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ABSTRACT
	Aims: This study investigates the therapeutic potential of bromelain extracted from pineapple fruit peel (Ananas comosus), focusing on its enzymatic activity, stability, and ability to enhance antibiotic efficacy.
Study design: This was an experimental laboratory-based study designed to explore the extraction, characterization, and antimicrobial effects of bromelain.
Place and Duration of Study: The study was conducted at the Enzymology unit laboratory FUTA over a period of 4 months that allowed for extraction, purification, and analysis of bromelain's properties, including its antibiotic-enhancing effects.
Methodology: Bromelain was extracted from pineapple fruit peel and assayed as crude enzyme. The enzyme was then purified using ammonium sulphate precipitation and dialysis. Enzymatic activity was assessed at different temperatures (20-90°C) and pH levels (pH 1.0-12.0), with optimum conditions determined. The antibiotic-enhancing effects were evaluated by testing bromelain against Staphylococcus aureus and Staphylococcus epidermidis, examining its impact on antibiotic absorption and its synergistic activity when combined with 14 various antibiotics including Ampiclox, Erythromycin, Amoxicillin, Septrin, Augmentin, and Tarivid.
Results: The one step purification of bromelain achieved a 2.33-fold purification, the optimum enzymatic activity of occurred at 40°C, with stability maintained between 30-60°C while activity declined at 70°C. The maximum enzymatic activity was observed at pH 7.0, with reduced activity at extreme pH values. Bromelain significantly enhanced the absorption of antibiotics, showing synergistic effects, particularly against Staphylococcus aureus. Additionally, bromelain exhibited inherent antibacterial properties and greater efficacy when used alongside antibiotics susceptible to Gram-negative bacteria.
Conclusion: This study highlights the potential of bromelain as an antimicrobial agent, particularly for combating bacterial infections caused by Gram-negative bacteria. The enzyme's antibiotic-enhancing and inherent antibacterial properties suggest its possible clinical applications, warranting further research to understand its mechanism of action and explore therapeutic uses.
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1. INTRODUCTION

Bromelain is a group of proteolytic enzymes found in the Bromeliaceae family, primarily in the pineapple (Ananas comosus) plant. While bromelain was initially identified in 1876 (Tochi et al., 2008), it was not fully isolated, purified, and characterized until later (Upadhyay et al., 2010). The term "bromelain" often refers to a mixture of thiol endopeptidases, including other bioactive components like phosphatases, glucosidases, peroxidases, cellulases, glycoproteins, carbohydrates, and protease inhibitors (Bhattacharyya, 2008). It is primarily found in the pineapple stem, although it has been also  reported to be present in the fruit and other plant parts, such as the peel, roots, leaflets, and rind (Omotoyinbo and Sanni, 2017; Varilla et al., 2021). The enzyme is categorized into two main types: stem bromelain (EC 3.4.22.32) and fruit bromelain (EC 3.4.22.33) (Pavan et al., 2012). The stem of the pineapple plant contains multiple proteolytically active components, with the most notable being the F9 proteinase fraction, accounting for about 2% of the total proteins (Matagne et al., 2017).

Bromelain has garnered considerable attention due to its extensive clinical applications and therapeutic potential. These include its roles in modulating tumor growth, promoting wound healing, reducing inflammation, enhancing antibiotic action, and improving blood coagulation (Rathnavelu et al., 2016). The enzyme has been shown to reduce joint swelling in arthritis patients and alleviate symptoms such as pain, numbness, and tingling (Bhattacharyya, 2008). Beyond its clinical applications, bromelain has diverse industrial uses, including meat tenderization, beer chill-proofing, and roles in the leather, latex, cosmetics, and pharmaceutical industries (Ketnawa, 2011; Varilla et al., 2021). Its biological activities, such as anti-inflammatory, platelet aggregation inhibition, fibrinolytic, anticancer, and antimicrobial effects, further highlight its broad therapeutic and commercial potential (Manzoor et al., 2016).

Bromelain's clinical efficacy extends to inhibiting platelet aggregation (MacKay et al., 2003), promoting fibrinolysis, and exerting anti-thrombotic effects (Errasti et al., 2016). Additionally, its ability to enhance the absorption of drugs, particularly antibiotics, presents significant clinical interest (Manzoor et al., 2016). Bromelain’s impact on inflammatory processes, cancer cell proliferation (Pillai et al., 2013), wound healing and cardiovascular health (Kansakar et al., 2024) further underscores its therapeutic versatility. This broad range of biological activities makes bromelain a valuable candidate for use in both clinical and industrial applications.

