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Abstract:

Introduction: Microgreens, young edible seedlings harvested after germination, are reported to concentrate vitamins, minerals, and bioactive
phytochemicals at levels frequently exceeding those of mature plants. Chia (Salvia hispanica L.) microgreens contain phosphorus, protein,
phenolics, magnesium, zinc, calcium, and iron. As chapatti is a staple food consumed daily in most Indian households, its enrichment with
microgreen powder offers a practical route to improve micronutrient intake and address "hidden hunger".

Materials and Methods: Chia seed microgreens were grown and milled to a dry powder, which was added to whole wheat chapatti at 0%
(control), 9, 25, 31, 39, 47, and 67 percent. Trained and semi-trained panelists rated all formulations on a 9-point hedonic scale of aroma, texture,
color, overall acceptability, and taste, and the most acceptable formulation was compared to the control in proximate composition, minerals,
vitamins, total polyphenols, and antioxidant activity.

Results: The formulation containing 6 g of chia microgreen powder and 19 g of whole wheat flour achieved the highest overall sensory
acceptability score (7.36) and was selected for further nutritional and biochemical analysis. Compared with the control chapatti, the fortified
chapatti exhibited higher protein content (19.90 vs. 6.0 g), iron (95.8 vs. 1.9 mg), calcium (905 vs. 33 mg), zinc (9.1 vs. 0.16 mg), magnesium
(581 vs. 61.5 mg), and phosphorus (981 vs. 110.28 mg). Dietary fiber increased from 3.2 to 4 g, while energy content increased from 229 to 304
keal. The fortified chapatti also showed higher vitamin A content (1.79 vs. 0.60 mg) and folate content (56 vs. 10 pg). Vitamin C was detected
in the fortified chapatti (5.54 mg) but was absent in the control. Furthermore, total polyphenol content increased from 2.6 to 14.93 mg GAE/g,
while antioxidant activity increased from 60% to 73.63%.

Discussion: The nutrient levels align with the known ability of microgreens to be enriched in vitamins, minerals, and bioactive phytochemicals,
and with the mobilization of seed reserves and decreasing antinutrients during sprouting. The results justify food-to-food fortification of daily
staples as a viable approach to address micronutrient deficiency.

Conclusion: Adding chia seed microgreen powder to whole wheat chapatti increased its nutrient content without changing its taste, suggesting
that microgreens can be used as natural fortifiers in staple cereal foods to address micronutrient deficit.

Keywords: Chapatti, chia (Salvia hispanica L.), fortification, functional food, microgreens, nutritional composition, sensory
evaluation.

1. INTRODUCTION individuals due to Fe, Zn, vit A, and folate deficits [ 1], and more

general estimates a global burden of micronutrient malnutrition

Hidden hunger, the chronic deficiency of essential vitamins at over 3 billion people [2]. Since most diets are made up of

and minerals in diets that are otherwise adequate in energy, starchy staple crops, which are sources of energy but few

remains one of the world's most intractable public health bioavailable micronutrients, staple-based interventions are

problems. Hidden hunger affects 2 billion developing-world commonly considered the most likely method to enhance
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dietary quality [1]. Supplementation programs, despite their
importance, are dependent on external funding, purchasing
power, market access, and consumer awareness and have failed
to meet international targets [3]. Fortifying the staple foods
themselves with nutrient-rich natural ingredients thus provides
a more sustainable approach to correcting micronutrient
malnutrition [2].

One such ingredient is microgreens, young edible seedlings
of vegetables, cereals, and herbs harvested 7-21 days after
germination, when the cotyledons have fully matured and, in
most species, the first edible leaves have emerged [4]. In the
1980s, San Francisco chefs started serving them, but now they
are grown commercially and considered "superfoods" [5].
Microgreens have a short production cycle and a high nutrient
content: they contain more tocopherols, anthocyanins, ascorbic
acid, minerals, glucosinolates, carotenoids, folate, vitamins, and
phylloquinones than mature plants [6]. They likewise harbour
minerals such as magnesium, iron, calcium, zinc, and selenium,
along with vitamins such as a-tocopherol and ascorbic acid [7].
The combination of this nutrient density with the biochemical
modification that occurs during germination is the basis of their
move into farm-to-fork and their increasing application as
functional ingredients [8]. Frequent intake of microgreens has
therefore been associated with guarding against malnutrition,
inflammation, and chronic illnesses like cardiovascular disease,
diabetes, and obesity [9].

