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Introduction
India is among major walnut producer, but post-harvest losses due to fungal infections, aflatoxin contamination, and poor storage affects both domestic consumption and export potential. Therefore, effective solutions like irradiation technology are needed to improve quality and marketability. This study evaluates the efficacy of gamma irradiation (0, 1, 2, 3, 4, and 5 kGy) on the quality and safety of Indian walnuts at two moisture levels, including 5% and 8%.
Methods
Samples were exposed to Cobalt-60 source, and the irradiated products were studied in terms of the physicochemical parameters, fatty acid profile, aflatoxin content, color, texture, and sensory attributes.
Results and Discussion
Irradiation at 3 kGy (for 5% moisture) and 2 kGy (for 8% moisture) emerged as standardized doses, significantly reducing peroxide value (by up to 64%) and free fatty acids (by up to 45%) compared to non-irradiated control samples. Concurrently, total aflatoxin concentrations (B1, B2, G1, G2) dropped to near-minimal levels-up to 80% – 90% reduction relative to controls, ensuring compliance with international aflatoxin standards [(European commission (NMT 4 ppb) and US (NMT 20 ppb), Netherlands (0 ppb) and Switzerland (1 ppb)]. Fatty acid profiling revealed minimal degradation in essential PUFAs such as linoleic and alpha-linolenic acids (p < 0.05 at standardized doses), although higher doses (4–5 kGy) showed significant reductions (p ≥ 0.05). Color L* values increased at 1–3 kGy (p ≤ 0.05) but declined at 4 and 5 kGy. Textural softening was less pronounced at 8% moisture than 5%, and sensory evaluations indicated that walnuts irradiated at 3 kGy (5%) or 2 kGy (8%) maintained superior acceptability (p ≤ 0.05). These results show gamma irradiation as a strong, non-chemical intervention that simultaneously addresses fungal contamination, aflatoxin load, and lipid stability. Extended shelf life and export-quality parameters of gamma irradiated walnuts can improve India’s competitiveness in the international market, especially in countries that have strict regulatory limits on mycotoxins and quality standards.
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INTRODUCTION
Walnuts (Juglans regia), known for their nutritional and health benefits, forming a highly prized agricultural commodity worldwide (Malhotra and McNeil, 2010). India has been a very significant producer among the world major walnut-producing nations which include China, US, Chile while India ranks 8th in walnut production worldwide (Shah et al., 2019). Globally, walnuts are cultivated over an area of 1.6 million acres yielding an annual production of 9.65 million metric 54 tons (International Nut and Dried Fruit Council, INC, 2019). Major productions in India are carried out in Jammu and Kashmir, Himachal Pradesh, and Uttarakhand, however, J&K has a monopoly in walnut production as more than 98% of walnut production in India comes from J&K (Malhotra and McNeil, 2010). Jammu and Kashmir (J&K) has an area of 88,900 57 ha under walnut cultivation with an annual production rate of 2,67,162 metric tonnes (MT) thus, J&K has attained a special place owing to its quality of walnut production and thus has been designated as “Export zone for walnuts” by Agricultural and Processed Food Products Export Development Authority (APEDA, 2022) (Shah et al., 2019; Taufique and Khursheed, 2018). This industry serves as an important source of employment for thousands of farmers and provides a part of the economy within the regions involved.
Despite India being an important walnut producing country, but the industry faces several difficulties. Post-harvest losses due to fungal contamination, accumulation of aflatoxins and poor storage significantly affect both home consumption and potential exports (Mir and Kottaiveeran, 2018; Sharma and Kumar, 2001). There is a lot of need, therefore, to intervene with effective and appropriate measures which would include irradiation technology to improve product quality and improve marketability (Sharma and Kumar, 2001).
According to the latest available data, the main export destinations for Indian walnuts are Europe, the United States, and the Middle East (Mexis and Kontominas, 2009a). India has enormous potential, but its share in the global walnut export market is still limited compared to major exporters such as the United States, China, and Chile. Improvement in the quality and safety of Indian walnuts through advanced technologies can fill this gap and open up new avenues for export growth (Qammer and Baba, 2016; Kumar et al., 2023).
The international market for walnuts is growing by leaps and bounds in the wake of increased awareness regarding its health aspects and increasing their applications in the food, confectionery, and pharmaceuticals sectors. Quality-related issues coupled with assurance towards compliance with the international standards would well enable Indian walnuts to earn an increased market share in that lucrative market.
Gamma irradiation is an effective, nonintrusive technique that enhances the safety and quality of food products (Al-Bachir, 2004; Internation al Atomic Energy Agency, 2003; Triyannanto et al., 2024). It destroys pathogens and decreases the level of aflatoxin, which are serious problems that walnut industry is facing (Wilson-Kakashita et al., 1995; Ma et al., 2013). Intensive research in India and abroad has established the process of successful irradiation of walnuts for maintenance of sensory and nutritional attributes while being within the scope of food safety standards (Ma et al., 2013) (Al-Bachir, 2004). Moisture content is a fundamental parameter where quality and shelf life of walnuts are seriously affected. An international standard set amounts the moisture in walnuts to 5%, which is considered best for longer storage and 8% for lesser durations (Internation al Atomic Energy Agency, 2003), (Boaghi et al., 2019). The maintenance of these levels makes sure that there is no microbial growth, hence desired standards are maintained.
