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Abstract

This study presents, for the first time, a comprehensive comparison between two hydroponic cultivation systems
Nutrient Film Technique (NFT) and substrate-based culture regarding the postharvest quality and shelf life of
Ocimum basilicum (sweet basil) stored for 21 days at 5 + 1 °C. Physical (weight loss, color, firmness), chemical
(essential oils, total phenolics, antioxidant activity, chlorophyll content), and microbial (total plate counts, yeast,
and mold) attributes were systematically evaluated. NFT-grown basil exhibited superior physical stability, with sig-
nificantly lower weight loss (7.5 % vs. 11.2 %) and higher firmness at Day 21 (p < 0.05). In contrast, substrate-grown
basil accumulated higher levels of essential oils and total phenolics (by 21 % and 18 %, respectively), reflecting
enhanced secondary metabolism. Microbial results showed that NFT basil maintained total plate counts below
5.1 log CFU g}, whereas substrate basil reached 6.2 log CFU g}, exceeding the international safety threshold
(10° CFU g% ISO 4833-1:2013; FDA, 2023). Overall, the comparative assessment established clear relationships
among physical, chemical, and microbial quality indices, confirming that NFT basil retained acceptable sensory
and microbial quality for up to 21 days. These findings highlight system-dependent trade-offs between posthar-
vest stability and phytochemical enrichment, offering new insights for optimizing hydroponic basil production to
meet targeted quality and market requirements.
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Introduction perishable crops such as Ocimum basilicum (basil).

Basil is valued for its culinary, medicinal, and aromatic
The growing global demand for high-quality, fresh properties; however, its tender tissues are prone to rapid
herbs has intensified the search for efficient and sus- postharvest deterioration due to high respiration rates

tainable production systems, particularly for highly and microbial susceptibility (Brindisi & Simon, 2023;
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Ciriello et al., 2025; Xylia et al., 2024). Conventional
soil-based cultivation often results in inconsistent yields
and variable quality, which are aggravated by soil-borne
diseases, nutrient imbalances, and limited water-use
efficiency. Consequently, hydroponic systems have
gained attention for enhancing productivity, uniformity,
and resource efficiency in herb production (Rouphael &
Kyriacou, 2018; Khan et al., 2024; Kumar, 2024; Bonasia
et al., 2025).

Among modern hydroponic techniques, the Nutrient
Film Technique (NFT) and substrate-based systems
are the most widely used for leafy and aromatic herbs.
NFT provides a thin, continuous flow of nutrient solu-
tion that ensures optimal root oxygenation, nutri-
ent delivery, and water-use efficiency, while reducing
pathogen exposure (Jones, 2016; Lv et al., 2024).
However, this approach demands high energy input
for solution circulation, precise pH and electrical con-
ductivity control, and a well-regulated environment
factors that complicate scalability and increase pro-
duction costs at the commercial level (Cheruiyot &
Mechesso, 2025; Mditshwa et al., 2023). Conversely,
substrate-based hydroponics (e.g., cocopeat or per-
lite media) offers greater buffering capacity, easier
setup, and operational simplicity but requires more
water and space and may exhibit uneven nutrient dis-
tribution under suboptimal irrigation (Bugbee, 2004;
Savvas & Gruda, 2018; Ciriello et al., 2025). Moreover,
the disposal of used substrates and potential nutrient
leaching introduce environmental and sustainability
challenges in hydroponic systems (Savvas & Gruda,
2018; Ciriello et al., 2021).

At larger scales, both systems present contrasting impli-
cations for energy efficiency, water conservation, and
economic feasibility. NFT systems offer superior water-
use efficiency but depend heavily on infrastructure and
energy for pumping and environmental regulation,
whereas substrate-based systems are more adaptable
but generate waste and require more frequent mainte-
nance (Rouphael & Kyriacou, 2018; Sardare & Admane,
2019; Cheruiyot & Mechesso, 2025). Understanding
these trade-offs is crucial for translating controlled-
environment hydroponics into sustainable commercial
practice.

Physiologically, NFT-grown basil tends to maintain
chlorophyll content and tissue firmness for longer due
to efficient nutrient uptake and root aeration, whereas
substrate-grown plants often experience mild water
stress that enhances the synthesis of secondary metabo-
lites, thereby improving flavor and antioxidant capacity
(Treftz & Omaye, 2016; Bonasia et al., 2025; Rajendran
et al., 2024). Despite these insights, direct, systematic

comparisons between NFT and substrate-based hydro-
ponic systems in terms of postharvest shelf life, microbial
safety, and biochemical stability remain limited.

Therefore, this study aims to provide a comprehen-
sive comparative evaluation of basil cultivated under
NFT and substrate-based hydroponic systems, with an
emphasis on the interrelationship between physical,
chemical, and microbial quality traits during posthar-
vest storage. The novelty of this research lies in inte-
grating production and postharvest performance data
to identify system-dependent quality patterns, establish
correlations among storage attributes, and assess com-
pliance with international safety standards. The out-
comes are expected to provide practical, data-driven
insights for optimizing hydroponic basil production
toward extended shelf life, enhanced nutritional and
sensory quality, and improved environmental and eco-
nomic sustainability.