Microgreens such as pseudocereals and cereals, including
chia, wheat, barley, amaranth, oats, quinoa, and barley, have
much higher protein, mineral, and antioxidant concentrations
compared to their adult counterparts [10]. One of them is chia
(Salvia hispanica L.) microgreens, which are not only rich in
protein, iron, calcium, magnesium, phosphorus, zinc, and
phenolic compounds, but the powder of chia microgreens was
defined as containing 34.7% protein, 13.63 mg gallic acid
equivalents/100 grams of phenolics, and such major minerals as
calcium, phosphorus, zinc, and iron [11]. Adding up to 5% chia
microgreen powder to wheat noodles produced a favorable
outcome [11].

Chapatti, an unleavened whole wheat flatbread, is eaten in
most Indian households daily and is a convenient, inexpensive
means of adding more micronutrients to the diet. Microgreens
enhance the flavour, texture and color of flatbreads and other
staple preparations [5]; microgreen-based cereal products such
as biscuits and snack bars have shown acceptable sensory
quality and improved nutritional profiles [12, 13]. Previous
studies have explored the incorporation of microgreens and
plant-derived powders into various cereal-based food products.
Chia microgreen powder has been investigated in wheat
noodles, with favourable outcomes reported at incorporation
levels of up to 5% [11]. Other studies have examined
microgreen enrichment in biscuits, snack bars, muffins, and
steamed bread [12, 13], while research on cabbage powder-
fortified flatbreads and mushroom powder-enriched tortillas has
demonstrated the potential of plant-based ingredients to
improve the nutritional profile of cereal-based products while
maintaining sensory acceptability.

Building on this research, the present study investigates the
incorporation of chia microgreen powder into whole wheat
chapatti, an important staple food in India. It evaluates different
incorporation levels to identify the most acceptable formulation
and subsequently assesses its nutritional composition and
bioactive properties in comparison with an unfortified control.

1.1. Objectives

1. To cultivate chia (Salvia hispanica L.) seed
microgreens and prepare dried chia microgreen
powder.

2. To formulate and develop chapatti enriched with chia
microgreen powder.

3. To evaluate the sensory acceptability of the developed
chapatti formulations and identify the most acceptable
formulation.

4. To assess the nutritional composition and bioactive
properties of the selected formulation.

2. MATERIALS AND METHODS
2.1. Materials

Chia seeds (Salvia hispanica L.) were obtained from
Chandigarh market, and whole wheat flour was obtained from
the Raipur Khurd market. The seeds were then carefully
examined to ensure uniformity, and those seeds that were not
contaminated by debris, broken grains, or other impurities were
chosen; the rinsing of the seeds under running water was carried
out thoroughly to remove dust and other surface contaminants
before processing.

2.2. Cultivation of Chia Microgreens and Preparation of
Microgreen Powder

The dried seeds were then immersed in fresh, clean water at
room temperature (around 25- 30 °C) to ensure the seeds were
moisturized sufficiently and to start metabolic processes that led
to germination. The water was drained after it was soaked, and
the hydrated seeds were rinsed again with fresh water. The seeds
were then placed in clean cultivation trays containing coco peat
as the growing substrate. Muslin cloth was not used to minimize
the risk of fungal growth and to maintain appropriate sanitation
during cultivation. The seeds were then placed in a clean plate
lined with slightly moistened tissue paper and stored in the dark
at room temperature (25- 30 °C) to facilitate germination;
sprouting was induced in 24-48 h. Following germination, the
trays were maintained under alternating light and dark exposure,
with the microgreens kept in daylight for approximately half of
the day and in darkness for the remaining period. Water was
sprinkled using a spray bottle at 8-hour intervals to maintain
adequate moisture without waterlogging. These were left to
grow until the first true leaves appeared (10-14 days) (Fig. 1).
This was followed by harvesting and washing the microgreens
and drying them in a hot air oven at 50- 60 °C until the moisture
content was reduced to less than 11%, as required for
subsequent nutritional analysis. The dried microgreens were
cooled to room temperature and ground into a fine powder using
a grinder. Approximately 100 g of fresh microgreens yielded 5
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g of dried microgreen powder following oven drying. The
prepared powder was packed in LDPE zip-lock bags and stored
in a deep freezer until further use and analysis [11].

