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Assessment of Nutritional Quality of Smoked Hilsha (Tenualosa ilisha) Treated with Different Spices during Storage at Various Temperatures

     

ABSTRACT 

Aims: 
The present research was conducted to investigate the effect of different spice formulations on the nutritional and microbial quality of smoked hilsha (Tenualosa ilisha) stored under sealed and vacuum-sealed conditions at two storage temperatures: room temperature (28-30°C) and refrigeration (4-8°C). 
Study design:
The experiment followed a three-way factorial design with five spice treatments, two packaging methods, and two storage temperatures, using three biological replicates with random assignment of fish chunks to treatments and storage units for unbiased evaluation of sensory, nutritional, biochemical, and microbial quality. 
Place and duration of study:
The study was carried out at Fish Processing and Quality Control Laboratory of the Department of Fisheries Technology, Faculty of Fisheries, Bangladesh Agricultural University (BAU), Mymensingh during the period of August 2022 to January 2023. 
Methodology:
Freshly collected hilsha were dressed, cut into chunks, dipped in spice mixtures, and smoked at 70-80°C using an improved traditional kiln. Five treatments were applied: T0 (control, no spice), T1 (onion, garlic, ginger, mustard seed, chili), T2 (onion, garlic, ginger), T3 (ginger, mustard seed, chili), and T4 (ginger, chili). After smoking, products were cooled, packed, and stored for sensory evaluation (9-point hedonic scale), proximate composition (moisture, protein, lipid, ash), biochemical indices (TVB-N, pH, PV), and microbial analysis at different storage intervals.
Results: 
Results showed that storage temperature, packaging method, and spice treatment had a significant impact on the quality of smoked hilsha. Sensory scores for flavor, color, and texture declined more rapidly in samples stored at room temperature, with acceptability lost within 6-10 days, while refrigeration extended shelf life up to 30-42 days, particularly under vacuum-sealed conditions. Proximate analysis indicated a progressive increase in moisture content with storage time, while protein, lipid, and ash contents decreased, with the highest nutrient retention observed in T1. Biochemical indices (TVB-N, pH, PV) increased steadily across treatments, but the rise was significantly lower in spice-treated samples compared to the control (T0). Microbial load also followed an increasing trend, with vacuum-sealed and refrigerated samples showing the slowest growth.
Conclusion: 
Overall, T1 consistently outperformed other treatments in maintaining sensory quality, nutrient stability, and delaying spoilage indicators, while T0 exhibited the poorest quality retention. The findings suggest that spice incorporation, especially the T1 combination, along with vacuum packaging and refrigeration, can effectively enhance the storage stability and commercialization potential of smoked hilsha products.


1. INTRODUCTION
Bangladesh has immense potential for capture fisheries and aquaculture due to its vast river systems and inland water bodies, which sustain rich aquatic biodiversity (Olalekan, 2019). Fisheries are the country’s second-largest agricultural sub-sector, contributing 24.41% to agricultural GDP, 3.61% to national GDP, and over 2% of export earnings while supporting the livelihoods of millions (Ahmed, 2019 and Shamsuzzaman et al., 2020). With an average annual growth rate of 5.43% in the last decade, Bangladesh ranked 3rd in inland fish production, 5th in aquaculture, and 11th in marine output worldwide in 2018 (Shamsuzzaman et al., 2020). Fish is deeply rooted in Bangladeshi food culture, culturally, it is inseparable from Bengali heritage, symbolized by the proverb “Maache-Bhate Bangali” (Shehata et al., 2018). It is the main source of animal protein, supplying nearly 60% of total intake, with per capita consumption of 62.58 g/day-slightly above the daily requirement (Ahmed, 2019 and Shamsuzzaman et al., 2020). Beyond protein, fish provides essential nutrients such as omega-3 polyunsaturated fatty acids, oils, vitamins, and minerals, making it vital for all income groups (Amuneke et al., 2020). Its digestibility, low cholesterol, and palatability make it preferred over meat like beef, poultry, or mutton (Nahid et al., 2016). Typically, fish contains 70-80% water, 16-25% protein, and 1-5% fat, which highlights its nutritional value (Ayeloja et al., 2015). Regular fish consumption confers multiple health benefits. It has antioxidant, cardioprotective, and neuroprotective properties, largely due to DHA and EPA, which reduce risks of cardiovascular disease (Debnath et al., 2018 and Ekelemu et al., 2021). Fish also provides vitamins A and D, especially vitamin D3, deficiency of which is associated with chronic diseases such as diabetes, hypertension, and cancer (Hamli et al., 2021). Furthermore, fish proteins supply immunoglobulins that strengthen immunity and help prevent protein-energy malnutrition (Hassan et al., 2013). Despite these benefits, fish is highly perishable, deteriorating rapidly from autolysis, oxidation, and microbial activity, sometimes within hours of capture (Ahmed, 2019; Jakhar et al., 2012). In tropical regions like Bangladesh, poor infrastructure, high ambient temperatures, and limited processing facilities accelerate spoilage, reducing shelf life and sensory quality (Jega et al., 2018; Kamari & Shabanpour, 2013 and Maisont et al., 2021).
Hilsa (Tenualosa ilisha), the national fish of Bangladesh, holds special importance. It contributes nearly 12% of total fish production and about 1% of GDP, while supporting millions of livelihoods and generating foreign exchange through exports. Nutritionally, hilsa is rich in protein, omega-3 fatty acids, vitamins, and minerals, making it essential for food security and public health. Ecologically, hilsa plays a vital role as a migratory species, linking marine and freshwater ecosystems. However, hilsa is highly perishable, which necessitates effective preservation to minimize post-harvest losses and ensure year-round availability. In Bangladesh, preservation methods include chilling, icing, freezing, sun drying, salting, spices preservation, fermenting, canning, and smoking (Nahid et al., 2016). Spices act as potent natural bio-preservatives in smoked hilsa (Tenualosa ilisha) processing due to their diverse array of bioactive compounds that inhibit oxidation and microbial spoilage. The major spices commonly used in Bangladesh namely onion (Allium cepa), garlic (Allium sativum), ginger (Zingiber officinale), mustard seed (Brassica nigra), and chili (Capsicum annuum) that contains essential oils, phenolic compounds, flavonoids, sulfur compounds (e.g., allicin), and capsaicinoids (Nowsad & Hoque, 2021). These components possess strong antioxidant and antimicrobial activities that mitigate lipid peroxidation and protein denaturation, both of which are critical concerns in fatty fish such as hilsa. During smoking and storage, these bioactive molecules function as radical scavengers and chelating agents, reducing peroxide formation and preventing microbial growth, thereby maintaining product quality, color, and flavor (Nur et al., 2023). Furthermore, their synergistic effects stabilize unsaturated fatty acids and retard the development of rancid odors, ensuring greater oxidative stability throughout the storage period. In Bangladesh, several studies have validated the efficacy of spice treatments in enhancing the quality and shelf life of smoked hilsa. Smoked hilsa treated with 10% salt and garlic exhibited better sensory scores and microbial safety compared to untreated samples (Olalekan, 2019). Similarly, salt combined with lemon extracts significantly lowered microbial counts and delayed spoilage during storage (Pandey et al., 2020). Traditionally, Bangladeshi spices such as cardamom, cinnamon, clove, and cumin exhibit broad-spectrum antimicrobial properties against common foodborne bacteria. Collectively, these results confirm that spice incorporation before smoking not only improves the sensory acceptability of hilsa but also enhances its microbiological stability and oxidative resistance. Therefore, the present study was designed to evaluate the effects of different spice treatments on the nutritional quality of smoked hilsa (Tenualosa ilisha) under varied storage conditions.

2. MATERIALS AND METHODS 
2.1 Experimental Design and Treatments Materials 
The experiment was arranged in a three-way factorial design to evaluate the effects of spice treatment, packaging, and storage temperature on smoked hilsha quality. Five spice formulations (T0 = Control (no spice), T1 = Onion (100 g/kg) + Garlic (25 g/kg) + Ginger (25 g/kg) + Mustard seed (25 g/kg) + Chili (25 g/kg), T2 = Onion (100 g/kg) + Garlic (25 g/kg) + Ginger (25 g/kg), T3 = Ginger (50 g/kg) + Mustard seed (50 g/kg) + Chili (50 g/kg) and T4 = Ginger (100 g/kg) + Chili (50 g/kg)) were tested, with samples packed either in sealed or vacuum-sealed packets and stored at two temperatures, room (28-30°C) and refrigeration (4-8°C). Each treatment combination was replicated three times using independent biological replicates, and fish chunks were randomly assigned to treatments and storage positions to avoid bias. 

