 15°C (710CFU/g) for 7days. In line with Pseudomonas
spp., S. aureus growth was mostly enumerated in CO, and
by Day 14, it reached 2.3 Log,,CFU/g under ambient and 1.9
Log,, CFU/g at refrigerated storage, whereas it remained un-
detectable in nisin (C1) and nettle-incorporated samples (N1-
N3) (Figure 11). While mashed potatoes are not a high-risk
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FIGURE 7 | Growth of psychrotrophic bacteria (PB) at (a) 25°C and (b) 4°C in mashed potato samples. CO (negative control): No preservative,
C1 (positive control): 0.025% (w/v) nisin, N1: 0.5% (w/v) nettle leaf extract, N2: 1.0% (w/v) nettle leaf extract, and N3: 2.0% (w/v) nettle leaf extract.
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FIGURE 8 | Growth of Enterobacteriaceae (EB) at (a) 25°C and (b)
4°C in mashed potato samples. CO (negative control): No preservative, C1
(positive control): 0.025% (w/v) nisin, N1: 0.5% (w/v) nettle leaf extract,
N2:1.0% (w/v) nettle leaf extract, and N3: 2.0% (w/v) nettle leaf extract.
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FIGURE 9 | Growth of Bacillus spp. (BS) at (a) 25°C and (b) 4°C in
mashed potato samples. CO (negative control): No preservative, C1 (pos-
itive control): 0.025% (w/v) nisin, N1: 0.5% (w/v) nettle leaf extract, N2:
1.0% (w/v) nettle leaf extract, and N3: 2.0% (w/v) nettle leaf extract.
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FIGURE11 | Growth of Staphylococcus aureus at (a) 25°C and (b) 4°C
in mashed potato samples. CO (negative control): No preservative, C1
(positive control): 0.025% (w/v) nisin, N1: 0.5% (w/v) nettle leaf extract,
N2:1.0% (w/v) nettle leaf extract, and N3: 2.0% (w/v) nettle leaf extract.
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FIGURE 12 | Growth of yeast and molds (YM) at (a) 25°C and (b)
4°C in mashed potato samples. CO (negative control): No preservative,
C1 (positive control): 0.025% (w/v) nisin, N1: 0.5% (w/v) nettle leaf ex-
tract, N2: 1.0% (w/v) nettle leaf extract, and N3: 2.0% (w/v) nettle leaf
extract.
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FIGURE 13 | (Continued)

food for S. aureus under proper hygiene, the results indicated
that NLE provided additional safety assurance, supporting its
use as a natural antimicrobial.

Furthermore, yeasts and molds were detected by Day 4 in CO
stored at 25°C, reaching >3 Log,, CFU/g by Day 7, and could
be correlated with visible spoilage (Figure 12). Fungal counts
increased gradually in control samples, reaching 4 Log,, CFU/g
after 5days at ambient storage. At 4°C, fungal counts remained
<3 Log,, CFU/g in all samples, though control samples eventu-
ally showed surface colonization after Day 12. Using DRBC agar
enabled more selective enumeration of yeasts and molds, showing
that nettle extracts (N2, N3) restricted fungal growth almost as ef-
fectively as nisin. Nettle- and nisin-treated samples limited fungal
growth, with counts remaining < 2.5 Log,, CFU/g during storage.
Refrigerated storage slowed fungal proliferation in all groups.

The results indicate that nettle extract inhibited yeast and molds,
likely due to the combined antimicrobial and antioxidant activity.

Overall, the microbial results demonstrate that nettle extracts,
particularly at 1.0%-2.0% (w/v), are effective in suppressing
microorganisms and extending the shelf life of mashed po-
tatoes. NLE antimicrobial efficacy was comparable to that of
commercial nisin, especially under refrigerated conditions,
as well as other commonly used herbs including rosemary,
oregano (Gonelimali et al. 2018; Lemoni et al. 2025; Oulahal and
Degraeve 2022). These inhibitory effects are largely attributable
to the synergistic action of phenolic acids (caffeic and chloro-
genic acid) and flavonoids (quercetin derivatives), which disrupt
microbial membranes, interfere with enzyme function, and
delay spore germination (Elez Garofuli¢ et al. 2021; Harrison
et al. 2022; Lopez-Hortas et al. 2020; Sahal et al. 2025; Zenao
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et al. 2017). Importantly, nettle-treated samples showed reduced
growth of psychrotrophs B. cereus and S. aureus, which are
major public health concerns in potato-based ready-to-eat foods
(Doan and Davidson 2000; Thomas et al. 2002).