2.3. Formulation and Preparation of Chia Microgreen
Chapatti

The base ingredient was whole wheat flour, and chia
microgreen powder was added in six amounts of 9%, 25%, 31%,
39%, 47%, and 67% chia microgreen powder, and a control (0%
microgreen). The formulations corresponded to 2 g powder/23
g flour (9%), 5 g/20 g (25%), 6 g/19 g (31%), 7 g/18 g (39%), 8
g/17 g (47%), and 10 g/15 g (67%), while the control consisted
of 25 g whole wheat flour (Table 1). The dry components were
thoroughly mixed so that the microgreen powder was evenly
distributed. After adding enough water, the material was
kneaded into a soft, uniform dough. The dough was allowed to
rest for 10-15 min to allow the hydration of the flour particles,
improve the consistency, and improve handling properties, and
then cut into equal portions and rolled into circles. The chapattis
were cooked on a griddle that had been heated to the maximum
temperature until both sides of the chapatti were cooked and
brown spots formed (Fig. 2).

2.4. Experimental Replication

The study was conducted using independent experimental
batches at each relevant stage. Chia microgreens were cultivated

in 10 independent batches (as each batch produced nearly 5 g of
microgreen powder), and the chapatti formulations were
prepared independently in 7 batches. The control and selected
S3 formulation were subjected to proximate, mineral, vitamin,
bioactive compound, and anti-nutritional analyses using
independent experimental samples. Analytical determinations
were performed in triplicate technical measurements for each
independent sample.

2.5. Sensory Evaluation

Sensory evaluation was conducted on a 9-point hedonic
scale (1: dislike extremely, 9: like extremely), with a panel of
45 judges comprising trained and semi-trained panelists [14]
who assessed all six chapatti formulations. Aroma, taste,
appearance, texture, color, and overall acceptability were
evaluated. Samples were coded and randomly given to prevent
bias, and all formulas had similar processing and cooking
conditions. The formulation with the highest overall acceptance
was chosen for nutrition analysis.

2.6. Nutritional Analysis

The ideal formulation and control sample were evaluated for
their approximate composition, vitamins, minerals, and
bioactive substances. All values are expressed as per 100 g of
dry weight of sample.

Procurement &
Preparation of Material
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Fig. (1). Sequential stages involved in the cultivation of chia seeds (Salvia hispanica L.) microgreen powder.
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Fig. (2). Sequential steps involved in the development of chia (Salvia hispanica L.) microgreen-fortified chapatti. (SO-Control,

S1-S6 refer to Sample 1- Sample 6: Composition as given in Table 1).

Table 1. Different compositions of chia seed-based microgreen chapatti.

Amount
Sample % of Chia Seeds Microgreens Used Ingredients ©
g
Chia microgreen powder 2
S1 9%
Whole wheat flour 23
Chia microgreen powder 5
S2 25%
Whole wheat flour 20
Chia microgreen powder 6
S3 31%
Whole wheat flour 19
Chia microgreen powder 7
S4 39%
Whole wheat flour 18
Chia microgreen powder 8
S5 47%
Whole wheat flour 17
Chia microgreen powder 10
S6 67%
Whole wheat flour 15

2.7. Proximate Composition

Protein was determined by the Kjeldahl method: a known
weight of sample was digested with concentrated sulfuric acid
in the presence of potassium sulfate and copper sulfate catalysts
until the digest cleared, converting organic nitrogen to