In this study we evaluated the effectiveness of gamma irradiation on the walnuts both at 5% and at 8% moisture content toward changes in oxidative stability, and moisture content combined with modification in fatty acids besides effects on aflatoxin reduction within international safety bounds. Changes in sensory properties such as colour, and texture was taken into consideration while making decisions on the irradiation dosages by carrying out radiation dosage that maximize walnut quality with minimum impact on their shelf-life which should have positive implications in the export possibility and marketing power of the available walnuts from India.
MATERIALS AND METHODS
Raw material and sample preparation
Medium-sized green walnuts at the stick-tight stage were harvested from the Manigam village (Walnut village) of district Anantnag. The geographical coordinates of the location are between 33° 20′to 34° 15′North latitude and 74° 30′to 75° 35′East longitude, and at an elevation of 1,600 m above sea level. The harvested walnuts were treated with a 0.3% ethephon solution to promote hull dehiscence (Hussain et al., 2016). After a 4-day period, the hulls were mechanically removed and the nuts washed using dehuller-cum- washer (Hussain et al., 2016). The hulled walnuts then underwent a preconditioning stage optimized at 37.5 °C for 7.5 h before being cracked using the walnut cracker (Hussain et al., 2018). Obtained kernels were dried in a cabinet drier until reaching moisture contents of 5% and 8%, in alignment with FSSAI (2021) and UNECE (2011) standards. Moisture levels were measured using a Halogen moisture analyzer (Ohau, Switzerland, MB45). Six samples from 5% moisture group were prepared, one of which was used as a control (non-irradiated) and the rest irradiated and similarly, six samples from 8% moisture group were also prepared in the same manner and one of the samples was used as a control (non-irradiated). A single, predominant local cultivar was used to minimize genotype related variability and represent the regional export supply.
Irradiation procedure
The process was done at the Bhabha Atomic Research Centre, Mumbai, using a Cobalt-60 source for gamma irradiation. The walnut samples with 5% and 8% moisture contents were exposed to 1 kGy, 2 kGy, 3 kGy, 4 kGy, and 5 kGy doses each. Samples were uniformly packaged and layered to have uniform exposure to gamma rays. Dosimetry was done by a Fricke dosimeter to ensure that the dose delivered was accurate. Samples were then stored in sterilized, airtight containers at room temperature until analysis post-irradiation (Monsef et al., 2020). Dose levels of 1–5 kGy were selected to span the low-to-medium range commonly investigated for decontamination and quality retention in tree nuts. This range aligns with Codex guidance that permits up to 10 kGy and with national frameworks that certify doses by purpose. Literature in walnuts, hazelnuts, pistachios, and almonds shows effective microbial/mycotoxin reductions and acceptable quality within 1–5 kGy exposure (Mexis and Kontominas, 2009b; Gecgel et al., 2011; Güler et al., 2017; Momchilova et al., 2023; Masoodi et al., 2023).
Physicochemical analysis of walnut kernel samples
Physicochemical analysis has played an important role in characterizing the quality and stability of walnuts.
	1. Moisture Content: Moisture content, an important variable regarding the shelf life of walnuts, was determined using the hot air oven method as described in AOAC (2000) (Burditt, 1986). The walnuts were weighed before and after drying at 105 °C for 24 h in order to determine the percentage of moisture.
	2. Water activity: Measuring water activity or aw (Model 4TE, Decagon Devices, Inc., Pullman, WA, United States) (AOAC International, 2000), is yet another parameter useful in assessing available free water that can be a source of food for microorganisms.
	3. Peroxide value: Peroxide value was carried out according to AOAC Official Method 965.33, which describes reacting walnut fat with potassium iodide in acetic acid and the subsequent titration with sodium thiosulfate to measure oxidation levels of the lipids (Koerber, 2000).

PV meqO2/Kg=Sample−Blank×N of Na2S2O3×1000/ Weight of sample g
	4. Free Fatty Acid, Saponification value, Iodine value: Fat quality was further evaluated through the free fatty acids (FFA), saponification value (SV), and iodine value (IV). FFA was measured as a percentage of oleic acid using a titration method where walnut oil was dissolved in a neutral solvent and titrated against a potassium hydroxide (KOH) solution (Cunniff and Washington, 1997). The saponification value was obtained by refluxing walnut oil with alcoholic KOH and further titrated by hydrochloric acid, measuring the quantity of KOH used to saponify 1 g of oil (Cunniff and Washington, 1997). The iodine value was carried out according to the Wijs method (Koerber, 2000). In this experiment, the amount of unsaturation in walnut oil was determined based on the reaction of iodine monochloride with unsaturated fatty acids, which then was titrated by sodium thiosulfate for unreacted iodine.

FFA%=ml of NaoH used×Normaility of NaoH×28 .2/Wt.of sample mL×100
Saponification value mg KOH/g=Blank−sample×Nof KOH×56.01/Wt.of sample g
Iodine value=B−S×Normalityof Sodium thiosulphate ml×12.69/Wt.of sample
Additional quality parameters were acid-insoluble ash, acidity of extracted fat, and the percentage of damaged kernels. Acid-insoluble ash was measured by treating the ash residue with hydrochloric acid and computing the insoluble fraction, which is non-digestible inorganic material (Monsef et al., 2020). The acidity of extracted fat was measured through titration, in which fat that was extracted using Soxhlet extraction was titrated with phenolphthalein as an indicator (Cunniff and Washington, 1997). The physical damaged kernel was counted and represented as percentage. These physicochemical tests jointly give an excellent understanding about quality, stability, and potential shelf life of the walnut.
