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ABSTRACT

Vegetables are vital sources of dietary minerals, particularly for individuals following plant-based diets.
However, the total mineral content does not necessarily reflect its bioaccessibility, which determines the
proportion available for absorption in the gastrointestinal tract. This study evaluates the elemental
composition and in-vitro mineral bioaccessibility of commonly consumed vegetables, including spinach
(Spinacia oleracea), lettuce (Lactuca sativa), cacumber (Cucnmis sativus), broccoli (Brassica oleracea), and parsley
(Petroselinum erispum). Mineral concentrations of K, Mg, Ca, Na, Fe, Mn, and Zn were quantified using ICP-
OES following microwave-assisted digestion. An in-vitro digestion model simulated gastric and intestinal
conditions. The highest Fe bioaccessibility was 18.82%, while K, Mg, and Ca were most bioaccessible in
cucumber (21.9%), lettuce (25.09%), and parsley (23.42%), respectively. These findings highlight the
importance of considering bioaccessibility in nutritional assessments. Future studies should investigate the
effects of cooking methods and soil composition on mineral bioavailability to improve dietary
recommendations.
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YAYGIN OLARAK TUKETILEN SEBZELERIN IN-VITRO MIiNERAL
BIYOERISILEBILIRLIGININ DEGERLENDIRILMESI

oz

Sebzeler, 6zellikle bitkisel bazli diyetleri takip eden bireyler i¢in 6nemli mineral kaynaklaridir. Ancak
toplam mineral igerigi, minerallerin mide-bagirsak sisteminde emilim i¢in ne kadar erisilebilir
oldugunu ifade eden biyoerisilebilirligi dogrudan yansitmaz. Bu calisma, yaygin olarak tiiketilen
ispanak (Spinacia oleracea), marul (Lactuca sativa), salatalik (Cucumis sativus), brokoli (Brassica oleracea), ve
maydanoz (Petroselinum crispum) gibi sebzelerin elementel kompozisyonu ve in-vitro mineral
biyoerisilebilitligini degerlendirmektedir. K, Mg, Ca, Na, Fe, Mn ve Zn konsantrasyonlari, mikrodalga
destekli sindirim sonrast ICP-OES kullanilarak analiz edilmistir. I#-vitro sindirim modeli, mide ve
bagirsak kosullarini simtle etmistir. En yitksek Fe biyoerisilebilirligi %18.82, en yiksek K, Mg ve Ca
biyoerisilebilirlikleri sirastyla salatalik  (%21.9), marul (%25.09) ve maydanozda (%23.42)
gbzlemlenmistir. Bu sonuclar, beslenme degerlendirmelerinde biyoerisilebilirligin dikkate alinmasi
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gerektigini vurgulamaktadir. Gelecek calismalar, pisirme yontemleri ve toprak bilesiminin mineral

biyoyararlanimi Gizerindeki etkilerini incelemelidit.

Anahtar kelimeler: Mineral biyoerisilebilirligi, In-vitro sindirim, Besinsel biyoyararlanim, Diyet

mineralleri

INTRODUCTION

Nutrition plays a fundamental role in maintaining
overall health, supporting physiological functions,
and enhancing quality of life. Adequate intake of
vitamins and minerals is essential for sustaining
metabolic activities and preventing nutritional
deficiencies (Song et al., 2020; Tokalioglu, 2023).
In recent years, vegan and vegetarian dietary
patterns have gained increasing attention due to
their potential health benefits, environmental
sustainability, and ethical considerations (Song et
al., 2020). These diets primarily rely on plant-
based foods, which are rich in bioactive
compounds and essential nutrients (Shi et al.,
2022).

