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1. Hydroxymethylfurfural (HMF)
2. Furfural
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Fig 2. Effect of different methods on the reducing power of the produced caramel (Method 1: 84.06%fructose+ 10.7% ammonia + 8.84%
sulfuric acid, 90 min; Method 2: 79.01% fructose + 9.35% ammonia + 11.63% sulfuric acid, 90 min; Method 3: 91.85% fructose + 3.43%
ammonia + 4.83% sulfuric acid, 4 h; Method 4: 88.93% fructose + 4.53% ammonia + 6.54% sulfuric acid, 4 h)
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Fig 3. Effect of different methods on hydroxymethylfurfural (HMF) of the produced caramel (Method 1: 84.06% fructose + 7.10% ammonia
+ 8.84% sulfuric acid, 90 min; Method 2: 79.01% fructose +9.35% ammonia + 11.63% sulfuric acid, 90 min; Method 3: 91.85% fructose +
3.43% ammonia + 4.83% sulfuric acid, 4 h; Method 4: 88.93% fructose + 4.53% ammonia + 6.54% sulfuric acid, 4 h)
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1. Total Phenols
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Fig 4. Effect of different methods onthe total phenolic compounds of the produced caramel (Method 1: 84.06% fructose + 7.10%
ammonia + 8.84% sulfuric acid, 90 min; Method 2: 79.01% fructose + 9.35% ammonia+ 11.63% sulfuric acid, 90 min; Method 3: 91.85%
fructose + 3.43% ammonia + 4.83% sulfuric acid, 4 h; Method 4: 88.93% fructose + 4.53% ammo nia + 6.54% sulfuric acid, 4 h)
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1. Ferric Reducing Antioxidant Power
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Fig 4. Effect of different methods on the total phenolic compounds of the produced caramel (Method 1: 84.06% fructose +7.10% ammonia
+ 8.84% sulfuric acid, 90 min; Method 2: 79.01% fructose + 9.35% ammonia + 11.63% sulfuric acid, 90 min; Method 3: 91.85% fructose +
3.43% ammonia + 4.83% sulfuric acid, 4 h; Method 4: 88.93% fructose + 4.53% ammonia + 6.54% sulfuric acid, 4 h)
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Table 1. Comparison of the mean valuesof color parameters L, a, b*, chroma, total color difference, and hue angle of different caramel samples
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Values are presented as mean * standard deviation. Different Latin letters indicate significant diflerences between the values in each column at a 95%
confidence level. (Method 1: 84.06% fructose + 7.10% ammonia + 8.84% sulfuric acid, 90 min; Method 2: 79.01% fructose + 9.35% ammonia + 11.63%
sulfuric acid, 90 min; Method 3: 91.85% fructose + 3.43% ammonia + 4.83% sulfuric acid, 4 h; Method 4: 88.93% fructose + 4.53% ammonia + 6.54% sulfuric

acid, 4 h)
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Fig 6. Valuesare presented as mean + standard deviation. Different Latin letters indicate significant differences between the values in each

column at a 95% confidencelevel. (Method 1: 84.06% fructose + 7.10% ammonia + 8.84% sulfuric acid, 90 min; Method 2: 79.01%

fructose +9.35% ammonia + 11.63% sulfuric acid, 90 min; Method 3: 91.85% fructose + 3.43% ammonia + 4.83% sulfuric acid, 4 h;
Method 4: 88.93% fructose + 4.53% ammonia + 6.54% sulfuric acid, 4 h)
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Fig 7. Effect of different methods onthe sensory evaluation characteristics of the produced caramel (Method 1: 84.06% fructose + 7.10%
ammonia + 8.84% sulfuric acid, 90 min; Method 2: 79.01% fructose + 9.35% ammonia+ 11.63% sulfuric acid, 90 min; Method 3: 91.85%
fructose + 3.43% ammonia + 4.83% sulfuric acid, 4 h; Method 4: 88.93% fructose + 4.53% ammonia + 6.54% sulfuric acid, 4 h)
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Introduction: The application of food colorants is a crucial aspect of modern food processing, serving to
enhance visual appeal, compensate for color loss during processing, and ensure product color uniformity.
Among these, caramel color is one of the most widely used due to its broad color range—from light yellow to
dark brown— along with stability, and compatibility with various food systems. Caramel is produced through
the thermal degradation of carbohydrates, often in the presence of acids or alkalis, including ammonia and
sulfuric acid, resulting in pigments with complex structures rich in hydroxyl, carbonyl, and phenolic functional
groups. Fructose, a naturally occurring monosaccharide found in fruits and honey, is a highly reactive reducing
sugar, making it an effective substrate for caramelization. Through its involvement in Maillard and dehydration
reactions, fructose-based caramel can develop desirable coloration, antioxidant activity, and functional
properties suitable for various food applications. Previous studies have shown that process parameters such as
temperature, pH, and heating duration, significantly influence browning intensity, phenolic content, and
antioxidant capacity. Despite the growing global demand for caramel, local production in many countries,
including Iran, remains limited, leading to increased reliance on imports. This study aimed to produce caramel
using four different formulations of fructose under controlled thermal conditions and to evaluate its
physicochemical, rheological, and sensory properties. The research also involved phenolic profiling via HPLC
to evaluate the functional potential of each formulation and provide insights for industrial caramel production
from domestic raw materials.