ammonium sulfate; sodium hydroxide was then added to
liberate ammonia, which was distilled into a known volume of
standard acid and quantified by back-titration. Nitrogen was
calculated as N (%) = [(A — B) x 0.0014 x volume of digest] +
(aliquot taken x 5) x 100, where A and B are sample and blank
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titres, and crude protein was obtained as N x 6.25 [15]. Fat was
estimated by Soxhlet extraction using hexane as solvent; the
ground sample was extracted over repeated reflux cycles,
anhydrous sodium sulfate was used to dry the extract, the
solvent was recovered on a rotary evaporator, and the residual
fat was cooled in a desiccator and weighed (fat residue = final
weight — weighing paper weight) [16]. Total carbohydrates
were determined by the Anthrone colorimetric method: the
sample was hydrolysed under acid conditions to simple sugars,
dehydrated with concentrated sulfuric acid to furfural and
hydroxymethylfurfural derivatives, and reacted with freshly
prepared anthrone reagent to give a green complex read at 620
nm against a reagent blank, with carbohydrate (mg/g) calculated
as absorbance x standard factor [17]. Energy was measured by
bomb calorimetry; a dried, weighed sample was combusted in a
chamber filled with oxygen under pressure by electrical
ignition, and the recorded heat release converted to kcal/100 g
using the calibration factor [18]. Fiber was determined by acid—
alkali digestion, in which the defatted sample was boiled with
dilute acid, filtered and washed, the residue boiled with alkali,
filtered, dried and weighed, then ashed and reweighed; fiber (%)
= (weight before ashing — weight after ashing) + sample weight
x 100 [19].

2.8. Minerals

For iron, the sample was ashed and dissolved in acid, an
aliquot was treated with the chromogenic reagent, and color was
allowed to develop before absorbance was read at 248.3 nm
against standard solutions, with iron (mg/100 g) = absorbance x
standard factor [20]. Zinc was determined after acid digestion,
filtration and dilution; reagent was added for complex formation
and absorbance was read at 213.9 nm against a standard curve,
with zinc (mg/100 g) = sample reading x factor [20].
Phosphorus was determined by the ammonium molybdate
method, in which phosphorus reacts under acidic conditions to
form a phosphomolybdate complex giving a blue coloration;
sample ash was dissolved in acid, reagent added and incubated,
and absorbance read at 420 nm against standards [21]. Calcium
and magnesium were determined by inductively coupled
plasma—mass spectrometry (ICP-MS); samples were digested
with HNO; and H20:, diluted to a known volume and analyzed
against calibration standards [22]. Magnesium and selenium
were estimated following PBTI/SOP/90:TP-58 by ICP-MS,
using microwave-assisted acid digestion with concentrated
nitric acid, filtration and dilution to a known volume, ionisation
in the plasma and quantification by mass-to-charge ratio against
element-specific calibration standards; concentrations were
computed as (instrument concentration X final digest volume X
dilution factor + sample weight) x 100 [22].

2.9. Vitamins

Vitamin A was estimated spectrophotometrically: the
sample was extracted with an organic solvent, an aliquot treated
with reagent for color development and incubated, and
absorbance read at 325 nm against a standard calibration curve
[23]. Vitamin C was determined by the DCPIP (2,6-
dichlorophenolindophenol) dye-reduction method, in which a
fresh extract was treated with the dye, shaken, and read at 520

nm against a standard curve [24]. Vitamin D was extracted with
an organic solvent system, purified, reacted with methanol for
complex formation, incubated, and read at 265 nm against
standards.  Folate ~was determined by (HPLC /
spectrophotometry - the single method actually used) after
extraction from the sample using folic acid standards and buffer
solutions, and quantified from a calibration curve [25].

2.10.

Total polyphenols were measured by the Folin—Ciocalteu
method; extract was mixed with reagent and sodium carbonate
solution, incubated, and read at 765 nm, with results expressed
as mg gallic acid equivalents per 100 g [26]. Antioxidant
activity was determined by the DPPH radical scavenging assay,
with DPPH added to the sample extract, incubated in the dark,
and absorbance recorded at 517 nm; activity was calculated as
[(Control — Sample) + Control] x 100 [27]. The assay
conditions, including extract concentration, solvent, reaction
time, temperature, and wavelength, were maintained
consistently for the control and fortified samples. The
antioxidant activity was therefore compared on the basis of the
same sample concentration. Oxalate was determined by the
AOAC 941.15 titrimetric method: oxalate was extracted with
dilute acid under heating, precipitated as calcium oxalate with
calcium chloride solution, dissolved in warm sulfuric acid, and
titrated against standardised potassium permanganate to a light
pink endpoint persisting for approximately 30 s, with oxalate
(mg/100 g) = (volume of KMnOa x factor/normality x 45 x 100)
+ sample weight, where 45 is the equivalent weight of the
oxalate ion [28]. Tannins were estimated
spectrophotometrically: tannins react with Folin—Denis’s
reagent in alkaline medium to form a blue complex, absorbance
was measured at 700 nm, and concentration was read from a
tannic acid standard curve.

