
Influence of Silver Nanoparticles on Germinated and Microwaved 
Chia Seeds (Salvia Hispanica L)

Abstract

This study thoroughly investigated the impact of 60 ppm silver nanoparticles (AgNPs) on the germination process of chia 
seeds (Salvia Hispanica L.) and an examination of subsequent modifications induced by microwave treatment on AgNP-exposed 
seeds. The research findings highlighted a significant enhancement in seed germination percentage peaking at 81.67% on the 
fifth day particularly when exposed to a concentration of 60 ppm AgNPs. Concurrently, radicle length experienced a substantial 
increase indicative of improved early seedling growth. Morphological study was also studied by scanning electron microscopy. 
Results indicated that samples treated with microwave showed shrinkage and the samples treated with germination samples 
showed expansion. Furthermore, investigation of bioactive compounds indicated increased concentrations of total phenolic 
content and total flavonoids content in samples germinated with AgNPs simultaneously with increased antioxidant activity. In a 
nutshell, this study provided a comprehensive understanding of the impacts of 60 ppm AgNPs on germination and microwave 
treatment on chia seeds. The far-reaching implications span across agriculture, food science, and nutritional domains, provid-
ing a strong basis for potential future applications and further scientific examination.
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Introduction

Nanotechnology is an emerging innovative technique for the 
creation and application of novel Nanomaterials (NMs) industry 
and many disciplines of study [1]. Precision farming, smart de-
livery systems, packaging, food safety, and food processing are 
all applications of nanotechnology [2]. In the agricultural sector, 
the effects of AgNPs on seed germination, plant growth, and 
development under various abiotic environments have been 
determined [3]. AgNPs outperform other Nanoparticles due to 
their distinct physicochemical features, which impart antibacte-
rial and antioxidant effects [4]. These physiochemical proper-

Keywords: Chia seeds; Silver nanoparticles; Germination; Microwave Treatment; Bioactive compounds; Morphological study.

ties, as well as the synthesis and characterization of AgNPs, are 
influenced by several variables, including pH, temperature, and 
incubation time, among others [5]. Chia Seed (Salvia Hispanica 
L.) A biannually cultivated plant is categorized under the mint 
family (Labiatae), of Spermatophyta, Kingdom of Plantae [6]. It 
is historically used by the Aztec and Maya people to make tra-
ditional medicine, food, and canvases [7]. Chia seeds are also 
known as “chia,” “chia sage,” and “Spanish sage” and they are 
consumed in varieties of food that improves its physicochemical 
and nutritional properties [8]. Chia seeds could be ingested as 
whole seed, flour, mucilage (gel), and oil, either alone (in natu-
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ra), in combination with other foods (yogurts, fruits, salads, and 
soups), or as an ingredient in processed foods (breads, cakes, 
whole grain bars, and beverages [9]. Germination is a basic pro-
cedure in which water is supplied to the seeds until the embry-
onic axis develops. It is a procedure that does not require soil or 
controlled light, temperature, and humidity conditions; it is also 
affordable and may be performed in a household environment 
[10]. Although simple, germination needs careful monitoring to 
provide additional insights into the changes that occur during 
the process, with the goal of developing the best circumstances 
that result in a safe and high-quality product [11]. The European 
Parliament defines sprout as “the product obtained from the 
germination of seeds and their development in water or anoth-
er medium, harvested before the development of true leaves 
and which is intended to be eaten whole, including the seed” 
[12,13]. Recent research has been conducted on germinated 
chia seeds since their germination appears to be capable of in-
creasing the nutritional and nutraceutical properties of foods 
[14,15]. Microwave is used to preserve the functional and quali-
tative features of the seeds [16-18]. Many researchers have 
employed various roasting processes to enhance the flavor and 
organoleptic qualities of various seeds such as walnut flour, chia 
seeds flour, chickpea flour, and barley flour [19,20]. Microwave 
roasting conditions, which are typically used to prepare plant 
product like edible seeds and nuts, can significantly alter the 
physico-chemical properties of seeds and other plant products, 
including their color, flavor, fatty acid profile, phytochemicals, 
and bioactive substances [21]. Thus, the aim of the study is to 
compare and assess the effects of AgNPs (60 ppm) on chia seed 
germination and microwaved treatment. Selected concentra-
tion was taken as it was already investigated that extreme val-
ues of silver nanoparticles are harmful for seeds. And 60ppm 
is considered the safest concentration for all beans and seeds.