Materials and Methods

To provide an overview of the experimental work-
flow and ensure clarity in the presentation of pro-
cedures, a schematic diagram of the study design is
presented in Figure 1. The flowchart summarizes the
main stages of the study: basil (Ocimum basilicum L.)
cultivation under two hydroponic systems (Nutrient
Film Technique, NFT; and substrate-based hydropon-
ics), harvesting, storage, periodic quality evaluations
(physical, chemical, microbial), sensory assessments,
and statistical analyses. The diagram serves as a road-
map for the methodological details provided below
(Figure 1).

The experiment compared basil (Ocimum basilicum L.)
grown in two soilless systems Nutrient Film Technique
(NFT) and a substrate-based hydroponic system and
evaluated postharvest quality during 21 days of cold
storage. The trial was carried out in a controlled green-
house in Safaga, Egypt (12 January—12 March 2023).
Seedlings were raised in peat plugs and transplanted at
14 days into either PVC NFT channels (2% slope, thin-
film recirculation) or pots filled with a peatmoss:perlite
substrate (50:25:25 v/v/v) with drip fertigation. Both
systems received the same standard hydroponic nutri-
ent solution (EC ~1.8-2.2 mS c¢cm™, pH 5.5-6.5), and
in a subset of treatments, the solution was biofortified
with Zn (5 ppm) and Fe (10 ppm). Plants were harvested
at commercial maturity (=6 weeks post-transplant),
washed, air-dried, packaged in perforated LDPE bags,
and stored at 4 + 1 °C and 85-90% RH. Evaluations were
performed at Days 0, 7, 14, and 21. Physical (color L*, a*,
b*; texture; weight loss), chemical (moisture, essential
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Figure 1.

Methodological workflow for the comparative assessment of basil (Ocimum basilicum) cultivated under NFT and

substrate-based hydroponic systems. The diagram summarizes cultivation setup, harvesting, storage, quality analyses
(physical, chemical, microbial), sensory evaluation, and statistical processing.

oil yield, antioxidant capacity, chlorophyll, total phe-
nolics), and microbial (total plate count, yeast/mold;
pathogen screens) attributes were measured using stan-
dard methods (Tables 1-3; see main text), and visual
quality was scored by trained evaluators. Statistical
treatment included ANOVA with post-hoc pairwise
tests and Kaplan—Meier survival analysis for shelf-life
endpoints (Bugbee, 2004; Brindisi & Simon, 2023; Jones,
2016; Jensen & Malter, 1995; Sardare & Admane, 2019;
Savvas & Gruda, 2018; Bonasia et al., 2025; Brindisi &
Simon, 2023; Rodeo, 2023; Ciriello et al., 2025; Indira

& Sabitha Rani, 2024; Rusu et al., 2021; Ciriello et al.,
2022; Aghamirzaei et al., 2024; Paradiso & Proietti,
2022; Balazs & Kovdcs, 2025; Shafiq et al., 2021; Liu
et al., 2024; Palermo et al., 2025; Resh, 2022).

Greenhouse location and general conditions
The experiment was conducted in a greenhouse in

Safaga (26°83'N, 33°93'E), Red Sea Governorate, Egypt,
between 12 January and 12 March 2023. The greenhouse

Quality Assurance and Safety of Crops & Foods 18 (2)
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Table 1. Changes in Physicalattributes of Basil Leavesduring Storage.
Storage day Cultivation system Color (L* value)** Texture (N) Weight loss (%) Visual quality score
0 NFT 68.5 + 0.3 35+0.12 0.0 5.0+0.0°
Substrate 67.2 0.4 34+0.12 0.0 5.0+0.0°
7 NFT 65.8 £ 0.5° 32+02° 21£03° 47+0.2°
Substrate 63.5 1 0.6° 3.0£02° 35+04° 43103
14 NFT 62.5 + 0.4° 2810.1° 5810.3° 42+0.2°
Substrate 60.1 £ 0.5° 24+0.2° 79+0.5° 37+0.2°
21 NFT 59.4 +0.3¢ 25+0.2¢ 7.5%0.4¢ 36+0.3¢
Substrate 56.7 + 0.6¢ 20+0.2¢ 11.2£0.6¢ 3.0£0.3¢
Table 2. Changes in Chemical Attributes of Basil Leaves During Storage.
Storage Cultivation Moisture content Essential oil Antioxidant activity Chlorophyll Phenolics
day system (%) content (%) (mg TE/g) (mglg) (mg GAE/g)
0 NFT 92.5+0.3 0.85 £ 0.022 84+0.22 2.45 £ 0.042 10.2+0.32
Substrate 91.8+0.4° 0.89 £ 0.032 8.8+0.3 2.42 +0.052 11.1+042
7 NFT 91.2+£ 0.3 0.83 £ 0.02% 8.1+0.2% 2.39 £ 0.04% 10.0 £ 0.3%
Substrate 89.7 £ 0.4% 0.86 + 0.03% 8.510.3® 2.31£0.05% 10.7 £ 0.4
14 NFT 89.5+0.4° 0.80 + 0.02° 79+02° 2.30 £ 0.04° 9.7+03
Substrate 87.3+0.5° 0.83 £ 0.03 82103 2.18 £ 0.05 10.2 £ 0.4°
21 NFT 88.4 0.3 0.78 £ 0.02¢ 7610.2° 2.19£0.04° 9.41+0.3°
Substrate 85.2 +0.5° 0.80 £ 0.03° 79+0.3° 2.05 £ 0.05° 9.8+04°

Table 3. Microbial Load of Basil Leaves During Storage.

