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Abstract
This study evaluates the effect of incorporating clove (Syzygium aromaticum) into brine (0%, 1%, and 1.5%) on the chemical, microbiological, toxicological, and sensory quality of smoked and canned Clarias fillets. Analyses were performed in triplicate for each treatment. Chemical, microbiological, and toxicological (PAHs) data were processed using SAS software (Statistical Analysis System), with mean comparisons conducted using Duncan's test (p < 0.05); results are presented as mean ± standard deviation. Physicochemical results show a significant decrease in moisture, from 31.81 ± 1.02% in the control to 28.03 ± 1.01% in the batch treated with 1.5% clove, while NaCl content increases from 4.64 ± 0.09% to 6.64 ± 0.03%. The total volatile basic acid (TVB-N) values remain low and comparable between batches (≤ 3.9 ± 1.01 mg/100 g), indicating good freshness of the products. The PAH analysis shows the absence of benzo(a)pyrene in all samples. Benzo(b)fluoranthene, the major compound, decreases significantly in the 1.5% batch (1.49 ± 0.01μg/Kg) compared to the control (1.84 ± 0.01μg/Kg). Similarly, acenaphthene, detected in the control (1.74 ± 0.01μg/Kg) and the 1% batch (1.44 ± 0.20μg/Kg), is completely absent in the 1.5% batch. From a microbiological perspective, the total aerobic mesophilic flora is significantly reduced by the addition of clove, dropping from 8.6 × 10⁴ ± 50 CFU/g in the control to 1.2 × 10⁴ ± 90 CFU/g at 1.5%. Yeasts and molds follow the same trend (1.5 × 10⁴ ± 70 to 1.1 × 10³ ± 85 CFU/g), while Salmonella spp., Escherichia coli, and Staphylococcus aureus remain undetected in all batches. The organoleptic analyses conducted on Clarias canned products, however, indicate a clear preference by evaluators for the control product without clove, despite the health benefits observed in the treated batches. Overall, these results demonstrate the potential of farmed smoked Clarias in cans as a way to add value to aquaculture products, providing a sustainable alternative to the overexploitation of wild fishery resources, while also opening up prospects for job creation and the development of local canning units.
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1. Introduction
Fishery products play an essential role in food security in developing countries, providing an abundant source of high-quality protein and essential fatty acids (FAO, 2021). In Senegal, where fish consumption remains high, traditional processing methods such as smoking and canning contribute significantly to year-round food availability, particularly for breakfast habits (Diop et al., 2023). However, the overexploitation of wild fish stocks, especially species traditionally used in canneries, is putting or increasing pressure on local marine resources and threatens the sustainability of existing supply chains (FAO/WHO/UNICEF, 2024). This trend encourages the emergence of alternative solutions to meet the growing demand while preserving natural resources.
Smoking, although effective in inhibiting microbial growth and extending the shelf life of products, is also associated with the formation of polycyclic aromatic hydrocarbons (PAHs), compounds of toxicological concern due to their mutagenic and carcinogenic potential (Babalola, 2023). Previous studies have shown that PAH levels in smoked fish can vary depending on the methods and fuels used, highlighting the importance of optimizing traditional practices to reduce health risks (FAO, 2024). In light of these issues, aquaculture appears to be a promising alternative to diversify fish supplies and reduce dependence on wild catches. In Clarias gariepinus, a species commonly farmed in Senegal, aquaculture offers the potential for stable and controlled production (Ayeloja et al., 2019).
However, despite the growth of this sector, challenges remain regarding the valorization of products from livestock and their acceptance by local consumers, who are traditionally accustomed to the flavors and textures of wild and artisanally smoked fish. The use of natural agents with antimicrobial and antioxidant properties, such as spices, has recently generated increasing interest as a strategy to improve the quality of processed products. For example, the use of spice blends during the smoking of Clarias gariepinus has shown positive effects on the organoleptic quality and shelf life of the products, reducing microbial flora and enhancing sensory appeal (Echezona et al., 2023). Among these spices, clove (Syzygium aromaticum) stands out for its high content of bioactive compounds, particularly eugenol, which provides well-documented antimicrobial and antioxidant properties (Valarezo et al., 2025). These characteristics suggest an interesting potential for reducing microbial load and limiting the formation of undesirable compounds during the processing of smoked fish. Nevertheless, the systematic use of clove in combined smoking and canning processes, particularly applied to aquaculture Clarias gariepinus, remains little explored in the literature, especially when integrating the joint assessment of the chemical, microbiological, toxicological, and sensory quality of the finished products.
The present study aims to evaluate the effect of incorporating cloves into the soaking brine on the quality of smoked and canned Clarias gariepinus fillets. This work is part of an effort to sustainably enhance the value of local aquaculture products, while offering solutions compatible with Senegalese dietary habits and contributing to the advancement of knowledge in the field of safe and innovative aquaculture product processing.
2. Materials and Methods
2.1.  Formulation of soaking solutions
For this purpose, the received cloves were first crushed and then sieved. The resulting powder was then suspended in water to prepare a soaking solution. Concentrations of 1% and 1.5% were obtained by establishing the ratio between the mass of clove powder and the volume of water used for soaking the catfish fillets. After filtration, the collected filtrate was used to evaluate the effect of the extracts on the quality (chemical, bacterial, toxicological, and organoleptic properties of the finished products) compared to the control products that were not subjected to pretreatment in clove extracts.
2.2.  Method of smoking and canning catfish fillets smoked with clove extracts
The process of smoking products follows the steps below.
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Figure 1: Smoking diagram of Clarias fillets with clove extract
After this smoking process, the canning took place as shown in Figure 2:
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Figure 2: Manufacturing process of smoked Clarias canned food
Note: sterilization is carried out at a temperature of 120°C for a duration of 75 minutes.