Material and methods

Material: Chia seeds were purchased from  a local Market, 
Multan, Pakistan. Chia seeds were then cleaned by removing 
dust, stones, and residues.

Silver suspensions preparation: The Polyvinyl Pyrrolidone 
(PVP)-stabilized silver Nanoparticles (powder form, 100 nm) 
were obtained from Sigma Aldrich Inc. in the USA. To avoid ag-
gregates, silver Nanoparticles were dissolved by sonication in 
the distilled water. For the current investigation, a variety of 
approaches were used to characterize silver Nanoparticles. The 
effect of AgNO3 on seed germination was studied using a 500 
mg L-1 [22].

Germination: Hundred grams of chia seeds were mixed with 
AgNPs solution and kept for 10 mins. Seeds were washed and 
spread on the tray. Trays (40 cm in diameter) used in the Chia 
Seed sprouting studies were placed in the trial areas and cov-
ered with non-woven fabric. After every three hours, seeds 
were sprayed to keep them moist. The temperature of the 
germination environment was calibrated to room temperature 
(25±2°C). Seeds were germinated till 2-3 cm length on the 4th 
day. Five days later, the sprouting result was observed. Chia 
seeds that had sprouted were measured for percentage germi-
nation and root lengths. Then seeds were dried for 2 days in the 
drier at 40OC. These Chia seeds were ground, gathered and put 
into PE bags for further analysis [22].

Microwave treatment: In a microwave oven, 100 gm of each 
control and AgNPs (60 ppm) seed sample were individually 
roasted for 20 minutes at a high temperature of 230°C using 

1200 W of power. Chia seeds were put on a wide-capacity oven 
pan for each treatment. Before further analysis, the seeds were 
then ground in a laboratory mill, and the resulting powder was 
sieved through a 60-mesh screen to form a fine powder [23].

Effect of silver nanoparticles on nutritional composition 
of sprouted and microwaved chia seeds: The working stan-
dard protocols described in Official Methods of Analysis in As-
sociation of Official Analytical Chemists (AOAC) were used to 
determine the proximate nutrients, including crude ash (pro-
tocol no.923.03), moisture (protocol no.925.10), fat (protocol 
no.920.85), protein (protocol no.920.87), and fiber (protocol 
no.32-10), in the raw samples [24].

Effect of silver nanoparticles on color profile of sprouted 
and microwaved chia seed: A colorimeter (Hunterlab Color 
Quest colorimeter) was used to estimate the color profile. A* 
(greenness/redness), L* (darkness/lightness), and b* (blueness/
yellowness) were used to illustrate the values of color [25].

Determination of phenolic, flavonoids components and an-
tioxidant activity of sprouted and microwaved chia seeds

Extract preparation for bioactive compounds: Using an or-
bital shaker, 10 g of precisely measured Chia Seed powder was 
added to 100 ml of 100% (v/v) Methanol and homogenized for 8 
hours. The mixture was filtered using Whatman No. 1 filter pa-
per to separate the extract. At 40°C and low pressure, a rotary 
evaporator (Rotary Vacuum Evaporator, EYELA N.N Series) was 
employed to evaporate the remaining solvent from the Metha-
nolic extract. The resulting extract was then utilized to calculate 
the Total Phenolic Content (TPC) and DPPH activity [26].