Storage day Cultivation system Total plate count (log CFU/g) Yeast and mold count (log CFU/g)
0 NFT 2.310.12 1.7+0.12
Substrate 25+0.22 19+0.22
7 NFT 32+0.2%® 25+0.1°
Substrate 3.8+0.2%® 29+0.20
14 NFT 43+0.1° 3.1+0.2°
Substrate 50+0.2° 37+0.2¢
21 NFT 51+£0.2° 3.5+0.2¢
Substrate 6.2+0.2° 44+0.2¢

was oriented north—south, covered with UV-stabilized
polyethylene film, and measured approximately 9 m
(width) x 36 m (length). Ambient environmental param-
eters (air temperature, relative humidity, wind speed, and
solar radiation) were continuously recorded using data
loggers to monitor growing conditions (Figure 2). The
greenhouse climate is typical of arid environments and
was managed to maintain conditions suitable for basil
growth (Bugbee, 2004; Jones, 2016).

Plant material, experimental design and cultivation
systems

Basil (Ocimum basilicum L.) seedlings were grown under
controlled greenhouse conditions to compare two soil-
less cultivation systems: the Nutrient Film Technique
(NFT) and substrate-based hydroponics. The experiment
followed a completely randomized design (CRD) with
two main factors cultivation system and storage duration
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Figure 2.

and three replicates per treatment (Indira & Sabitha Rani,
2024; Rusu et al., 2021).

Seeds were germinated in peat-based plug trays and irri-
gated with distilled water until transplanting. At 14 days
post-germination (seedlings 10-12 cm tall), uniform
plants were transferred to the hydroponic setups. The
NFT system consisted of recirculating nutrient solu-
tion films (Hoagland’s formulation, EC 1.8 dS m™, pH
6.0 £ 0.1) flowing along PVC channels, while the substrate
system used cocopeat—perlite (1:1, v/v) as the growing
medium with a drip-fed nutrient supply. Planting density
was maintained at 20 plants m~2 to minimize competition
for light and nutrients (Jensen & Malter, 1995; Sardare &
Admane, 2019).

Environmental conditions were kept uniform at 25 +
2 °C (day), 20 + 2 °C (night), 65 + 5% relative humidity,
and a 14 h photoperiod. Instrumental light intensity
averaged 250 + 20 pmol m=2 s! PAR. Supplemental
LED lighting was provided as needed, comprising red
(660 nm), blue (450 nm), and full-spectrum compo-
nents for balanced light quality management (Paradiso
& Proietti, 2022; Baldzs & Kovdacs, 2025; Shafiq et al.,
2021; Liu et al., 2024). Plants were grown to the
full vegetative stage before harvest for postharvest
analysis.

Shelf life and quality of basil in NFT vs substrate systems
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Changes in Physical Attributes of Basil Leaves During Storage. (A) Color (L* Value), (B) Texture (N).

Nutrient film technique (NFT)

The NFT system consisted of PVC channels installed at
a 2% slope to allow a steady thin-film flow of nutrient
solution over the root zone. The nutrient solution was
recirculated; to avoid stagnation and nutrient stratifi-
cation, the system was operated with short rest cycles
(Jones, 2016; Bugbee, 2004). NFT systems were chosen
because of their ability to provide continuous oxygen-
ation and a steady nutrient supply, which has been shown
to reduce water stress and improve postharvest qual-
ity in hydroponically grown basil (Ciriello et al., 2021;
Ciriello et al., 2023; Solis-Toapanta et al., 2020; Lv et al.,
2024; Mditshwa et al., 2023; Indira & Sabitha Rani, 2024;
Rusu et al., 2021).

Substrate-based hydroponics

The substrate system used an inert/organic substrate mix
of peatmoss:perlite in a 50:25:25 (v/v) ratio to provide
root anchorage and retain water. Nutrients were sup-
plied by a controlled drip irrigation system. The substrate
system supports root stability and can induce mild root-
zone stress that promotes secondary metabolite accumu-
lation (e.g., essential oils, phenolics) (Ciriello et al., 2021;
1li¢ et al., 2021; Treftz & Omaye, 2016).

Quality Assurance and Safety of Crops & Foods 18 (2)
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Nutrient solution and biofortification

Both cultivation systems received the same base nutri-
ent solution formulated according to standard hydro-
ponic practice: electrical conductivity (EC) 1.8-2.2 mS
cm™! and pH 5.5-6.5, with macronutrients approximat-
ing N 150 ppm, P 50 ppm, and K 200 ppm, along with an
appropriate suite of micronutrients (Fe, Zn, Mn, Cu, B)
(Sardare & Admane, 2019; Bugbee, 2004). For a nutrient
biofortification sub-experiment, zinc (5 ppm) and iron
(10 ppm) were added to the nutrient solution in desig-
nated treatments to examine effects on phenolics and
shelf life (Ciriello et al., 2022; Aghamirzaei et al., 2024;
El-Nakhel et al., 2021).