2.2 Sample collection, preparation and processing  
Hilsha (Tenualosa ilisha) were collected from the local market of Mymensingh and transported to the Fish Processing Laboratory, Department of Fisheries Technology, Bangladesh Agricultural University (BAU), Mymensingh, for smoke processing. Twenty fish were randomly selected with an average weight of 850 ± 36 g. Fresh fish were washed, dressed, and cut into uniform chunks. Sixteen fish were prepared for four different spice treatments (Figure 1A). Dry spices were weighed, blended, and mixed with fish, then left for 40 minutes for penetration. Excess spices were drained, and fish were air-dried for 10 minutes at room temperature. Smoking was carried out in a steel-sheet kiln (5.2 × 2.7 × 2.3 ft³) with two chambers: the lower for sawdust burning and the upper with iron rods for hanging fish. Temperature (75-80°C) and smoke flow were controlled by a top outlet, and smoking lasted 1.5 hours using tamarind wood chips and rice husk (Figure 1B). Samples were turned midway for uniformity, cooled for 15 minutes (Figure 1C), weighed for yield, and taste tested. Smoked fish (T0-T4) were packed in sealed or vacuum-sealed packets and stored at room (28-30°C) or refrigeration (4-8°C) for analysis.
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	Fig. 1. Mixing of samples with spices (A), Smoking fish (B), Cooling of smoked products treated with spices (C)




2.3 Sensory Assessment 
The sensory qualities of the developed products were assessed by a five-member panel consisting of teachers from the Department of Fisheries Technology, Faculty of Fisheries, Bangladesh Agricultural University (BAU), Mymensingh. Panelists evaluated each product using a 9-point hedonic scale, scoring attributes such as color, flavor, texture, and overall acceptability of the four flake samples. Sensory assessment was carried out at specific intervals: 0, 3, and 6 days for sealed packets and 0, 5, and 10 days for vacuum-sealed packets at ambient temperature (30-35°C), and every 5 days (sealed) and 7 days (vacuum-sealed) during refrigerated storage (4-8°C).Parameters on the questionnaires were as follows: Like ex- tremely = 9; Like very much = 8; Like moderately = 7; Like slightly = 6; Neither like nor dislike = 5; Dislike slightly = 4; Dislike moderately = 3; Dislike very much = 2 ; and Dislike extremely = 1

2.4 Biochemical analysis
2.4.1 Proximate analysis 
Proximate analysis of smoked hilsa (Tenualosa ilisha) treated with spices was conducted for moisture, crude protein, lipid, and ash following AOAC (1990) methods with slight modifications.

2.4.1.1 moisture content 
Moisture content was measured by drying 3-5 g of each sample in a pre-weighed porcelain crucible at 105°C for about 12 hours until constant weight, cooling in a desiccator, reweighing, and calculating percentage moisture using the standard formula.
% Moisture =

2.4.1.2 Protein content 
The protein content was calculated using the following formula: 

% Nitrogen (N)=
% Of crude protein= % of N ×6.25

2.4.1.3 Lipid content 
The lipid content of the sample was calculated by using the following formula:
% Lipid=


2.4.1.4 Ash content 
The ash content was determined using the standard calculation formula:
% Ash=


2.5 Evaluation of TVB-N, PV and pH 
[bookmark: _GoBack]2.5.1 TVB-N assessment
The TVB-N was calculated by the following formula:

TVB-N (mg/100g) =

2.5.2 Determination of pH
The pH was measured following the AOAC (2005) method, where 5g of sample was blended with 45 ml of water to make up a 50 ml homogenized mixture, and the pH was recorded using a digital pH meter (Milwaukee Mi150, USA).
2.5.3 Determination of peroxide value (PV)
PV calculation was done using the following formula:  PV (meq/1000g) =

2.6 microbial analysis
Colony counts were taken using a colony counter, considering plates with 30-300 colonies as acceptable, and the viable plate count was calculated following the ISO (1965) formula.
Total aerobic plate count (APC) =
2.7 Data collection 
Sampling was performed at predetermined intervals depending on storage condition, and data on sensory, nutritional, biochemical, and microbial parameters were collected for comparative analysis.

2.8 Statistical Analysis 
Microsoft Excel 2010 was used to recorded, tabulate, process and compile all experimental data for statistical analysis. All data were analyzed statistically using R statistical software version 3.5.3. Analysis of variance (ANOVA) was performed, and treatment means were separated using Tukey's Honest Significant Difference (HSD) test at a 5% significance level (Gomez and Gomez, 1984). All graphs of this study were done using the software of Microsoft Excel 2010.


3. Results and Discussion 
3.1 Sensory evaluation
Sensory evaluation was conducted on five treatments (T0, T1, T2, T3, and T4) stored under ambient conditions (28-30°C) and refrigeration (4-8°C). The findings indicated that the quality of the smoked products was strongly influenced by both storage temperature and duration, with lower temperatures contributing to better preservation of sensory attributes over time (Table 1 and 2).
3.1.1 Room temperature
The sensory qualities (color, flavor, taste, and texture) of smoked hilsha (Tenualosa ilisha) treated with different spice formulations showed a consistent decline during storage at room temperature (28-30°C), with variations depending on packaging method and spice treatment (Table 1). In sealed-packed samples, all treatments started with excellent acceptability (scores ≈9.0) across all sensory attributes. By day 3, noticeable reductions occurred, particularly in the control (T0), where taste declined sharply to 4.77 and flavor to 5.67, while spice-treated samples (T1 and T2) maintained comparatively higher scores (flavor 8.27–8.6; taste 6.67–6.7). At day 6, T0 deteriorated severely (color 2.27, taste 2.43), indicating near spoilage. Among spice treatments, T1 retained the best scores (flavor 5.67, taste 3.67), followed by T2, while T3 and T4 dropped to low levels (taste ≤2.5), suggesting reduced consumer acceptability. 

In vacuum-sealed samples, sensory attributes were preserved for longer durations compared to sealed-packed ones. By day 5, T1 and T2 again performed best, with flavor scores of 8.2 and 7.86, and taste scores of 6.87 and 6.78, respectively, indicating moderate acceptability. T3 and T4 showed relatively lower values, though still acceptable. By day 10, a marked decline was evident across all treatments. The control (T0) showed the most drastic reduction, with taste dropping to 0.57, rendering it unacceptable. T1 (flavor 5.72, taste 3.57) and T2 (flavor 4.7, taste 2.58) retained comparatively better sensory scores, while T3 and T4 fell to near rejection levels.

Overall, vacuum-sealed packaging was more effective than sealed-packing in retaining sensory quality during storage. Among the spice formulations, T1 (onion, garlic, ginger, mustard seed, chili) and T2 (onion, garlic, ginger) consistently maintained superior sensory attributes compared to T3 and T4. The control group (T0) deteriorated fastest under both packaging conditions, confirming the positive role of spices and vacuum sealing in extending shelf life and sensory acceptability of smoked hilsha.



Table 1. Changes in sensory parameters of smoked hilsha (Tenualosa ili sha) treated with spices at room temperature (28 to 30⁰ C)

	Packing Condition
	Treatments
	Days
	Changes in sensory parameters

	
	
	
	Color
	Flavor
	Taste
	Texture

	Sealed Packed
	T0
	0
	9±0
	9± 0
	8.67±0.58
	9± 0

	
	
	3
	6.32±0.58
	5.67±0.53
	4.77± 0.5
	7.33±0.53

	
	
	6
	2.27±0.54
	2.3± 0.55
	2.43±0.57
	3.57±0.58

	
	T1
	0
	9± 0
	9± 0
	9± 0
	9± 0

	
	
	3
	7.5± 1.2
	8.27±0.68
	6.67± 0.5
	6.7± 0.58

	
	
	6
	4.33±0.38
	5.67±0.58
	3.67± 0.5
	2.67±0.48

	
	T2
	0
	9±0
	9±0
	9± 0
	9± 0

	
	
	3
	6.3± 1.5
	8.6± 0.58
	6.7± 0.28
	6.67± 0.8

	
	
	6
	3.5± 0.58
	4.67±0.58
	2.5± 0.53
	3.25± 0.5

	
	T3
	0
	9± 0
	9± 0
	8.66± 0.2
	9± 0

	
	
	3
	5.6± 0.8
	4.6± 0.58
	4.27±0.53
	5.5± 0.2

	
	
	6
	3± 0
	2.67± 0.5
	2.5± 0.71
	2.53±0.71

	
	T4
	0
	9± 0
	8.4± 0.3
	8.63±0.6
	9± 0

	
	
	3
	6.63±0.58
	6.34±0.54
	5.67±0.58
	4.67± 0.5

	
	
	6
	2.34± 0.8
	2.7± 0.28
	1.33± 0.8
	2.4± 0.55

	Vacuum Sealed
	T0
	0
	9±0
	9± 0
	8.67±0.58
	9± 0

	
	
	5
	6.4± 0.58
	6.67± 0.5
	4.87± 0.5
	7.5± 0.53

	
	
	10
	2.17±0.54
	2.32±0.55
	0.57
	3.37±0.58

	
	T1
	0
	9± 0
	9± 0
	9± 0
	9± 0

	
	
	5
	7.58± 1.2
	8.2± 0.68
	6.87± 0.5
	6.72±0.58

	
	
	10
	4.34±0.38
	5.72±0.58
	3.57± 0.5
	2.77±0.48

	
	T2
	0
	9± 0
	9± 0
	9± 0
	9± 0

	
	
	5
	6.35± 1.5
	7.86±0.58
	6.78±0.28
	6.67± 0.8

	
	
	10
	3.57±0.58
	4.7± 0.58
	2.58±0.58
	3.3± 0.5

	
	T3
	0
	9± 0
	9± 0
	8.66± 0.2
	9± 0

	
	
	5
	5.83± 0.8
	4.66± 0.5
	4.47±0.53
	5.52± 0.2

	
	