The processing of pineapples generates significant waste, particularly in the form of peels and cores, which can constitute up to 50% of the total weight of the fruit (Kamusoko and Mukumba, 2025). Despite their bioactive content, including bromelain, these pineapple by-products are often discarded or used as animal feed or fertilizer, resulting in substantial waste. However, these pineapple waste materials present an opportunity to extract valuable bioactive compounds such as bromelain, thereby contributing to both waste reduction and the development of high-value products.

Bromelain, with its diverse bioactive properties, has demonstrated therapeutic potential in several disorders, including inflammatory conditions, thrombosis, and bacterial infections. Clinical studies have shown that bromelain may help in treating conditions like bronchitis, angina pectoris, surgical trauma, sinusitis, and pyelonephritis. Additionally, it is known to enhance the absorption of drugs, especially antibiotics, making it a promising adjunct in antibiotic therapy (Manzoor et al., 2016). This study aims to investigate the antibacterial properties of crude bromelain extracts from pineapple peels, particularly focusing on its potential to enhance the action of antibiotics. 

2. MATERIALS AND METHODS

2.1. Materials

2.1.1. Sample Collection
A fresh, mature pineapple fruit (Ananas comosus) was purchased from a local market in Ondo town, Ondo State, Nigeria (GPS coordinates: 7.09463, 4.83834) in April 2023. The fruit was identified and verified at the herbarium of the University of Medical Sciences, Ondo. Food isolates of Staphylococcus aureus and Staphylococcus epidermidis were obtained from the Postgraduate Laboratory of the Department of Biology, Federal University of Technology, Akure (FUTA). The pure bacterial isolates were maintained on agar slants stored at 4°C.

2.1.2. Chemicals and Reagents 
The chemicals used in this study included ammonium sulfate, sodium dihydrogen phosphate, dihydrogen sodium phosphate, sodium carbonate, casein, hydrogen peroxide, Folin-Ciocalteau reagent, trichloroacetic acid, ethanol, distilled water, Bradford reagent, gelatin, ethylenediamine tetraacetic acid (EDTA), and bovine serum albumin (BSA). All chemicals and reagents were of analytical grade.

2.1.3. Equipment and Glassware 
The equipment and glassware used included a blender, pH meter, analytical weighing balance, filter paper, knife, bowl, cotton wool, funnel, test tubes, beakers, micropipettes, UV-Visible spectrophotometer (BOSCH, Germany), wash bottles, dialysis bags, cold centrifuge, volumetric flasks, glass rod, Whatman No. 1 filter paper, autoclave, inoculating loop, and spirit lamp. All equipment was in proper working condition.

2.2. Methods

2.2.1. Sample Preparation
The pineapple fruit was thoroughly washed with 1% hydrogen peroxide and peeled. The crown, core, flesh, and peel of the pineapple were weighed. The peel was separated for bromelain extraction. It was then suspended in a 0.2M sodium phosphate buffer (pH 7.0) at a 2:1 ratio, blended, and the juice was extracted using cheesecloth. The filtrate was collected for further processing.

2.2.2. Extraction of Crude Enzyme
The homogenized filtrate was centrifuged at 15,000 rpm for 15 minutes at 4°C using a cold centrifuge. The supernatant, which contained the crude extract, was collected and stored at 4°C to preserve enzyme activity until further use.

2.2.3. Determination of Proteolytic Activity
Proteolytic activity was determined using a modified casein digestion method. A 0.65% casein solution was prepared in distilled water and pre-equilibrated at 37°C for 5 minutes. Three test tubes were labeled: blank, 1, and 2. To each tube, 5 mL of the casein solution was added. One milliliter of the enzyme extract was added to tubes 1 and 2 (duplicates), while in the blank, 5 mL of 0.11 M trichloroacetic acid (TCA) was added before adding the enzyme to immediately stop the reaction and serve as a control for non-enzymatic hydrolysis. All tubes were incubated at 37°C for 10 minutes (except the blank). After incubation, 5 mL of 0.11 M TCA was added to tubes 1 and 2 to stop the reaction, and all tubes were left at room temperature for 30 minutes to ensure complete protein precipitation.