2.3. Analysis Methods
As part of this work, four types of analyses were carried out: chemical, microbiological, toxicological (PAHs), and organoleptic. For the first three types of analyses, they were performed in triplicate for each batch of smoked fish from a soaking batch (Clarias F 0%CG, Clarias F 1%CG, and Clarias F 1.5%CG).

2.3.1. Chemical analyses
The parameters analyzed included:
· proteins by the Kjeldahl method;
· fats by Soxhlet extraction;
· moisture by oven drying;
· ash by high-temperature incineration;
· NaCl by argentometric titration;
· TVB-N by distillation followed by acidimetric titration.
These methods made it possible to determine the chemical composition of the samples.
2.3.2. Microbiological analyses 
Microbiological analyses focused on the detection and enumeration of TMF, Staphylococcus aureus, Salmonella spp, molds and yeasts, as well as sulfite-reducing bacteria (SRB). Cultures were carried out on specific media, followed by incubations at appropriate temperatures and durations, in accordance with current ISO and NF standards.

2.3.3. Toxicological analyses (polycyclic aromatic hydrocarbons (PAHs))
The analysis of polycyclic aromatic hydrocarbons (PAHs) was carried out using gas chromatography coupled with mass spectrometry (GC-MS). 
The sample of smoked Clarias fillets (control without clove, 1% clove, and 1.5% clove) was ground and then stored at 4 °C for 24 hours before analysis. After grinding, 0.5 g of the sample was placed in a 150 mL beaker, to which 10 mL of acetonitrile was added, followed by manual stirring for 3 minutes.
An extraction salt consisting of 4 g of MgSO₄ was then added to promote the transfer of PAHs to the organic phase. The mixture was vortexed for 1 minute, then centrifuged at 6000 rpm for 5 minutes.
The vial was placed in the freezer at -20 °C for 1 hour in order to freeze the water, thus facilitating the recovery of the organic phase. The extract was then concentrated under a nitrogen stream to a volume of about 50 µL.
After adding 1 mL of acetonitrile, the purification was carried out by passing through a column containing 1.25 g of Florisil and 1.25 g of C18, followed by elution with 15 mL of dichloromethane. The extract collected in an amber tube was evaporated under a stream of nitrogen to a volume of about 25 µL, then transferred into vials for analysis. 
The PAH reading was performed using a gas chromatograph.

2.3.4. Organoleptic analyses
They were carried out on the canned products by 15 experienced individuals, randomly selected and not involved in the experimentation, in order to avoid any influence on the results. The criteria evaluated were color, taste, smell, texture, saltiness, and acceptability of smoked Clarias preserves with clove extracts. Each criterion was rated on a scale from 1 to 5, with each interval corresponding to an assessment hidden from the evaluators, allowing for comparison of the organoleptic quality of the experimental canned samples.
3. Study Results
3.1. Results of Chemical Analyses (Moisture, Ash, NaCl, TVB-N, Proteins, Fat) of the Experimental Finished Products
These results are recorded in Table 1.
Table1 : Chemical analysis results
	           Products
Elements
	Clarias F 0%CG
	Clarias F 1%CG
	Clarias F 1.5%CG

	Humidity (%)
	31.81±1.02a
	30.29±0.04a
	28.03±1.01b

	Ashes (%)
	6.5±0.8a
	7.1±0.9a
	5.43±0.04a

	NaCl (%)
	4.64±0.09b
	5.7±0.41ab
	6.64 ±0.03a

	TVB-N (mg/100g)
	3.9±1.01a
	3.06±1.02a
	3.06±0.03a

	Proteins (%)
	43.97±0.1a
	44.01±3.06a
	40.69±2.04a

	Fats (%)
	16.07±1.51a
	16.52±3.02a
	20.06±0.99a


 Note: The letters a, b, c, and d in superscript indicate the differences between the results of the statistical analyses.
The analysis of Table 1 shows that for the moisture content, there is no significant difference between the products from the control sample (F0%CG) and the products from the smoked sample after treatment with a solution containing 1% clove (F1%CG). However, these two samples show a significant difference compared to the product from the smoked sample after treatment with a solution containing 1.5% clove (F1.5%CG). The F0%CG batch (smoked Clarias without clove) records the highest value (31.81%), followed by F1%CG (30.29%), while the F1.5%CG batch shows the lowest value (28.03%). A progressive decrease in moisture is thus observed with increasing clove concentration, suggesting a possible dehydrating effect of the enriched brine.
Regarding the ash content, the values remain generally comparable between the batches. The F1%CG batch shows the highest content (7.1%), followed by F0%CG (6.5%), while F1.5%CG has a slightly lower content (5.43%). According to the statistical letters, these variations do not seem significant, indicating a limited influence of clove on this parameter.
The NaCl level increases with the concentration of clove in the brine. The lowest content is observed in the F0%CG batch (4.64%), followed by F1%CG (5.7%), while F1.5%CG displays the highest value (6.64%). This shows that salt absorption is enhanced with brine that is more concentrated in clove.
Regarding the TVB-N index (Total Volatile Basic Nitrogen), the three batches show statistically similar values. The F0%CG batch has a rate of 3.9 mg/100g, slightly higher than those of the F1%CG and F1.5%CG batches (both at 3.06 mg/100g). Although no significant difference is observed, there is a slight trend toward a reduction in TVB-N with the addition of clove, which could indicate a potential preservative effect. 
For proteins, the levels are also close. The F1%CG batch has the highest content (44.01%), followed by the control F0%CG (43.97%), while F1.5%CG shows a lower value (40.69%). The addition of clove at 1% therefore seems to slightly enhance or preserve protein content, whereas a higher concentration could lead to slight degradation or loss.
Finally, the fat content increases with the concentration of clove. The F1.5%CG batch shows the highest content (20.06%), followed by F1%CG (16.52%) and F0%CG (16.07%). This could be explained by better retention of lipids during processing or by lower fat oxidation in the clove-treated batches.