Fatty acid profiling
A 0.1 g portion of the extracted walnut oil was mixed with 0.5 M methanolic potassium hydroxide to produce fatty acid methyl esters. The mixture was vigorously agitated at 3,000 rpm for 5 min. Afterward, 4.5 mL of hexane was introduced, and the sample was shaken again before being allowed to separate. The upper (organic) layer was then removed for subsequent gas chromatography, following the protocol outlined by Wei et al. (2015). The GC analysis utilized an Agilent DB-WAX capillary column (length: 30 m; internal diameter: 0.25 mm; film thickness: 0.25 µm). The temperature program began at 219 °C, held for 1 min, then ramped to 215 °C at 2.75 °C per minute (after briefly passing through 170 °C), maintained for 12 min, and finally increased to 230 °C at 4 °C per minute for a final 3 min. Nitrogen served as the carrier gas, with hydrogen and air flows set at 40 mL/min and 400 mL/min, respectively. A purge flow of 30 mL/min was used, along with a split ratio of 50:1, injecting 1 µL of the sample per run. Fatty acid constituents were identified by matching their relative retention times to those of known standards.
Aflatoxin quantification
Aflatoxin levels (B1, B2, G1, G2) were analyzed using liquid chromatography-mass spectrometry (LC-MS) from Waters ACQUITY UPLC SYSTEM coupled with a Waters Xevo TQD tandem mass spectrometer. The samples of walnuts were prepared from ground walnuts following the QuEChERS method with slight modifications, as described by Sirhan et al. (2014). Briefly, 5 g of ground walnuts were placed in 50 mL of polypropylene tube containing 15 mL of methanol acetonitrile (15 mL) solution (60:40, v/v) and vortexed for 1 min. Afterwards, 6.5 g of anhydrous Magnesium sulphate and 1.25 g of sodium chloride (1.25 g) were added, and the mixture was shaken vigorously. The mixture was then centrifuged for 3 min at 4,000 rpm using a refrigerated centrifuge at 0 °C (Sigma 2–16 KL). The obtained extract was frozen overnight at – 18 °C to facilitate lipid separation. Then, 1.5 mL of the organic layer was filtered through 0.2 μm NY syringe filter and injected into the LC-MS/MS (AOAC, 2007) (Sirhan et al., 2014). Results were in parts per billion (ppb) (AOCS, 1998), (Ma et al., 2013).
Color analysis
	• USDA Scale: Walnut color was measured by USDA scale that grade walnuts on six grades which include Super Extra Light (6), Extra Light (5), Very Light (4), Light (3), Light Amber (2), and Amber (1) (Lv et al., 2020).
	• Instrumental Color: The colour measurement was performed using a colourimeter (HunterLab) which measures L* (lightness), a* (red-green), and b* (yellow-blue) (Lv et al., 2020).

Texture analysis
Walnut hardness was determined using a texture analyzer (TA-XT2, Stable Micro Systems) with a cylindrical probe (p/36R cylinder probe, 25 mm diameter). Results were reported in Newtons (N), representing the force to break the kernel.
Sensory evaluation
A semi-trained panel of ten members assessed the walnuts for appearance, texture, flavor, and overall acceptability. The sensory evaluation was performed on a nine-point hedonic scale, where 9 represented “extremely liked” and 1 represented “extremely disliked.”
Statistical analysis
All experiments were conducted in triplicate. Data are presented as mean ± standard error (SE). For each moisture level (5% and 8%), one-way ANOVA was used to test the effect of irradiation dose on each response variable (oxidative stability indices, fatty acid percentages, color coordinates L*, a*, b*, texture hardness, and sensory scores). When ANOVA indicated significance (p ≤ 0.05), Duncan’s Multiple Range Test (DMRT) was applied for pairwise mean separation. Groups not sharing a superscript letter differ significantly at p ≤ 0.05. All analyses were performed in R (v4.3).
Statistical significance was determined using one-way ANOVA followed by Duncan’s Multiple Range Test (DMRT) to determine significant differences among the group (Shakerardekani et al., 2011). DMRT is a robust post-hoc method that allows pairwise comparison of all treatment groups, identifying which means are significantly different from each other at a chosen significance level (p ≤ 0.05).
For each physicochemical, compositional, and sensory parameter across irradiation doses and moisture levels, mean is annotated with one or more superscript letters (a, b, c, ab, bc).
	• If means are marked with ‘a’, they do not differ significantly at p ≤ 0.05.
	• Means with completely different letters (e.g., “a” vs. ‘b') are significantly different.
	• A mean annotated with multiple letters (e.g., “ab” or “bc”) is not significantly different from either group “a” or group “b”, or from “b” or “c” respectively, but is significantly different from means annotated only as “c” or “a” respectively.

RESULTS AND DISCUSSION
Gamma irradiation has been developed as a revolutionary technique to address some of the major problems associated with the walnut industry, including aflatoxin contamination, oxidative degradation, and preservation of quality. The current study showed that gamma irradiation, especially at doses of 3 kGy for 5% moisture content and 2 kGy for 8% moisture content, improved the physicochemical stability, safety, and sensory characteristics of walnuts.
Physicochemical analysis of treated walnut kernel samples
The physicochemical properties of walnuts are also dependent on moisture content, though it is at a level of irradiation (Table 1). Different responses of the gamma irradiation on walnuts with 5% and 8% (p ≤ 0.01) moisture levels are described in the next sections. The impact of the combination of both the factors on the peroxide value, free fatty acids, fatty acid composition, and others have been discussed.