Among these, spinach (Spinacia oleracea), lettuce
(Lactuca  sativa), cucumber (Cucumis — sativus),
broccoli (Brassica oleracea), and parsley (Petroselinum
crispum) are widely consumed due to their high
concentrations of essential minerals, including
calcium (Ca), iron (Fe), magnesium (Mg),
manganese (Mn), sodium (Na), potassium (K),
and zinc (Zn) (Aghili et al., 2009; Atta-Aly, 1999;
do Nascimento da Silva Cadore, 2019; Ismail et
al., 2024; Lafarga et al., 2019). These minerals are
crucial for various biological processes, such as
bone development, enzymatic reactions, oxygen
transport, and immune system regulation.
However, despite their high mineral content, not
all of these nutrients are fully absorbed by the
human body (Liu et al., 2018).

Bioaccessibility, defined as the fraction of a
nutrient released from the food matrix during
digestion and made available for intestinal
absorption, is a key factor in determining the
actual nutritional value of plant-based foods (Liu
et al, 2018). Several factors influence the
bioaccessibility of minerals, including the
presence of antinutritional compounds such as
oxalates, phytates, tannins, and dietary fibers,
which can bind minerals and reduce their
intestinal  absorption (Shi et al, 2022).
Additionally, cooking methods, soil composition,
and cultivation practices significantly impact

mineral bioavailability. Therefore, measuring the
total mineral content of foods alone does not
accurately  reflect their true nutritional
contribution (Ololade et al., 2025).

To address this issue, in-vitro digestion models
have been developed to simulate gastrointestinal
conditions and assess the extent to which
minerals are released and absorbed in the
intestines (Fernandez-Garcia et al., 2009). These
models provide valuable insights into the gastric
and intestinal solubility of minerals under
controlled conditions. The Unified
Bioaccessibility Method (UBM) and other in-vitro
digestion techniques have been widely employed
to evaluate mineral bioaccessibility in various
fruits, vegetables, and food products (Tokalioglu,
2023). Previous studies suggest that certain
minerals, such as Mn and Zn, exhibit higher
bioaccessibility, whereas Fe and Cu tend to form
insoluble complexes with dietary fibers and
polyphenols, resulting in lower absorption rates
(Buturi et al., 2021; Fernandez-Garcia et al., 2009).

In-vitro digestion models have demonstrated that
the bioaccessibility of minerals in leafy green
vegetables varies depending on multiple factors.
A study on spinach revealed that the
bioaccessibility of iron (Fe), zinc (Zn), and
calcium (Ca) decreased with plant maturation,
whereas lactic acid fermentation significantly
enhanced their bioaccessibility.  Following
fermentation, Fe bioaccessibility increased from
19.6% to 26.7%, Zn from 32.4% to 41.6%, and
Ca from 19% to 33.9% (Ismail et al., 2024).
Similarly, a study on lettuce reported Fe
bioaccessibility at approximately 10%, while Zn
bioaccessibility reached up to 80%. The
bioaccessibility of Mn was determined as 52%,
whereas Cu and Mo exhibited bioaccessibility
levels  exceeding  70%.  Selenium  (Se)
bioaccessibility varied depending on the form of
supplementation, reaching 22% in selenite-
enriched samples, whereas it was as low as 6% in
selenate-containing lettuce (do Nascimento da
Silva Cadore, 2019).
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Furthermore, a study conducted by Amalraj Pius,
(2015) investigated Ca bioaccessibility in raw and
cooked leafy vegetables and identified oxalate as
the most significant inhibitor of Ca absorption.
The same study demonstrated that phytates (PA),
tannins (T'A), and dietary fiber also negatively
impact mineral absorption. These findings
highlicht  the necessity of considering
fermentation and cooking processes as effective
strategies to enhance mineral bioaccessibility,
emphasizing that the nutritional value of
vegetables should not be assessed solely based on
their total mineral content.

Given the rising prevalence of plant-based diets
and the significant role of green vegetables in
human nutrition, it is essential to determine the
bioaccessibility of key minerals in commonly
consumed vegetables. This study aims to evaluate
the in-vitro bioaccessibility of Ca, Fe, Mg, Mn,
Na, K, and Zn in frequently consumed
vegetables, including spinach, lettuce, cucumber,
broccoli, and parsley. The findings will provide a
comprehensive assessment of how these
vegetables contribute to daily mineral intake.
Additionally, the study will explore the impact of
soil composition and agricultural practices on
mineral bioavailability, offering insights into how
environmental  factors influence  nutrient
retention in fresh produce. Therefore, region-
specific studies gain considerable importance
when evaluating mineral bioaccessibility.