Determination of total phenolic content: 1 ml of a precisely 
measured sample extract was diluted in 1 ml of sodium carbon-
ate solution (7.5%) and 1 ml of the Folin-Ciocalteu reagent. A 
UV-VIS spectrophotometer (UV-Vis 3000, ORI, Germany) was 
used to measure the solution’s absorbance at 765 nm after it 
had been allowed to stand for 30 minutes. Mg GAE/g was used 
to represent the overall phenolic content [27].

Free radical scavenging activity by DPPH determination: 
Precise 2.9 ml of sample extract was dissolved in 0.1 ml of 0.0 
mM DPPH and left at room temperature for 30 min at 23°C in 
the dark. After 30 minutes, the sample was filtered to measure 
the absorbance at 517 nm with a spectrophotometer (UV-Vis 
3000, ORI, Germany). 2.9 ml of DPPH solution and 0.1 ml of 
methanol were combined to form a control solution [28]. DPPH 
activity was measured by using the following equation:

DPPH% = 

Determination of total flavonoid content: In a test tube, 5.6 
ml of distilled water, 0.2 ml of potassium acetate (1 M), 0.2 ml 
of AlCl3 (10% solution produced in Methanol), and 1 ml of pre-
cisely measured sample extract were dissolved. The solution 
had been kept at room temperature for 30 minutes. Then, us-
ing a UV-Vis spectrophotometer (UV-Vis 3000, ORI, Germany), 
absorbance was determined at 415 nm. To create a standard 
solution, ethanol was mixed with 0-500 g/mL of quercetin [29].

Scanning Electron Microscopy (SEM): Using a scanning elec-
tron microscope, Chia seeds treated with AgNps were examined 
for structure and surface morphology (JEOL, Musashino, Tokyo 
Metropolitan, Japan).

FTIR (Fourier Transform Infrared): Grinded Chia seed sam-
ples were pressed by the ATR accessories straight onto the dia-
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mond ATR crystal. All seed Samples attenuated total reflectance 
spectra were scanned with a resolution of 4 cm−1, and 4 scans 
were accumulated per spectrum. All spectra were recorded in 
triplicate, and the average of three measurements was calcu-
lated for each. Prior to each ATR experiment, an air background 
spectrum was acquired. Spectral data was collected by com-
pressing the sample with the ATR accessory. The ATR cell was 
cleaned with ethyl alcohol and warm water.

Statistical analysis: All analyses were performed in tripli-
cate. The physiocchemical, nutritional, and antioxidant profile 
of sprouted Chia seeds that had been Microwaved, germinated, 
and treated with AgNPs were studied statistically using Analysis 
of Variance (ANOVA) methods and Statistic 16.0 software. The 
difference was considered significant if p<0.05.

Figure 1a: Effect of silver nanoparticles on germination percent-
age of chia seeds: aAll values are mean of triplicate determinations. 
Means within a column with different superscripts are significantly 
different at P<0.05. 
Abbreviations: Raw: Raw Chia Seeds Flour; Go: Germinated Chia 
Seeds Flour; G: 60ppm Agnp Germinated Chia Seeds Flour; Mo: 
Microwaved Chia Seeds Flour; M: 60 ppm Agnp Microwaved Chia 
Seeds Flour.