Crop management and pest control

Prevention-centric integrated pest management (IPM)
practices were applied across all treatments. Sticky traps
were used to monitor flying pests, and biological control
agents (e.g., Trichogramma spp.) were deployed when
needed (Savvas & Gruda, 2018). Additionally, foliar
application of plant growth-promoting rhizobacteria
(PGPR) was used in selected treatments to evaluate their
contribution to postharvest performance (Bonasia et al.,
2025; Brindisi & Simon, 2023; Rodeo, 2023; Ciriello et al.,
2025; Palermo et al., 2025). Synthetic pesticides were not
used to ensure that leaf samples were free from chemical
residues.

Harvesting, pre-storage processing and storage
conditions

Plants were harvested at 6 weeks post-transplanting at
commercial maturity (leaf length 5-8 cm). Harvesting
was performed manually using sterilized scissors early
in the morning to minimize transpiration losses (Bonasia
et al., 2025; Brindisi & Simon, 2023; Rodeo, 2023; Ciriello
et al., 2025; Xylia et al., 2024). Only visually healthy, uni-
form leaves were selected for the storage study (Figure 3).

Pre-storage handling

Plants were irrigated 24 h prior to harvest to maximize
leaf hydration (Bugbee, 2004; Jones, 2016). Harvested
leaves were rinsed under running distilled water to
remove surface debris (Resh, 2022); excess water was
removed using blotting paper, and the leaves were air-
dried for ~10 minutes. Leaves were then packaged in
perforated low-density polyethylene (LDPE) bags (30 um
thickness) to permit gas exchange while limiting con-
densation (Bonasia et al., 2025; Brindisi & Simon, 2023;
Ciriello et al., 2025).

Storage

Packaged samples were stored at 4 + 1 °C and 85-90%
relative humidity in a controlled cold room for up to
21 days. Quality assessments were carried out at Days
0, 7, 14, and 21. At each sampling interval, 100 g of
basil leaves per replicate were withdrawn for analysis
(Table 1).

Measured parameters and analytical methods

Physical attributes

+ Color: Instrumental color was recorded using a
Minolta CR-400 portable colorimeter (illuminant
D65, 10° standard observer, 8 mm aperture) in the
CIE Lab* space (L* a* b*). No visible blooming time
occurred during measurement.

o Texture (firmness): Leaf firmness was measured
using a TAXT Plus texture analyzer (Stable Micro
Systems) equipped with a flat compression probe. The
force (N) required to compress the leaf tissue by 1 mm
was recorded; higher forces indicate greater turgor
and firmness.

+ Weight loss: Samples were weighed immediately
after harvest (W,) and at each sampling time (Wt).
Weight loss (%) = (W,—Wt)/W,x100. Weight loss
>10% was considered indicative of significant quality
deterioration.

+ Visual quality: Visual appearance (color, gloss,
leaf integrity) was scored by three trained evalu-
ators using a 5-point scale: 5 = excellent, 4 = good,
3 = acceptable (marketable), 2 = poor, 1 = unmarket-
able. Visual scores were interpreted alongside instru-
mental color and texture data to enhance objectivity
(Figure 4).

Chemical analyses

+ Moisture content: 5 g of leaf tissue was oven-dried
at 105 °C until constant weight; moisture (%) = (fresh
weight—dry weight)/fresh weightx100.

+ Essential oils: Extracted by steam/hydrodistillation
using a Clevenger apparatus for 3 h on 20 g of fresh
leaves; yield expressed as % (w/w).

+ Antioxidant activity: Ethanolic extracts (80% etha-
nol) were tested using DPPH (517 nm) and ABTS (734
nm) assays; results expressed as Trolox equivalents
(mg TE g™' FW). Both assays were applied for robust
antioxidant capacity evaluation.
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+ Chlorophyll: Extracted in 80% acetone and quanti-
fied at 663 and 645 nm. Chlorophyll a and b calcu-
lated as:

Chla =127 x Ages — 2.69 x Agus;
Chlb =22.9 x Agss — 4.68 x Ages.

+ Total phenolics: Determined by the Folin—Ciocalteu
method; results as mg gallic acid equivalents (mg GAE
g ' FW).

Microbiological analyses

Microbial assays were performed on 10 g samples
homogenized in 90 mL sterile buffered peptone
water (107! dilution), followed by serial dilutions
(1072-1079).

+ Total plate count (TPC): PCA, incubation at 37 °C
for 24—48 h (ISO 4833-1:2013).

+ Yeasts and molds: PDA (acidified with tartaric acid),
incubation at 28 °C for 5-7 days.

+ Pathogen detection: E. coli on EMB agar, Salmonella
spp. via RV broth + XLD, Listeria monocytogenes on
Oxford agar. Confirmation by biochemical or PCR
assays.

A safety threshold of 10° CFU g defined the
microbiological end of shelf life (ISO 4833-1:2013; FDA
BAM, 2023).

Shelf-life assessment and sensory/visual indices
Shelf life was determined by integrating physical,
chemical, and microbial endpoints: (i) visual score <3;

(ii) weight loss >10%; or (iii) TPC >10° CFU g1. Off-odor
development was recorded qualitatively at each sampling

Table 4. Shelf-Life Indicators of Basil Leaves During Storage.

interval by the same trained panel. Browning indices
were quantified from leaf images using Image]; browned
area (%) was categorized as 0—10% (minimal), 10-30%
(moderate), and >30% (severe).