3.2.  Microbiological Analysis Results of Smoked Clarias Fillets
The results of the microbiological analyses conducted during this study are shown in Table 2.
Table2: Microbiological analysis results
	           Products
Germs
	[bookmark: _Hlk218097722]Clarias F 0%CG
	Clarias F 1%CG
	Clarias F 1,5%CG

	total aerobic mesophilic flora (TMAF)
	8.6.104±50a FCU/g
	8.5.104±52b FCU/g
	1.2.104±90cFCU/g

	Sulfite-reducing anaerobes (SRA)
	Less than 10 FCU/g
	Less than 10 FCU/g
	Less than 10 UFC/g

	Salmonella spp 
	Not detected/25g
	Not detected/25g
	Not detected/25g

	Escherichia coli
	Not detected/g
	Not detected/g
	Not detected/g

	Staphylocoque aureus 
	Not detected/g
	Not detected/g
	Not detected/g

	Total coliformes
	Less than 10 FCU/g
	Less than 10 FCU /g
	Less than 10 UFCU/g

	Yeasts molds
	1.5.104±70a10 FCU /g
	1.5.103±65b10 FCU /g
	1.1.103±85c10 FCU /g


In view of Table 2 regarding the results of microbiological analyses carried out on smoked Clarias fillets, it is noticeable that there are quantitative and qualitative differences depending on the treatments applied before smoking. The data, expressed as mean ± standard deviation, were compared statistically between the samples using Duncan's test at a 5% significance level, as indicated by the distinct letters associated with the mean values.
The analysis of results concerning the Total Aerobic Mesophilic Flora (TAMF) shows high microbial loads across all samples, with significant variations between treatments. The recorded values are 8.6 × 10⁴ ± 50 CFU/g for the control sample (Clarias F 0% CG) and 8.5 × 10⁴ ± 52 CFU/g for the sample treated with 1% clove. These two values, although close, show statistically significant differences. In contrast, a markedly lower load is observed in the sample treated with 1.5% clove, with a value of 1.2 × 10⁴ ± 90 CFU/g, statistically different from the other two samples.
Regarding Sulfite-Reducing Anaerobes (SRA), the results indicate counts below 10 CFU/g for all the analyzed samples, with no quantitative differences between treatments. This consistency reflects stable results for this microbiological parameter, regardless of the concentration of clove used. 
The search for Salmonella conducted on 25 g of product shows a complete absence of this pathogen in all samples, regardless of the treatments applied. Similarly, Escherichia coli was not detected in any of the analyzed samples, with results below the detection limit per gram of product. 
Analyses related to Staphylocoque aureus also show an absence of this bacterial group in all samples, with no variation observed between the control and the samples treated with clove. Similarly, total coliforms have counts below 10 CFU/g for all batches analyzed, indicating consistency of results for this parameter. 
Regarding yeasts and molds, the results reveal significant quantitative differences between the samples. The control sample has a load of 1.5 × 10⁴ ± 70 CFU/g, statistically distinct from those observed in the treated samples. A decrease is recorded in the sample treated with 1% clove, with a value of 1.5 × 10³ ± 65 CFU/g, while the sample treated with 1.5% clove shows the lowest load, estimated at 1.1 × 10³ ± 85 CFU/g.

3.3.  Results of Chemical Pollutant Analysis Polycyclic Aromatic Hydrocarbons (PAHs)
The results of toxicological analyses focused on the detection of PAHs in smoked catfish fillets are shown in Table 3.
Table 3: Analysis results of PAH pollutants
	                      Samples              

PAH pollutants (μg/Kg)	
	Control sample (Clarias F 0% CG)
	Clarias F 1%CG
	Clarias F 1.5%CG

