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Abstract


Collagenases are enzymes with broad biotechnological applications in medicine. This study describes the production and characterization of a collagenase from Aspergillus serratalhadensis URM 7866, isolated from the Caatinga biome. Solid-state fermentations were conducted using wheat bran under varying conditions of pH (6, 7, 8), moisture content (50%, 60%, 70%), and substrate concentration (2.5 g, 5 g, 10 g). The optimal condition—10 g of wheat bran at pH 8 and 70% moisture—yielded the highest collagenolytic activity (177.96 U/mL) and a specific activity of 50.55 U/mg. The enzyme was purified via multiple chromatography, with pre-purification and final purification factors of 18.09 and 20.21, respectively, reaching a specific activity of 1021.86 U/mg. The enzyme showed optimal activity at 50 °C and pH 8, with stability from 20 to 40 °C and pH 7–9. PMSF caused >80% inhibition; EDTA caused ~34% inhibition. Activity increased with Na+ and Ca2+ and was inhibited by Zn2+. The enzyme retained full activity in anionic and non-ionic surfactants (1–10%). FTIR confirmed characteristic amide bands, and kinetic analysis revealed a Km of 1.72 mg/mL and Vmax of 6.89 mg/mL/min. These findings support its potential for alkaline and surfactant-rich industrial processes.
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1. Introduction


Microorganisms are widely recognized for their ability to produce proteases and play a fundamental role in various industrial processes, including those in the pharmaceutical and biomedical industries, among others [1]. Although plants and animals can also be sources of proteases, microorganisms offer unique advantages that make them highly desirable for large-scale industrial applications [2]. These advantages include the ability to synthesize proteases under extreme conditions, such as high temperatures, pH variations, or nutrient scarcity [3].



Additionally, microorganisms grow rapidly in compact spaces, possess high genetic diversity, and can be easily genetically manipulated to increase enzyme production or modify their properties to meet specific industrial requirements [4].



Among microorganisms, filamentous fungi, especially species of the genus Aspergillus, have shown considerable potential as producers of proteolytic enzymes, including collagenases [5]. Recent studies have isolated Aspergillus strains from extreme environments, such as the Caatinga biome, a semi-arid region with harsh environmental conditions [5,6]. These strains demonstrated remarkable efficiency in enzyme production, particularly collagenases, which have drawn attention due to their biotechnological relevance [7,8].



Collagenases are highly specific enzymes capable of degrading the triple helix structure of collagen, a key structural protein found in the connective tissues of animals [9]. These enzymes have a wide range of applications, including in food processing, the leather industry, meat tenderization, and the production of pharmaceutical compounds. They are especially important in the medical field, contributing to the treatment of burns, wounds, and scars. They are also employed in organ transplant procedures, management of Parkinson’s disease, and in the treatment of liver cirrhosis. Furthermore, collagenases can be used to improve blood purification techniques, enhancing diagnostic screening processes. Additionally, they help mitigate harmful fibrotic processes. Recently, researchers have also applied collagenases in the modulation of solid tumors [10,11,12].



Given the importance of collagenases, the development of sustainable and efficient methods for enzyme production is essential. In this context, the present study focused on the production, purification, and characterization of collagenase using agro-industrial residues as substrate. Furthermore, the study utilized a novel species of filamentous fungus, A. serratalhadensis URM 7866, isolated from the Brazilian Caatinga biome, a unique and underexplored environment.




2. Materials and Methods


2.1. Microorganism


The microorganism used was A. serratalhadensis, isolated from the soil of the Pernambuco backlands and identified by the Micoteca URM Culture Collection at the Biological Sciences Center of the Federal University of Pernambuco, under registration number 7966. This microorganism was maintained on slant-PDA medium (Potato Dextrose Agar), and for sporulation, the PDA culture medium was also used. After this step, the flask was incubated at 30 °C for 72 h and subsequently used in the fermentation process.