Also, this research aims to provide valuable
insights for dietitians, nutritionists, and
consumers  regarding the actual mineral
contribution of leafy greens in plant-based diets.
The results will help optimize dietary
recommendations, ensuring adequate mineral
intake for individuals following vegan, vegetarian,
or predominantly plant-based diets.

MATERIALS AND METHODS

Materials

This study utilized spinach (Spinacia oleracea),
lettuce (Lactuca sativa), cacamber (Cucumis sativus),
broccoli  (Brassica  oleracea), and parsley as
representative green vegetables. To ensure a
diverse mineral composition, samples were

obtained from three different located in distinct
agricultural areas within Corum province,
Turkiye. Specifically, lettuce, parsley, and
cucumber were sourced from organic greenhouse
farms in the central district, while broccoli and
spinach were obtained from semi-controlled field
cultivation areas in the central and Mecitdzi
districts. This sampling strategy was designed to
reflect variations in cultivation practices and soil
characteristics. All vegetables were harvested at
the beginning of the winter season (December
2023), ensuring consistency in growth conditions
and nutrient accumulation. Prior to mineral
analysis, the samples were dried, and their
moisture content was recorded for subsequent
bioaccessibility calculations. Since spinach is
commonly consumed after boiling, in-vitro
mineral bioaccessibility analysis for spinach was
performed using boiled (with ultra-pure water)
samples, prepared following traditional cooking
methods (100 °C, 20 min). The soil analysis results
for the cultivation of lettuce, parsley, and
cucumber were provided by the producers, who
had the analyses performed in accredited
agricultural laboratories prior to planting.
According to the laboratory reports, potassium
(K20) content was 57.7614 kg/da, phosphorus
(P20s) was 0.19 kg/da, lime content was 6.675%,
organic matter content was 1.2573%, total salt
content was 0.0158%, pH level was 8.15, and soil
saturation was 38.83%.

Methods

Moisture Content Determination

Moisture content was determined following the
methodology (International et al., 2012). Petri
dishes were pre-dried in an oven at 105 °C for 1
hout, cooled in a desiccator for 30 minutes, and
weighed using a precision balance (0.1 mg
sensitivity). Approximately 4-5 g of homogenized
vegetable samples were placed in the pre-weighed
petri dishes, and their initial weights were
recorded. The samples were then dried at 105 °C
for 5-6 hours until a constant weight was
achieved. After cooling to room temperature in a
desiccator, the final weights were recorded, and
the moisture content was calculated using
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Equation 1:

%Moisture = ((Initial Weight (g) —

Final Weight (g))/Initial Weight (g)) X
100 Eq. 1.

Elemental Composition Analysis

Quantification of Ca, Fe, Mg, Mn, Na, K, and Zn
The concentrations of calcium (Ca), iron (Fe),
magnesium (Mg), manganese (Mn), sodium (Na),
potassium (K), and zinc (Zn) were determined
using Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES). Prior to
analysis, vegetable samples were digested using a
microwave-assisted acid digestion system.

Microwave Digestion Protocol

Vegetable samples were homogenized and oven-
dried at 105 °C for 1 hout. A precisely weighed
portion (0.3 g, £0.01 g accuracy) of the dried
sample was transferred into Teflon digestion
vessels. A digestion mixture of 6 mL of 65%
(m/V) HNO:s and 2 mL of 30% (m/V) H202 was
added, and the vessels were left undisturbed for
10 minutes to allow gas release before initiating
microwave digestion. The digestion process was
carried out in three sequential stages (Table 1),
following the procedure (Sezer et al., 2018).