TABLE 1 | Moisture content (%) and water activity (aw) of walnut kernels at two initial moisture targets (5% and 8%) following gamma irradiation at 0, 1, 2, 3, 4, and 5 kGy.	Dose (kGy)	Moisture content (%)	Water activity (aw)
	At 5% Moisture level
	Control	5.02 ± 0.12a	0.311 ± 0.009a
	1 kGy	5.01 ± 0.10a	0.311 ± 0.009a
	2 kGy	5.00 ± 0.11a	0.310 ± 0.007 a
	3 kGy	5.01 ± 0.11a	0.309 ± 0.007a
	4 kGy	5.03 ± 0.13a	0.311 ± 0.009a
	5 kGy	5.02 ± 0.14a	0.310 ± 0.010a
	At 8% Moisture level
	Control	8.01 ± 0.14a	0.478 ± 0.009a
	1 kGy	8.00 ± 0.13a	0.478 ± 0.009a
	2 kGy	8.00 ± 0.12a	0.475 ± 0.009a
	3 kGy	8.02 ± 0.14a	0.476 ± 0.010a
	4 kGy	8.04 ± 0.13a	0.479 ± 0.011a
	5 kGy	8.03 ± 0.15a	0.481 ± 0.010a


Values are mean ± SE (n = 3). Within a row/column, means with different superscript letters differ significantly (DMRT, p < 0.05).
At both levels of moisture, the peroxide value (PV), which quantifies lipid oxidation, increases as irradiation dosage increases (Table 2). However, walnuts exposed to 8% moisture are found to be more significantly higher in PV as compared to walnuts exposed to 5% moisture. Therefore, higher levels of moisture could allow for an increase in oxidative reaction during irradiation because there could be a higher availability of free radicals for the reactions as water is introduced. At the same irradiation level, say 5 kGy, PV at an 8% moisture content is notably higher than when at 5% moisture and therefore more easily oxidized (Sirhan et al., 2014).
TABLE 2 | Oxidative and stability indices of gamma-irradiated walnut kernels (5% and 8% moisture) across 0–5 kGy: peroxide value (PV, meq O2/kg), free fatty acids (FFA, % oleic acid), saponification value (SV, mg KOH/g), iodine value (IV, g I2/100 g), acid-insoluble ash (%), and acidity of extracted fat (% oleic acid).	Dose (kGy)	Peroxide value (meq O2/kg)	Free fatty acids (% oleic acid)	SV (mg KOH/g)	IV (g I2/100 g)	Acid-insoluble ash (%)	Acidity of extracted fat (% oleic acid)
	At 5% Moisture level
	Control	0.88 ± 0.01a	0.33 ± 0.02a	200.2 ± 2.0a	153.5 ± 2.8a	0.10 ± 0.01a	0.10 ± 0.01a
	1 kGy	0.88 ± 0.06a	0.33 ± 0.02a	198.2 ± 2.0a	147.5 ± 2.8 b	0.10 ± 0.01a	0.10 ± 0.01a
	2 kGy	0.89 ± 0.05a	0.34 ± 0.02a	194.1 ± 1.8 b	147.2 ± 2.7 b	0.10 ± 0.01a	0.10 ± 0.01a
	3 kGy	0.89 ± 0.05a	0.34 ± 0.01a	194.1 ± 2.3 b	147.0 ± 2.6 b	0.10 ± 0.01a	0.10 ± 0.01a
	4 kGy	1.02 ± 0.07b	0.45 ± 0.03b	193.0 ± 2.2 b	147.0 ± 2.9 b	0.10 ± 0.01a	0.20 ± 0.01 b
	5 kGy	1.15 ± 0.08c	0.48 ± 0.02 b	192.6 ± 2.1 b	143.8 ± 3.1c	0.10 ± 0.01a	0.20 ± 0.01 b
	At 8% Moisture level
	Control	0.91 ± 0.09a	0.32 ± 0.03a	193.2 ± 2.5a	151.0 ± 1.5a	0.14 ± 0.01a	0.13 ± 0.01a
	1 kGy	1.01 ± 0.09 ab	0.46 ± 0.03 b	193.2 ± 2.5a	141.0 ± 3.0b	0.14 ± 0.01a	0.13 ± 0.01a
	2 kGy	1.02 ± 0.06 ab	0.46 ± 0.02 b	190.4 ± 2.8b	141.3 ± 2.8b	0.14 ± 0.01a	0.13 ± 0.01a
	3 kGy	1.20 ± 0.08 bc	0.47 ± 0.02 b	189.5 ± 2.6b	141.1 ± 2.9b	0.13 ± 0.01a	0.13 ± 0.01a
	4 kGy	1.40 ± 0.09 cd	0.47 ± 0.03 b	188.1 ± 2.4b	140.8 ± 3.4b	0.13 ± 0.01a	0.18 ± 0.01b
	5 kGy	1.55 ± 0.11 d	0.53 ± 0.04c	187.2 ± 2.7b	140.6 ± 3.6b	0.13 ± 0.01a	0.18 ± 0.01b


Values are mean ± SE (n = 3). Within a row/column, means with different superscript letters differ significantly (DMRT, p < 0.05).
Free Fatty Acids, % oleic acid increased significantly (p ≤ 0.01) with irradiation dose (Tables 2, 3). As with the PV, it can be said that walnuts at 8% moisture would have higher percentages of FFA compared to that of 5% moisture. Moisture levels also improve the hydrolysis of triglycerides into free fatty acids as water availability favors hydrolytic reactions during irradiation. At 5 kGy, FFA values are significantly increased in walnuts with 8% moisture - accelerated hydrolytic rancidity (Table 2) (AOCS, 1998).