Bioactive Compounds and Anti-Nutrients

The sensory scores were presented in the form of the mean
panel ratings [29], and the most acceptable formulation was
chosen to be nutritionally compared to the control.

2.11.

Sensory evaluation data for the six chapatti formulations
were subjected to one-way analysis of variance (ANOVA) to
determine significant differences among the formulations.
Duncan’s Multiple Range Test (DMRT) was subsequently
applied for post-hoc comparison of means. Based on sensory
acceptability, most acceptable formulation was selected for
further nutritional and biochemical characterization. The
control chapatti and most acceptable formulation were
compared using a t-test for proximate composition, mineral
composition, vitamin content, bioactive compounds, and anti-
nutritional factors. A p-value of < 0.05 was considered
statistically significant. Statistical analyses were performed
using IBM SPSS statistics version 30.

Statistical Analysis

3. RESULTS
3.1. Cultivation of Chia Microgreens and Powder
Preparation

Chia seeds germinated successfully under the darkened,
moist conditions described in the methodology, with sprouting
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initiated within 24-48 hours of sowing. The seedlings were
harvested at the first-true-leaf stage after 10-14 days of growth,
oven-dried at 50-60 °C, crushed into a fine powder, and stored
under refrigeration till use. The dried powder was incorporated
into all subsequent formulations.

3.2. Sensory Evaluation of Chia Microgreen—Enriched
Chapatti

Six enriched formulations and a control (25 g whole wheat
flour) were assessed by trained and semi-trained panelists on a
nine-point hedonic scale. Mean scores for all attributes are
presented in Table 2.

Table 2. Mean sensory scores of chia microgreen—enriched
chapatti formulations.

S1 S2 S3 S4 S5 Sé6
Attributes 2g 5g 6g 7¢g 8g 10g
@:23) | (5:20) | 6:19) | (7:18) | (8:17) | (10:15)

Taste 72 6.0 7.25 7.1 7.0 4.0
Appearance 7.3 6.5 7.33 7.1 6.9 5.0
Aroma 7.3 6.3 7.25 7.1 7.0 5.0
Color 7.5 6.1 7.62 7.5 6.9 4.8
Texture 7.4 6.0 7.35 7.6 6.6 4.5
aci;f;zﬁity 734 | 618 | 736 | 728 | 688 | 4.66

The S3 formulation (6 g microgreen powder: 19 g flour, i.e.,
31% incorporation) recorded the highest overall acceptability
score of 7.36, followed by the 2 g formulation (7.34) and the 7
g formulation (7.28); the 10 g formulation scored lowest (4.66).
Across the enriched samples, the rank order of overall
acceptability was 6 g>2g>7g>8 g>5g> 10 g. The highest
single-attribute scores were recorded for color (7.62) and
texture (7.6) at the 6 g and 7 g levels, respectively, while the 10
g formulation received the lowest scores on all attributes (taste
4.0, color 4.8, texture 4.5, aroma 5.0, appearance 5.0) (Fig. 3).
A one-way ANOVA was conducted to determine the significant
differences between the sensory scores of different chapatti
formulations. The results showed that there were significant
differences (p < 0.05) among the formulations. Post-hoc
analysis using Duncan’s multiple range test revealed that
sample S3 scored significantly higher (»p < 0.05) in overall
acceptability compared to other variations.

The 6 g formulation was therefore selected for detailed
biochemical analysis.

3.3. Proximate Composition

Proximate values for the selected formulation and the
control are demonstrated in Table 3. Statistical analysis showed
significant differences (p < 0.05) in the proximate composition
parameters between control and microgreen chapatti samples as
determined by t-test.

Protein content increased nearly 3.3-fold as compared to the
control sample. Fat, dietary fiber, and energy were also higher

in the enriched chapatti, whereas carbohydrate content was
comparatively lower.

Table 3. Proximate composition of control and 31% chia
microgreen-enriched chapatti (per 100 g).