Table 1. Microwave Digestion Conditions

Stage Temperature (°C) Pressure (bar) Time (min) Power (%)
1 170 30 5 80
2 200 35 15 90
3 50 25 10 0
Upon completion of digestion, the «clear  In-1itro Mineral Bioaccessibility Assessment
supernatant solutions were transferred into The experimental procedure for in-vitro mineral

polypropylene tubes for elemental analysis.

Instrument Settings

ICP-OES analysis was performed at specific
emission wavelengths for each mineral: Ca: 317.9
nm, Fe: 259.9 nm, Mg: 279.5 nm, Mn: 257.6 nm,
Na: 588.9 nm, K: 766.5 nm and Zn: 213.8 nm.

A multi-element standard solution was used to
generate calibration curves, and necessatry
dilutions were prepared using a 5% HNO:s
solution (Sezer et al., 2018). The eclemental

concentrations in vegetable samples were
calculated using Equation 2:
( mg element )
kg vegetable
mg element .
~ (B (m) * Cml solutlon) . 1L
B D g vegetable 1000 ml
1000 g
* * DF

1kg
Az Mineral concentration in vegetable samples (mg/ kg)
B: Measured ICP-OES reading (mg/1)
C: Volume of digestion solvent used (6 mL HNOs + 2
ml H202)
D: Sample weight (g)
DF: Dilution factor

bioaccessibility assessment is illustrated in Figure
1.

To assess mineral bioaccessibility, 2.5 g of dried
vegetable samples were accurately weighed (£0.01
g sensitivity) and placed in polypropylene Falcon
tubes. A total of 25 mL of deionized water was
added. To simulate gastric conditions, the pH was
adjusted to 2.0 using 0.1 N HCI before adding
pepsin enzyme. Pepsin (Sigma-Aldrich, Product
No: P-7000, USA) was prepared by dissolving 0.2
gin 5 mL of 0.1 N HCI (Etcheverry et al., 2004).
A 0.125 mL aliquot of prepared pepsin solution
was introduced into each sample, followed by
incubation in a shaking water bath at 37 °C for 2
hours.

Subsequently, the pH was adjusted to 6.8-7.0
using 1 M NaHCOs solution, and 0.35 mL of
pancreatin  enzyme solution (Sigma-Aldrich,
Product No: P-1750, USA) was added. The
samples were further incubated at 37 °C for 4
hours to simulate intestinal digestion (Aribas et
al., 2020).
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ICP-OES Measurement

Calculation - Determine % Bioaccessibility

Figure 1. The experimental procedure for i vifro mineral bioaccessibility

After digestion, samples were diluted to 50 mL
with ultrapure water, centrifuged at 15,100 X g for
20 minutes, and filtered sequentially through
Whatman filter paper and 0.45 um syringe filters
before ICP-OES analysis. Mineral bioaccessibility
was calculated using Equation 3 (Klepacka et al.,
2020):

% Mineral Bioaccessibility

_ Dialyzable mineral concentration (ppm) 100
"~ Total mineral concentration in sample (ppm) x

Eg. 3.

Statistical Analysis

All data were analyzed using IBM SPSS Statistics
22.0 software. One-way analysis of variance
(ANOVA) was performed to determine
significant differences among sample groups, with
statistical significance set at P < 0.05. Duncan's
Multiple Range Test was applied for post-hoc
comparisons between group means (Apaydin et

al.,, 2024).

RESULTS AND DISCUSSION

In this study, the elemental composition and in-
vitro mineral bioaccessibility of lettuce (Lactuca
sativa), cucumber (Cucumis  sativus), broccoli
(Brassica oleracea), patsley (Petroselinum crispum), and
spinach (Spinacia oleracea) samples were evaluated.

The mineral concentrations of potassium (K),
magnesium (Mg), calcium (Ca), sodium (Na), iron
(Fe), manganese (Mn), and zinc (Zn) were
quantified. Additionally, soil analysis results from
the gardens where lettuce, parsley, and cucumber
were cultivated were assessed to gain a better
understanding of the soil composition.