	Acenaphthylene
	0
	0
	0

	Acenaphthene
	1.74±0.01a
	1.44±0.2b
	0±0c

	Fluorene
	0±0c
	0.33±0.03b
	0.65±0.04a

	Phenanthrene
	0
	0
	0

	Anthracene
	0
	0
	0

	Fluoranthene
	0.78±0c
	1,13±0.02b
	1.24±0.01a

	Pyrene
	0
	0
	0

	Benzo(a)anthracene
	0.40±0.03b
	0.45±0.01a
	0.13±0.03c

	Chrysene
	0
	0
	0

	Benzo(a)pyrene
	0
	0
	0

	Benzo(k)fluoranthene
	0
	0
	0

	Benzo(b)fluoranthene
	1.84±0.01a
	1.80±0.04a
	1.49±0.01b

	Benzo(ghi) perylene
	0
	0
	0

	Indeno(1,2,3-cd) pyrene
	0
	0
	0


The analysis of Polycyclic Aromatic Hydrocarbons (PAHs) conducted on smoked Clarias fillets highlights a differentiated distribution of the compounds analyzed depending on the treatment methods applied before smoking. The results, expressed as mean ± standard deviation and subjected to statistical analysis using Duncan's multiple range test at a 5% significance level, reveal statistically significant quantitative variations between the samples, as indicated by the distinct letters associated with the mean values. 
In general, several targeted PAHs, including acenaphthylene, phenanthrene, anthracene, pyrene, chrysene, benzo(a)pyrene, benzo(k)fluoranthene, benzo(ghi)perylene, and indeno(1,2,3-cd) pyrene, are not detected in any of the samples analyzed, regardless of the treatment applied. This uniform absence reflects a consistency of results for these specific compounds across all batches studied.
On the other hand, some PAHs show measurable levels and significant variations according to the samples. Acenaphthene is detected in the control sample and in the sample treated with a brine containing 1% clove, with respective concentrations of 1.74 ± 0.01 μg/Kg and 1.44 ± 0.20 μg/Kg. These values differ significantly from each other (p < 0.05). Conversely, acenaphthene is completely absent in the sample treated with a brine containing 1.5% clove, indicating a clear variation depending on the treatment.
Regarding fluorene, the results show a complete absence of this compound in the control sample, while it is detected in the samples that underwent prior soaking in brine enriched with clove. The recorded concentrations are 0.33 ± 0.03 μg/Kg for the 1% sample and 0.65 ± 0.04 μg/Kg for the 1.5% sample, with statistically significant differences between the three samples.
Fluoranthene is present in all the samples analyzed. Its concentration increases progressively and significantly, rising from 0.78 μg/Kg in the control sample to 1.13 ± 0.02 μg/Kg in the sample with 1% clove, and then to 1.24 ± 0.01 μg/Kg in the sample with 1.5%. The distinct statistical letters associated with these values indicate significant differences between the three treatments.
Benzo(a)anthracene also shows notable variations between the samples. The concentration measured in the control sample is 0.40 ± 0.03 μg/Kg, while a slightly higher value is observed in the sample treated with 1% clove (0.45 ± 0.01 μg/Kg). In contrast, a marked decrease is recorded in the sample treated with 1.5%, with a concentration of 0.13 ± 0.03 μg/Kg. These differences are statistically significant according to Duncan's test.
Furthermore, benzo(b)fluoranthene is the predominant PAH among the compounds detected. The highest concentrations are observed in the control sample (1.84 ± 0.01 μg/Kg) and in the sample treated with 1% clove (1.80 ± 0.04 μg/Kg), with no statistically significant difference between these two values. In contrast, a significantly lower concentration is measured in the sample treated with 1.5% clove (1.49 ± 0.01 μg/Kg).
3.4.  Organoleptic analysis results of Clarias canned products
The organoleptic analyses carried out on smoked Clarias canned fish after soaking in a brine containing different concentrations of clove yielded the results shown in Figures 3, 4, 5, 6, 7, and 8:
· Color
The evaluations of the color of the canned goods are recorded in Figure 3.




[1-2 [: wrong color; [2-3 [: moderately good color; [3-4 [: good color; [4-5]: very good color
Figure 3: Results of canned food color evaluations
The sensory evaluation of the color of smoked Clarias canned fish shows a generally high visual acceptability, with no sample being judged as having poor color quality. However, the addition of cloves to the soaking brine distinctly affects the perception of the finished product. The control can without cloves (F0% CG) received the highest rating, with 90% of the panelists classifying it as having a "very good color," reflecting optimal alignment with consumers' visual expectations. The sample with 1% cloves (F1% CG) maintains satisfactory color quality, with ratings ranging from "good" to "very good color." On the other hand, a concentration of 1.5% (F1.5% CG) results in a relative alteration of the color, characterized by the appearance of “fairly good” ratings (30%) and a reduction in the most favorable evaluations. Thus, based solely on the color criterion, the ranking of the canned goods is as follows: F0% CG > F1% CG > F1.5% CG.
· Smell
The assessments of the smell of the experimental finished products are recorded in Figure 4.

[1-2 [: bad smell; [2-3 [: moderately good smell; [3-4 [: good smell; [4-5]: Very good smell
Figure 4: Evaluation results of the smell of canned food
The review of results from the sensory test of the smell of experimental smoked catfish (Clarias) cans highlights an overall olfactory profile that was well accepted by the panel, with no negative evaluations recorded. The control sample without clove (F0 % CG) shows a clear superiority, characterized by unanimous judgments in favor of a ‘very good smell’ (100%), indicating an excellent perceived aromatic quality. The incorporation of clove at 1% (F1 % CG) causes a moderate variation in the olfactory profile while maintaining a high level of acceptability, as indicated by the cumulative proportions of 'good' and 'very good' ratings (90%). On the other hand, increasing the concentration to 1.5% (F1.5% CG) is accompanied by a decrease in the intensity of favorable judgments, with a higher proportion of odors rated as "moderately good" (30%), suggesting a stronger olfactory influence of the clove. Ultimately, the olfactory evaluation allows for the following order of preference to be established: F0% CG > F1% CG > F1.5% CG.
· Texture 
Figure 5 below shows the results of the evaluation of the texture of the finished products. 