TABLE 3 | Fatty acid composition (% of total fatty acids) of walnut oil after irradiation (0–5 kGy) at 5% and 8% moisture: palmitic acid (C16:0), oleic acid (C18:1), linoleic acid (C18:2), and alpha-linolenic acid (C18:3).	Dose (kGy)	Palmitic acid (C16:0)	Oleic acid (C18:1)	Linoleic acid (C18:2)	Alpha-linolenic acid (C18:3)
	At 5% Moisture level
	Control	6.02 ± 0.10a	19.25 ± 0.80a	65.25 ± 1.4a	16.80 ± 0.70a
	1 kGy	6.02 ± 0.18a	18.85 ± 0.80a	60.25 ± 1.4 b	14.20 ± 0.70 b
	2 kGy	5.95 ± 0.20a	18.27 ± 0.78a	59.65 ± 1.3 bc	13.80 ± 0.72 bc
	3 kGy	5.64 ± 0.18 ab	18.27 ± 0.75a	59.77 ± 1.6 bc	12.27 ± 0.70c
	4 kGy	4.85 ± 0.21 bc	18.00 ± 0.72a	56.50 ± 1.5cd	10.27 ± 0.72d
	5 kGy	4.00 ± 0.22c	17.50 ± 0.78a	56.10 ± 1.4d	9.00 ± 0.75d
	At 8% Moisture level
	Control	6.70 ± 0.22a	22.80 ± 0.85a	58.20 ± 1.6a	15.50 ± 0.78a
	1 kGy	6.20 ± 0.22b	19.50 ± 0.85b	58.20 ± 1.6a	13.50 ± 0.78b
	2 kGy	5.99 ± 0.22 bc	19.50 ± 0.85b	58.14 ± 1.5a	12.98 ± 0.72b
	3 kGy	4.10 ± 0.24cd	19.30 ± 0.83b	58.10 ± 1.6a	8.10 ± 0.74c
	4 kGy	4.15 ± 0.23cd	19.30 ± 0.82b	55.85 ± 1.7b	8.00 ± 0.76c
	5 kGy	4.15 ± 0.26cd	17.00 ± 0.84c	53.50 ± 1.6c	8.00 ± 0.80c


Values are mean ± SE (n = 3). Within a row/column, means with different superscript letters differ significantly (DMRT, p < 0.05).
The average molecular weight of triglycerides decreases with increased irradiation dose as indicated by Saponification Value (SV). The rate of decline of SV were significant (p ≤ 0.05) at 8% moisture indicating higher hydrolysis and molecular breakage at the higher moisture environment (Table 2). Likewise, iodine value (IV) decreases (p ≤ 0.01) at a faster rate at 8% moisture as the oxidation of unsaturated bonds increases at this higher moisture environment (Table 2) (Čaplová and Švábová, 2020; Crisosto et al., 2023) (Mexis and Kontominas, 2009a).
Acid-insoluble ash, which is mineral content, is not affected by irradiation or moisture levels since it is not involved in oxidative or hydrolytic processes (Table 2). However, the acidity of extracted fat, which is closely related to FFA content, increases significantly with irradiation, especially at 8% moisture. This increase is due to higher hydrolytic activity under higher moisture conditions (Gecgel et al., 2011).
Moisture levels and irradiation both change the fatty acid composition. Palmitic acid, which is saturated fatty acid of the type C16:0, increases upon irradiation and shows a little greater enhancement at 8% moisture, whereas oleic acid, an unsaturated type C18:1n9c, along with linoleic acid (C18:2n6c) and alpha-linolenic acid (C18:3) of polyunsaturated types decreases sharply (p ≤ 0.05) at 8% compared to 5%. This proves that higher moisture levels increase the oxidation degradation of unsaturated fatty acids on irradiation (Table 3).
Overall, the walnuts with 8% moisture content were more susceptible to the impact of gamma irradiation compared to those containing 5% moisture. High moisture levels increase lipid oxidation and hydrolytic reactions, and thus result in higher increases in peroxide value, free fatty acids, and decreases in unsaturated fatty acids. The results show the interaction between moisture content and irradiation dose, indicating the importance of the control of these factors to preserve the quality of walnuts.
Aflatoxin quantification
Table 4 shows the Aflatoxin B1, B2, G1, and G2 concentration in samples for two moisture levels (5% and 8%) after doses of gamma irradiation ranging from 0 kGy to 5 kGy. Figure 1 shows bar plot comparison of the aflatoxin concentrations. All aflatoxin measurements were performed in triplicate and are reported as mean ± SE (n = 3). Within each moisture level (5% and 8%), the effect of irradiation dose (0–5 kGy) on each aflatoxin (B1, B2, G1, G2) was tested using one-way ANOVA. When the omnibus test was significant (p ≤ 0.05), Duncan’s Multiple Range Test (DMRT) was used for pairwise mean separation. Columns that do not share a superscript letter differ significantly at p ≤ 0.05.