2.2. Solid State Fermentation (SSF)


The production of collagenase by A. serratalhadensis URM 7866 was carried out through solid-state fermentation (SSF) in 125 mL Erlenmeyer flasks containing a concentration of 1 × 107 spores per gram of substrate. To ensure complete drying of the substrate, it was kept in an oven (TECNAL, São Paulo, Brazil) at 50 °C for 72 h. A full 23 factorial design was employed to determine the effects of three factors (Table 1), on collagenase production, which was the response variable analyzed. The fermentation was conducted at a constant temperature of 37 °C for 168 h. In total, nine treatments were performed, corresponding to the eight factorial combinations plus one center point. No replicates were performed for these treatments; therefore, the statistical model was truncated after factor interactions, and the two-factor interaction term was used as an estimate of experimental error. The independent variables were coded according to the equation below [13].



Moisture content was determined according to the following equation:


xi = (Xi − X0)/ΔXi



(1)




where Xi is the coded value corresponding to the Xi actual value, X0 the average of the two extreme levels, and ΔXi the range of variation in the i-th factor (1 = substrate concentration, 2 = moisture, 3 = pH). The full 23 design model included a constant term, three main effects, two-factor interactions and one three-factor interactions. Since no replicates had been carried out at this point, the model was truncated after the factor interactions, and the two-factor term was taken as an estimate of the error of an effect. At the end of the fermentation, the fermented material was homogenized in 0.1 M Tris-HCl buffer (pH 8.0), followed by vacuum pump filtration. The resulting enzyme-containing filtrate was then used for subsequent activity assays.




2.3. Determination of Collagenolytic Activity and Total Protein


The collagenolytic activity was determined using a modified method described by Chavira [14], which utilizes azocollagen as the substrate. For the enzymatic reaction, 50 µL of the enzyme-containing liquid and 950 µL of 0.1 M Tris-HCl buffer at pH 7.8 were added to the washed substrate. The reaction occurred at 37 °C for 18 h. After this period, each assay was centrifuged, and 1 mL of the supernatant was taken for spectrophotometric measurement using a Shimadzu UV–Vis spectrometer (UV-1900i, Shimadzu, Kyoto, Japan) at a wavelength of 520 nm. Thus, 1 unit of enzymatic activity (U), under the assay conditions, was defined as an increase of 0.01 in absorbance.



The protein concentration was determined according to the Smith method, using bicinchoninic acid (BCA) [15]. Albumin was used as the standard protein for the protein assay.




2.4. Purification Steps of Collagenolytic Enzymes


2.4.1. Organic Solvent Precipitation


The precipitation process was carried out as described by Nickerson [16], with adaptations, using a 70% concentration of organic solvent (acetone). The mixture was homogenized and maintained at 4–8 °C for 10 min, followed by centrifugation (Centrilab 802BU/CE800U, São Paulo, Brazil) for 10 min at 4 °C and 4000 rpm. After this process, the supernatant was discarded, and the precipitate was resuspended in 1 mL of Tris-HCl buffer pH 8 0.1 M.




2.4.2. Chromatography


For protein purification, multiple chromatographic sessions were performed using the ÄKTA (GE Healthcare, Uppsala, Sweden) coupled with UNICORN 7.0 software. Initially, an ion-exchange chromatography was carried out using a HiTrap ANX FF column, equilibrated with a 20 mM Tris-HCl buffer at pH 8.0, with elution achieved by applying a linear gradient of NaCl up to 1 M. Subsequently, a second round of size-exclusion chromatography on Superdex G-200 was performed to enhance the purification level of the target compound. Throughout the process, eluted fractions were monitored by spectrophotometric readings at 280 nm and 215 nm.




2.4.3. Electrophoresis


For SDS-PAGE, a 10% polyacrylamide gel was used, following the method of Laemmli [17]. The protein bands were visualized by Coomassie blue staining, and destaining was performed using a solution containing water, acetic acid, and methanol (4.5:1:4.5). The protein standard molecular weight markers were phosphorylase b (97.0 kDa), bovine serum albumin (66.0 kDa), ovalbumin (54.0 kDa), carbonic anhydrase (30.0 kDa), trypsin inhibitor (20.1 kDa), and a-lactalbumin (14.4 kDa).