[bookmark: _Hlk218501324][1-2 [: Bad texture; [2-3 [: Moderately good texture; [3-4 [: good texture; [4-5]: Very good texture 
Figure 5: Evaluation results of the texture of canned foods
The analysis of this data relating to the sensory evaluation of the texture of smoked Clarias preserves shows that the control sample without clove (F0% CG) is unanimously judged as having a "very good texture" (100%), reflecting a firmness that is appreciated but without nuance. The sample with 1% clove (F1% CG) shows a majority of assessments as "good texture" (50%) and "very good texture" (40%), indicating a pleasant balance and a harmonious perception. At 1.5% clove (F1.5% CG), the texture is more moderate, with 50% rating it "good texture" and 40% as "rather poor texture," reflecting a slight softening noticeable to the panelists. Thus, according to sensory acceptability, the texture is most appreciated in the control without clove, followed by the sample with 1% clove, and then the sample with 1.5% clove.
· Taste
The evaluations of the taste of the finished products are recorded in Figure 6.

[1-2 [: unpleasant; [2-3 [: a little pleasant; [3-4 [: pleasant; [4-5 [: very pleasant
Figure 6: Canned Food Taste Evaluation Results
The sensory analysis of the taste of smoked Clarias preserves shows that the absence of clove (F0 % CG) gives the product a flavor unanimously perceived as "very pleasant" by the entire panel, highlighting the natural gustatory quality of smoked fish. The sample with 1% clove (F1 % CG) receives mixed feedback: 40% of panelists find it "pleasant," 40% "very pleasant," and 20% "less pleasant," indicating that a moderate addition of clove introduces a slight variation in the flavor profile without compromising overall acceptability. For the sample with 1.5% clove (F1.5 % CG), the majority of evaluations range from "pleasant" (50%) to "very pleasant" (40%), with only 10% rating it as "unpleasant," revealing that this higher concentration affects the taste while still being generally appreciated. Overall, the taste is most appreciated in the control without clove, followed by the sample with 1.5% clove, and then the sample with 1% clove.
· Salinity
Figure 7 compares the distribution of saltiness ratings of the experimental finished products across four levels of preference.


[bookmark: _Hlk218501219][1-2 [: low salinity level; [2-3 [: average salinity level; [3-4 [: good salinity level; [4-5]: very good salinity level 
Figure 7: Canned Goods Salinity Assessment Results
In view of these results concerning the sensory evaluation of the saltiness of smoked Clarias preserves, it is noticeable that the samples containing 1% and 1.5% cloves are mostly rated as 'Very good level of saltiness' (60% each), while a minority of panelists perceive them as 'good level of saltiness' or 'medium level of saltiness' (10 to 20%). The control without cloves (F0% CG) stands out with a completely homogeneous appreciation, all judgments indicating a 'Very good level of saltiness.' Thus, although all the products are generally considered correctly salted, the control shows the most uniform perception, followed by the samples with 1% and 1.5% cloves.

· Evaluators' preference for finished products
Based on all the evaluated organoleptic parameters (Color, Smell, Texture, Taste, and Saltiness), the evaluators gave their preference for the finished products (Smoked Clarias canned with clove extracts) and the results are recorded in Figure 8.