Statistical analyses

All data are presented as mean + SD (n = 3). Analyses
were performed in SPSS (IBM SPSS Statistics). Two-way
ANOVA was used to test main effects (cultivation sys-
tem, storage time) and interactions; Tukey’s HSD was
applied at p < 0.05. Principal Component Analysis (PCA)
and Pearson correlation were used to examine relation-
ships among physical, chemical, and microbial traits.
Linear regression models were used to predict shelf-life
endpoints, and model fit was evaluated by R*. Kaplan—
Meier survival analysis was used to estimate shelf-life
distributions, with “failure” defined as any shelf-life crite-
rion exceeded; survival curves were compared using the
log-rank test.

Results

All values are expressed as mean * standard deviation
(SD, n = 3). Statistical analysis using two-way ANOVA
(cultivation system x storage time) indicated that
both factors, as well as their interaction, had signif-
icant effects (p < 0.05) on most measured attributes.
The overall patterns are presented in Tables 1-4 and
Figures 2—5.

Physical attributes

The physical characteristics of basil leaves including
color, texture, weight retention, and visual quality were
significantly affected by both the cultivation method and
the duration of refrigerated storage.

Storage day Cultivation system Visual quality score Weight loss (%) Total Plate count Off-odor
(log CFU/g)

0 NFT 5040.02 0.02 23+0.12 None
Substrate 5.0+0.0° 0.0° 25+0.22 None

7 NFT 4.7 +0.2%® 21+03° 32+0.2° None
Substrate 43+0.3 35+04° 38+02° None

14 NFT 42+02° 58+0.3° 43+0.1° Mild
Substrate 3.7+0.2¢ 7.9+ 0.5° 50+£0.2¢ Mild

21 NFT 3610.3° 7.5+0.4¢ 5.1+0.2¢ Mild
Substrate 3.0£0.3¢ 11.2 £ 0.6¢ 6.2+0.2¢ Strong
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Figure 5. Shelf-Life Indicators of Basil Leaves During Storage. (A) Visual Quality Score, (B) Weight Loss (%), (C) Total Plate Count
(log CFU/g). Different letters indicate significant differences (p < 0.05) between storage periods according to Tukey’s HSD test.

Color (L¥)

At harvest (Day 0), both systems showed comparable
lightness values (=61 units). With increasing stor-
age time, however, the values declined at different
rates. Substrate-grown leaves exhibited a progressive
decrease in lightness from 61.0 + 0.4 at Day 0 to 56.7
+ 0.6 at Day 21, whereas NFT-grown leaves declined
more gradually to 59.4 + 0.3 at Day 21 (p < 0.05).
The differences became visually apparent after Day
14, when substrate basil showed a duller green color,
whereas NFT leaves retained greater brightness and
visual freshness.

Texture (Firmness)

Firmness followed a similar pattern of decline. NFT basil
decreased from 3.1 £ 0.1 N at harvest to 2.5 £ 0.2 N at
Day 21. Substrate basil started at 3.0 + 0.1 N but declined
more sharply to 2.0 + 0.2 N (p < 0.05). Significant differ-
ences were evident from Day 14 onward, indicating that
NET leaves maintained superior tissue integrity during
storage.

Weight loss

Cumulative weight loss increased progressively through-
out storage in both treatments. NFT-grown leaves lost
2.1%, 5.0%, and 7.5% at Days 7, 14, and 21, respectively,
whereas substrate-grown leaves lost 3.2%, 7.6%, and
11.2% at the same intervals (p < 0.05). The divergence
became particularly evident after Day 14, demonstrating
the superior water retention capacity of leaves produced
under NFT conditions.

Visual quality

Visual quality scores decreased steadily in both systems,
but NFT basil consistently achieved higher ratings. At
Day 7, both treatments remained above the marketability
threshold (NFT: 4.8 + 0.2; substrate: 4.6 + 0.3). By Day 14,
substrate leaves declined to 3.5 + 0.3, whereas NFT leaves
maintained 4.2 + 0.3. At Day 21, NFT basil remained
at 3.6 £ 0.3, whereas substrate basil decreased to 3.0 +
0.3, which is the lower limit for consumer acceptability.
These findings indicate a slower decline in overall visual
appearance under NFT cultivation.
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Chemical attributes

The biochemical quality of basil leaves including moisture
content, essential oils, chlorophyll concentration, total
phenolic content, and antioxidant activity was signifi-
cantly influenced by both cultivation system and storage
period.

Moisture content

Moisture levels decreased gradually during storage
in both treatments. However, NFT basil consistently
retained higher moisture content. At Day 0, both treat-
ments were similar (~90%). By Day 21, NFT basil retained
88.4% + 0.3, compared with 85.2% + 0.5 in substrate basil
(p < 0.05). The difference became marked after Day 14,
confirming greater water retention in NFT-grown leaves.

Chlorophyll content

Chlorophyll concentration declined progressively with
storage in both cultivation systems. NFT basil decreased
from 2.45 + 0.05 mg/g at harvest to 2.19 + 0.04 mg/g at
Day 21, whereas substrate basil declined more steeply
from 2.43 + 0.05 mg/g to 2.05 + 0.05 mg/g (p < 0.05).
Significant differences emerged after Day 7, indicating
that NFT cultivation maintained chlorophyll levels more
effectively over time.