3.5.3 | Instrumental Taste

E-tongue analysis provided quantitative sensor outputs for sour-
ness, saltiness, bitterness, umami, and aftertaste indices for Day
0, 4, and 7 (Figure 13). At Day 0, control mashed potatoes were
dominated by umami and mild saltiness (Figure 13a), consistent
with the typical taste characteristics of polysaccharides, amino
acids, and added milk or butter components in cooked potato
(Thomas and Masters 1988; Xu et al. 2023). Also, in Figure 13a,
the nettle-treated samples exhibited slightly higher bitterness
and astringency scores, attributable to phenolic compounds
such as caffeic acid, ferulic acid, and quercetin derivatives, nat-
urally abundant in Urtica dioica extracts (Kozlowska et al. 2019;
Mahmoudi et al. 2014; Tanyitiku and Njombissie Petcheu 2025).
By Day 4, the separation between clusters slightly increased, as
the control samples showed the first signs of sensory deteriora-
tion (Figure 13b). Elevated sourness and bitter aftertaste signals
were observed, likely resulting from the accumulation of organic
acids and breakdown metabolites due to early microbial spoil-
age and enzymatic degradation (Fayaz et al. 2024; Fernandez
et al. 2009). In contrast, the treated samples maintained a more
stable sensory profile, reflecting the antimicrobial efficacy of
nettle extract (Elez Garofuli¢ et al. 2021; Harrison et al. 2022;
Sahal et al. 2025; Sengun et al. 2020; Zenao et al. 2017).

By Day 7, the contrast of CO was even more pronounced par-
ticularly at 25°C of storage (Figure 13d). The control samples
shifted significantly toward sourness and bitterness sensory
attributes, strongly associated with spoilage in starchy foods
during cold storage (Fayaz et al. 2024). Meanwhile, the treated
samples still maintained closer proximity to their Day 4 attri-
butes (Figure 13c), with only marginal increases in bitterness
and astringency. The attenuated taste drift is consistent with
the antimicrobial findings of this study (Section 3.3), where
nettle extract effectively suppressed the growth of spoilage or-
ganisms such as Pseudomonas, Enterobacteriaceae, and Bacillus
spp. These microbes are among the major contributors to early
sensory deterioration in cooked potato products and ready-to-
eat products (Doan and Davidson 2000). For instance, Bacillus
species can cause spoilage problems such as “ropiness” in bread
and “bittiness” in milk (UKHSA 2024). Notably, total viable
count of >10°CFU/g reported in this research was associ-
ated with the acceptability and organoleptic quality of certain
foods (UKHSA 2024). The antioxidant activity of nettle extract
may also stabilize flavor-active lipid and phenolic compounds
during storage, resulting in greater preservation of the original
taste profile (Tanyitiku and Njombissie Petcheu 2025; Zhang
et al. 2023). Reduced drift in aftertaste sensors further supports
the hypothesis that nettle extract slows spoilage-related bio-
chemical reactions. Similar outcomes have been documented in
vegetable purees and potato-based products supplemented with
natural phenolic extracts, where antioxidant and antimicro-
bial effects contribute to prolonged sensory stability (Doan and
Davidson 2000; Thomas and Masters 1988; Thomas et al. 2002).

4 | Conclusion

To the best of our knowledge, this study represents one of the first
systematic investigations into the application of nettle (Urtica di-
oica L.) extracts as natural antimicrobial agents for extending the
shelf life of mashed potato products, in line with current clean-
label and sustainable food preservation strategies. The extracts,
rich in phenolic acids and flavonoids, exhibited strong antiox-
idant capacity and broad-spectrum antimicrobial activity, with
Gram-positive bacteria (Bacillus cereus, Staphylococcus aureus,
and Listeria monocytogenes) showing greater susceptibility than
Gram-negative pathogens, likely due to structural differences in
cell wall composition. When incorporated into mashed potatoes,
nettle extracts significantly suppressed the growth of total viable
bacteria, psychrotrophs, Enterobacteriaceae, B. cereus, S. aureus,
Pseudomonas aeruginosa, and spoilage fungi under both refrig-
erated and ambient storage conditions. Although higher extract
concentrations introduced mild bitterness and astringency,
these sensory effects were less pronounced than the spoilage-
associated off-flavors observed in untreated controls, indicating
an overall improvement in product stability and quality. Future
research should focus on optimizing extract dosage to balance
antimicrobial efficacy and sensory acceptance, exploring syner-
gistic combinations with other natural preservation hurdles, and
validating performance under industrial-scale processing and
extended storage conditions.
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