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

24 hours 48 hours 72 hours 96 hours 120 hours

Germination percentage 

G

Go

Figure 1b: Effect of silver nanoparticles on root length of germi-
nated chia seeds: aAll values are mean of triplicate determinations. 
Means within a column with different superscripts are significantly 
different at P<0.05. 
Abbreviations: Raw: Raw Chia Seeds Flour; Go: Germinated Chia 
Seeds Flour; G: 60ppm Agnp Germinated Chia Seeds Flour; Mo: 
Microwaved Chia Seeds Flour; M: 60 ppm Agnp Microwaved Chia 
Seeds Flour.
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Figure 2a: Effect of silver nanoparticles on germination and micro-
waved treatment on L* Value of chia seeds: All values are mean 
of triplicate determinations. Means within a column with different 
superscripts are significantly different at P<0.05. 
Abbreviations: Raw: Raw Chia Seeds Flour; Go: Germinated Chia 
Seeds Flour; G: 60ppm Agnp Germinated Chia Seeds Flour; Mo: 
Microwaved Chia Seeds Flour; M: 60 ppm Agnp Microwaved Chia 
Seeds Flour.
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Figure 2b: Effect of silver nanoparticles on germination and micro-
waved treatment on a* Value of chia seeds
aAll values are mean of triplicate determinations. Means within 
a column with different superscripts are significantly different at 
P<0.05.
Abbreviations: Raw: Raw chia seeds flour, Go: Germinated chia 
seeds flour, G: 60ppm AgNp germinated chia seeds flour, Mo: mi-
crowaved chia seeds flour, M: 60ppm AgNp microwaved chia seeds 
flour.
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Figure 2c: Effect of silver nanoparticles on germination and micro-
waved treatment on b* Value of chia seeds: aAll values are mean 
of triplicate determinations. Means within a column with different 
superscripts are significantly different at P<0.05. 
Abbreviations: Raw: Raw chia seeds flour, Go: Germinated chia seeds 
flour, G: 60ppm AgNp germinated chia seeds flour, Mo: microwaved 
chia seeds flour, M: 60 ppm AgNp microwaved chia seeds flour.
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Figure 3: Effect of silver nanoparticles on germination and micro-
waved treatment on Scanning Electron Microscopy micrograph of 
chia seeds: (a) Mo: microwaved chia seeds flour; (b) M: 60 ppm 
AgNp microwaved chia seeds flour; (c) Go: Germinated chia seeds 
flour and (d) G: 60 ppm AgNp germinated chia seeds flour. 

Figure 4: Effect of silver nanoparticles on germination and micro-
waved treatment on Fourier transform infrared (FTIR) of chia seeds: 
(a) Mo: microwaved chia seeds flour; (b) M: 60 ppm AgNp micro-
waved chia seeds flour; (c) Go: Germinated chia seeds flour and (d) 
G: 60 ppm AgNp germinated chia seeds flour.

Table 1: Effect of Silver nanoparticles on proximate composi-
tion of germinated and microwaved chia seeds: aAll values are 
mean of triplicate determinations. Means within a column with 
different superscripts are significantly different at P < 0.05.

Samples Moisture Content (%) Ash (%) Fat (%) Protein (%) Crude Fiber (%) Carbohydrate (%)

Raw 6.64±0.21b 4.64±0.35b 31.58±0.98a 19.94±0.23a 19.98±1.65a 17.19±1.37b

Go 12.77±0.71c 4.32±0.01a 31.28±0.75a 21.23±0.91c 20.24±0.34a 10.13±1.20a

G 13.23±0.84c 5.37±0.01c 31.11±1.08a 21.13±0.28bc 19.88±0.34a 9.26±0.77a

Mo 5.19±0.76a 6.32±0.01d 32.19±1.61a 20.12±0.28ab 20.52±0.72a 15.65±0.86b

M 5.85±0.21ab 4.47±0.11ab 33.12±0.89a 19.98±0.73a 21.13±0.83a 15.43±2.08b

Table 2: Effect of Silver nanoparticles on Total phenols and Fla-
vonoids of germinated and microwaved chia seeds: aAll values are 
mean of triplicate determinations. Means within a column with 
different superscripts are significantly different at P<0.05. 

Samples
Total phenols  

(mg Gallic acid/g)
Flavonoids  

(mg Catechin/100g)
DPPH  (%)

Raw 2.41±0.49b 1.01±5.39c 54.82±0.07b

Go 4.21±0.77d 1.28±0.54d 89.37c0.65d

G 5.41±0.41e 1.30±0.53e 94.56±1.68e

Mo 1.32±1.81a 4.41±0.61a 23.23±0.14a

M 2.82±0.49c 8.22±0.83b 64.37±0.37c

Abbreviations: Raw: Raw chia seeds flour; Go: Germinated chia seeds flour; G: 60ppm AgNp germinated chia seeds flour; Mo: micro-
waved chia seeds flour; M: 60ppm AgNp microwaved chia seeds flour.