Figure 8 : Résultats d’évaluation du niveau de préférence des conserves
The evaluation of preference for smoked and canned Clarias reveals a clear choice by the panel in favor of the control without clove (F0 % C), which received 100% of the votes. The samples containing 1% and 1.5% clove (F1 % C and F1.5 % C) received no preference, indicating a clear dominance of the taste and characteristics of the control in the overall consumer appreciation. This observation highlights that, despite the adjustments made by adding clove, the original product without additional seasoning remains the most appreciated by the panel.
· Results related to evaluators' comments on Clarias canned products
The evaluators' comments on the organoleptic parameters highlight a clear preference for the control without clove (F0 % CG, product A). Most evaluators emphasize its good color, pleasant taste, and overall appreciated flavor, even going so far as to recommend this product for marketing. Some feedback, however, suggests slightly adjusting the texture and reviewing the salt content, which could further improve overall acceptability.
On the other hand, the samples containing 1% and 1.5% clove (products B and C) are perceived less favorably. Evaluators criticize the color, texture, and taste, also mentioning an overly strong odor and, in some cases, excessive saltiness. These remarks confirm the results of the quantitative sensory tests, which showed a lower level of acceptance for these products.
Thus, qualitative consumer feedback corroborates the quantitative sensory evaluation, clearly positioning the control as the most appealing and market-ready product, while the addition of clove at these concentrations appears less appreciated. 
4. Discussion
The chemical analyses conducted during this study show a significant decrease in moisture with the increase in clove concentration, with the 1.5% treatment showing the lowest content (28.03%) compared to the control (31.81%) and the 1% clove treatment (30.29%). These observations follow the general trend described by Ijaz et al. (2021), according to which smoking induces significant water loss through evaporation under the effect of heat, thus reducing the moisture of smoked fish; this mechanism is also explained by a reduction in water activity facilitated by additional treatments such as salting or the addition of hygroscopic agents (Knockaert, 2007). Similarly, studies on fish smoking show that moisture decreases with the duration and intensity of the process, increasing the concentration of dry components per unit of mass (FAO, 2024). The addition of clove to the brine would enhance the osmotic effect and pre-smoking water loss, further facilitating dehydration during smoking.
The non-significant variations in ash between batches suggest that the incorporation of clove did not substantially alter the total minerals, which is consistent with previous study results showing the relative stability of ash after traditional smoking, unless significant exogenous sources of minerals are added (Atobla, 2022). Indeed, ash content depends more on intrinsic factors such as species, diet, and the proportion of bone tissue rather than on aromatic or antimicrobial additives (FAO, 2008). Thus, the use of clove appears to have a marginal effect on the total mineral content, suggesting that interactions between phenolic compounds and mineral ions during smoking are limited, or that mineral balance is maintained despite moisture variations.
Regarding NaCl, the increase observed with clove concentration reflects an increased salt absorption in the treated fillets, probably related to a modification of ionic exchanges on the tissue surface due to the combined effect of the enriched brine and the altered muscle structure (FAO, 2024). The results of the present study support Kiin-Kabari et al. (2011), who in their studies on fish smoking using indigenous plant-based spices, state that processes involving spices or extracts can influence salt penetration and osmotic balance in smoked muscles, altering the distribution of NaCl in the flesh. Thus, increasing the concentration of clove could slightly alter the cell barrier, thereby facilitating the entry of salt into the tissues and explaining the higher levels observed in batch F1.5% CG.
The TVB-N indices, although statistically similar between batches, nonetheless show a tendency to decrease with the addition of clove. This trend corresponds to observations made by Adeyeye et al. (2019) where the incorporation of natural spices such as clove, ginger, or garlic in smoked fish was associated with a reduction in volatile nitrogen compounds, indicators of spoilage. Although the effect did not reach statistical significance in our study, it is conceivable that the antimicrobial and antioxidant properties of the phenolic compounds in clove reduce the production of volatile nitrogenous bases by limiting enzymatic and microbial activity, which could constitute a potential preservative effect at high concentrations.
Regarding proteins, the absence of significant differences between batches aligns with studies such as those by Adeyeye et al. (2019), who observed that smoking only slightly modifies total protein content unless severe denaturation or leaching occurs (Aiyeloja and Akinrotimi, 2019). However, the slight reduction observed in the 1.5% clove treatment could suggest an interaction between clove compounds and muscle proteins, potentially promoting better water retention related to structural changes or slight denaturation due to phenols, which warrants further investigation.
The increase in fat content with the concentration of clove, particularly notable in the F1.5% CG batch, corresponds to classic observations during smoking, where moisture loss leads to an apparent concentration of lipids (Ogouyôm et al., 2020). Furthermore, studies on the use of plant extracts in smoked fish have shown that certain spices have antioxidant effects, limiting lipid oxidation and thus promoting better fat retention in the muscle (Kiin-Kabari et al., 2011). Consequently, it is plausible that the combined effect of increased dehydration and the antioxidant properties of clove resulted in higher lipid retention in the muscles of the treated fillets.
Overall, these chemical analysis results confirm that smoking profoundly alters the biochemical composition of fish, but that the addition of clove to the brine beforehand can modulate these effects, leading to increased dehydration, greater salt absorption, higher lipid content, and a tendency to reduce spoilage indicators, while keeping protein content relatively stable. These observations support Goulas and Kontominas (2005) who state that the use of natural spices as preservatives and quality enhancers in smoked fish products.
The results of the microbiological analyses obtained during this study show that all the analyzed parameters are at a satisfactory level. However, some variations observed between the studied samples reveal differences in microbiological effectiveness and stability depending on the amount of clove used in the pre-smoking soaking solutions. The total aerobic mesophilic flora (TAMF) levels are high in the control sample and the one treated with 1% clove, while a significant reduction is observed at 1.5%. These results confirm the observations of Goulas and Kontominas (2005), according to which smoking alone does not always achieve low microbiological levels without additional treatment. They also agree with Sallam (2007) and Adeyeye (2019), who showed that the use of natural antimicrobial agents, particularly spices, before smoking leads to a gradual reduction in bacterial loads, depending on the concentration. However, the control values remain lower than those reported by Ijaz et al. (2021), suggesting an influence of hygienic conditions and the smoking protocol. The significant reduction observed at 1.5% could be explained by the increase in eugenol content, known for its antimicrobial activity, as well as by a synergy between the brine and the active compounds of clove, promoting their diffusion and antimicrobial function in the muscle matrix before smoking.
Regarding sulfite-reducing anaerobes (SRA), their counts remain below 10 CFU/g in all samples, regardless of the clove concentration. These results are consistent with those of Gram and Huss (1996) and Horner (1997), who attribute the inhibition of SRAs to the combined effect of heat, dehydration, and phenolic compounds from hot smoking. They also align with the observations of Huss et al. (2003), indicating a rare detection of SRAs in smoked fish processed under controlled conditions. In contrast, Likongwe et al. (1998) reported the presence of SRAs in traditional smoked products, associated with insufficient smoking and poor temperature control. The lack of variation between treatments suggests that the temperatures reached during smoking were sufficient to inactivate the SRA, making the effect of clove negligible, these bacteria being mainly sensitive to heat rather than to plant phenolic compounds.
The absence of Salmonella spp., Escherichia coli, and Staphylococcus aureus in all samples indicates good sanitary quality of the products. These results are consistent with those of Heinitz et al. (2000) and Sørensen et al. (2004), who showed that smoking at appropriate temperatures, combined with controlled processing procedures, effectively eliminates pathogenic enterobacteria. They also agree with the work of Chaieb et al. (2007), highlighting the antibacterial activity of clove against E. coli and Staphylococcus aureus. On the other hand, Rorvik (2000) reported the presence of pathogens in smoked fish following post-processing recontamination, highlighting the importance of post-smoking conditions. The absence of pathogens observed in this study could be explained by the combined effect of brining, smoking, and the antimicrobial action of clove, as well as by proper control of post-smoking handling conditions.
The total coliform loads studied during this research are all below 10 CFU/g in all batches, indicating low fecal contamination and good control of hygiene conditions. These results are consistent with those of the ICMSF (2005), as well as the work of Leroi (2010), which indicate that salting, smoking, and the use of natural antimicrobial treatments effectively limit the presence of coliforms in smoked fish. On the other hand, Magnússon et al. (2006) reported high loads associated with improper post-smoking handling. The low load observed in this study could be explained by the osmotic effect of brine soaking, enhanced by smoking, as well as the absence of secondary contamination after processing.