	10
	3.2± 0.3
	2.7± 0.5
	2.59±0.71
	2.3± 0.7

	
	T4
	0
	9± 0
	8.4± 0.3
	8.63±0.6
	9± 0

	
	
	5
	6.73±0.58
	6.3± 0.54
	5.2± 0.58
	4.37± 0.5

	
	
	10
	2.4± 0.8
	2.27±0.28
	1.35± 0.8
	2.35± 0.5

	P-value
	
	0.0251
	0.000124
	0.001023
	0.00104

	Level of significant 
	
	*
	***
	**
	**

	CV (%)
	
	4.58
	6.73
	5.58
	7.12



Means with the different letters differ significantly. *= Significant at 5% level of probability, **= Significant at 1% level of probability, ***= Significant at 0.1% level of probability and CV=Co-efficient of variance

3.1.2 Refrigeration temperature 
The sensory evaluation of smoked hilsha (Tenualosa ilisha) stored under refrigeration (4-8°C) revealed that both packaging conditions and spice treatments played a significant role in maintaining product acceptability, although a gradual decline in color, flavor, taste, and texture was observed over extended storage periods (Table 2). For sealed-packed samples, all treatments started with excellent scores (≈9.0) at day 0. By day 5, sensory attributes remained high across treatments (flavor 7.0-7.6; taste 7.3-7.8), with minimal differences between spice mixes and the control. However, noticeable declines occurred by day 10, with scores for flavor and taste ranging between 5.6-6.4. By day 15, T1 and T2 still retained moderate acceptability (flavor 5.3-5.7; taste 5.2-5.3), whereas T0, T3, and T4 showed more pronounced declines. Beyond 20 days, most sealed-packed products reached near spoilage, and complete spoilage (sp) was recorded from day 20 in T0, day 25 in T1-T4, indicating a maximum shelf life of 15–20 days under sealed conditions.
For vacuum-sealed samples, shelf life was notably extended. At day 7, all treatments retained very high sensory quality (flavor 7.3–7.8; taste 7.3-7.8). Even by day 14, moderate scores were maintained (flavor 6.3–6.5; taste 6.3–6.5). By day 21, sensory attributes were still acceptable in spice-treated groups (flavor 5.3–5.6; taste 5.0–5.6), whereas the control (T0) dropped more sharply (flavor 3.3; taste 3.4). Spoilage was observed from day 28 in most treatments, with complete rejection by day 35 in T1-T4 and earlier in T0. Thus, vacuum-sealed samples showed a shelf-life extension up to 28 days, significantly longer than sealed-packed samples. Comparing treatments, T1 (onion, garlic, ginger, mustard seed, chili) and T2 (onion, garlic, ginger) consistently outperformed others, retaining higher flavor and taste scores throughout storage in both packaging conditions. T3 and T4 showed moderate performance, while the control (T0) deteriorated most rapidly. Overall, refrigeration significantly slowed down sensory deterioration compared to room temperature, with vacuum sealing and spice treatments (particularly T1 and T2) providing the best preservation of sensory quality and extending storage stability up to 28 days.

Table 2. Changes in sensory parameters of smoked hilsha (Tenualosa ilisha) treated with Spices during Storage at refrigeration temperature (4 to 8℃)

	Packing
condition
	Treatment
	Day
	Changes in sensory parameters 

	
	
	
	Color
	Flavor
	Taste
	Texture

	














Sealed Packet
	

T0
	0
	9±0
	9±0
	8.67±0.58
	9±0

	
	
	5
	7.67±0.58
	7.67±0.5
	7.8±0.4
	8.2±0.43

	
	
	10
	6.33±0.58
	5.67±0.56
	6.2±0.36
	6±0

	
	
	15
	3.67±1.16
	3.36±0.5
	3.33±0.58
	2.67±0.8

	
	
	20
	sp
	sp
	sp
	sp

	
	
	25
	sp
	sp
	sp
	sp

	
	
	30
	sp
	sp
	sp
	sp

	
	

T1
	0
	9±0
	9±0
	9±0
	9±0

	
	
	5
	8±1.3
	7.6±0.54
	7.67±0.58
	7.63±0.4

	
	
	10
	7±1
	6.33±0.58
	6.35±0.56
	6.67±0.57

	
	
	15
	6.2±0.8
	5.38±0.53
	5.3±0.8
	5.62±0.52

	
	
	20
	4.23±0.58
	4.3±0.53
	4.53±0.58
	4.5±0.5

	
	
	25
	3.67±0.5
	3±1
	2.67±1.53
	3.33±0.58

	
	
	30
	sp
	sp
	sp
	sp

	
	

T2
	0
	9±0
	9±0
	9±0
	9±0

	
	
	5
	7.34±0.58
	7.2±0.6
	7.27±0.58
	7.8±0.2

	
	
	10
	6.3±0.52
	6.37±0.36
	6.33±0.82
	6.2±0.6

	
	
	15
	5.73±0.18
	5.67±0.2
	5.22±0.8
	5.43±0.58

	
	
	20
	4.26±0.58
	4.19±0.5
	4.3±0.53
	4.6±0.3

	
	
	25
	2.6±1.16
	3±0
	2.63±0.58
	3.2±0.3

	
	
	30
	sp
	sp
	sp
	sp

	
	

T3
	0
	9±0
	9±0
	8.66±0.2
	9±0

	
	
	5
	7.38±0.38
	7.67±0.58
	7.33±0.3
	7.67±0.8

	
	
	10
	6.3±0.6
	6.43±0.58
	6±1
	6.23±0.58

	
	
	15
	5.3±0.26
	5.43±0.8
	5±1
	5.36±0.48

	
	
	20
	3.7±0.8
	4±1.2
	3.62±1.53
	3.53±0.5

	
	
	25
	sp
	sp
	sp
	sp

	
	
	30
	sp
	sp
	sp
	sp

	
	


T4
	0
	9±0
	8.4±0.3
	8.63±0.6
	9±0

	
	
	5
	7.27±0.46
	7±1
	7.33±0.6
	7.7±1.5

	
	
	10
	6.33±0.52
	6.4±1.6
	5.8±1.3
	5.78±1.3

	
	
	15
	5.3±0.58
	5.5±1
	5.6±0.64
	4.76±0.8

	
	
	20
	2.33±0.5
	3.64±1.6
	3.33±1.2
	2.4±0.53

	
	
	25
	sp
	sp
	sp
	sp

	
	
	30
	sp
	sp
	sp
	sp

	Vacuum Sealed
	T0
	0
	9±0
	9±0
	8.67±0.58
	9±0

	
	
	7
	7.7±0.58
	7.83±0.5
	7.64±0.4
	8.25±0.43

	
	
	14
	6.43±0.58
	5.68±0.56
	6.25±0.36
	6.2±0.6

	
	
	21
	3.63±1.1
	3.3±0.5
	3.37±0.58
	2.27±0.5

	
	
	28
	sp
	sp
	sp
	sp

	
	
	35
	sp
	sp
	sp
	sp

	
	
	42
	sp
	sp
	sp
	sp

	
	

T1
	0
	9±0
	9±0
	9±0
	9±0

	
	
	7
	8.2±1.3
	7.68±0.54
	7.8±0.5
	7.73±0.4

	
	
	14
	7.2±1.1
	6.38±0.58
	6.45±0.56
	6.37±0.7

	
	
	21
	6.32±0.82
	5.58±0.53
	5.37±0.8
	5.62±0.32

	
	
	28
	4.23±0.38
	4.3±0.55
	4.53±0.56
	4.56±0.51

	
	
	35
	3.37±0.5
	3.26±0.66
	2.7±1.53
	3.3±0.38

	
	
	42
	sp
	sp
	sp
	sp

	
	

T2
	0
	9±0
	9±0
	9±0
	9±0

	
	
	7
	7.54±0.58
	7.26±0.6
	7.34±0.58
	7.82±0.2

	
	
	14
	6.23±0.52
	6.38±0.36
	6.53±0.82
	6.28±0.6

	
	
	21
	5.8±0.18
	5.67±0.25
	5.28±0.8
	5.47±0.8

	
	
	28
	4.6±0.58
	4.2±0.53
	4.31±0.53
	4.52±0.33

	
	
	35
	2.47±1.16
	2.28±0.3
	2.53±0.5
	3.26±0.3

	
	
	42
	sp
	sp
	sp
	sp

	
	

T3
	0
	9±0
	9±0
	8.66±0.2
	9±0

	
	
	7
	7.37±0.38
	7.67±0.58
	7.38±0.3
	7.82±0.8

	
	
	14
	6.37±0.6
	6.53±0.58
	6.3±1.2
	6.25±0.58

	
	
	21
	5.36±0.26
	5.3±0.8
	5.03±1.1
	5.6±0.48

	
	
	28
	3.72±0.8
	4.1±1.2
	3.2±1.3
	3.5±0.5

	
	
	35
	sp
	sp
	sp
	sp

	
	
	42
	sp
	sp
	sp
	sp

	
	


T4
	0
	9±0
	8.4±0.3
	8.63±0.6
	9±0

	
	
	7
	7.73±0.46
	7.6±1.3
	7.58±0.6
	7.57±1.5

	
	
	14
	6.53±0.5
	6.41±1.6
	5.76±1.3
	5.8±1.3

	
	
	21
	5.36±0.58
	5.5±1.3
	5.62±0.64
	4.7±0.8

	
	
	28
	2.23±0.5
	3.4±1.6
	3.43±1.2
	2.43±0.53

	
	
	35
	sp
	sp
	sp
	sp

	
	
	42
	sp
	sp
	sp
	sp

	P-value
	
	0.00113
	0.0247
	0.000062
	0.0412

	Level of significant 
	
	**
	*
	***
	*

	CV (%)
	
	5.23
	4.50
	3.69
	6.78


*sp indicates the spoiled products. Means with the different letters differ significantly, *= Significant at 5% level of probability, **= Significant at 1% level of probability, ***= Significant at 0.1% level of probability and CV=Co-efficient of variance


3.2 Proximate composition

Table 3 presents the variations in proximate composition of smoked hilsha (Tenualosa ilisha) treated with different spices during storage, under both sealed and vacuum-sealed packaging at room temperature (28-30°C) and refrigeration temperature (4-8°C).