Abbreviations: Raw: Raw chia seeds flour; Go: Germinated chia seeds 
flour; G: 60ppm AgNp germinated chia seeds flour; Mo: microwaved 
chia seeds flour; M: 60 ppm AgNp microwaved chia seeds flour.

Result and discussion

Ef﻿fect of silver nanoparticles on germination percentage 
and root length of chia seeds

Germination percentage: As shown in Figure 1a, the percent-
age of control Germination (Go) and germination with 60 ppm 
AgNP of chia seeds (G) remained zero percent after 24 hours. 
However, after 48 hours germination started on the seeds treat-
ed with AgNPs as compared to the germinated samples without 
AgNPs (G0) 1.73% and zero percent respectively. After 72 hours, 

percentage germination started to increase up to 4.26% in Go 
and 12.76% in G. Subsequently, after 120 hours, percentage 
germination reached up to 78.00% and 81.66% in Go and G re-
spectively. The seed development process was directly affected 
by silver nanoparticles as these nanoparticles improved seed 
germination with less time. This study is parallel to [30] who re-
ported that silver nanoparticles enhanced germination process, 
plant growth with improvement in photosynthetic quantum ef-
ficiency and as antimicrobial agents to manage plant diseases.

Radicle length: Figure 1b shows the radicle length of germi-
nated chia seeds. Go and G had an average length of 2.1 cm and 
2.6 cm respectively. Higher radicle length was observed in seeds 
germinated with AgNPs as compared to seeds without AgNPs. 

Effect of silver nanoparticles on germination and micro-
waved treatment on proximate composition of chia seeds: The 
proximate analysis of chia seeds treated with AgNPs followed 
by germination or microwaved were given in Table 1. Moisture 
content varied notably across treatments. Germination of chia 
seeds without AgNPs (Go) and Germination of chia seeds with 
60ppm AgNPs (G) samples exhibited the highest moisture levels 
emphasizing the hydrating effect of germination while micro-
waved samples (Mo and M) showed lower moisture contents. 
The wide range in moisture content indicated the influence of 
treatment methods on water retention in chia seeds. Protein 
content displays subtle differences with values ranging from 
19.94% to 21.23%. Ash content indicative of mineral compo-
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sition ranges from 4.32% to 6.32%. Germinated samples Go 
showed slight decrease in ash content compared to raw seeds 
while microwave-treated samples (Mo and M) exhibited vari-
able ash levels. The observed differences underscore the influ-
ence of treatments on the mineral composition of chia seeds. 
Total fat content ranges from 31.11% to 33.12% as shown in 
Table 1. All samples showed insignificant differences. It means 
that there is no effect in fat content while giving different treat-
ments to chia seeds. Germinated samples (Go and G) exhibited 
slightly higher protein levels compared to raw seeds, suggesting 
a potential enhancement of protein content during germina-
tion. Microwave treatments (Mo and M) show protein content 
within a similar range of raw seeds, indicating the resilience 
of protein levels to these treatments. Carbohydrate content 
ranges from 9.26% to 17.19%, with the lowest value in Germi-
nated control (Go) and the highest in raw seeds. This variation 
suggests that germination leads to a reduction in carbohydrate 
content. Microwave treatments show intermediate values, indi-
cating a moderate impact on carbohydrate composition. Crude 
fiber content ranges from 19.88% to 21.13%, with the highest 
value in microwaved sample M and the lowest in Germinated 
control (Go). This variation implies that microwave treatment 
may contribute to a slight increase in crude fiber content com-
pared to germination. In conclusion, the comparison between 
high and low values highlights the diverse effects of germina-
tion and microwave treatments on the proximate composition 
of chia seeds. These findings contribute valuable insights into 
the nutritional and functional properties of chia seeds under 
different processing conditions, offering potential applications 
in food and nutrition.