2.5. Effect of pH and Temperature on Enzyme Activity and Stability


The effect of pH on collagenolytic activity was evaluated by incubating the enzyme with its specific substrate, 0.005% (w/v) azocoll, prepared in 0.1 M buffer solutions at different pH levels: sodium citrate (pH 5 and 6); Tris-HCl (pH 7.0, 8.0, and 9.0); and carbonate–bicarbonate (pH 10.0 and 11.0). After incubation, collagenolytic activity was determined. To assess enzyme stability at different pH levels (pH 4–11), the enzyme was incubated with each of the aforementioned buffers in a 1:1 (v/v) ratio at 37 °C for 1 h, followed by the determination of collagenolytic activity. The effect of temperature and thermostability on collagenolytic activity was evaluated at temperatures ranging from 20 °C to 70 °C. For determining the optimum temperature, the assay was performed by incubating the samples with the substrate, azocollagen, in a water bath. In the thermal stability test, the extract was incubated in a water bath for 1 h, and the residual activity was then measured at 37 °C using the method described by Chavira [14]. All reactions were carried out at least in triplicate.




2.6. Effect of Inhibitors on Activity


The effect of substances inhibiting enzymatic activity was assessed using ethylenediaminetetraacetic acid (EDTA) at 1 mM as a metalloprotease inhibitor, phenylmethylsulfonyl fluoride (PMSF) at 1 mM for serine proteases, pepstatin A at 10 mM for aspartic proteases, and iodoacetic acid at 1 mM, which inhibits cysteine proteases. Each inhibitor was maintained in contact with the enzyme for 30 min at 37 °C, after which the collagenolytic activity reaction was carried out according to Chavira [14], comparing the results with the control containing the azocoll degraded by the enzyme without the addition of inhibitor. All reactions were carried out at least in triplicate.




2.7. Effect of Metal Ions on Collagenolytic Activity


The effect of ionic solutions was evaluated at concentrations of 5 mM and 10 mM. The enzyme was exposed to the following ions: zinc sulfate [(ZnSO4) • 7H2O], copper sulfate [CuSO4], calcium chloride [CaCl2], magnesium chloride [(MgCl2) • 4H2O], sodium chloride (NaCl), and potassium chloride [KCl]. The ionic solutions were added, and collagenolytic activity was determined according to Chavira [14]. All reactions were carried out at least in triplicate.




2.8. Effect of Surfactants on Collagenolytic Activity


The enzyme was tested for stability in the presence of surfactant components. The surfactants used were SDS, Triton X-100, Tween-80, and Tween 20, with effects evaluated at concentrations of 1.0% and 10%. Each surfactant component was added to the enzyme diluted in 10 mM Tris-HCl buffer at pH 8.0 in a 1:1 ratio and incubated for 30 min at 25 °C. The residual activity of the protease was assessed as previously described. The control did not receive any surfactants. All reactions were carried out at least in triplicate.




2.9. Fourier Transform Infrared Spectroscopy (FTIR)


The characterization of the peptides and the enzyme was performed using Fourier Transform Infrared Spectroscopy (FTIR) with a Bruker FT-IR VERTEX 80/80 v spectrometer (Boston, MA, USA) in the Attenuated Total Reflectance (ATR) mode, utilizing a diamond crystal accessory. The analyses covered a frequency range of 400 to 4000 cm−1, with 16 scans and a resolution of 4 cm−1. Before measurement, a background spectrum was obtained from a clean surface.




2.10. Data Analysis


The goodness of model fitting was evaluated by the coefficient of determination (R2) and multiple regression in order to determine the validity of the developed model. The statistical analysis of the results was conducted using the Statistica 6.0 statistical software from StatSoft, Inc. Graphs were constructed using Origin 2018 software.





3. Results and Discussion


3.1. Collagenase Production


The Pareto chart (Figure 1) illustrates the standardized effects of the variables and their interactions on collagenase production by A. serratalhadensis URM 7866. The chart provides a visual assessment of which factors significantly influence the response variable, with the reference line corresponding to a significance level of p = 0.05. Factors with bars extending beyond this line are considered statistically significant at the 95% confidence level.