TABLE 4 | Aflatoxin concentrations (ppb) of B1, B2, G1, and G2 in gamma-irradiated walnuts at two moisture levels (5% and 8%) after exposure to increasing doses of irradiation (0–5 kGy). Data represent mean ± standard error.	Dose (kGy)	Aflatoxin B1 (ppb)	Aflatoxin B2 (ppb)	Aflatoxin G1 (ppb)	Aflatoxin G2 (ppb)
	At 5% Moisture level
	Control	28.0 ± 2.01a	231.0 ± 10.00a	189.0 ± 9.02a	22.0 ± 1.50a
	1kGy	21.0 ± 1.50b	180.0 ± 8.03b	160.0 ± 8.50b	15.0 ± 1.23 b
	2 kGy	15.0 ± 1.23c	111.0 ± 7.57d	90.0 ± 6.00d	10.0 ± 0.80c
	3 kGy	6.0 ± 1.04d	11.0 ± 1.32d	9.0 ± 1.50d	9.0 ± 1.00c
	4 kGy	6.0 ± 1.10d	10.5 ± 1.80d	9.0 ± 1.03d	9.0 ± 0.50c
	5 kGy	5.8 ± 1.00d	9.0 ± 2.80d	8.5 ± 1.50d	9.0 ± 0.30c
	At 8% Moisture level
	Control	25.0 ± 2.5a	200.0 ± 9.5a	175.0 ± 9.0a	20.0 ± 1.50a
	1 kGy	20.0 ± 2.0b	150.0 ± 8.0b	140.0 ± 8.2b	12.0 ± 0.90 b
	2 kGy	8.0 ± 0.8c	12.0 ± 2.1c	6.0 ± 1.0c	6.0 ± 1.000c
	3 kGy	8.0 ± 0.8c	11.0 ± 2.5c	5.0 ± 1.5c	6.0 ± 0.5c
	4 kGy	7.5 ± 1.3c	10.5 ± 4.0c	5.0 ± 0.2c	6.0 ± 0.80c
	5 kGy	7.5 ± 1.1c	10.0 ± 2.7c	4.0 ± 1.5c	6.0 ± 0.70c


Values are mean ± SE (n = 3). Within a row/column, means with different superscript letters differ significantly (DMRT, p < 0.05).
[image: Set of bar plots showing aflatoxin B1, B2, G1, and G2 concentrations in walnut kernels (y-axis, ppb) across gamma-irradiation doses from 0 kGy (control) to 5 kGy (x-axis).]FIGURE 1 | Bar plots representing the concentration of Aflatoxin B1, B2, G1, and G2 in walnut nut samples after gamma irradiation at different doses (0–5 kGy) at moisture contents of 5% and 8%. Every bar in these plots represents the mean aflatoxin concentration (in ppb). For each moisture level (5% and 8%) and for each aflatoxin (B1, B2, G1, G2), dose effects (0–5 kGy) were tested using one-way ANOVA. When the ANOVA was significant (p ≤ 0.05), Duncan’s Multiple Range Test (DMRT) was used for pairwise mean separation. Results are presented as mean ± SE (n = 3).At 5% moisture (Table 4), the baseline concentrations of all four aflatoxins in unirradiated controls were relatively high (B1: 28.0 ± 2.0 ppb; B2: 231.0 ± 10.0 ppb; G1: 189.0 ± 9.0 ppb; G2: 22.0 ± 1.5 ppb). Irradiation at 1 kGy reduced the concentrations of B1, B2, G1, and G2 to 21.0 ± 1.5, 180.0 ± 8.0, 160.0 ± 8.5, and 15.0 ± 1.2 ppb, respectively. The dose increased to 2 kGy resulted in greater decreases (e.g., B1 was reduced to 15.0 ± 1.2 ppb and B2 to 111.0 ± 7.5 ppb, p ≤ 0.001). Concentrations of all four aflatoxins were significantly decreased by 3 kGy and above, with all concentrations reaching near-minimum levels at 5 kGy. Notably, at 5 kGy, B1, B2, G1, and G2 were approximately 5.8 ± 1.0, 9.0 ± 2.8, 8.5 ± 1.5, and 9.0 ± 0.3 ppb, respectively—representing substantial reductions from control values.
The same pattern below was also obtained at 8% moisture. Controls that were not irradiated had B1, B2, G1, and G2 levels of 25.0 ± 2.5, 200.0 ± 9.5, 175.0 ± 9.0, and 20.0 ± 1.5 ppb, respectively. The dose of 1 kGy brought down these to 20.0 ± 2.0, 150.0 ± 8.0, 140.0 ± 8.2, and 12.0 ± 0.9 ppb. By 2 kGy, B1 was down too single-digit levels at 8.0 ± 0.8 ppb, and significant decreases were also observed for B2 (12.0 ± 2.1 ppb) and G1 (6.0 ± 1 ppb). Beyond 2 kGy, further reductions were significant, with concentrations approaching or remaining near single-digit ppb values up to 5 kGy (p ≤ 0.001). At the maximum dose tested at 5 kGy, B1, B2, G1, and G2 reached values of 7.5 ± 1.1, 10.0 ± 2.7, 4.0 ± 1.5, and 6.0 ± 0.7 ppb, respectively.
The response relationships for both moistures were obviously dose-dependent for the reduction in aflatoxin concentrations following gamma irradiation. Although the absolute starting (control) values and pattern of decrease tended to be slightly higher between 5% and 8% moistures, there was a uniform trend: increases in dose ranged between 3 and 5 kGy generally resulted in maximum reductions in levels of B1, B2, G1, and G2. These are demonstrated in Figure 1, which reveals that with increase in irradiation dosage, all three aflatoxins revealed diminishing bar plot size.
Color analysis, texture, and sensory evaluation
The color (L value), hardness, and sensory score of walnuts were examined for the effect of gamma irradiation at 5% and 8% moisture levels with varying doses (Table 5). For the color (L* value), there was an increase due to irradiation up to 3 kGy, which would indicate a brightening of the walnut surface. At 5% moisture, the L* value increased from 56.3 ± 0.8 in the control to a peak of 60.2 ± 0.6 at 3 kGy, after which it slightly decreased with further increase in doses. A similar trend was observed at 8% moisture, where the L* value started at 54.2 ± 0.7 in the control and peaked at 58.5 ± 0.5 at 3 kGy. However, the L* values were always lower at 8% moisture compared with those at 5% moisture (p ≤ 0.05), and the brightening effect caused by irradiation could be slightly hindered by higher moisture levels.