Ef﻿fect of silver nanoparticles on germination and micro-
waved treatment on color profile of chia seeds: The effect of 
60 ppm silver nanoparticles on germination and microwaved 
treatment on Color Profile of chia seeds is shown in Figure 2a-
2c. The comparison of L* a* b* values among the samples re-
vealed notable variations in their color characteristics. In terms 
of Lightness (L*) as shown in Figure 2a, sample M demonstrated 
a significant decrease with a value of 36.65 distinctly lower than 
Raw, Go, G, and Mo. Regarding (a*) as shown in Figure 2b M 
exhibited a substantially higher value of 10.22 compared to the 
other samples indicating a pronounced shift towards unusual 
tones. Additionally, in (b*) as shown in Figure 2c, M stands out 
with a markedly higher value of 22.71, suggesting a distinctive 
shift towards different tones in comparison to Raw, Go, G, and 
Mo. These numerical changes in L* a* b* values emphasize the 
unique color characteristics introduced by the microwaving pro-
cess with silver nanoparticles in sample M, setting it apart from 
the other samples in terms of lightness and color tones.

The effect of silver nanoparticles on bioactive compound 
of germinated and microwaved chia seeds: The examination 
of total phenols in various samples revealed distinct concentra-
tions, providing insights into their phenolic composition. G ex-
hibited the highest concentration (5.41±0.41 mg Gallic acid/g) 
presented in Table 2, suggesting potential applications or im-
plications. Conversely, Mo displayed the lowest concentration 
(1.32±1.81 mg Gallic acid/g), warranting further investigation 
into factors influencing its phenolic content. Comparison of 
Raw, Go, and M samples emphasized the impact of process-
ing on phenolic levels. Table 2 showed that raw (2.41±0.49 mg 
Gallic acid/g) had a lower concentration than Go (4.21±0.77 
mg Gallic acid/g) and M (2.82±0.49 mg Gallic acid/g), indicat-
ing the influence of treatment methods. The standard devia-
tions highlight result variability, necessitating exploration of po-

tential sources, such as sample heterogeneity or experimental 
procedures. Mo stands out with the highest flavonoid content, 
recording a mean value of 4.41±0.61 mg Catechin/100 g. This 
finding suggests a potentially unique composition in Mo, and 
further exploration into the factors contributing to this elevated 
flavonoid level could provide valuable insights. Similarly, M ex-
hibits a substantial flavonoid concentration with a mean value 
of 8.22±0.83 mg Catechin/100 g. The markedly higher content in 
M compared to other samples may have implications for insert 
potential applications or significance. Conversely, Raw, Go, and 
G display lower mean flavonoid values of 1.01±5.39, 1.28±0.54, 
and 1.30±0.53 mg Catechin/100 g, respectively. The processing 
methods, represented by Go and G, appear to have a limited 
impact on flavonoid levels compared to the raw sample. This 
prompts further investigation into the specific processing meth-
ods and their effects on flavonoid retention or alteration. The 
assessment of antioxidant activity, measured by DPPH scaveng-
ing capacity (mg Catechin/100 g), reveals distinct levels across 
Raw, Go, G, Mo, and M samples in Table 3. G stands out with the 
highest DPPH scavenging activity (94.56±1.68 mg Catechin/100 
g), indicating significant antioxidant potential. This finding em-
phasizes the potential health benefits associated with G, poten-
tially attributed to specific compounds or processing methods. 
M also demonstrates notable antioxidant activity (64.37±0.37 
mg Catechin/100 g), suggesting potential health implications. 
Further exploration into the specific compounds contributing 
to antioxidant activity in M could enhance our understanding 
of its health-related properties. Conversely, Raw, Go, and Mo 
exhibit varying levels of DPPH scavenging activity 54.82±0.07, 
89.37±0.65, and 23.23±0.14 mg Catechin/100 g respectively. 
These differences prompt considerations of factors such as pro-
cessing methods or inherent properties of the raw materials 
influencing antioxidant potential. Comparisons with existing lit-
erature would provide context and insights into how these sam-
ples fare in terms of antioxidant activity. Understanding these 
variations contributes to a broader perspective on the potential 
health benefits associated with their consumption. The diverse 
antioxidant activities observed in the samples underscore their 
potential in promoting health and well-being. Further investiga-
tions into specific compounds contributing to these activities 
would enhance our understanding and could reveal valuable 
applications for these samples.