Among the evaluated variables, wheat bran concentration (factor 1) exhibited the most pronounced effect on collagenase production, with a standardized effect estimate of 59.84, indicating its critical role as a carbon source and inducer in the enzymatic biosynthesis process. The interaction between wheat bran and pH (1by3) also had a statistically significant impact (43.23), suggesting a synergistic influence between substrate concentration and environmental pH on fungal metabolic activity. Other significant interactions included wheat bran and moisture (2 × 3, 26.66 of effect estimate) and the triple interaction between wheat bran, moisture, and pH (1 × 2 × 3, 22.95 of effect estimate), reinforcing the complexity of the response surface and the importance of optimizing these parameters simultaneously to enhance enzyme yield. On the other hand, individual factors such as pH (3), moisture content (2), and the interaction between wheat bran and moisture (1 × 2, 13.84 of effect estimete) exhibited lower standardized effect estimates (below the critical threshold), indicating they were not statistically significant under the tested conditions. Notably, although moisture content is known to influence fungal fermentation dynamics, its isolated effect (10.13) did not surpass the significance threshold, implying that its influence may be more relevant in combination with other factors rather than alone.



The effects of the evaluated factors on collagenase production by A. serratalhadensis URM 7866 were further explored through interaction plots, which revealed key synergistic relationships among the fermentation parameters. Specifically, the interaction between substrate concentration and pH (Figure 2A) demonstrated that maximal collagenolytic activity (744.07 U/mg) was only achieved when a high wheat bran concentration (10 g) was combined with an alkaline pH (8.0). In contrast, lower or neutral pH levels failed to support enzyme production even at elevated substrate levels, underscoring the dependence of enzyme induction on both nutrient availability and the physicochemical environment. Similarly, the interaction between moisture and pH (Figure 2B) indicated that enzyme production was significantly enhanced (504.44 U/mg) only when high moisture content (70%) was combined with alkaline pH conditions (pH 8.0). Moisture alone, without an optimal pH, did not significantly increase enzymatic activity, suggesting that adequate water availability supports fungal growth and metabolism by facilitating nutrient solubility, oxygen diffusion, and thermal stability, which are crucial for enzyme biosynthesis [18]. These interaction effects emphasize that collagenase biosynthesis in this system is not driven by isolated variables but rather by a finely tuned combination of factors that modulate metabolic pathways conducive to enzyme expression.



The three-dimensional surface plot (Figure 3) illustrates these synergistic interactions more clearly, confirming that optimal collagenolytic activity is observed only within a narrow combination of high substrate load, alkaline pH, and elevated moisture. Outside this region, enzymatic activity drops drastically, which may be attributed to tight physiological regulation of fungal metabolism and enzyme expression, as well as to the sensitivity of solid-state fermentation systems to environmental conditions [19]. These findings highlight the complexity of optimizing the SSF processes, where multiple factors must be carefully balanced to achieve maximum enzyme production.



The biotechnological potential of filamentous fungi for the production of extracellular proteases, particularly collagenases, has attracted increasing interest due to their relevance in industrial and biomedical applications [19]. In this context, the results obtained for A. serratalhadensis URM 7866 reinforce this potential, especially under optimized conditions of SSF. Similar findings have been reported in the literature, for instance, de Souza et al. [20] demonstrated that Rhizopus microsporus UCP 1296 produced collagenase with an activity of 872 U/mg. Similarly, Silva [21] successfully obtained a collagenolytic enzyme from A. tamarii using SSF, employing a strain also isolated from the Caatinga biome. These reports support the hypothesis that both the ecological origin of the fungal isolate and the assessment of fermentation parameters are decisive factors for maximizing the expression of collagenolytic activity, reinforcing the strategic value of bioprospecting in underexplored biomes such as the Caatinga. Moreover, the observed optimal production of collagenase by A. serratalhadensis suggests that collagenase expression in filamentous fungi may be regulated by similar pH-responsive transcriptional mechanisms. Understanding these regulatory pathways may provide opportunities for genetic or metabolic engineering to further enhance collagenase yields.



The influence of fermentation parameters on collagenase production was further elucidated (Figure 2 and Figure 3), which revealed that the highest enzymatic activity occurred under combined conditions of alkaline pH, elevated moisture (70%), and high wheat bran concentration (10 g). These findings suggest a synergistic effect among the variables, with a clear peak of collagenolytic activity in specific regions of the experimental matrix. Among the parameters evaluated, wheat bran concentration at 10 g proved to be the most favorable for enzyme production, while 70% moisture appeared to maintain conditions conducive to fungal growth and metabolism. Although moisture content does not act directly on enzyme synthesis, it influences the physical state of the fermentation medium, potentially stabilizing temperature and enhancing oxygen diffusion during SSF.