The mixtures were filtered using Whatman No. 1 filter paper, and 2.5 mL of sodium carbonate solution was added to each filtrate, followed by 0.5 mL of diluted (1:1) Folin–Ciocalteu reagent. Tubes were incubated at 37°C for 30 minutes, and absorbance was measured at 660 nm using a UV-Vis spectrophotometer. A tyrosine standard curve (0–100 µg/mL) was used to quantify the amount of tyrosine released.
One unit (U) of proteolytic activity was defined as the amount of enzyme that liberates 1 µmol of tyrosine per minute under the assay conditions. Results were expressed as U/mL of enzyme extract.
Enzyme activity (Units/ml) was determined using the formula:  


2.2.4. Determination of Protein Concentration
Protein concentration was determined using the Bradford method (Bradford, 1976), with Bovine Serum Albumin (BSA) as the standard. Absorbance was measured at 595 nm at each purification step.

2.2.5. Preparation of Tyrosine Standard
A standard 1.1 mM tyrosine solution was diluted to prepare a series of concentrations: 0.0275, 0.055, 0.11, 0.22, 0.44, and 0.88 mM. Each standard was prepared by diluting 0.05, 0.10, 0.20, 0.40, 0.80, and 1.6 ml of tyrosine solution to a final volume of 2 ml with water.

2.2.6. Purification of Crude Extract

2.2.6.1. Precipitation of the Crude Extract
Ammonium sulfate was used to precipitate proteins from the crude extract. The extract was cooled to 4°C, and ammonium sulfate was added to achieve 0-50% saturation. The solution was stirred for 30 minutes at 4°C and left to stand for 24 hours. The solution was then centrifuged at 10,000 rpm for 15 minutes at 4°C. The supernatant was discarded, and the pellet was resolubilized in 0.05M phosphate buffer (pH 7.0) for further purification.

2.2.6.2. Desalting and concentration of enzyme
The resolubilized sample was placed in a dialysis bag, which was suspended in 100 mM phosphate buffer with hourly change of buffer for six hours at 10°C. The setup helped enhance desalting of the precipitated bromelain. Thereafter desalted enzyme in dialysis bag was placed in in 2M sucrose solution; this setup was also kept in refrigerated conditions overnight to allow for concentration.

2.2.7. Physiochemical Properties of Purified Bromelain

2.2.7.1. Effect of Temperature on Bromelain Activity
The optimal temperature for bromelain activity was determined by incubating the enzyme at temperatures ranging from 20°C to 90°C for 30 minutes. Bromelain activity was measured using the standard assay procedure described in section 2.2.3, varying the incubation time to assess the temperature effect.

2.2.7.2. Effect of pH on Bromelain Activity
The effect of pH on bromelain activity was assessed by incubating 1 ml of the enzyme with 1 ml of buffer solutions of varying pH:  50 mM glycine-HCl buffer (pH 2.0–3.0), 50 mM sodium acetate buffer (pH 4.0–5.0), 50 mM phosphate buffer (pH 6.0–7.0), 50 mM Tris-HCl buffer (pH 8.0–9.0), 50 mM glycine-NaOH buffer (pH 10.0) and 50 mM sodium hydroxide buffer (pH 11.0–12.0). Bromelain activity was determined for each pH using the standard assay procedure (2.2.3).

2.2.7.  Anti-Bacterial effect of Bromelain

2.2.7.1. Preparation of Culture Medium
Muller Hinton Agar (MHA) was used for bacterial growth and maintenance. MHA was prepared according to the manufacturer’s specifications, sterilized by autoclaving at 121°C and 15 psi for 20 minutes, and allowed to cool to 42-45°C. Approximately 15 ml of the medium was poured into each sterile Petri dish (8.6 cm diameter) to solidify. The plates were incubated at ambient temperature (35°C) for 24 hours to check for sterility.

2.2.7.2. Invitro Testing and Data Collection
For antibacterial testing, bacterial cultures were suspended in MHA and spread evenly using a sterile swab. Wells were created in the agar using a glass pipette, and 1 ml of bromelain was added to each well. The plates were incubated at 30°C for 24 hours, and inhibition zones were measured visually. The zone of inhibition was measured in centimeters.

3. RESULTS AND DISCUSSION 

3.1 Purification of Bromelain

The purification process of bromelain was monitored through the enzyme activity, protein concentration, and specific activity at each step. The crude enzyme extracted from pineapple exhibited an enzyme activity of 32 µmol, a protein concentration of 12.7 µg/ml, and a specific activity of 2.52 U/µg.