Regarding yeasts and molds, their analysis revealed a significant decrease in counts with the increase in clove concentration, with the 1.5% sample showing the lowest values. These results confirm those of Burt (2004) and Tajkarimi et al. (2010), demonstrating the antifungal effectiveness of phenolic compounds, particularly eugenol, through disruption of the fungal cell membrane. In contrast, Erkmen and Bozoglu (2016) observed high counts in untreated fish. The reduction in yeasts and molds could be explained by the accumulation of active phenolic compounds at higher clove concentrations and by the combination of smoking, which reduces water activity, with the antifungal action of the spice.
Ultimately, from a microbiological perspective, the results of this study indicate that smoking combined with a preliminary soaking in clove ensures good overall microbiological quality, with increased effectiveness when the concentration reaches 1.5%. The results are quite satisfactory in view of Senegalese Decree No.14351 of 28-09-2016, which sets the microbiological criteria, sampling plan, and analytical methods applicable to the control of fishery and aquaculture products intended for human consumption. Clove primarily acts in reducing mesophilic aerobic flora, yeasts, and molds, while the inhibition of SRA and the absence of major pathogens are mainly related to the control of smoking parameters and hygiene conditions. Thus, combining controlled smoking with a natural antimicrobial treatment at an adequate concentration appears to be a relevant strategy to improve the stability and safety of smoked fish.
Regarding toxicology, the results of the present study clearly show that pre-soaking Clarias fillets in a brine containing cloves significantly affects the profile of Polycyclic Aromatic Hydrocarbon (PAH) pollutants in smoked products. The observed variations mainly concern acenaphthene, fluorene, fluoranthene, benzo(a)anthracene, and benzo(b)fluoranthene, whose concentrations differ depending on the amount of clove used. Acenaphthene shows a progressive and significant decrease as the clove concentration increases. Compared to the control sample, the reduction is 17.2% at 1% clove, followed by complete elimination at 1.5%. This trend is consistent with the observations of Stołyhwo and Sikorski (2005), who showed that light PAHs are particularly sensitive to technological modifications applied before smoking, notably pretreatments involving aromatic or saline solutions. Similarly, Nnaji and Ekwe (2018) report that the introduction of antioxidant compounds before thermal treatments can limit the presence of certain light PAHs in smoked products. The levels of acenaphthene observed in the present study also appear lower than those reported by Wretling (2010) in smoked fish in Sweden, suggesting a relative improvement in the contamination profile.
Conversely, fluorene, absent in the control sample, appears in the samples treated with clove, with an increase of about 97% between the 1% and 1.5% concentrations. A comparable trend is observed for fluoranthene, whose concentration increases by 59% between the control sample and the sample treated with 1.5%. Similar behaviors have been described by Forsberg et al. (1998), who showed that certain low- and medium-molecular-weight PAHs can be promoted by complex interactions between the food matrix, volatile smoke compounds, and aromatic substances present on the product surface. Iko et al. (2020) also reported that adding plant extracts can lead to a redistribution of PAHs, with an increase in certain intermediate compounds along with the decrease of other heavier PAHs.
Benzo(a)anthracene shows a non-linear trend characterized by a slight increase at 1% clove followed by a very significant decrease (67.5%) at 1.5%. This variation highlights the importance of the concentration of the plant additive. Comparable results were reported by Zeng et al. (2022), who note that the effects of spices and natural extracts on PAHs are not systematically linear and may depend on a concentration threshold beyond which a notable reduction is observed. Furthermore, Viegas et al. (2012) demonstrated that plant extracts rich in phenolic compounds can significantly reduce certain intermediate PAHs during thermal treatments, which aligns with the trends observed at 1.5% clove in the present study.
Benzo(b)fluoranthene, which is the major PAH detected, shows relative stability between the control sample and the one treated with 1% clove, followed by a 19% decrease at 1.5%. This observation is consistent with the work of Tiwo et al. (2019) on smoked Clarias gariepinus, where the authors showed that certain processing strategies, including modifications to the process or preliminary treatments, allow a partial reduction of heavy PAHs without completely eliminating them. Similarly, Diop et al. (2023) reported that benzo(b)fluoranthene concentrations in smoked fish vary greatly depending on artisanal practices, with levels often higher than those observed in the present study.
The overall effect of clove observed in this study aligns with the findings of Zeng et al. (2022), who confirmed that the effectiveness of plant extracts depends on their chemical composition, their concentration, and the thermal conditions applied. Compared to studies conducted on smoked fish without plant additives, notably those by Wretling et al. (2014), the results of the present study show overall improved PAH profiles for certain compounds, although increases are observed for other intermediate PAHs. This duality is also reported by Stołyhwo and Sikorski (2005), who emphasize that the overall reduction of PAHs in smoked fish requires a combined approach involving both smoke control and optimization of pre-treatments, as noted by Wang et al. (2021).
Thus, the incorporation of clove as a natural additive in the brine for soaking appears to act as a modulating factor on the PAH profile in smoked Clarias fillets. Comparing the results of the present study with those in the literature shows overall consistency with previous work, while highlighting specificities related to the concentration of clove and the chemical nature of the PAHs considered. Knowing that PAHs contribute from 1% to 20% of the total carcinogenic effects observed in smoked products European Commission (2002); Swastawati et al. (2007), this experiment remains important for consumer health since the clove doses studied helped to reduce and eliminate certain PAH congeners in the smoked products.
The results of organoleptic analyses carried out on the canned Clarias obtained in the present study show a generally high visual acceptability (color), with a clear preference for the control without clove (F0 % CG) compared to the enriched samples. This aligns with the observations of Ferreiro et al. (2022), who indicate that the filling medium influences the perceived color of canned tuna, with more chromatic oils enhancing color intensity. Furthermore, color changes in canned fish products can result from thermochemical reactions during sterilization, altering muscle pigments and their perception by consumers (Gómez et al., 2022). The decrease in the perception of "very good color" at 1.5% clove could be explained by an interaction between the aromatic compounds of the clove and the muscle pigments, or by increased lipid oxidation leading to a noticeable color variation.
Regarding the smell, the control sample is unanimously judged to be very satisfactory, while an increase in the clove content leads to a gradual decrease in very favorable ratings. This observation is consistent with the work of Reblová et al. (2022), who highlight the influence of preliminary processing on the olfactory quality of canned sardines, as well as with that of Costa et al. (2023), showing that the flavors of canned fish are particularly sensitive to changes in processing, preservation, and the food additives added. Thus, the variations in the perception of the smell of the finished products observed during this study could be explained by differences in individual sensitivity to the aromatic compounds of clove or by a heterogeneous distribution of these compounds in the fillets, affecting olfactory perception.
Regarding texture, the results indicate a preference for the control, while enrichment with clove leads to a noticeable softening, more pronounced at 1.5%. This observation supports Reblová et al. (2022), who showed that the texture of canned sardines depends on processing conditions, including the addition of additives and storage. Furthermore, studies on other fish species report that processing parameters can alter the cohesion of muscle proteins and perceived firmness (Ortega-Barriga et al., 2025). Subsequently, an interaction between the aromatic compounds of clove and the muscle proteins of Clarias during sterilization could explain the slight decrease in firmness and the variability in textural perceptions.
For taste, the results show that the evaluators of organoleptic parameters showed a stronger preference for the control without clove, with a variable acceptability of the clove-enriched preserves. This is consistent with several studies on fish preserves: for example, Ferreiro et al. (2022) demonstrated that the filling medium, including the type of oil or spices, influences the flavor profile perceived by the sensory panel. Furthermore, analysis of tilapia and other fish preserves showed that formulation and processing can alter taste perception without necessarily compromising overall acceptance (Costa et al., 2023). It could therefore be considered that the variability in taste judgments on the canned products in this study is associated with complex interactions between the compounds of clove and the natural flavor notes of smoked fish, as well as individual differences in aroma tolerance.
Regarding saltiness, although all samples are generally judged to have a good level of saltiness, the control shows the most consistent responses. Previous studies on canned products, including those done by Aubourg (2008), indicate that the perception of saltiness can be influenced by the distribution of brine in the fillets, and that differences in salt absorption can contribute to sensory variability (Gómez et al., 2022). The variation in evaluators' appreciation of the saltiness of the products could be related to a slight change in salt absorption or perception induced by the presence of clove.
The analysis of overall preference and evaluator comments confirms the predominance of the control without clove, which is perceived as the most balanced across all sensory attributes. This aligns with results observed in other studies on canned fish, where products showing a harmonious sensory profile without excessive intensity in any single attribute tend to be better accepted by consumers (Costa et al., 2023). The criticisms made regarding the enriched cans, particularly concerning color, texture, and smell, are consistent with general trends observed in the literature, suggesting that high levels of aromatic compounds or process modifications can sometimes limit the overall acceptability of the finished product (Featherstone, 2015).