Materials and methods: Caramel samples were produced from fructose using four distinct formulations under
controlled thermal conditions at 100°C. The formulations included: Method 1 (84.06% fructose, 7.10%
ammonia, 8.84% sulfuric acid; 90 minutes), Method 2 (79.01% fructose, 9.35% ammonia, 11.63% sulfuric acid;
90 minutes), Method 3 (91.85% fructose, 3.34% ammonia, 4.83% sulfuric acid; 4 hours), and Method 4
(88.93% fructose, 4.53% ammonia, 6.54% sulfuric acid; 4 hours). The produced samples were subjected to
comprehensive physicochemical and functional analyses, including measurement of browning index, reducing
power, hydroxymethylfurfural (HMF) concentration, total phenolic content, antioxidant capacity, color
parameters, viscosity, and sensory attributes. These evaluations aimed to investigate the impact of
compositional variations and processing time on the quality characteristics of caramel, thereby identifying the
most suitable method for the production of caramel with desirable technological and sensory properties for food
industry applications.

Results and discussion: The experimental findings demonstrated that the caramelization method significantly
affected the browning index (p < 0.01). The control sample showed the highest browning index (0.256),
followed by Method 1, which was formulated with 84.06% fructose, 7.10% ammonia, and 8.84% sulfuric acid.
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Conversely, Method 2 exhibited the lowest browning index, with its higher concentrations of ammonia and
sulfuric acid contributing to reduced browning. These results suggest that acidic conditions inhibit browning,
whereas alkaline conditions promote it by enhancing Maillard and caramelization reactions. In terms of
reducing power, there were no statistically significant differences among the control, Method 3, and Method 4
(» > 0.01), with absorbance values of 1.53, 1.48, and 1.36, respectively. However, Methods 1 and 2 exhibited
significantly lower reducing power (0.76 and 0.70, respectively), likely due to the influence of higher acid and
ammonia content. Higher pH conditions favor the formation of enediol anions, thereby enhancing the reducing
capacity of the caramel matrix Additionally, hydroxymethylfurfural (HMF) content differed significantly
among the treatments. The control sample exhibited the highest concentration of HMF (22526 ppm), while
Method 2 yielded the lowest. These results indicate that elevated levels of ammonia and acid may alter the
reaction pathway, thereby limiting HMF formation. Total phenolic content (TPC) was also significantly affected
by formulation. The control sample exhibited the highest TPC (1276.7 mg GAE/g), followed by Method 1
(1151.9 mg GAE/g), whereas Method 2 exhibited the lowest value (626.7 mg GAE/g). High-performance liquid
chromatography (HPLC) analysis identified key phenolic compounds such as sinapic acid, protocatechuic acid,
catechin, and ellagic acid. Antioxidant activity, measured by the DPPH radical scavenging assay, was highest in
the control (70.48%) and lowest in Method 4 (29.04%). Methods 1 and 3 demonstrated moderate antioxidant
activity (49.33% and 48.06%, respectively), reflecting a favorable balance between formulation and functional
properties. Colorimetric analysis showed that Method 2 exhibited the highest chroma (21.81) and total color
difference (AE = 45.284), whereas the control and Method 4 displayed the lowest chroma values. The hue angle
was highest in Method 4 (0.272) and lowest in Method 2 (0.039), indicating that processing parameters
significantly influence caramel color development. Viscosity measurements revealed that both chemical
composition and heating temperature played a critical role. Method 2 exhibited the highest viscosity (3912.1
mPa-s), whereas Method 3 had the lowest (144.5 mPa-s), suggesting a direct relationship between acidity,
caramelization extent, and molecular weight of resulting compounds. Sensory evaluation, conducted using a 5-
point hedonic scale, indicated that caramels from Methods 1 and 2 achieved the highest scores in terms of
aroma, taste, and sweetness, while Method 3 received the lowest ratings across these attributes. These findings
underscore the importance of optimizing both formulation and processing conditions to achieve superior
physicochemical and sensory qualities in caramel products.

Conclusions: This study demonstrates that fructose-based caramel possesses promising physicochemical,
antioxidant, and sensory attributes, particularly when specific formulation and processing conditions are
optimized. Among the evaluated methods, distinct differences were observed in antioxidant capacity, phenolic
content, and overall acceptability, highlighting the critical role of formulation variables in determining final
product quality. Further investigation is recommended to comprehensively profile the phytochemical
composition of the caramel matrix, evaluate its functional properties in food systems, and assess the impact of
storage and processing variables on product stability. Future research should also focus on the development and
optimization of scalable, food-grade caramel production techniques, emphasizing cost-effectiveness, process
efficiency, and consistency in product characteristics to facilitate successful industrial application of laboratory -
scale findings.
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