Parameters Control Microgreen Chapatti
Protein (g) 6.0 19.90
Fat (g) 3.6 6.27
Carbohydrate (g) 42 34
Dietary fiber (g) 3.2 4
Energy (kcal) 229 304

3.4. Mineral Composition

Mineral concentrations for both samples are presented in
Table 4. t- test showed significant differences (p < 0.05) in the
mineral composition of all parameters between control and
microgreen chapatti samples.

Table 4. Mineral composition of control and 31% chia
microgreen-enriched chapatti (per 100 g).

Parameters Control Microgreen Chapatti
Iron (mg) 1.9 95.8
Calcium (mg) 33 905
Phosphorus (mg) 110.28 981
Zinc (mg) 0.16 9.1
Magnesium (mg) 61.5 581
Selenium (mg) 0.6 0.05

All minerals except selenium were present at substantially
higher concentrations in the enriched chapatti; iron increased
~50-fold and calcium ~27-fold, while selenium declined from
0.6 to 0.05 mg/100 g.

3.5. Vitamin Content

Vitamin concentrations for both samples are demonstrated
in Table 5. Statistical analysis using the t- test indicated
significant differences (p < 0.05) in the vitamin content
parameters between control and microgreen chapatti.

Table 5. Vitamin content of control and 31% chia microgreen—
enriched chapatti (per 100 g).

Parameter Control Microgreen Chapatti
Vitamin A (mg) 0.60 1.79
Vitamin C (mg) not detected 5.54
Vitamin D (mg) not detected 0.07
Vitamin D (I.U.) not detected 2800
Folate (ng) 10 56
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Fig. (3). Representation of Sensory scores of chia microgreen-enriched chapatti formulations.

Vitamin A was ~3-fold higher in the enriched chapatti, and
folate increased from 10 to 56 ug/100 g. Vit C (5.54 mg/100 g)
and vit D (0.07 mg/100 g) were detected only in the enriched
product.

3.6. Bioactive Compounds and Anti-Nutrients

Total polyphenolic content, antioxidant activity, and anti-
nutrient levels are presented in Table 6. Statistical analysis
showed significant differences (p < 0.05) in the bio-active
compounds and anti- nutrient parameters between control and
microgreen chapatti samples as determined by t-test.

Table 6. Bioactive compounds and anti-nutrients in control and
31% chia microgreen-enriched chapatti (per 100 g).

Parameter Control Microgreen Chapatti
Total polyphenols (mg GAE/g) 2.6 14.93
Antioxida:: }?i(;tiit‘i/::)(% DPPH 60 73.63
Oxalate (mg) 30.6 3.9
Tannins (mg) 0.856 61.68

Total polyphenols increased from 2.6 to 14.93 mg GAE/g
and antioxidant activity from 60% to 73.63%. Oxalate reduced
from 30.6 to 3.9 mg/100 g, but tannin increased from 0.856 to
61.68.

4. DISCUSSION

This study showed that chia microgreen powder can be
incorporated into whole wheat chapatti at a level that maximizes

sensory acceptability while markedly improving nutrient
density. The 6 g (31%) formulation was the most acceptable by
all attributes, and the final product contained significantly
higher amounts of protein, minerals, vitamins, fiber, and
polyphenols than the unfortified control, in line with the
reported ability of microgreens to accumulate nutrients at higher
levels than those in mature plants [4,6].

4.1. Sensory Acceptability

Acceptability of the fortified chapatti decreased
monotonically with increasing microgreen powder (6 g), and
color, taste, and texture ratings decreased most dramatically at
10 g (overall score 4.66). This trend resembles previous
fortification studies in flatbread matrices: unleavened flatbreads
fortified with processed cabbage powder were most acceptable
at 5% fortification (approximately 7.6 on a scale of nine) and
were least acceptable at levels above 7.5 [30], and tortillas
fortified with oyster mushroom powder were best accepted at
5% fortification (approximately 7.6 on a nine-point scale) and
were least acceptable at higher levels [31]. Baked goods had the
same ceiling: 10 percent spinach microgreen powder was best
for biscuits [12], while muffins could only contain lyophilized
basil, fenugreek, and wheatgrass microgreen juice powders
[32], whereas wheatgrass-enriched steamed bread was
optimally acceptable at the levels at which it was experimented
with [33]. These optima being very similar in some of the most
diverse cereal matrices imply that the constraining element is
not technical capability but sensory tolerance, probably due to
increasing disruption of the gluten-starch network, darker green
discoloration, and more bitter and astringent notes as
chlorophyll and phenolic compounds build up [33]. The 31 %
inclusion obtained here, much greater than the 37.5 percent
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optimum of powder fortification, is noteworthy, and could be
due to the masking power of the whole wheat flavour of chapatti
and the bland, vegetal nature of young chia tissue; consumer
research nonetheless confirms that preference towards products
containing microgreens is largely flavour-driven and generally
likeable [34].