The synergistic interaction among alkaline pH, high moisture, and elevated wheat bran concentration points to a complex physiological regulation of collagenase synthesis in A. serratalhadensis. The collagenolytic activity of fungal enzymes is strongly influenced by the pH conditions of the medium, with different strains exhibiting distinct performance profiles. Studies have shown that the optimal pH for these enzymes is generally within the neutral to alkaline range, varying between pH 7.0 and 9.0. This variation is related to the metabolic diversity among the producing fungi, which can result in enzymes with different structural conformations and stability in response to pH changes [21].



Substrate concentration also proved to be a critical factor. Previous studies demonstrated that an increase in substrate significantly enhanced collagenase yields [22], although excessive levels of substrate can be inhibitory. This phenomenon has been observed in Aspergillus niger, where high cellobiose concentrations negatively affect enzyme productivity [23]. The use of 10 g of wheat bran in our study likely struck a balance between nutrient availability and fungal metabolic demand, resulting in the highest enzymatic output.



Moisture content, while not directly regulating enzyme expression, plays a crucial role in shaping the microenvironment of SSF. Optimal collagenase production has been previously reported at temperatures between 24 °C and 37 °C [21], which are strongly influenced by moisture levels. The observed optimal activity at 70% moisture in this study supports the idea that adequate hydration maintains conditions favorable to fungal physiology and enzyme secretion.



Altogether, these findings underscore the necessity of a multifactorial optimization strategy tailored to the specific fungal strain and fermentation setup. They also highlight the industrial potential of A. serratalhadensis URM 7866 as a source of collagenolytic enzymes, particularly under precisely modulated physicochemical conditions.




3.2. Collagenase Purification


The enzyme purification process involved multiple steps. Initially, the crude extract was pre-purified by acetone precipitation, which resulted in an 18-fold increase in enzymatic activity compared to the crude extract, as shown in Table 2.



Following the initial extraction, a two-step chromatographic purification strategy was employed to isolate the collagenase produced by A. serratalhadensis URM 7866. The first step involved ion-exchange chromatography using an ANX FF column, pre-equilibrated with a 20 mM Tris-HCl buffer at pH 8.0. Elution was performed through a linear gradient of NaCl at concentrations of 0.2 M, 0.4 M, 0.6 M, and 1 M, reaching a final concentration of 1 M. Fractions were collected and monitored for collagenolytic activity.



Subsequently, a second purification step was carried out by size-exclusion chromatography using a Sephadex G-200 column, also equilibrated with 20 mM Tris-HCl buffer (pH 8.0), aiming to further enhance the purity of the target enzyme. The chromatographic profiles of both purification steps are depicted in Figure 4, where the peak corresponding to collagenolytic activity is highlighted and was selected for subsequent analysis.



After this purification scheme, the collagenase exhibited a specific activity of 1021.86 U/mg, representing an approximate 20-fold increase compared to the crude extract. SDS-PAGE analysis of the purified fraction revealed a distinct protein band, indicative of a high degree of purity (Figure 5). These results demonstrate the efficiency of the combined ion-exchange and size-exclusion chromatographic approach in obtaining a highly purified collagenolytic enzyme suitable for downstream biochemical characterization.



Additionally, gel chromatography analysis allowed for the estimation of the collagenase’s molecular weight at approximately 53 kDa. This value falls within the typical range reported for fungal collagenases, which generally vary between 30 and 70 kDa. This range is significant for understanding their biochemical properties and potential applications across various fields, including pharmaceuticals and food processing. Specific molecular weights reported in the literature further highlight the diversity of these enzymes among fungal species. For example, a recent study reported a collagenase from Staphylococcus aureus with a molecular weight of 36 kDa [24], while other sources indicate fungal collagenases can reach up to 70 kDa, emphasizing interspecies variability [25].



This improvement aligns with the expected outcome of removing non-target contaminants and potential inhibitors and is consistent with previous studies, such as Novelli et al. [26], who reported protease activities of up to 40 U/mL after purifying enzymes secreted by Aspergillus species and Penicillium roquefortii. Therefore, this multi-step chromatographic approach proved effective for collagenase purification.