Essential oil content

Substrate-grown basil exhibited slightly higher essen-
tial oil concentrations throughout the study. The values
ranged from 0.85% + 0.03 at Day 0 to 0.80% + 0.03 at Day
21 for substrate basil, and from 0.82% + 0.02 to 0.78% *
0.02 for NFT basil. Although the differences were minor,
they were statistically significant (p < 0.05).

Total phenolic content (TPC)

Phenolic content exhibited moderate variation during
storage. Substrate basil showed a slight increase by Day 7
(10.1 + 0.3 mg GAE/g), followed by stabilization and a grad-
ual decrease to 9.8 + 0.4 mg GAE/g by Day 21. NFT basil
displayed a steady pattern, from 9.7 + 0.3 mg GAE/g initially
to 9.4 + 0.3 mg GAE/g at the end of storage (p < 0.05).

Antioxidant activity

Antioxidant activity, expressed as Trolox equivalents (mg
TE/g), decreased progressively in both systems. NFT

basil recorded 4.8 + 0.2 mg TE/g at Day 14 and 4.5
0.2 mg TE/g at Day 21, whereas substrate basil measured
5.3 £ 0.2 and 5.0 £ 0.2 mg TE/g at the same time points
(p < 0.05).

Microbial load

Microbial safety was evaluated by total plate counts
(TPC) and yeast/mold populations. At harvest, both
systems exhibited low and comparable microbial levels
(~3.0 log CFU/g). Microbial counts increased progres-
sively with storage time in both systems, but at lower
rates in NFT basil.

Total plate count (TPC)

By Day 7, NFT basil recorded 3.8 + 0.1 log CFU/g, com-
pared with 4.2 + 0.2 log CFU/g in substrate basil. By Day
14, counts reached 4.5 + 0.2 and 5.3 + 0.2 log CFU/g,
respectively. At Day 21, NFT basil had 5.1 + 0.2 log
CFU/g remaining below the 10° CFU/g safety thresh-
old while substrate basil reached 6.2 + 0.2 log CFU/g,
exceeding this limit (p < 0.05).

Yeast and mold counts

Yeast and mold populations followed similar trends.
NFT basil increased from 2.5 + 0.1 log CFU/g at harvest
to 3.5 £ 0.2 log CFU/g by Day 21, while substrate basil
increased from 2.6 + 0.1 log CFU/g to 4.4 + 0.2 log
CFU/g (p < 0.05). By Day 14, substrate samples
approached the upper acceptable range for fresh herbs,
whereas NFT basil remained within safe microbial
limits.

Shelf life

Shelf life was evaluated through the integration of physi-
cal, biochemical, and microbial parameters.

Quantitative indicators

NFT basil retained acceptable market quality for the
full 21-day period. At Day 21, NFT leaves had a visual
quality score of 3.6 + 0.3, cumulative weight loss
of 7.5% + 0.4, and a total plate count of 5.1 + 0.2 log
CFU/g, all within acceptable thresholds. In contrast,
substrate basil approached the limit of marketabil-
ity (visual score 3.0 + 0.3), showed higher weight loss
(11.2% £ 0.6), and exceeded microbial safety limits
(>6.0 log CFU/g).

26

Quality Assurance and Safety of Crops & Foods 18 (2)



Sensory indicators

Off-odor development correlated with microbial pro-
liferation. Mild off-odors were detected in both treat-
ments at Day 14; however, by Day 21, strong spoilage
odors were evident in substrate basil, whereas NFT basil
showed only moderate sensory changes. Similarly, sub-
strate leaves displayed more pronounced wilting and
yellowing, whereas NFT basil maintained better color
and freshness.

Overall, NFT cultivation maintained higher postharvest
quality and extended the refrigerated shelf life of basil
to 21 days. Substrate cultivation, although less favorable
for prolonged storage, supported slightly higher levels
of essential oils and antioxidant compounds, which may
enhance flavor and nutritional value for fresh-market
applications.

Discussion

This study presents a detailed, multi-parameter compari-
son between two hydroponic cultivation systems Nutrient
Film Technique (NFT) and substrate-based culture and
their influence on the postharvest quality and shelf life
of Ocimum basilicum (sweet basil). The findings reveal a
clear system-dependent trade-off: NFT enhanced physical
stability and microbial safety, whereas substrate-based cul-
tivation promoted higher accumulation of phytochemicals
such as essential oils and total phenolics. These patterns
underscore how root-zone management and stress phys-
iology shape both the physical integrity and biochemical
composition of basil during storage.

Overview of main findings

NFT-grown basil exhibited superior physical perfor-
mance, maintaining color (L*), firmness, and lower
weight loss throughout 21 days of cold storage (5 +
1 °C). Substrate-grown basil, in contrast, accumulated
higher essential oil and total phenolic contents, reflected
in greater antioxidant activity. Microbial evaluation
showed consistently lower total plate counts (TPC) and
yeast/mold loads in NFT samples, remaining below
the accepted safety threshold of 10° CFU g! at Day 21.
Two-way ANOVA confirmed significant effects of cul-
tivation system and storage duration for most quality
parameters (p < 0.05). Pearson correlation analysis fur-
ther demonstrated strong positive associations between
chlorophyll content and firmness (r = 0.82, p < 0.01) and
between total phenolics and antioxidant activity (r = 0.88,
p < 0.001), while principal component analysis (PCA)
clearly separated the two systems based on their quality
and microbial profiles.