TABLE 5 | Influence of the gamma irradiation dose (kGy) on the color L,a,b values, hardness (N), and overall acceptability of irradiated and non-irradiated walnuts at 5% and 8% moisture levels. Decrease in L* value indicates darkening of the walnut kernels. Higher doses of irradiation tend to cause more significant darkening. Hardness is in Newtons (N) and reflects the texture integrity of the walnuts. Acceptability score represents the overall acceptance on a scale of 1–10, and the higher scores represent better sensory quality. Values are expressed as mean ± error.	Dose (kGy)	L*	a*	b*	USDA color values	Hardness (N)	Overall acceptability score
	At 5% Moisture level
	Control	56.30 ± 0.8a	3.11 ± 0.10a	60.46 ± 0.40a	3	70.0 ± 1.50a	8.5 ± 0.50a
	1 kGy	55.80 ± 0.55a	3.20 ± 0.11a	60.10 ± 0.42a	3	70.0 ± 1.50a	8.5 ± 0.50a
	2 kGy	55.20 ± 0.60a	3.30 ± 0.12a	59.70 ± 0.45a	3	65.0 ± 3.00 b	8.0 ± 0.500a
	3 kGy	54.50 ± 0.65b	3.40 ± 0.13 b	59.20 ± 0.47a	3	60.0 ± 2.00c	8.0 ± 0.5a
	4 kGy	53.70 ± 0.70c	3.50 ± 0.14c	58.60 ± 0.50a	2	60.0 ± 3.00c	7.5 ± 1.00 b
	5 kGy	52.80 ± 0.75 d	3.60 ± 0.15c	58.00 ± 0.52a	2	53.0 ± 2.00 d	7.0 ± 1.00c
	At 8% Moisture level
	Control	54.20 ± 0.70a	5.87 ± 0.02a	57.13 ± 0.21a	3	70.0 ± 1.50a	8.0 ± 0.50a
	1 kGy	53.60 ± 0.75a	5.90 ± 0.03a	56.90 ± 0.22a	3	70.0 ± 1.50a	8.0 ± 0.50a
	2 kGy	52.90 ± 0.80a	5.93 ± 0.03 ab	56.60 ± 0.23a	3	65.0 ± 3.00 b	7.5 ± 0.50a
	3 kGy	52.10 ± 0.85b	5.96 ± 0.04 ab	56.20 ± 0.24a	2	60.0 ± 2.00c	6.0 ± 1.00 b
	4 kGy	51.20 ± 0.90c	5.99 ± 0.04 b	55.70 ± 0.25a	2	60.0 ± 3.00c	6.0 ± 1.00 b
	5 kGy	50.30 ± 0.95d	6.02 ± 0.05c	55.10 ± 0.26a	2	57.0 ± 2.00 d	5.5 ± 0.50c


Values are mean ± SE (n = 3). Within a row/column, means with different superscript letters differ significantly (DMRT, p < 0.05).
For hardness, significant decreases were obtained as the irradiation doses increased for both moisture levels. At 5% moisture, the hardness decreased from 70.0 ± 1.5 in the control to 30.0 ± 2.0 at 5 kGy, showing a significant loss in texture integrity (p ≤ 0.01). Walnuts with 8% moisture also showed a decrease in hardness, from 70.0 ± 1.5 in control to 57.0 ± 2.0 at 5 kGy (p ≤ 0.01). The decline was not as dramatic as in the case of 5% moisture, and therefore it was likely that the higher the moisture, the less the texture would soften by irradiation.
Acceptability or sensory scores, reflecting the overall acceptability of walnuts, declined gradually with increased doses of irradiation at both levels of moisture (Table 5). For 5% moisture, the acceptability score decreased from 8.5 ± 0.5 for the control to 7.0 ± 1.0 for the 5 kGy sample. In contrast, with 8% moisture, there was a much greater drop: from 8.0 ± 0.5 in the control to 5.5 ± 0.5 at 5 kGy. The significant reduction in acceptability at higher moisture levels is one of greater sensory degradation (p ≤ 0.05), potentially due to more pronounced oxidative or hydrolytic reactions during irradiation.
The findings demonstrate that gamma irradiation affects the color, hardness, and sensory quality of walnuts in a dose-dependent manner, with moisture content being an important modulator of these effects (Oyinloye et al., 2023). High doses are more likely to cause sensory and textural degradation in walnuts at a 8% moisture level than in those at a 5% moisture level.
Physicochemical stability
Gamma irradiation maintained the moisture content and water activity (aw) of walnuts. At all doses, there was a negligible change in moisture content, and the textural and structural integrity of kernels was maintained (Aleksieva et al., 2025). Moisture content stability is important since the prevention of microbial development ensures a much longer shelf life, which plays a critical role in both the domestic market and export. Maintenance of water activity below critical threshold values further substantiates the potential of gamma irradiation in storing walnuts while preserving their key physical properties unchanged.
These advantages of irradiation are further reflected in the oxidative stability observed as reductions in peroxide value (PV) and free fatty acids (FFA). At optimal doses, reduced lipid oxidation would imply that irradiation helps to preserve the nutritional quality and flavor profile of walnuts, enhancing consumer acceptability. This stabilization may be due to the suppression of oxidation-triggering mechanisms resulting from the sterilizing effects of gamma irradiation, which reduce microbial and enzymatic activities.