Table 3. The proximate composition of fresh hilsha (Tenualosa ilisha)

	Parameters
	Proximate composition (%)

	Moisture
	66.04

	Protein
	17.68

	Lipid
	14.5

	Ash
	1.86




3.2.1 Changes in moisture content 
The fresh hilsha fillet contained 66.4% moisture. During storage, moisture levels in smoked hilsha victuals varied across treatments (T0-T4), packaging methods (sealed and vacuum-sealed), and storage temperatures (Table 3, 4 & 5). At ambient conditions (28-30°C), sealed packets generally retained moisture up to 6 days, while vacuum-sealed products extended stability to 10 days. Under refrigeration (4-8°C), shelf life increased, with sealed packets remaining stable for 20-25 days and vacuum-sealed packets up to 28-35 days. Smoking reduced moisture compared to fresh fish, reflecting the impact of heat treatment, while spice addition created a tapestry of differences among treatments. T0 (no spice) consistently retained more moisture, whereas T1 (onion, garlic, ginger, mustard, chili) exhibited the greatest reduction, indicating lower water activity and a stronger potential for extended shelf life. This crucible of spice formulations not only influenced moisture dynamics but also enriched mineral content, thereby enhancing the overall quality value and longevity of smoked hilsha.

As storage time progressed, the moisture content of smoked products increased under both storage conditions, which may be attributed to moisture absorption from the surrounding environment or a decline in the water-holding capacity of fish tissue. Salindeho (2018), in a comparative study on salt-smoke-dried mirror carp (Cyprinus carpio var. specularis), reported that fresh fillets contained 79.87% moisture, which decreased slightly to 75.62% after partial smoking. On the first day of storage, salt-smoke-dried fillets contained 24.51% moisture, which gradually rose to 25.04% after 30 days and further during 45 days of refrigerated storage, reflecting the influence of environmental moisture gradients. Similarly, Shikha et al. (2014 & 2020) found that smoked hilsha exhibited increasing moisture levels during storage, with ranges of 32.91-52.64%, 34.55-52.91%, and 27.57-51.98% in lemon, mustard, and garlic-treated samples, respectively. These findings align with Tegang et al. (2022), who observed a similar upward trend in moisture content in tilapia during storage. Overall, the progressive rise in moisture content across studies can be linked to the gradual loss of tissue water-holding capacity over time, reinforcing the results of the present experiment.

Table 4. Changes in the proximate composition of smoked hilsha (Tenualosa ilisha) treated with spices during storage at room temperature (28 to 30℃).

	Packing Condition
	Treatments
	Days
	Changes in proximate composition parameters

	
	
	
	Moisture
	Protein
	Lipid
	Ash

	





Sealed Packed
	T0
	0
	49.4±0.75
	24.36±0.22
	21.4±0.2
	4.84±0.22

	
	
	3
	57.67±0.51
	20.6±0.2
	17.87±0.16
	3.86±0.13

	
	
	6
	66±0.2
	16.2±1.05
	13.9±0.52
	2.9±0.1

	
	T1
	0
	45.3±0.36
	26.6±0.26
	22.3±0.44
	5.8±0.17

	
	
	3
	54±1.05
	22.3±0.44
	18.9±0.36
	4.9±0.3

	
	
	6
	62.3±0.82
	19.5±0.2
	14.3±0.36
	3.9±0.26

	
	T2
	0
	48.8±0.85
	23.3±0.44
	22.6±0.17
	5.3±0.26

	
	
	3
	56.4±0.78
	19.9±0.26
	19.4±0.1
	4.3±0.46

	
	
	6
	64.3±0.5
	17.6±0.26
	14.5±0.26
	3.6±0.2

	
	T3
	0
	46.4±0.46
	25.82±0.42
	22.8±0.44
	4.98±0.2

	
	
	3
	55.8±0.44
	21.8±0.44
	18.46±0.12
	3.94±0.14

	
	
	6
	62.8±0.53
	16.9±0.6
	17.1±0.44
	3.2±0.2

	
	T4
	0
	49.2±0.36
	22.21±0.3
	23.67±0.11
	4.92±0.35

	
	
	3
	57.2±1.01
	18.65±0.25
	20.27±0.25
	3.88±0.28

	
	
	6
	65.6±0.26
	16.5±0.3
	15±0.8
	2.96±0.26

	





Vacuum Sealed
	T0
	0
	49.4±0.75
	24.36 ±0.21
	21.4 ±0.2
	4.84 ±0.22

	
	
	5
	56±0.92
	22.2 ±0.3
	17.11 ±0.20
	3.89 ±0.03

	
	
	10
	67.8±0.92
	15.3 ±0.3
	13.34 ±0.06
	2.86 ±0.29

	
	T1
	0
	45.3±0.36
	26.6 ±0.26
	22.3 ±0.43
	5.8 ±0.17

	
	
	5
	52.9±0.98
	23.4 ±0.2
	18.6 ±0.3
	5.1 ±0.17

	
	
	10
	63.3±0.46
	19.3 ±0.92
	13.51 ±0.08
	3.88 ±0.19

	
	T2
	0
	48.8±0.85
	23.3 ±0.49
	22.6 ±0.17
	5.3 ±0.26

	
	
	5
	55.3±0.46
	20.5 ±0.1
	19.6 ±0.2
	4.6 ±0.23

	
	
	10
	63.83±0.81
	16.9 ±0.26
	15.73 ±0.19
	3.57 ±0.03

	
	T3
	0
	46.4±0.46
	25.82 ±0.42
	22.8 ±0.43
	4.98 ±0.19

	
	
	5
	56.2±0.92
	22.3 ±0.36
	17.4 ±0.54
	4.1 ±0.11

	
	
	10
	65.4±0.53
	17.4 ±0.36
	15.22 ±0.21
	2.98 ±0.08

	
	T4
	0
	49.2±0.36
	22.21 ±0.30
	23.67 ±0.11
	4.92 ±0.35

	
	
	5
	56.7±0.85
	19.3 ±0.3
	20.1 ±0.43
	3.9 ±0.18

	
	
	10
	66.3±0.49
	15.6 ±0.2
	15.22 ±0.33
	2.88 ±0.19

	P-Value
	
	0.000042
	0.04274
	0.00103
	0.0507

	Level of significant 
	
	***
	*
	**
	*

	CV (%)
	
	6.32
	7.12
	3.27
	4.96


Means with the different letters differ significantly, *= Significant at 5% level of probability, **= Significant at 1% level of probability, ***= Significant at 0.1% level of probability and CV=Co-efficient of variance



Table 5: Changes in the proximate composition of smoked hilsha (Tenualosa ilisha) treated with spices during storage at refrigeration temperature (4 to 8℃).

	Packing condition
	Treatments 
	Days
	Changes in proximate composition at refrigeration temperature (4-8℃).

	
	
	
	Moisture
	Protein
	Lipid
	Ash

	













Sealed Packet
	


T0
	0
	49.4±0.75
	24.36±0.22
	21.4±0.2
	4.82±0.21

	
	
	50
	60.6±0.62
	19.8±0.44
	15.4±0.2
	4.2±0.44

	
	
	10
	64.6±0.52
	17.2±0.6
	14.6±0.2
	3.6±0.2

	
	
	15
	67.5±0.5
	15.3±0.44
	14.4±0.2
	2.8±0.19

	
	
	20
	sp
	sp
	sp
	sp

	
	
	25
	sp
	sp
	sp
	sp

	
	
	30
	sp
	sp
	sp
	sp

	
	


T1
	0
	45.3±0.36
	26.6±0.26
	22.3±0.44
	5.8±0.17

	
	
	50
	56.8±0.4
	21.3±1.1
	17.1±0.57
	4.8±0.35

	
	
	10
	61.3±0.2
	19.3±0.42
	15.5±0.36
	3.9±0.17

	
	
	15
	63.9±0.4
	17.6±0.3
	15±0.2
	3.5±0.26

	
	
	20
	65.4±0.48
	16.6±0.6
	14.8±0.44
	3.2±0.27

	
	
	25
	67.3±0.35
	15.5±0.26
	14.4±0.26
	2.8±0.16

	
	
	30
	sp
	sp
	sp
	sp

	
	


T2
	0
	48.8±0.85
	23.3±0.44
	22.6±0.17
	5.37±0.21

	
	