Elemental Composition and Moisture
Content of Vegetables
Analysis of the elemental composition of

vegetables revealed that spinach had the highest
potassium content (72,944.49 ppm), followed by
cucumber, lettuce, and parsley. The lowest
potassium content was found in broccoli
(3,607.28 ppm). Statistical comparison showed
that all vegetables differed significantly in their
potassium levels, with spinach (a) and broccoli (d)
representing the extremes of the group (P < 0.05).
These findings are consistent with those reported
by Lafarga et al. (2019). In terms of magnesium
content, spinach  exhibited the highest
concentration (6,930.38 ppm), followed by
cucumber (3,448.51 ppm), parsley (733.58 ppm),
and broccoli (481.95 ppm). Lettuce contained the
lowest magnesium concentration (202.42 ppm),
with statistically significant differences observed
among all samples (P < 0.05). This is in agreement
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with the results of Hayes et al., (2020) and Lafarga
etal, (2019).

Regarding calcium content, cucumber contained
the highest concentration (9,277.48 ppm),
whereas lettuce and broccoli exhibited lower
levels. Although spinach (4,230.85 ppm), broccoli
(3,949.98 ppm), and parsley (3,608.66 ppm)
formed a statistically similar group (b—cd),
cucumber (a) differed significantly from all other
samples (P < 0.05).

Sodium concentrations also showed significant
variation among vegetables. Lettuce (397.38 ppm)
had the highest Na content, followed by parsley
(324.09 ppm), broccoli (291.7 ppm), and
cucumber (255.06 ppm), while spinach had the
lowest value (97.65 ppm) (P < 0.05).

For iron content, parsley (113.17 ppm) exhibited
by far the highest Fe concentration, significantly
exceeding all other vegetables (P < 0.05).

Cucumber (58.29 ppm) also had a notably higher
Fe level compared to spinach, lettuce, and
broccoli, which showed similarly low values
ranging from 5.55 to 10.11 ppm. Manganese
concentrations differed markedly across the
vegetable types. Broccoli (99.39 ppm) had the
highest Mn content, followed by parsley (64.91
ppm) and cucumber (29.88 ppm), whereas
spinach (9.73 ppm) and lettuce (4.03 ppm) had the
lowest values (P < 0.05). Zinc content was highest
in spinach (102.92 ppm), followed by cucumber
(53.26 ppm), parsley (50.11 ppm), broccoli (39.86
ppm), and lettuce (2.96 ppm). Spinach formed a
distinct group (a), statistically higher than all other
vegetables in Zn content (P < 0.05). These
patterns are in general agreement with previously
published findings (Shi et al., (2022) and highlight
the diversity in elemental uptake among green
vegetables. The element content analysis results
are presented in Table 2.

Table 2. Element Contents of Vegetables (ppm)

Spinach Lettuce Cucumber Broccoli Parsley
K 72944.49%1274.75* 32740.96%400.23¢ 57913.02£1239.56> 3607.28+137.89¢ 34080.94£503.66°
Mg 6930.38+3.082 202.4218.43¢ 3448.51£137.79>  481.95£13.564  733.58+11.68¢
Ca  4230.85+7.32b 3458.314£72.154  9277.48+304.99*  3949.981+48.81bc  3608.66£64.27<d
Na 97.65%£3.68¢ 397.38+6.772 255.06£3.554 291.7£6.81¢ 324.09+14.61b
Fe  10.11%0.12¢ 6.5810.15¢ 58.2940.06" 5.55%0.02¢ 113.17£4.44
Mn 9.73%0.364 4.0310.03¢ 29.88+1.3c 99.391+0.532 64.91+1.07>
7n  102.92%2.38 2.96£0.064 53.2610.27° 39.8610.3¢ 50.11%+1.01>

The differences between results indicated by different letters in the same row are statistically significant (P < 0.05; n = 3)

The similarity of elemental composition values
across different geographical locations suggests
that, despite variations in cultivation conditions,
the elemental profiles of vegetables remain
relatively stable. Consequently, the in-vitro
mineral bioaccessibility results obtained in this
study may be applicable beyond the regional
scope and could have broader global relevance.