Fatty acid composition and nutritional implications
The study shows a very minimal change in fatty acid compositions, such as retention of PUFAs-like linoleic acid and alpha-linolenic acid. The discussed PUFAs are crucial for human health; they contribute to cardiovascular and cognitive advantages. The decrease in the concentration of alpha-linolenic acid at higher doses is explainable by sensitive PUFAs to oxidative reactions induced by radiation. However, the maintenance of these compounds at optimal dosages ensures that the nutritional quality of walnuts is not drastically altered. The results are consistent with previous reports indicating that gamma irradiation doses less than 5 kGy typically maintain nutritional quality while enhancing microbial safety. The ability to maintain these critical fatty acids and achieve effective decontamination solidifies the position of gamma irradiation as an excellent post-harvest treatment method.
Reduction of aflatoxin content and safety
The most significant consequence was that the aflatoxins were highly reduced by all the doses of irradiation, which remained undetectable at optimum doses (Al-Bachir, 2001). The strong carcinogenic property of the aflatoxins like B1 and G1, therefore cause grave health hazards, and this significantly reduces the export opportunities of the walnuts contaminated with the aflatoxins. Gamma irradiation has destroyed the molecular structures of aflatoxins and thus remains inactivated and did not have any chemical residue, as claimed by previous studies (Emadi et al., 2022).
This outcome has profound implications for food safety and international trade. With increasingly stringent aflatoxin limits in major importing regions such as the European Union and the United States, the ability to produce aflatoxin-free walnuts positions Indian walnuts as a competitive and compliant export product. Moreover, irradiation provides an environmentally sustainable alternative to chemical decontamination methods, which aligns with global trends toward clean and green food processing technologies.
Sensory attributes and consumer acceptability
The sensory evaluation revealed that irradiation at 3 kGy (5% moisture) and 2 kGy (8% moisture) generated the highest scores for flavor, texture, and overall acceptability. This slight improvement in color brightness is confirmed by higher L* values at these doses, which could be attributed to the diminution of microbial load and the resultant oxidative changes that tend to darken walnut kernels. Consumer perception plays an important role in determining the market success of irradiated products. The findings of this study align with the expectations of consumers about safe, quality products that show minimal changes in sensory qualities. In this respect, gamma irradiation offers both safety and quality, thus decreasing consumer apprehension and turning walnuts into a more commercially viable product.
EXPORT IMPLICATIONS FOR THE INDIAN WALNUT INDUSTRY
The walnut industry of India had faced concerns related to international quality standards, which would be achieved considering the presence of fungi and poor handling after harvesting. The application of gamma irradiation as a standard post-harvest treatment affords an opportunity to eliminate the above barriers. By doing so, Indian walnuts will meet the standards on aflatoxins and shelf-life extension, and this will grant them entry into premium markets in Europe, North America, and the Middle East, which is an important determinant for export earnings. Besides the economic implications for exports, there is also an advantage in the country’s domestic consumption. Consumers have safer and higher-quality walnuts, and hence there is more trust in locally produced products. Added-value products like walnut oil and flour can take advantage of irradiated walnuts as raw materials to enhance innovation and diversification.
Comparable dose–response trends have been observed in walnuts from other agro-climatic regions, such as California, United States, and Xinjiang, China, where doses of 2–3 kGy maintained oxidative stability and effectively reduced aflatoxins without detrimental sensory change (Markov et al., 2015), (Ma et al., 2013). Similarly, pistachios from semi-arid Iran retained peroxide values within acceptable limits for 6 months at 3 kGy (Mexis and Kontominas, 2009a) and almonds from Mediterranean climates showed negligible sensory deterioration up to 5 kGy (Al-Bachir, 2014). These parallels suggest that the dose–quality relationship identified in the present study is broadly reproducible across nut types and growing environments, although local calibration remains important for cultivar and storage conditions.
CONCLUSION
Gamma irradiation effectively enhanced the quality, safety, and marketability of walnuts from the two moisture levels as determined in the present study: 5% and 8%. The research findings showed irradiation at a dose of 3 kGy to walnuts at 5% moisture and at 2 kGy for walnuts at 8% moisture could reduce oxidative degradation peroxide values, thus decreasing free fatty acids; aflatoxin levels fall well within international safety standards, and the sensorial attributes remain essentially unchanged-like color, texture, and general acceptability. Gamma irradiation is a preservation process that retains essential fatty acids, including linoleic and alpha-linolenic acids, thus keeping the nutritional integrity of the walnuts. This makes gamma irradiation a promising technology for addressing quality and safety concerns while enhancing the competitiveness of Indian walnuts in premium export markets.
Regulatory context
India permits food irradiation under the Atomic Energy (Radiation Processing of Food and Allied Products) Rules and FSSAI oversight; irradiated consignments are certified with stated dose and purpose. Codex Alimentarius deems irradiation up to 10 kGy safe (or higher if justified) for foods; jurisdictions differ in product-specific approvals. The EU sets maximum levels for contaminants such as aflatoxins in nuts (e.g., B1 2 μg/kg; total 4 μg/kg for ready-to-eat nuts), and the US FDA maintains a 20 μg/kg action level for total aflatoxins (Sahoo et al., 2023).
Ethics and safety for sensory evaluation
Sensory sessions were conducted with screened panelists (no known nut allergies). Samples were handled as per best hygienic practices, and only lots compliant with aflatoxin limits were served. Irradiation doses selected for sensory testing were ≤3 kGy, where composition and sensory attributes remained within acceptable ranges in our and prior studies.
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