3.3. Enzyme Characterization


3.3.1. Effects of Temperature and pH on Enzymatic Activity and Stability


The three-dimensional structure of enzymes, like that of any protein, is sensitive to variations in pH and temperature [27]. After the purification process, the collagenase-containing fraction was subjected to temperature variations to determine the optimal temperature and thermal stability. The enzyme exhibited maximum activity at 50 °C (Figure 6A) and remained stable within temperature range of 20 °C to 40 °C. Beyond this point, a sharp decrease in activity was observed, with the enzyme losing more than 50% of its activity at higher temperatures (Figure 6B), highlighting a shared thermotolerance pattern among Aspergillus-derived proteases.



When compared with data from the literature, the collagenase produced by A. serratalhadensis shows similar optimal temperature values to those reported for other collagenase-producing microorganisms, such as Aspergillus tamarii URM4634, which exhibited an optimal temperature of 50 °C. The enzyme from A. tamarii also showed similar thermal stability, remaining stable between 20 °C and 40 °C [21]. Another study with similar results using a microorganism from the same genus, Aspergillus sp. (UCP 1276), reported an optimal temperature of 40 °C and stability ranging from 25 °C to 60 °C [27]. Similar findings were also observed in the study by Costa et al. [28], in which Streptomyces antibioticus UFPEDA 3421 demonstrated an optimal temperature of 60 °C, with thermal stability between 30 °C and 50 °C, and a strong denaturation effect when the temperature exceeded 55 °C.



The purified enzyme exhibited optimal activity at pH 8.0 (Figure 7A) and remained stable within the pH range of 7 to 9, this stability in alkaline environments is particularly advantageous for industrial applications, such as in detergent formulations or leather processing [28]. When exposed to pH values above 9, the enzyme retained less than 70% of its original activity, as shown in Figure 7B.



Despite subtle variations, the enzyme maintained effective catalytic performance under neutral to alkaline conditions, indicating that the collagenase produced by A. serratalhadensis URM 7866 is more active in mildly alkaline environments. Similar results were reported by Silva et al. [13], who observed that Aspergillus tamarii URM4634 strains produced collagenases with optimal activity at pH 9.0. In the study [28] demonstrated that collagenases from Streptomyces antibioticus UFPEDA 3421 exhibited maximum activity at pH 7.0, with stability between pH 6 and 10. It can be observed that most enzymes have their stability range very close to their optimal activity, and when these conditions are extrapolated or interpolated beyond this critical range, a reduction in enzymatic activity occurs. Overall, the collagenase from A. serratalhadensis shares structural and catalytic resilience observed in other microbial collagenases, supporting its biotechnological relevance.




3.3.2. Effect of Inhibitors and Surfactants on Collagenolytic Activity


To better understand the biochemical characteristics of the collagenase from A. serratalhadensis URM 7866, its sensitivity to various protease inhibitors and surfactants was evaluated. The results are summarized in Table 3.



The enzyme was strongly inhibited by PMSF, a well-known serine protease inhibitor, indicating that a serine residue is likely involved in the active site, classifying it as a serine-type collagenase. In contrast, iodoacetic acid and pepstatin A had minimal effects on enzymatic activity, suggesting that cysteine and aspartic residues do not directly participate in catalysis. EDTA caused moderate inhibition (~34%), indicating that divalent metal ions may play a secondary structural or catalytic role. These results are consistent with findings reported for other serine proteases, such as those produced by Aspergillus terreus [13,22].



Regarding surfactants, the collagenase retained high activity across all tested conditions, including in the presence of anionic (SDS) and non-ionic (Tween 20, Tween 80, Triton X-100) surfactants at both 1% and 10% concentrations. This is a valuable property for potential applications in detergent formulations, as SDS can interact with calcium and magnesium ions in hard water, improving enzyme effectiveness [29]. The enzyme also maintained over 85% of its original activity in the presence of non-ionic surfactants, demonstrating good compatibility and stability. These findings suggest that the A. serratalhadensis URM 7866 collagenase is not only a serine protease but also a promising candidate for biotechnological applications that require tolerance to surfactants and formulation additives.