Also, moisture content plays a crucial role in
determining mineral bioaccessibility and overall
elemental composition in vegetables. The
measured moisture content values in this study

were consistent with previously reported data (Liu
et al., 2018).

Spinach had the highest moisture content
(92.83%), while parsley exhibited the lowest
(85.27%) (Table 3). Moisture levels influence the
solubility and bioavailability of minerals during
digestion, impacting their overall absorption
efficiency in the human gastrointestinal tract (Liu
et al,, 2018).

Table 3. The Moisture Content of Vegetables

Spinach 92.83% * 1.14
Lettuce 92.14% * 0.83
Cucumber 92.14% =+ 0.82
Broccoli 91.23% =+ 1.82
Parsley 85.27% * 0.56
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In-Vitro Mineral Bioaccessibility of Vegetables

Table 4. In-Vitro Mineral Bioaccessibility (%)

Spinach Lettuce Cucumber Brocceoli Parsley

K 21.41%0.6328 17.65£0.03b¢ 21.911.46:¢ 21.71£0.2:PE 21.11+0.4628
Mg  22.81%1.22a8 25.09%1.0628 20.63%0.96P¢ 24.14%0.04¢P 23.8410.3328
Ca  20.54£0.63bBC  19.26%1.19<C 22.84%02bC 20.07£0.25¢ 23.4211.05%8
Na  24.09£2.95:5 22.8410.638 22.07%0.7:C 25.6£0.03:C 25.521+0.192A8
Fe 15.4%0.64¢ 16.58%1.62C 15.15£0.62P 18.82£2.344F 16.3%1.14C
Mn  31.16£3.092bA 25.13%0.02b8 32.78%0.762A 30£1.34abA 29.9712.8bA
Zn  26.3%1.18A8 28.8310.032A 26.5911.47:8 27.511.062A8 25.6712.212A8

Differences in the same row are indicated by lowercase letters (a, b, c...), while differences in the same column are represented by
uppercase letters (A, B, C...). Differences between results marked with different letters are statistically significant (P < 0.05; n =

3).

A key objective of this study was to assess the in-
vitro  bioaccessibility of minerals, which
represents the proportion of minerals available
for absorption after digestion (Table 4). The
findings indicated that K and Mg exhibited the
highest bioaccessibility rates, with cucumber
demonstrating the highest K bioaccessibility
(21.9%) and lettuce displaying the highest Mg
bioaccessibility (25.09%). Among the analyzed
vegetables, parsley exhibited the highest Ca
bioaccessibility (23.42%0).

Post-digestion Fe bioaccessibility ranged between
15.15% and 18.82%, highlighting the limited
bioavailability of iron from plant-based sources.
These values are consistent with eatlier in-vitro
studies on spinach and broccoli, which reported
iron bioaccessibility typically below 20%
(Rodriguez-Ramiro et al., 2019). The highest Mn
bioaccessibility was observed in cucumber
(32.78%), while Zn bioaccessibility was highest in
lettuce (28.83%). These results are in agreement
with the findings of Ismail et al., (2024). Similar
high Mn availability was also reported in green
vegetables by Choleva et al., (2023), while Zn
bioaccessibility exceeding 25% is considered
favorable and has been associated with low
oxalate and phytate content, as seen in lettuce (do
Nascimento da Silva Cadore, 2019).

The  observed  variations in  mineral
bioaccessibility are largely influenced by
antinutritional factors such as oxalates, phytates,
and tannins, which are known inhibitors of

essential mineral absorption, particularly Fe and
Zn (do Nascimento da Silva et al.,, 2015). In
particular, the poor Fe and Ca bioaccessibility of
spinach has been previously attributed to its high
oxalate content, which forms insoluble complexes
with divalent minerals (Singh et al, 2010).
Additionally, differences in soil composition,
fertilization practices, and agricultural techniques
may contribute to these variations (Lafarga et al.,
2019).