	50
	58.3±0.4
	19.6±0.2
	17.6±0.55
	4.6±0.55

	
	
	10
	62.5±0.62
	17.2±0.4
	16.7±0.6
	3.6±0.39

	
	
	15
	65.4±0.56
	16.3±0.3
	14.9±0.4
	3.4±0.2

	
	
	20
	67.6±0.52
	15.8±0.4
	13.72±0.73
	2.88±0.29

	
	
	25
	68.3±0.66
	15.47±0.31
	13.6±0.61
	2.7±0.36

	
	
	30
	sp
	sp
	sp
	sp

	
	


T3
	0
	46.4±0.46
	25.82±0.42
	22.8±0.44
	5.03±0.15

	
	
	50
	60.2±1.1
	20.8±0.35
	15.02±0.36
	3.98±0.13

	
	
	10
	63.5±0.3
	17.8±0.46
	15.1±0.2
	3.6±0.26

	
	
	15
	66.5±0.7
	16.9±0.4
	13.26±0.61
	3.34±0.23

	
	
	20
	68.2±0.3
	15.93±0.33
	13.29±0.97
	2.76±0.12

	
	
	25
	sp
	sp
	sp
	sp

	
	
	30
	sp
	sp
	sp
	sp

	
	
T4
	0
	49.2±0.36
	22.21±0.3
	23.67±0.11
	4.94±0.35

	
	
	50
	59.9±0.3
	17.7±0.46
	18.4±0.5
	3.8±0.38

	
	
	10
	64.2±0.96
	16.85±0.31
	15.61±0.55
	3.34±0.35

	
	
	15
	66.4±0.38
	15.76±0.55
	14.66±0.51
	3.18±0.28

	
	
	20
	67.9±0.44
	15.05±0.17
	14.56±0.81
	2.68±0.28

	
	
	25
	sp
	sp
	sp
	sp

	
	
	30
	sp
	sp
	sp
	sp

	















Vacuum Sealed
	


T0
	0
	49.4±0.75
	24.36±0.22
	21.4±0.2
	4.84±0.22

	
	
	7
	58.6±0.4
	20.6±0.61
	16.2±0.22
	4.6±0.2

	
	
	14
	62.6±0.53
	17.9±0.4
	15.7±0.44
	3.8±0.35

	
	
	21
	65.13±0.29
	16.8±0.18
	14.87±0.45
	3.2±0.22

	
	
	28
	sp
	sp
	sp
	sp

	
	
	35
	sp
	sp
	sp
	sp

	
	
	42
	sp
	sp
	sp
	sp

	
	


T1
	0
	45.3±0.36
	26.6±0.26
	22.3±0.44
	5.8±0.17

	
	
	7
	55.3±0.9
	21.9±0.4
	17.6±0.62
	5.2±0.26

	
	
	14
	57.8±0.5
	20.8±0.5
	16.8±0.44
	4.6±0.2

	
	
	21
	61.31±0.88
	18.65±0.56
	15.84±0.53
	4.2±0.31

	
	
	28
	62.21±0.36
	18.39±0.28
	15.5±0.3
	3.9±0.35

	
	
	35
	65.78±0.5
	17.6±0.32
	13.32±0.29
	3.3±0.38

	
	
	42
	sp
	sp
	sp
	sp

	
	


T2
	0
	48.8±0.85
	23.3±0.44
	22.6±0.17
	5.3±0.26

	
	
	7
	56.3±0.72
	18.2±0.3
	20.6±0.7
	4.9±0.4

	
	
	14
	59.4±0.75
	18.3±0.2
	18.1±0.44
	4.2±0.19

	
	
	21
	62.3±0.44
	17.6±0.55
	16.5±0.61
	3.6±0.18

	
	
	28
	63.8±0.49
	16.9±0.53
	15.98±0.54
	3.32±0.25

	
	
	35
	66.2±0.4
	15.78±0.46
	15.25±0.35
	2.76±0.31

	
	
	42
	sp
	sp
	sp
	sp

	
	


T3
	0
	46.4±0.46
	25.82±0.42
	22.8±0.44
	4.98±0.2

	
	
	7
	55.8±0.5
	20.2±0.95
	19.8±0.5
	4.2±0.26

	
	
	14
	60.8±0.53
	17.32±0.58
	18.2±0.27
	3.68±0.1

	
	
	21
	63.2±0.27
	16.04±0.23
	17.5±0.56
	3.26±0.26

	
	
	28
	65.6±0.53
	15.8±0.46
	15.82±0.47
	2.78±0.42

	
	
	35
	sp
	sp
	sp
	sp

	
	
	42
	sp
	sp
	sp
	sp

	
	


T4
	0
	49.2±0.36
	22.21±0.3
	23.67±0.11
	4.92±0.35

	
	
	7
	57.2±0.87
	17.2±0.3
	21.3±0.44
	4.3±0.28

	
	
	14
	60.7±0.5
	16.26±0.33
	19.42±0.83
	3.62±0.49

	
	
	21
	64.2±0.36
	14.66±0.46
	17.6±0.53
	3.54±0.3

	
	
	28
	65.8±0.5
	14.22±0.35
	16.5±0.7
	3.48±0.21

	
	
	35
	sp
	sp
	sp
	sp

	
	
	42
	*sp
	sp
	sp
	sp

	P-value
	
	0.0192
	0.000042
	0.00103
	0.00124

	Level of significant 
	
	*
	***
	**
	**

	CV (%)
	
	5.28
	4.73
	6.62
	3.87


[bookmark: _Hlk210060797][bookmark: _Hlk210053726]*sp indicates the spoiled products. Means with the different letters differ significantly, *= Significant at 5% level of probability, **= Significant at 1% level of probability, ***= Significant at 0.1% level of probability and CV=Co-efficient of variance


3.2.2 Changes in protein content 
The protein content of fresh hilsha (Tenualosa ilisha) was recorded at 17.68% (Table 3, 4 & 5). After smoking, protein levels were higher initially due to the reduction in moisture, but they declined progressively with increasing storage time under both sealed and vacuum-sealed conditions. In T0, protein values decreased from 24.36% to 18.2% in sealed packets within 6 days, and from 24.36% to 17.9% in vacuum-sealed packets within 10 days at room temperature (28-30°C). Under refrigeration (4-8°C), protein dropped from 24.36% to 15.3% in sealed packets within 15 days and from 24.36% to 16.8% in vacuum-sealed packets within 21 days. Among the treatments, T1 (onion, garlic, ginger, mustard, chili) consistently exhibited the highest protein content retention. Protein values ranged from 26.6% to 19.5% in sealed packets within 6 days and from 26.6% to 19.3% in vacuum-sealed packets within 10 days at room temperature. At refrigeration, T1 values declined from 26.6% to 15.5% in sealed packets within 25 days and from 26.6% to 17.6% in vacuum-sealed packets within 35 days. Other treatments (T2, T3, and T4) also showed similar declining trends, with protein values generally ranging from 23-26% initially to 14-17% depending on the spice mix and storage period. Overall, T1 provided better protein retention than other treatments, indicating a positive role of combined spice formulations in slowing protein degradation. The elevated protein concentration in smoked hilsha compared to fresh samples is mainly attributed to water loss during smoking, which concentrates nutrients. However, prolonged storage led to gradual protein degradation, with refrigeration providing slower reductions than room temperature. These findings are in agreement with Viji et al. (2015), who reported decreasing protein levels in smoked hilsha treated with lemon, mustard, and garlic, and Shamsuzzaman et al. (2020), who observed a similar decline in hot smoked Clarias gariepinus.

3.2.3 Changes in lipid content 
[bookmark: _Hlk209371729][bookmark: _Hlk209372174][bookmark: _Hlk209372280][bookmark: _Hlk209372317]The initial lipid content of fresh hilsha was recorded as 14.5% (Table 3). After smoking, a noticeable increase in lipid percentage was observed across all treatments, which can be attributed to the reduction of moisture during the smoking process. In the control group (T0), lipid content ranged between 21.4±0.2% and 12.9±0.52% within 6 days of storage at room temperature, and between 21.4±0.2% and 12.04±0.6% within 10 days (Table 4 and 5). Under refrigeration (4-8°C), lipid content for T0 declined gradually from 21.4±0.2% to 14.4±0.2% within 15 days and from 21.4±0.2% to 14.87±0.45% within 21 days (Table 4 and 5). Similar decreasing patterns were also evident in the spiced treatments (T1-T4), though the extent of reduction varied depending on storage temperature and spice composition. Among the treatments, T4 (ginger 100 g/kg + chili 50 g/kg) consistently retained comparatively higher lipid values, suggesting a possible stabilizing role of ginger. Moisture and lipid contents generally show an inverse relationship, with their combined value approximating 80% in fish tissue (Olalekan, 2019). The increase in lipid proportion following smoking is a direct consequence of moisture loss due to heating. However, during storage at both room and refrigeration conditions, lipid levels declined progressively with time, largely as a result of gradual reabsorption of moisture and oxidative degradation. The pronounced lipid stability in T4 may be attributed to bioactive compounds in ginger, such as 6-gingerol, 6-shogaol, curcumin, and zingiberene, which are known for their antioxidant and preservative properties (Ahmed, 2019 and Amuneke et al., 2020). These findings align with earlier reports where smoked fish showed an increase in lipid concentration immediately after processing, followed by a decline during storage. Ayeloja et al. (2015) and Debnath et al. (2018) reported an increase from 3.54% to 5.33% lipid content in smoked mirror carp fillets due to moisture loss, while Ekelemu et al. (2021) observed a significant decrease in lipid levels of smoked hilsha treated with lemon, mustard, and garlic during storage, ranging from 21.99% to 17.76%, 22.90% to 17.89%, and 23.48% to 20.12%, respectively (Hamli et al., 2021). The decrease in lipid content over storage is often linked to oxidative rancidity, as fish lipids, being rich in polyunsaturated fatty acids, are highly susceptible to oxidative deterioration. Comparable decreasing trends were also reported in salt- and garlic-treated smoked chapila and guchi baim (Nahid et al., 2016).