3.3.3. Effect of Metal Ions on Collagenolytic Activity


Metal ions were tested at concentrations of 5 and 10 mM to assess their influence on the collagenolytic activity of the purified enzyme. Sodium, calcium, and potassium chloride exhibited a positive effect, enhancing enzymatic activity by 34.1%, 18%, and 4%, respectively. In contrast, barium, magnesium, copper, and iron ions reduced enzyme activity by more than 20%, as shown in Table 4.



The positive influence of calcium ions is well documented for serine proteases, as they help stabilize enzyme conformation and enhance thermal resistance [30,31]. In a study by Sattar, Aman, and Qader [30], which investigated the effect of metal ions, solvents, and surfactants on the activity of protease produced by Aspergillus niger KIBGE-IB36, it was observed that iron ions exerted a significant inhibitory effect on enzymatic activity. Similarly, calcium ions were able to enhance protease activity, while other ions, such as magnesium, caused a reduction in activity. These results corroborate the findings of the present study, in which iron demonstrated a strong inhibitory effect on the Aspergillus-derived collagenase, whereas calcium promoted an increase in enzymatic activity, highlighting the importance of these ions in modulating fungal enzyme function.



Additionally, zinc ions caused a substantial inhibitory effect, reducing enzyme activity by up to 80%. This aligns with previous findings reporting the inhibition of serine proteases from Aspergillus sp. by zinc [27]. Although metalloproteases generally require zinc ions for optimal activity and stability, the inhibitory effect observed in this study suggests that the purified collagenase is not a metalloenzyme. Instead, its behavior supports its classification as a serine protease, particularly due to the activation observed in the presence of calcium ions [26,28].



Furthermore, it was found that the presence of the zinc ion resulted in a significant decrease in enzymatic activity, leading to an 80% loss of its activity. This same ion also exerted inhibitory effects on the serine protease present in Aspergillus sp. [27]. Typically, metalloproteinases require the zinc ion specifically to achieve optimal activity and ideal stability. However, it was observed that the purified collagenase had its activity inhibited by the presence of zinc. These findings suggest that the purified collagenase belongs to the serine protease family and is activated in the presence of calcium ions [26,28].





3.4. Fourier Transform Infrared Spectroscopy (FTIR) Analysis


The FTIR spectrum of the purified collagenase is shown in Figure 8. A sharp band is observed at 3181 cm−1, corresponding to N–H stretching vibrations in resonance, and at 2947 cm−1, corresponding to C–H stretching vibrations. Stretching-type deformations are present at 1628 cm−1, attributed to the amide I band, resulting from C=O stretching. Additionally, a peak at 1549 cm−1 corresponds to the amide II band, associated with N–H bending vibrations [32,33]. It is worth noting that these absorbance bands fall within the typical range for proteins. It is worth highlighting the presence of a sharp band observed at 1034 cm-1, characteristic of aromatic compounds, suggesting that aromatic amino acids such as phenylalanine, tryptophan, and tyrosine may be part of the enzyme structure.



Similar spectral features were reported by Jamal et al. [32], in which the collagenase from Clostridium sp. displayed characteristic amide I and amide II bands at 1645 cm−1 and 1554 cm−1, respectively. The authors also highlighted N–H stretching in resonance and C–H vibrations with peaks at 3263 cm−1 and 2947 cm−1, respectively. In a study by Vijay and Kannan [34], the FTIR analysis revealed characteristic bands for amide I at 1635 cm−1, N–H stretching in resonance at 3265 cm−1, and C–H vibrations at 2919 cm−1.