One of the most significant aspects of this study
is that it evaluates not only the total mineral
content of vegetables but also their in-vitro
bioaccessibility, providing a more accurate
assessment of the fraction of minerals available
for absorption. While many nutritional studies
focus solely on total mineral content, these values
do not necessarily reflect the bioavailable fraction,
as some minerals are bound to indigestible
compounds and thus remain inaccessible for
absorption (Liu et al, 2018). For instance,
Ceccanti et al, (2022) reported that while
potassium is generally highly bioaccessible in
vegetables due to its ionic form, the actual K
bioaccessibility can still vary widely depending on
tissue water content and structure. The present
finding of ~22% K bioaccessibility in cucumber
is within the expected range.

Research on in-vitro mineral bioaccessibility in
vegetables remains limited, making this study
particularly valuable. The present study offers one
of the most comprehensive evaluations of mineral
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bioaccessibility in  commonly  consumed
vegetables, considering the effects of different soil
compositions on elemental content. A meta-
review by Muleya et al, (2024) showed that
calcium bioaccessibility in green vegetables can
range from <10% (in spinach) to >70% (in low-
oxalate crucifers), confirming the importance of
matrix-specific evaluation. This is especially
relevant for plant-based diets, where vegetables
serve as primary mineral sources, yet their
bioaccessibility is often lower than that of animal-
based foods (Doniec et al, 2022; Tokalioglu,
2023).

Moreover, by analyzing vegetables obtained from
different producers, this study ensures greater
variability and enhances the generalizability of the
results. The findings provide a critical reference
for dietary planning, particularly in plant-based
nutrition, underscoring the need to consider both
mineral content and bioaccessibility when
evaluating the nutritional value of vegetables
(Doniec et al., 2022; Hayes et al., 2020; Khouzam
et al,, 2011). In this context, the current study
contributes a novel regional dataset on in-vitro
bioaccessibility from Tirkiye, which may serve as
a reference for further dietary optimization
efforts.

CONCLUSION

This study provides a comprehensive assessment
of the elemental composition and in-vitro mineral
bioaccessibility of frequently consumed green
vegetables, including spinach, lettuce, cucumber,
broccoli, and parsley. The findings emphasize the
importance of evaluating mineral bioaccessibility
rather than relying solely on total mineral content,
as the actual fraction of minerals available for
absorption varies significantly among different
vegetables.

Spinach exhibited the highest potassium and
magnesium concentrations, whereas cucumber
contained the highest calcium levels. However,
despite their high mineral content, not all minerals
were equally bioaccessible. Iron bioaccessibility
was relatively low, consistent with well-
documented challenges in Fe absorption from

plant-based sources. Manganese and zinc

demonstrated moderate bioaccessibility, with
cucumber and lettuce showing the highest values,
respectively. These results underscore the
necessity of evaluating mineral bioaccessibility in
plant-based diets, as total mineral content alone
does not accurately reflect the nutritional
contribution of vegetables.

From a nutritional perspective, mineral
bioaccessibility should be considered when
formulating dietary recommendations,

particularly for individuals following plant-based
diets. This study highlights the importance of
selecting vegetables not only based on their total
elemental composition but also on their
bioaccessibility levels.

Furthermore, this tesearch contributes to the
growing body of literature on the impact of
agricultural conditions, soil composition, and
food processing techniques on mineral
bioavailability. Future studies should explore the
influence of cooking methods and soil vatiations
on mineral bioaccessibility to optimize dietary
strategies and enhance mineral intake, particularly
in populations reliant on plant-based nutrition.

Opverall, this study provides a valuable reference
for dietitians, nutritionists, and food scientists,
offering insights into the actual nutritional value
of commonly consumed green vegetables and
reinforcing the significance of bioaccessibility
studies in food science.
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