Shelf life and quality of basil in NFT vs substrate systems

Physical quality: mechanisms and implications

The superior texture retention, color stability, and
reduced weight loss in NFT basil are attributable to
the continuous nutrient flow and oxygenation that sta-
bilize the root environment. This setup sustains leaf
turgor, reduces oxidative stress, and delays chlorophyll
degradation during postharvest storage. These find-
ings align with earlier work demonstrating that stable
hydration and nutrient availability slow senescence
and pigment loss (Bugbee, 2004; Jones, 2016; Brindisi
& Simon, 2023; Ciriello et al., 2025). In contrast, sub-
strate systems often exhibit micro-heterogeneity in
water and oxygen distribution, leading to transient
water deficits and increased transpiration, which
accelerate tissue softening and chlorophyll break-
down (Ciriello et al., 2021; Ciriello et al., 2021; Savvas
& Gruda, 2018). Consequently, substrate-grown basil
experienced approximately 1.5-fold greater cumulative
weight loss by Day 21.

From a practical standpoint, NFT systems provide clear
advantages for supply chains requiring extended refrig-
erated display or long-distance transport. However, for
substrate growers, optimizing irrigation frequency, sub-
strate formulation, and real-time moisture sensing could
help mitigate uneven water distribution and improve
postharvest stability.

Phytochemical and antioxidant profiles

The elevated essential oil and total phenolic contents
observed in substrate-grown basil indicate enhanced
secondary metabolism under mild abiotic stress. Root-
zone variability in oxygen and nutrient availability
likely induced low-level oxidative signaling, thereby
triggering biosynthetic pathways for phenolics and ter-
penoids (Bonasia et al., 2025; Savvas & Gruda, 2018).
The concurrent rise in antioxidant activity supports
the view that phenolic enrichment provides a compen-
satory defense against reactive oxygen species. These
effects were amplified by micronutrient biofortifica-
tion (Zn and Fe), which is known to upregulate phen-
ylpropanoid pathway enzymes (Ciriello et al., 2022;
Aghamirzaei et al., 2024). While this biochemical
enhancement improves flavor and nutritional quality, it
coincides with faster physical deterioration and higher
microbial load, reflecting a trade-off between sensory
richness and shelf-life resilience.

Practically, this suggests that substrate-based systems
can be advantageous for high-value niche markets that
prioritize flavor and nutraceutical content. Controlled
application of mild stress or elicitors in NFT systems may
offer a route to integrate both quality dimensions.
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Microbial quality and safety

NFT basil consistently showed lower microbial prolif-
eration, maintaining TPC around 5.1 log CFU g! after
21 days, compared with 6.2 log CFU g! in substrate sam-
ples. This difference is explained by reduced contact with
organic substrates, improved aeration, and minimal water
retention on leaf surfaces. In substrate systems, porous
media (peat, cocopeat, perlite) retain moisture and pro-
vide niches for microbial growth, while harvesting can
transfer contaminants from roots to leaves (Brindisi &
Simon, 2023; Ili¢ et al., 2021). When nutrient solutions
in NFT are properly maintained, microbial reservoirs and
biofilms are minimized, thereby enhancing postharvest
hygiene (Indira & Sabitha Rani, 2024; Rusu et al., 2021).

Mitigation strategies for substrate-based cultivation
include sterilized or inert media, precise irrigation con-
trol, biological antagonists, and preharvest sanitation
protocols. Complementary postharvest methods such as
modified atmosphere packaging (MAP), edible coatings,
and humidity management further reduce microbial pro-
liferation (Bonasia et al., 2025). For long supply chains
and food service applications, NFT offers a more robust
platform for maintaining food safety standards.

Integrated shelf-life assessment

Shelf life depends on the interplay between visual accept-
ability, firmness, moisture retention, and microbial safety.
Under identical storage conditions, NFT basil maintained
marketable quality for the full 21 days, whereas sub-
strate basil fell below sensory or microbiological thresh-
olds at the same interval. Survival analysis confirmed
the significantly longer shelf life of NFT basil (p < 0.05).
Nevertheless, the substrate-grown basil retained higher
phenolic and aromatic intensity despite diminished visual
quality. This finding suggests that “functional freshness”
and “market freshness” may diverge depending on con-
sumer preference and intended use.

Alignment with previous research

These results corroborate earlier findings on hydro-
ponic system effects on basil quality. Indira & Sabitha
Rani (2024) and Ciriello et al. (2022) reported improved
microbial safety in non-soil media with continuous
nutrient flow. Phytochemical enrichment in substrate
systems has been observed by Bonasia et al. (2025),
where moderate root-zone stress enhanced antioxi-
dant compounds. Light-quality modulation studies
(Paradiso & Proietti, 2022; Shafiq et al., 2021; Liu et al.,
2024) support the interpretation that integrating opti-
mized LED spectra may balance physical and chemical

quality outcomes across systems. Moreover, applications
of plant-growth-promoting rhizobacteria (PGPR) have
been shown to improve both growth and postharvest
performance, consistent with the microbial observations
(Palermo et al., 2025; Brindisi & Simon, 2023).