4.2. Proximate Composition

The approximately threefold increase in protein (6.0 to
19.90 g/100 g) can be described by two intersecting factors: the
high protein content of the ingredient, where chia microgreen
powder has a protein content of 34.7% and an amino acid score
of 80 [11], and the upregulation of protein synthesis during
germination [35]. The simultaneous reduction of carbohydrate
(42 to 34 g/100 g) may be mechanistically consistent, with
germination activating amylolytic enzyme hydrolysis of starch
to soluble sugars to power seedling growth [36], which also
interferes with the structure of starch grains in cereals [37].
These increases in fat (3.6-6.27 g/100 g), fiber (3.2-4 g/100 g),
and energy (229-304 kcal) indicate the lipid- and fiber-rich seed
levels of chia and the established change to more digestible and
higher-quality macronutrient fractions during sprouting [35].
Similar enhancements were noted with wheat flatbreads
fortified with germinated legumes and dehydrated greens,
which reportedly contained more protein, fiber, iron, and
calcium than their unfortified controls [38].

4.3. Mineral Composition

The mineral enrichments, iron (~50-fold), calcium (~27-
fold), and phosphorus, zinc, and magnesium (each several-fold),
are in line with mineral enrichment of chia microgreens [11] as
well as the biochemical outcomes of germination. Germination
activates endogenous phytase and other hydrolases that break
down phytate, the major mineral-sequestering antinutrient in
seeds, that could make minerals (calcium, iron, zinc,
phosphorus) more bioavailable [35, 36]; degradation of phytate
and tannins during germination has been repeatedly
demonstrated to enhance mineral bioavailability in cereals [39].

4.4. Vitamin Content

Vitamin A almost tripled (0.60 to 1.79 mg/100 g), vitamin
C was found where none existed before (5.54 mg/100 g), and
folate rose by 10 to 56 ug/100 g. The increase in vitamin C is in
line with the ascorbic acid biosynthesis that was stimulated by
germination, as reported in other microgreen-enriched foods
like buckwheat microgreen snack bars, where vitamin C
increased to 1.25 to 6.25 mg/100 g [13]. In the case of the heat-
labile vitamins, the values measured can be considered
conservative: baking of fresh plant material into bread destroys
carotenoids and chlorophyll and diminishes flavonoids [40],
and loss of folic acid of 21.9-32.1% during commercial bread
baking has been reported [41], and spinach and Swiss chard
fortified bread formulations also exhibited reduced folate post-
bake [42]. However, bread loaves still contain about 87 percent
of added folic acid [25], folate bioaccessibility in wheat breads
remains 44-96 percent across formulations [43], and even
breads fortified with plant material can significantly increase
the consumption of health-promoting secondary metabolites by
consumers [40]. The folate content of the baked chapatti thus is

likely to be underestimated by the folate contribution of the
ingredient used, and a significant proportion of the folate
delivered is likely to pass on to consumption.

4.5. Bioactive Compounds and Anti-Nutrients

Total polyphenols increased from 2.6 to 14.93 mg GAE/g
and DPPH antioxidant activity from 60% to 73.63%.
Germination activates phenylalanine ammonia-lyase and
associated biosynthetic enzymes to increase the phenolic
content and antioxidant activity of seeds and grains [35, 44]. In
wheat, germination increases the solubility of bound phenolics
and in vitro antioxidant and anti-inflammatory activity [37], and
sprouted oat powder has approximately three times greater
antioxidant capacity than non-germinated grain [45]. The strong
decrease of oxalate (30.6 to 3.9 mg/100 g) coincides with the
fact that germination decreases phytate and oxalates in various
seeds [46]. The tannin (0.856 to 61.68 mg/100 g) increase; in
turn, this does not follow the usual germination trend: tannin
decreases are usually observed in germinated millets, maize,
and cowpeas [46], but tannin increases are also reported in
germinated buckwheat [39]. Such species- and matrix-
dependence implies that tannin response in chia microgreens
needs to be directly monitored, especially since tannins have the
potential to complex minerals and suppress their absorption [39,
47].