3.2.4 Changes in ash content 
[bookmark: _Hlk209372407][bookmark: _Hlk209372481][bookmark: _Hlk209372505]The ash content of fresh hilsha was 1.86% (Table 3). After smoking, the ash level increased across all treatments due to moisture loss during processing. In the control treatment (T0), ash content declined from 4.84±0.22% to 2.9±0.1% within 6 days of storage at room temperature, and further decreased to 2.86±0.29% within 10 days (Table 4 and 5). Under refrigeration (4-8°C), T0 samples showed a reduction from 4.84±0.22% to 2.8±0.19% within 15 days, while a slight increase was noted to 3.2±0.22% by day 21. In T1, ash content ranged from 5.8±0.17% to 3.9±0.26% at room temperature within 6 days and from 5.8±0.17% to 3.88±0.19% by day 10. Under refrigeration, ash content for T1 decreased more gradually, ranging from 5.8±0.17% to 2.8±0.16% over 25 days and from 5.8±0.17% to 3.3±0.38% after 35 days. Comparable decreasing trends were observed in T2, T3, and T4, though the extent of decline varied depending on the spice formulations and storage conditions. For T2, ash values decreased from 5.3±0.26% to 3.6±0.2% within 6 days at room temperature, and from 5.3±0.26% to 2.76±0.31% after 35 days under refrigeration. In T3, ash ranged from 4.98±0.2% to 3.2±0.2% within 6 days and further reduced to 2.98±0.08% after 10 days at room temperature, while under refrigeration it dropped to 2.78±0.42% by day 28. Similarly, T4 recorded ash values decreasing from 4.92±0.35% to 2.96±0.26% within 6 days at room temperature, and from 4.92±0.35% to 2.68±0.28% over 20 days under refrigeration. Across all treatments, the highest ash retention was observed in T1, whereas the lowest was consistently recorded in T0 (control). Overall, the experiment demonstrated that smoking significantly increased ash content compared to fresh hilsha, primarily due to water loss and concentration of inorganic matter. However, during storage, ash content gradually declined under both room and refrigeration conditions, which could be attributed to moisture reabsorption and protein degradation. The findings are consistent with earlier studies: Hassan et al. (2013) reported an increase in ash from 0.92% in fresh mirror carp fillets to 2.91% after smoking, while Jakhar et al. (2012) observed similar increases in smoked C. gariepinus. Jega et al. (2018) further noted reductions in ash during extended storage, linked to moisture uptake and protein loss, and Nahid et al. (2016) also reported decreasing ash trends in salt- and garlic-treated smoked chapila and guchi baim. In the present study, T1 (onion, garlic, ginger, mustard, and chili) consistently maintained the highest ash levels, suggesting a beneficial role of spice treatment in mineral retention during smoking and storage (Kamari and Shabanpour, 2013). 

3.3 Evaluation of TVB-N, PV and pH 
3.3.1 Changes in TVB-N 
[bookmark: _Hlk209372527][bookmark: _Hlk209372572]The initial TVB-N value of fresh hilsha was 1.08 mg/100 g (Table 6). After smoking, the values increased progressively with storage duration across all treatments and conditions. In the control group (T0), TVB-N levels rose from 11.46±0.3 to 22.47±0.15 mg/100 g within 6 days of storage at room temperature, while under vacuum-sealed conditions the increase ranged from 11.46±0.3 to 22.23±0.31 mg/100 g within 10 days (Table 6). At refrigeration (4-8°C), T0 samples showed a slower increase, ranging from 11.46±0.3 to 23.3±0.1 mg/100 g within 15 days, and further to 25.3±0.25 mg/100 g by day 21 (Table 7). In T1, TVB-N increased at a comparatively slower rate. At room temperature, values rose from 5.47±0.15 to 16.2±0.1 mg/100 g for sealed packets within 6 days, and up to 16.9±1.3 mg/100 g within 10 days for vacuum-sealed storage. Under refrigeration, the increase was more gradual, ranging from 5.47±0.15 to 23.7±0.1 mg/100 g in sealed packets by day 25, and 23.2±0.78 mg/100 g in vacuum-sealed packets by day 35. Similar trends were noted in T2, T3, and T4, though the rate of increase differed slightly depending on spice formulation. For instance, T2 ranged from 6.2±0.1 to 18.27±0.15 mg/100 g within 6 days at room temperature and reached 24.43±0.15 mg/100 g by day 35 under refrigeration. T3 showed a range of 9.7±0.1 to 19.4±0.1 mg/100 g within 6 days at room temperature, while under refrigeration the values peaked at 25.3±0.1 mg/100 g after 20 days. Similarly, T4 values rose from 10.4±0.1 to 20.3±0.1 mg/100 g within 6 days at room temperature and increased further to 24.9±0.61 mg/100 g after 28 days under refrigeration. Overall, the results indicated that TVB-N increased steadily with storage time under both room and refrigerated conditions, though the increase was more pronounced at ambient temperature. The rate of increase can be attributed to the progressive breakdown of proteins and the formation of volatile nitrogenous compounds through enzymatic and microbial activity. Notably, the highest TVB-N values were consistently observed in T0 (no spice treatment), while the lowest were recorded in T1, suggesting that the spice blend containing onion, garlic, ginger, mustard, and chili exerted a protective effect by slowing protein degradation during storage. These findings align with previous reports. Maisont et al. (2021) observed that the TVB-N content of hot and cold smoked catfish fillets gradually increased throughout 40 days of refrigerated storage, from initial values of 16.8±0.173 and 18.95±0.202 mg/100 g to final values of 30.17±0.479 and 32.2±0.173 mg/100 g, respectively. The rise in TVB-N was attributed to endogenous and microbial proteolytic activity leading to the accumulation of volatile nitrogenous compounds, a trend consistent with the present study (Nahid et al., 2016).

3.3.2 pH 
[bookmark: _Hlk209372594][bookmark: _Hlk209372618][bookmark: _Hlk209372690]The initial pH of fresh hilsha (Tenualosa ilisha) was 6.52, indicating good freshness. During storage, pH values varied across treatments and packaging conditions, showing a gradual increase over time. For the control treatment (T0), the pH rose from 6.3 to 7.91 in sealed packets within 6 days at room temperature, while in vacuum-sealed packets it reached 7.81 after 10 days (Table 6 and 7). At refrigeration temperature, pH values increased more slowly, ranging from 6.3 to 7.23 within 15 days in sealed packets and 7.11 after 21 days in vacuum-sealed packets. This slower rise at lower temperatures reflects the effectiveness of refrigeration in delaying microbial activity and spoilage. For spice-treated samples (T1-T4), a similar increasing trend was observed, but the extent of pH elevation varied depending on the spice combination and storage temperature. For instance, in T1, pH values increased from 6.23 to 7.32 within 6 days at room temperature, and in vacuum-sealed packets the rise extended up to 7.35 over 10 days. Under refrigeration, the pH increase was more gradual, with values stabilizing around 7.23-7.3 even after 25-35 days of storage. Likewise, T2, T3, and T4 showed incremental rises, though samples stored at refrigeration temperature consistently demonstrated slower changes compared to room temperature storage. These differences suggest that spices, in combination with vacuum packaging, provided additional preservative effects by limiting microbial growth and delaying pH increase. The overall trend of rising pH during storage is consistent with microbial and enzymatic activity leading to the accumulation of basic nitrogenous compounds. This aligns with the findings of Nowsad and Hoque (2021), who observed similar changes in smoked catfish fillets, and Nur et al (2023), who linked pH elevation with bacterial growth and chemical reactions during storage. Interestingly, the spice-treated hilsha samples in the present study showed a more controlled increase in pH compared to the untreated control, indicating that spices might have played a role in slowing down spoilage processes (Olalekan, 2019).