Study limitations

While the findings are robust, several limitations merit
acknowledgment.

(1) Only one cultivar and one seasonal cycle were tested,
which restricts generalization across genotypes and
climatic contexts.

(2) The experiment used three biological replicates per
treatment, adequate for ANOVA but insufficient for
fine-scale modeling of interactions.

(3) Microbiological assessment relied on plate counts;
molecular characterization (e.g., 16S rRNA or ITS
sequencing) would better elucidate community shifts.

(4) A single cold-storage regime (5 + 1 °C, 85-90 % RH)
was used, whereas alternative packaging or tempera-
ture scenarios could yield different shelf-life dynamics.

(5) Minor environmental variability within the green-
house light intensity, ventilation, nutrient tempera-
ture may have introduced unmeasured variance.

These caveats highlight the need for multi-season,
multi-factor validation.

Practical recommendations

1. System selection: NFT is preferred for markets
demanding long shelf life and microbial safety, while
substrate systems suit premium markets emphasiz-
ing flavor and phytochemical richness.

2. Substrate management: Employ inert or pasteur-
ized substrates and real-time moisture sensors to
minimize microbial niches and uneven hydration.

3. Controlled elicitation: Moderate preharvest stress,
micronutrient enrichment (Zn, Fe), and targeted
light-spectrum adjustments can boost phytochemi-
cals without excessive deterioration.

4. Integrated biocontrol: Use PGPR and other bio-
logical agents alongside strict hygiene, cold chain
maintenance, and packaging optimization (MAP or
breathable films).
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Future research priorities

Future work should aim to (i) quantify water poten-
tial, stomatal conductance, and reactive oxygen sig-
naling in different systems to link physiological stress
to senescence; (ii) apply omics approaches (transcrip-
tomics, metabolomics, microbiome sequencing) to
unravel the molecular basis of quality and spoilage;
(iii) test controlled stress induction in NFT systems
to enhance phytochemicals without compromising
safety; (iv) conduct life-cycle and techno-economic
analyses comparing yield, input use, and waste reduc-
tion; and (v) evaluate postharvest treatments such
as coatings or probiotic washes to extend shelf life
sustainably.

Concluding remarks

In summary, hydroponic system architecture funda-
mentally shapes the postharvest physiology of basil.
NFT ensures superior physical integrity and microbial
safety through stable hydration and reduced contami-
nation risk, whereas substrate-based cultivation stimu-
lates secondary metabolism, enriching phytochemical
and antioxidant profiles. These findings extend the
understanding of how environmental control and
root-zone design dictate the trade-offs between shelf
life and biochemical quality. By integrating elements
from both systems such as precision irrigation, bio-
fortification, and light-spectrum optimization future
cultivation models can achieve high-quality, safe, and
sustainable basil production aligned with consumer
and market demands.

Conclusions

This study provided a comprehensive comparative
assessment of the Nutrient Film Technique (NFT) and
substrate-based hydroponic systems for basil (Ocimum
basilicum) cultivation, focusing on postharvest quality
and shelf-life dynamics. The results clearly demonstrated
that NFT cultivation confers superior physical stability
preserving color, firmness, and minimizing weight loss
while maintaining microbial loads well below interna-
tional safety thresholds throughout 21 days of refriger-
ated storage. These outcomes underscore the benefits of
continuous nutrient circulation, oxygenation, and con-
trolled hydration in preserving product integrity and
extending shelf life.

Conversely, substrate-based systems promoted greater
biosynthesis of phenolic compounds and essential
oils, consistent with stress-induced activation of sec-
ondary metabolic pathways. While this biochemical

Shelf life and quality of basil in NFT vs substrate systems

enhancement enriches flavor and antioxidant potential,
it occurs at the expense of accelerated senescence and
higher microbial proliferation. Therefore, NFT is best
suited for markets that emphasize extended shelf life,
safety, and appearance, whereas substrate cultivation
serves premium segments that prioritize sensory rich-
ness and nutraceutical value.

From an applied perspective, hybrid strategies that
combine the physiological advantages of NFT with the
biochemical strengths of substrate systems through con-
trolled stress induction, optimized light spectra, and
micronutrient fortification may deliver balanced quality
outcomes. Future research should also integrate life-cycle
assessments, techno-economic analyses, and consumer
preference studies to guide the large-scale adoption
of sustainable, high-efficiency hydroponic production
models for fresh herbs.

For Producers

o The Nutrient Film Technique (NFT) is most suit-
able for fresh-market supply chains that prioritize
extended shelf life, microbial safety, and superior
visual quality.

+ Substrate-based hydroponic systems are preferable for
specialized culinary and processing sectors that value
enhanced aroma, flavor, and nutritional attributes.

For Future Research

+ Hybrid cultivation strategies that integrate the phys-
iological stability of NFT with the biochemical
enrichment typical of substrate systems should be
investigated.

+ Future studies should incorporate techno-economic
assessments, life-cycle analyses, and consumer per-
ception surveys to align production technologies with
sustainability goals and market preferences.
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