PRACTICAL IMPLICATIONS AND FUTURE RESEARCH

The fortified chapatti is an example of food-to-food
fortification, fortification of commonly eaten foods with
micronutrient-rich plant ingredients, a new approach that can
help  eliminate  several = micronutrient  deficiencies
simultaneously with minimal alteration of consumer diets [48].
Given that billions suffer from micronutrient deficiency [1, 2]
and supplementation interventions have failed to meet their
goals numerous times [3], a daily-eaten staple food, like
chapatti, is an attractive delivery vehicle; the success of such
interventions, however, hinges on consistent staple intake and
on the quality of ingredients consumed [48].

Future = research needs to  focus on (i)
bioaccessibility/bioavailability evaluation of the final chapatti
[43, 49]; (ii) optimization of processing conditions to minimize
heat-related loss of carotenoids, folates, and antioxidants during
baking [33, 40]; (iii) agronomic biofortification of the chia
microgreens themselves to further increase zinc and iron [50];
(iv) storage-stability and shelf-life research of the powder and
the product; (v) validation using larger and more representative
consumer panels [34]; and (vi) supply-chain and cost studies of
the microgreen fortificant [48].

CONCLUSION

This paper has shown that chia (Salvia hispanica L.) seed
microgreens can be grown, dried, and ground into a stable
functional powder and that this product can be added to whole
wheat chapatti at 31 percent (6 g microgreen powder per 19 g
flour) without affecting consumer acceptability. The highest
sensory scores were measured using the chosen formulation,
which had an average acceptability of 7.36 out of 9, and a
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formulation with a score greater than 6 g had a decline in color
acceptability, taste, and texture rating. The most notable fact
about this work is that the fortificant, i.e., the addition of only 6
g of chia microgreen powder per 25-g serving of the selected S3
chapatti contributed approximately 30 percent or more of the
ICMR- NIN (2020) recommended dietary intake of the key
micronutrients, including magnesium, Vitamin A, and iron
depending on the adult reference group meaning that even a
small, sensorially acceptable addition could have a significant
dietary effect. Moreover, the level of incorporation of 31% is
higher than the reported incorporation levels in similar studies
that are usually between 3-10 percent. The current formulation
therefore illustrates that chapatti can be substantially enriched
with microgreens compared with the cereal-based products that
have been reported before, without compromising on consumer
acceptability.

Fortified chapatti outperformed the control nutritionally:
Protein increased from 6 to 19.90 g/100 g, Mg from 61.5 to 581
mg/100 g, Ca from 33 to 905 mg/100 g, Fe from 1.9 to 95.8
mg/100 g, dietary fiber from 3.2 to 4 g/100 g, Zn from 0.16 to
9.1 mg/100 g, Ph from 110.28 to 981 mg/100 g, Folate from 10
to 56 pg/100 g, Vitamin A from 0.60 to 1.79 mg/ 100 g and vit
C (5.54 mg/100 g). These results are in agreement with the
reported ability of microgreens to accumulate vitamins,
minerals, and bioactive phytochemicals above the levels of
mature plants, and with the proven effects of germination,
storage compound mobilization, antinutrient reduction, and
phenolic biosynthesis stimulation on the nutritional quality of
cereal- and seed-based matrices.

This research has practical implications because it is in the
context of human health: micronutrient deficiencies, or hidden
hunger, are a persistent problem in billions of individuals across
the globe, and fortification of staple foods has been identified as
one of the potential candidates for scalable and sustainable
dietary interventions. The present study offers a candidate
application that warrants the evaluation of cost of production
analysis and large-scale manufacturing trial. The findings are
therefore best read as proof of concept for the formulation itself.

Together, the findings support chia microgreens as a viable
natural fortification for staple cereal foods and offer a scalable
model for fortifying other flatbreads and convenience cereal
products eaten in South Asia.
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