Effect of silver nanoparticles on germination and micro-
waved treatment on morphological study of chia seeds: The 
SEM results revealed distinct morphological changes in the 
samples subjected to various treatments, shedding light on the 
structural alterations induced by microwaving, germination, 
and the introduction of silver nanoparticles. The microwaved 
samples (M and Mo) as shown in Figure 3a and 3b exhibited a 
noticeable shrinkage in comparison to their counterparts. This 
shrinkage may be attributed to the application of microwave en-
ergy which could lead to changes in the internal structure of the 
samples. The observed reduction in size suggested a significant 
impact on the overall potentially influenced by heat-induced al-
terations and the specific interactions of microwaves with the 
sample components. Conversely, the germinated samples (G 
and Go) as shown in Figure 3c and 3d displayed an expansion 
in their structures. The germination process driven by enzy-
matic activity is known to induce changes in the composition 
of seeds. This expansion is indicative of the dynamic cellular 
processes associated with germination such as cell elongation 
and increased water uptake. The expansion in these samples 
suggested that germination contributes to structural changes 
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potentially enhancing certain characteristics. The addition of 
silver nanoparticles in M and G introduces another dimension 
to the observed structural variations. The incorporation of sil-
ver nanoparticles in both samples may have additional effects 
on the microstructure. The impact of silver nanoparticles on 
the samples could involve interactions at the nanoscale influ-
encing the overall morphology and potentially contributing to 
unique features not observed in the microwaved or germinated 
samples alone. SEM results highlighted the distinct structural 
responses of the samples to different treatments. The observed 
shrinkage in microwaved samples and expansion in germinated 
samples combined with the influence of silver nanoparticles 
provided valuable insights into the intricate interplay between 
treatments and structural modifications. These findings con-
tributed to our understanding of how microwaving, germina-
tion, and nanoparticle incorporation influence the microstruc-
ture of the samples paving the way for further exploration and 
potential applications in various fields.

Effect of silver nanoparticles on germination and micro-
waved treatment on FTIR analysis of chia seeds: The FTIR anal-
ysis of chia seeds is shown in Figure 4. Microwaved chia seeds 
including those treated with silver nanoparticles revealed intri-
cate changes in seed composition induced by both microwav-
ing and silver nanoparticle exposure. In microwaved seeds, N-H 
stretching at 2925 cm-1 suggested amine salt presence possibly 
from ammonium ions. The 3000-2800 cm-1 range indicated C-H 
stretching (alkane) revealing alterations in the lipid or hydrocar-
bon profile. Peaks at 2360 and 2311 cm-1 suggest O=C=O stretch-
ing possibly linked to carbon dioxide release during microwav-
ing. The 1750-1735 cm-1 range corresponded to C=O stretching 
(carboxylic acid), suggesting changes in carboxylic acid pres-
ence. The 1165 cm-1 peak indicates C-O stretching (aliphatic 
ether), revealing modifications in ether-containing compounds. 
The 1210-1163 cm-1 range implied C-O stretching (ester) sug-
gesting ester presence from carboxylic acids and alcohols. Peaks 
at 712 and 641 cm-1 correspond to C=C bending (alkene), in-
dicating unsaturated hydrocarbons. Silver nanoparticle treat-
ment introduces notable changes, such as O-H stretching (3012 
cm-1) and continued C-H stretching (2920, 2849 cm-1). The 2318 
cm-1 peak suggests O=C=O stretching, potentially influenced by 
silver nanoparticles. Peaks at 1738 cm-1 and 1455 cm-1 reveal 
C-H bending and CH3 groups indicating alterations in aromatic 
compounds and lipids/proteins. Peaks at 1148 and 1158 cm-1 
suggest ester presence indicating chemical modifications due to 
silver nanoparticle treatment. The 705 cm-1 peak corresponds 
to C=C bending (alkene), showing continued unsaturated hy-
drocarbons. In control germinated chia seeds (Go), functional 
groups are evident, such as O-H stretching (3614 cm-1) and 
N-H stretching (3394, 3309 cm-1). The 3217 cm-1 peak indicates 
O-H stretching (carboxylic acid) and the 3000-2840 cm-1 range 
shows C-H stretching (alkane). Peaks at 2360 and 2326 cm-1 sug-
gest O=C=O stretching, and 1745 cm-1 indicates C=O stretching 
(carboxylic acid). The 1400-1460 cm-1 range and 1158 cm-1 peak 
reveal CH3 groups and C-O stretching (ester), respectively. The 
683 cm-1 peak corresponds to C=C bending (alkene), indicating 
unsaturated hydrocarbons. Silver nanoparticle-germinated chia 
seeds exhibit differences, including O-H stretching (3012, 3005 
cm-1) and continued C-H stretching (2920, 2849 cm-1). Peaks at 
2333 and 2162 cm-1 suggest O=C=O stretching, and 1653 cm-1 
reveals C=C stretching (alkene). The 1158 cm-1 peak indicates 
C-O stretching (ester), and the 712 cm-1 peak corresponds to 
C=C bending (alkene). This comparison emphasizes chemical 
distinctions induced by silver nanoparticle treatment.