3.3.3 Peroxide value (PV)
[bookmark: _Hlk209373099]The peroxide value (PV) of fresh hilsha fillets was initially 5.52 meq/1000g, which served as a baseline for assessing oxidative changes during storage. Across all treatments, PV increased progressively with storage duration, although the extent of increase differed between sealed and vacuum-sealed packaging, as well as between room and refrigeration temperatures. In the control group (T0), PV rose rapidly, reaching 12.8 meq/1000g in sealed packets within 6 days at room temperature, while vacuum-sealed packets exhibited a slightly slower increase (12.5 meq/1000g in 10 days). Under refrigeration, the rise was more gradual, with values reaching 17.8 meq/1000g in sealed and 17.5 meq/1000g in vacuum-sealed packets after extended storage, indicating that low temperature slowed down lipid oxidation but could not completely prevent it (Table 6 and 7). In contrast, spice-treated samples (T1-T4) demonstrated lower PV increases compared to the control, highlighting the antioxidative potential of spices such as garlic, ginger, mustard, onion, and chili. For instance, T1 (onion-garlic-ginger-mustard–chili) showed a range of 1.77–9.7 meq/1000g at room temperature within 6 days in sealed packets, and only 16.4 meq/1000g even after 35 days in vacuum-sealed refrigeration storage. Similarly, T2 and T4 displayed moderated peroxide formation, while T3 (ginger-mustard-chili) showed slightly higher PV at later stages, but still lower than the control. These trends suggest that the inclusion of antioxidant-rich spices delayed lipid peroxidation, especially when combined with vacuum packaging and refrigeration. The overall results confirmed that peroxide values increased consistently with storage length, reflecting the progression of lipid oxidation. However, spice incorporation played a protective role by slowing down oxidative changes, with the combined effect of vacuum sealing and refrigeration further extending product stability. These findings agree with Olalekan (2019), who reported that smoked silver catfish treated with clove, garlic, and ginger exhibited lower peroxide, free fatty acid, and thiobarbituric acid values compared to untreated samples. The inverse relationship between spice concentration and peroxide formation highlights the contribution of natural antioxidants in maintaining the quality of smoked fish products (Tegang et al., 2022).


Table 6. Changes in TVN-N, PV and pH of smoked hilsha (Tenualosa ilisha) treated with spices during storage at room temperature (28 to 30℃).

	Packing Condition
	Treatments
	Days
	Changes in biochemical parameters 

	
	
	
	TVB-N
	PV
	pH

	





Sealed Packed
	
T0
	0
	11.46± 0.3
	2.1± 0.1
	6.3± 0.10

	
	
	3
	20.43± 0.21
	6.05± 0.04
	7.23± 0.02

	
	
	6
	22.47± 0.15
	12.8± 0.1
	7.91± 0.01

	
	
T1
	0
	5.47± 0.15
	1.77± 0.15
	6.23± 0.01

	
	
	3
	10.37± 0.11
	3.17± 0.02
	6.65± 0.03

	
	
	6
	16.2± 0.1
	9.7± 0.1
	7.32± 0.02

	
	
T2
	0
	6.2± 0.1
	2.85± 0.01
	6.28± 0.01

	
	
	3
	12.4± 0.1
	4.5± 0.021
	6.75± 0.02

	
	
	6
	18.27± 0.15
	10.4± 0.1
	7.43± 0.03

	
	
T3
	0
	9.7± 0.1
	3.2± 0.1
	6.31± 0.01

	
	
	3
	16.66± 0.15
	4.97± 0.15
	6.97± 0.01

	
	
	6
	19.4± 0.1
	13.33± 0.15
	7.74± 0.10

	
	
T4
	0
	10.4± 0.1
	2.77± 0.01
	6.38± 0.10

	
	
	3
	18.87± 0.06
	5.5± 0.1
	7.3± 0.10

	
	
	6
	20.3± 0.1
	10.6± 0.01
	7.7± 0.10

	





Vacuum Sealed
	
T0
	0
	11.47±0.31
	2.1±0.1
	6.3±0.1

	
	
	5
	20.03±0.57
	5.96±0.14
	7.25±0.05

	
	
	10
	22.23±0.31
	12.5±0.53
	7.81±0.01

	
	
T1
	0
	5.47±0.15
	1.77±0.15
	6.23±0.01

	
	
	5
	10.67±0.47
	4.16±0.04
	6.72±0.04

	
	
	10
	16.9±1.3
	8.7±0.1
	7.35±0.05

	
	
T2
	0
	6.2±0.1
	2.85±0.01
	6.28±0.01

	
	
	5
	12.25±0.34
	5.53±0.06
	6.77±0.03

	
	
	10
	20.5±0.2
	9.43±0.15
	7.34±0.13

	
	
T3
	0
	9.7±0.1
	3.2±0.1
	6.31±0.01

	
	
	5
	16.78±0.33
	7.51±0.37
	6.95±0.02

	
	
	10
	19.72±0.64
	10.52±0.23
	7.44±0.01

	
	
T4
	0
	10.4±0.1
	2.77±0.02
	6.38±0.01

	
	
	5
	18.67±0.32
	6.59±0.25
	7.32±0.08

	
	
	     10
	20.37±0.15
	10.2±0.16
	7.64±0.05

	P-value
	
	0.0254
	0.0168
	0.00102

	Level of significant 
	
	*
	*
	**

	CV (%)
	
	8.56
	4.25
	6.37


Means with the different letters differ significantly, *= Significant at 5% level of probability, **= Significant at 1% level of probability, and CV=Co-efficient of variance


Table 7. Changes in TVN-N, PV, and pH of smoked hilsha (tenualosa ilisha) treated with spices during storage at refrigeration temperature (4 to 8℃)

	Packing condition
	Treatments
	Days
	Changes in TVN-N, pH and PV 

	
	
	
	TVB-N
	PV
	pH

	













Sealed Packet
	
 

T0
	0
	11.46±0.31
	2.1±0.1
	6.3±0.1

	
	
	5
	15.2±0.1
	6.2±0.1
	6.54±0.02

	
	
	10
	19.77±0.06
	12.4±0.1
	6.78±0.02

	
	
	15
	23.3±0.1
	17.8±0.1
	7.23±0.03

	
	
	20
	sp
	sp
	sp

	
	
	25
	sp
	sp
	sp

	
	
	30
	sp
	sp
	sp

	
	


T1
	0
	5.47±0.15
	1.77± 0.15
	6.23±0.01

	
	
	5
	10.6±0.1
	4.43±0.15
	6.45±0.01

	
	
	10
	14.2±0.1
	7.8±0.1
	6.52±0.01

	
	
	15
	16.8±0.1
	11.5±0.1
	6.87±0.02

	
	
	20
	19.7±0.1
	12.7±0.1
	6.95±0.02

	
	
	25
	23.7±0.1
	16.33±0.15
	7.3±0.1

	
	
	30
	sp
	sp
	sp

	
	


T2
	0
	6.2±0.1
	2.85± 0.01
	6.28±0.01

	
	
	5
	11.5±0.1
	4.1±0.1
	6.41±0.01

	
	
	10
	15.33±0.15
	9.33±0.15
	6.57±0.01

	
	
	15
	16.23±0.15
	16.4±0.26
	6.76±0.02

	
	
	20
	20.6±0.1
	17.3±0.5
	6.91±0.01

	
	
	25
	24.5±0.1
	18.37±0.15
	7.43±0.03

	
	
	30
	sp
	sp
	sp

	
	


T3
	0
	9.5±0.1
	3.2±0.1
	6.37±0.21

	
	
	5
	12.3±0.1
	5.3±0.1
	6.41±0.01

	
	
	10
	17.4±0.1
	11.2±0.1
	6.78±0.07

	
	
	15
	20.3±0.1
	15.8±0.1
	6.9±0.03

	
	
	20
	25.3±0.1
	18.6±0.1
	7.3±0.1

	
	
	25
	sp
	sp
	sp

	
	
	30
	sp
	sp
	sp

	
	
T4
	0
	10.3±0.1
	2.77± 0.01
	6.36±0.02

	
	
	5
	14.37±0.21
	6.4±0.26
	6.55±0.02

	
	
	10
	18.8±0.1
	12.7±0.1
	6.68±0.08

	
	
	15
	21.8±0.1
	16.77±0.06
	6.8±0.1

	
	
	20
	24.63±0.15
	19.7±0.1
	7.4±0.1

	
	
	25
	sp
	sp
	sp

	
	
	30
	sp
	sp
	sp

	















Vacuum Sealed
	


T0
	0
	11.7±0.1
	2.1±0.1
	6.3±0.1

	
	
	7
	14.37±0.38
	5.97±0.32
	6.54±0.02

	
	
	14
	19.6±0.26
	12.2±0.36
	6.76±0.03

	
	
	21
	25.3±0.25
	17.5±0.53
	7.11±0.23

	
	
	28
	sp
	sp
	sp

	
	
	35
	sp
	sp
	sp

	
	
	42
	sp
	sp
	sp

	
	


T1
	0
	5.47±0.15
	1.77± 0.15
	6.23±0.01

	
	
	7
	10.6±0.1
	3.97±0.67
	6.41±0.06

	
	
	14
	14.07±0.25
	7.47±0.59
	6.5±0.02

	
	
	21
	16.63±0.31
	11.17±0.49
	6.76±0.17

	
	
	28
	19.67±0.12
	12.53±0.21
	6.89±0.08

	
	
	35
	23.2±0.78
	16.43±0.32
	7.23±0.06

	
	
	42
	sp
	sp
	sp

	
	


T2
	0
	6.2±0.1
	2.85± 0.01
	6.28±0.01

	
	
	7
	11.43±0.06
	3.97±0.15
	6.39±0.02

	
	
	14
	15.03±0.64
	8.93±0.55
	6.55±0.03

	
	
	21
	16.03±0.21
	14.73±2.98
	6.73±0.05

	
	
	28
	20.5±0.1
	17.07±2.4
	6.91±0.01

	
	