4. Conclusions


The present study successfully demonstrated the production, purification, and biochemical characterization of a collagenase enzyme derived from A. serratalhadensis URM 7866, a filamentous fungus isolated from the Brazilian semi-arid region. The multi-step purification process resulted in a highly active and stable enzyme, with optimal activity at 50 °C and pH 7.0, and remarkable stability across a broad range of temperatures and pH values. The enzymatic activity was strongly inhibited by PMSF, indicating that this collagenase likely belongs to the serine protease family. Furthermore, the enzyme maintained its activity in the presence of various surfactants and demonstrated enhanced performance with calcium ions, highlighting its potential for industrial applications, particularly in detergent formulations. FTIR analysis confirmed the proteinaceous nature of the enzyme and revealed typical structural bands associated with functional proteases. Overall, these findings reinforce the biotechnological relevance of A. serratalhadensis URM 7866 as a novel microbial source of thermostable, alkaline collagenase and open avenues for its application in pharmaceutical, cosmetic, and environmental industries.
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Figure 1. Pareto chart of standardized effects. 
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Figure 2. Effect of interaction between different variables on the collagenolytic activity of Aspergillus serratalhadensis URM 7866 in solid-state fermentation, where (A) shows pH and substrate concentration (wheat bran), and (B) shows pH and moisture (humidity). 
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Figure 3. Three-dimensional interaction between the independent variables pH, moisture (%), and substrate load (g of wheat bran) on the collagenolytic activity (U/mg) produced by A. serratalhadensis URM 7866 in SSF. 
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Figure 4. Resin chromatography for purification of the collagenase. (A) Ion exchange chromatography on ANXFF. (B) Molecular exclusion chromatography on superdex-G200 resin. 
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Figure 5. SDS-PAGE analysis of the purified protease band obtained through the purification methods. 
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Figure 6. Influence of temperature on the collagenolytic activity of A. serratalhadensis URM 7866. (A) optimal temperature; (B) thermal stability. 
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Figure 7. Influence of pH on the collagenolytic activity of A. serratalhadensis URM 7866. (A) optimal pH; (B) pH stability. 
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Figure 8. FTIR spectrum of collagenase produced by A. serratalhadensis URM 7866. 
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Table 1. Factorial design 23 for the production of collagenase by A. serratalhadensis URM 7866.
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Factors

	
Coded Levels




	
−1

	
0

	
+1






	
(1) Substrate concentration (%)

	
2.5

	
5.0

	
10.0




	
(2) Moisture (%)

	
50.0

	
60.0

	
70.0




	
(3) pH

	
6.0

	
7.0

	
8.0











 





Table 2. Purification summary of a collagenase from A. serratalhadensis URM 7866.
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	Step
	Protein Content (mg/mL)
	Collagenolytic

Activity (U/mL)
	Specific

Collagenolytic

Activity (U/mg)
	Yield (%)
	Purification Factor





	Crude extract
	3.52 ± 0.01
	177.96 ± 0.09
	50.55
	100.00
	1.00



	Acetone 70% precipitation
	0.13 ± 0.03
	118.88 ± 0.07
	914.52
	3.69
	18.09



	Purification in AKTA Pure
	0.11 ± 0.01
	112.40 ± 0.05
	1021.86
	3.12
	20.21










 





Table 3. Effect of inhibitors on the collagenolytic activity of A. serratalhadensis URM 7866.
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Inhibitor (10 mM)

	
Relative Activity (%)






	
Control

	
100.00 ± 0.05




	
EDTA

	
65.9 ± 0.01




	
PMSF

	
18.1 ± 0.01




	
Pepstatin A

	
99.9 ± 0.02




	
Iodoacetic Acid

	
99.1 ± 0.02




	
Surfactants

	
(1%)

	
(10%)




	
SDS

	
100.00 ± 0.09

	
100.00 ± 0.08




	
Tween 80

	
90.25 ± 0.09

	
85.21 ± 0.07




	
Tween 20

	
100.00 ± 0.1

	
91.71 ± 0.09




	
Triton X-100

	
95.79 ± 0.06

	
89.79 ± 0.10











 





Table 4. Effect of metal ions on the collagenolytic activity of A. serratalhadensis URM 7866.
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Relative Activity (%)




	

	
Ion 5 mM

	
Ion 10 mM






	
Control

	
100 ± 0.05

	
100 ± 0.005




	
K

	
103 ± 0.30

	
98 ± 0.05




	
NaCl

	
134 ± 0.06

	
139 ± 0.02




	
Mg

	
100 ± 0.09

	
100 ± 0.10




	
Cu

	
62 ± 0.07

	
49 ± 0.06




	
Ca

	
118 ± 0.02

	
125± 0.08




	
Fe

	
60 ± 0.10

	
94 ± 0.09




	
Zn

	
52 ± 0.06

	
37 ± 0.09
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