5. Conclusion
This study highlights the technological and health benefits of incorporating clove (Syzygium aromaticum) into the brine used for soaking smoked Clarias gariepinus fillets before canning. The results show that a concentration of 1.5% significantly improves the microbiological and toxicological quality of the products, notably by reducing microbial flora and certain polycyclic aromatic hydrocarbons, while maintaining physicochemical parameters compatible with good stability and freshness of the canned goods. These findings confirm the potential of natural agents as tools for enhancing the food safety of processed fishery and aquaculture products.
Beyond the experimental results, this work serves as a true scientific and technical compass for aquaculture producers, canning industry players, and participants in artisanal and semi-industrial processing. It provides objective elements to guide technological choices toward safer processing methods, adapted to local realities and based on the use of accessible natural resources. For processing units, particularly small and medium-sized enterprises, these results open up concrete opportunities to improve product quality, differentiate in the market, and strengthen consumer confidence.
Furthermore, this study provides scientific evidence that could help inform the Senegalese authorities in developing policies to support the promotion of fishery and aquaculture products. It highlights the importance of encouraging the creation and development of small and medium-sized processing enterprises, based on local aquaculture and the optimization of traditional methods, as means of generating income, employment, and stimulating local economies.
Ultimately, the promotion of smoked and canned aquaculture Clarias gariepinus, incorporating innovative and safe approaches such as the use of cloves, is fully part of a strategy to strengthen food security and sovereignty. It helps reduce dependence on wild fishery resources, improve access to quality products, and support the sustainable development of fisheries and aquaculture sectors in Senegal. Future work focused on sensory optimization and socio-economic evaluation will further help to consolidate the implementation of these results at an industrial scale.
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