	35
	24.43±0.15
	18.07±0.62
	7.41±0.02

	
	
	42
	sp
	sp
	sp

	
	


T3
	0
	9.5±0.1
	3.2±0.1
	6.37±0.21

	
	
	7
	12.4±0.2
	4.97±0.49
	6.4±0.01

	
	
	14
	17.23±0.38
	10.97±0.32
	6.75±0.07

	
	
	21
	20.07±0.42
	15.7±0.1
	6.88±0.03

	
	
	28
	24.67±1.1
	18.47±0.25
	7.19±0.21

	
	
	35
	sp
	sp
	sp

	
	
	42
	sp
	sp
	sp

	
	


T4
	0
	10.3±0.1
	2.77± 0.01
	6.36±0.02

	
	
	7
	14.27±0.06
	5.93±0.55
	6.54±0.01

	
	
	14
	18.7±0.1
	12.27±0.67
	6.72±0.11

	
	
	21
	21.67±0.25
	14.6±0.26
	6.8±0.1

	
	
	28
	24.9±0.61
	17.63±0.21
	7.33±0.06

	
	
	35
	sp
	sp
	sp

	
	
	42
	sp
	sp
	sp

	P-value
	
	0.0354
	0.0012
	0.000142

	Level of significant 
	
	*
	**
	***

	CV (%)
	
	7.63
	5.43
	8.44


*sp indicates the spoiled products. Means with the different letters differ significantly, *= Significant at 5% level of probability, **= Significant at 1% level of probability, ***= Significant at 0.1% level of probability and CV=Co-efficient of variance
3.4 Microbial analysis 
[bookmark: _Hlk209372754][bookmark: _Hlk209373012]At room temperature (28-30°C), the bacterial load of smoked hilsha increased rapidly across all treatments (Table 8). In the control group (T0), bacterial counts rose sharply from 2.3×10³ cfu/g at day 0 to 3.4×10⁵ cfu/g in sealed packets within 6 days, while vacuum-sealed samples showed slightly slower growth (3.2×10⁴ cfu/g within 10 days). Spice-treated samples (T1-T4) exhibited relatively lower bacterial counts compared to T0, indicating that the addition of spices inhibited microbial proliferation. Among them, T1 (onion-garlic-ginger-mustard-chili) maintained the lowest bacterial load, reaching only 2.8×10⁴ cfu/g in sealed packets at day 6 and 2.83×10⁴ cfu/g in vacuum-sealed samples at day 10. Treatments T2, T3, and T4 showed moderate inhibition, though bacterial counts were still higher than T1, suggesting differences in the antimicrobial effectiveness of spice combinations. At refrigeration temperature (4-8°C), bacterial growth was considerably slower in both sealed and vacuum-sealed samples (Table 9). In T0, bacterial load increased gradually up to 3.8×10⁵ cfu/g by day 21 in vacuum-sealed samples, but thereafter growth declined, with no detectable bacteria from day 28 onward, possibly due to nutrient depletion and inhibitory storage conditions. Spice-treated samples (T1-T4) also followed a similar pattern, though with significant differences in growth rates and survival duration. For instance, T1 showed the slowest increase, reaching only 3.2×10⁵ cfu/g by day 35 in vacuum-sealed packets, while T2 and T4 reached higher peaks (4.8×10⁵ and 4.6×10⁵ cfu/g, respectively). T3 exhibited intermediate results, with bacterial counts declining to zero after 25-30 days in sealed packets and 35-42 days in vacuum-sealed storage. Overall, the results demonstrate that refrigeration and vacuum sealing were more effective in controlling bacterial growth than room temperature and sealed packaging alone. Additionally, spice treatments, particularly T1, significantly reduced microbial load compared to the control, confirming the antimicrobial role of spices such as garlic, mustard, and chili. However, differences among treatments suggest that the combination and concentration of spices play a crucial role in determining microbial inhibition efficiency. In this study, the bacterial load of smoked hilsha treated with spices increased with longer storage, mainly due to microbial growth and slight moisture absorption from the surroundings. Smoking helped suppress microbial proliferation compared to fresh fish. Pandey et al. (2020) also reported lower bacterial counts in smoked pangas (1.8×10³-4.1×10⁹ CFU/g) than fresh samples (1.5×10⁵ CFU/g). According to Rana and Chakraborty (2016) fish with microbial loads above 10⁶ CFU/g become unacceptable for consumption, which aligns with the present findings. Salindeho (2018) found bacterial counts of 1.84×10⁴–5.3×10⁶ CFU/g in sun-dried samples, while Nahid et al. (2019) observed 1.1×10³–2.3×10⁶ CFU/g in smoke-dried small freshwater fish during storage. The current results on smoked hilsha are consistent with these earlier studies.

Table 8. Changes of bacterial load of smoked hilsha treated with different spices (T0, T1, T2, T3 and T4) in sealed and vacuum sealed conditions stored at room temperature (28-30⁰ C)
	Treatments
	Days
	Sealed packet
	Days
	Vacuum packet

	
T0
	0
	2.3×103
	0
	2.3×103

	
	3
	2.8×104
	5
	3.5×104

	
	6
	3.4×105
	10
	3.2×104

	
T1
	0
	1.8×103
	0
	1.8×103

	
	3
	4.6×103
	5
	4.2×103

	
	6
	2.8×104
	10
	2.83×104

	
T2
	0
	2.1×103
	0
	2.1×103

	
	3
	5.4×103
	5
	5.3×103

	
	6
	3.5×104
	10
	4.3×104

	
T3
	0
	1.9×103
	0
	1.9×103

	
	3
	7.3×103
	5
	4.9×103

	
	6
	3.8×104
	10
	6.2×104

	
T4
	0
	1.69×103
	0
	1.69×103

	
	3
	5.7×103
	5
	3.8×103

	
	6
	4.3×104
	10
	5.8×104

	P-value
	0.0234
	
	0.0012

	Level of significant 
	*
	
	**

	CV (%)
	4.32
	
	6.95


Means with the different letters differ significantly, *= Significant at 5% level of probability, **= Significant at 1% level of probability, and CV=Co-efficient of variance

Table 9. Changes and comparison of bacterial load (cfu/g) of smoked hil- sha treated with different treatments (T0, T1, T2, T3 and T4) in sealed and vacuum sealed conditions stored at refrigeration temperature (4-8⁰ C)
	Treatments
	Days
	Sealed packet
	Days
	Vacuum packet

	

T0
	0
	2.3×103
	0
	2.3×103

	
	5
	4.63×103
	7
	4.5×103

	
	10
	5.8×104
	14
	6.5×104

	
	15
	3.6×105
	21
	3.8×105

	
	20
	0
	28
	0

	
	25
	0
	35
	0

	
	30
	0
	42
	0

	

T1
	0
	1.8×103
	0
	1.8×103

	
	5
	4.3×103
	7
	3.1×103

	
	10
	6.2×103
	14
	5.2×103

	
	15
	1.8×104
	21
	2×104

	
	20
	3.6×104
	28
	2.3×104

	
	25
	2.4×105
	35
	3.2×105

	
	30
	0
	42
	0

	


T2
	0
	2.1×103
	0
	2.1×103

	
	5
	4.6×103
	7
	4.2×103

	
	10
	5.9×103
	14
	6.8×103

	
	15
	2.4×104
	21
	3.3×104

	
	20
	5.6×104
	28
	4.1×104

	
	25
	3.8×105
	35
	4.8×105

	
	30
	0
	42
	0

	


T3
	0
	1.9×103
	0
	1.9×103

	
	5
	4.4×103
	7
	3.6×103

	
	10
	3.8×104
	14
	4.8×103

	
	15
	6.3×104
	21
	4.2×104

	
	20
	2.6×105
	28
	3.2×105

	
	25
	0
	35
	0

	
	30
	0
	42
	0

	


T4
	0
	1.69×103
	0
	1.69×103

	
	5
	3.8×103
	7
	2.3×103

	
	10
	7.6×104
	14
	6.8×103

	
	15
	3.2×105
	21
	3.7×104

	
	20
	6.8×105
	28
	4.6×105

	
	25
	0
	35
	0

	
	30
	0
	42
	0

	P-value
	0.0000101
	
	0.00105

	Level of significant 
	***
	
	**

	CV (%)
	2.56
	
	5.57


Means with the different letters differ significantly, **= Significant at 1% level of probability, ***= Significant at 0.1% level of probability and CV=Co-efficient of variance



4. Conclusion
The study demonstrated that the combination of spice treatment, smoke source, packaging, and storage temperature plays a critical role in determining the quality and shelf life of smoked hilsha. Among the tested treatments, T1 (onion, garlic, ginger, mustard seed, chili) consistently showed better retention of protein, lipid, and ash contents, alongside lower increments in TVB-N, pH, and PV, indicating delayed spoilage. Vacuum-sealed products stored under refrigeration exhibited the longest shelf life, remaining acceptable for up to 35-42 days, whereas samples at room temperature deteriorated within a week. Control samples (T0) showed faster quality losses compared to spice-treated products. Thus, spice incorporation, especially T1, combined with vacuum packaging and refrigeration, offers an effective preservation strategy for smoked hilsha, ensuring improved consumer acceptability and potential for commercial expansion.
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