Conclusion

This study delved into the intricate interactions between sil-
ver nanoparticles (AgNPs) and chia seeds (Salvia Hispanica L.) 
throughout the germination process and subsequent micro-
wave treatment. The investigation explored the effects of AgNPs 
on chia seed germination, as well as the impact of microwave 
treatment on chia seeds treated with AgNPs. The following key 
findings emerged from the study:

Germination and growth: The application of AgNPs at a con-
centration of 60 ppm significantly influenced the germination 
percentage and radicle length of chia seeds. The results indicat-
ed that silver nanoparticles enhanced seed germination, with 
the highest percentage achieved at 81.67% on the fifth day. 
Additionally, the radicle length increased with AgNP treatment 
suggesting a positive impact on early seedling growth.

Proximate composition: The study revealed significant varia-
tions in the proximate composition of chia seeds subjected to 
different treatments. Germinated samples showed higher mois-
ture and protein content, while microwave-treated samples ex-
hibited increased fat content. These variations provide insights 
into the nutritional implications of different processing meth-
ods.

Color profile: Microwave treatment with AgNPs induced 
unique color characteristics in chia seeds, as evidenced by 
changes in Lab* values. Sample M exhibited decreased Light-
ness (L*) and increased values for the color parameters (a* and 
b*), indicating a distinctive shift in color tones.

Microstructural changes: Scanning Electron Microscopy 
(SEM) analysis highlighted distinct morphological changes in 
chia seeds subjected to various treatments. Microwave treat-
ment resulted in noticeable shrinkage, while germinated sam-
ples displayed structural expansion. The addition of AgNPs in-
troduced additional complexity to the microstructure.

Bioactive component and antioxidant activity: The study 
investigated the influence of AgNPs on bioactive compounds, 
including total phenols and flavonoids, as well as antioxidant 
activity. Germinated samples exhibited higher concentra-
tions of total phenols, flavonoids, and DPPH scavenging activ-
ity, suggesting potential health benefits associated with these 
samples. In summary, the findings underscore the multifaceted 
effects of AgNPs, germination, and microwave treatment on the 
germination, composition, color, microstructure, and bioactiv-
ity of chia seeds. These insights contribute to the growing body 
of knowledge on the application of nanotechnology in agricul-
ture and food processing. The study’s comprehensive approach 
provides a foundation for future research and potential appli-
cations in improving the nutritional and functional properties 
of chia seeds in diverse fields, from agriculture to food science 
and beyond.
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