Table 1: Purification table of bromelain extraction from pineapple peel
	Purification steps
	Total Vol (ml)
	Activity (U/ml)
	Protein (µg/ml)
	Total activity (U)
	Total protein (µg)
	Specific activity (U/µg)
	Purification fold
	Yield (%)

	Crude enzyme
	300
	20
	18.5
	6000
	5550
	1.08
	1
	100

	(NH4)2SO4 Precipitation
	60
	32
	12.7
	1920
	762.0
	2.52
	2.33
	32.0



3.2. Effect of Temperature on Bromelain Activity

The optimal temperature for bromelain activity was determined by evaluating its performance across a temperature range of 20°C to 90°C. The enzyme displayed peak activity at 40°C, with a notable decrease in activity observed at higher temperatures. This temperature profile is consistent with previous studies, which have reported an optimum temperature range of 40-65°C for stem bromelain (Amid et al., 2011) and bromelain from different parts of pineapple (Omotoyinbo and Sanni, 2017). 
[image: ]
Figure 1: The effect of temperature on the activity of bromelain

In this study, bromelain activity remained stable at approximately 50% between 30-60°C, before gradually declining at 70°C. This temperature dependence is consistent with the general behavior of enzymes, where an increase in temperature initially enhances activity but ultimately leads to denaturation at higher temperatures (Halpern, 1997).

3.2.  Effect of pH on Bromelain Activity

Bromelain activity was also assessed across a pH range from 1 to 12. The enzyme showed optimal activity at pH 7, with notable activity between pH 4 and 7. A decline in activity was observed beyond this pH range.
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Figure 2: The effect of pH on the activity of bromelain

These findings are in agreement with previous research indicating that bromelain retains maximal activity between pH 3 and pH 8 (Corzo et al., 2012; Manzoor et al., 2016; Fissore et al., 2023). The enzyme’s performance at pH 7 supports its stability in neutral conditions, which is common for many enzymes. The observed decline in activity at higher pH levels may be attributed to the enzyme’s isoelectric point (9.55), at which point electrostatic interactions diminish, reducing activity (Zhou and Pang, 2018).

3.3. Antibiotic Synergy and Antibacterial Activity of Bromelain

The potential of bromelain to enhance the effectiveness of antibiotics was tested against Staphylococcus aureus and Staphylococcus epidermidis. Bromelain demonstrated intrinsic antibacterial activity, with S. aureus showing greater susceptibility (zone of inhibition: 0.3 cm) compared to S. epidermidis (0.1 cm), consistent with previous findings (Mohamad and Abdulrahman, 2023). 

Fourteen antibiotics were tested for both individual and synergistic activity with bromelain. These included Gram-negative-specific antibiotics: Sparfloxacin (SP, 10 µg), Tarivid (OFX, 10 µg), Chloramphenicol (CH, 30 µg), and Augmentin (AU, 10 µg), Gram-positive-specific antibiotics: Ampiclox (APX, 30 µg), Rocephin (R, 25 µg), Zinnacef (Z, 20 µg), and Erythromycin (E, 10 µg), and broad-spectrum antibiotics: Amoxicillin (AM, 30 µg), Gentamycin (CN, 10 µg), Ciprofloxacin (CPX, 10 µg), Pefloxacin (PEF, 10 µg), Streptomycin (S, 30 µg), and Septrin (SXT, 30 µg).

[bookmark: _Toc144595870][bookmark: _Toc144596088]Table 2: Antibacterial and Gram negative group Antibiotics effect of bromelain on Staphylococcus aureus
	Bacteria
	Enzyme Zone of inhibition
	Gram negative group Antibiotics (B)
	Zone of inhibition

	
	
	
	Grp B
	Grp B + Enzyme

	S. aureus
	0.3±0.00cm
	SXT
	R
	0.6±0.01cm

	
	
	CH
	R
	0.2±0.00cm

	
	
	SP
	R
	R

	
	
	CPX
	0.1±0.00cm
	0.6±0.00cm

	
	
	AM
	R
	0.4±0.00cm

	
	
	AU
	0.2±0.00cm
	0.8±0.01cm

	
	
	CN
	0.3±0.00cm
	0.6±0.00cm

	
	
	PEF
	0.5±0.00cm
	0.7±0.01cm

	
	
	OFX
	0.8±0.01cm
	R

	
	
	S
	R
	0.3±0.00cm


n = mean ± SD values of independent experiment performed in duplicate. Key: R= Resistant, Antibiotics group (B) specific for Gram negative bacteria: SXT= Septrin, CH= Chloranphenicol, SP= Sparfloxacin, CPX= Ciprofloxacin, AM= Amoxacillin, AU= Augmentin, CN= Gentamycin, PEF= Pefloxacin, OFX= Tarivid, S= Streptomycin                               

[bookmark: _Toc144595871][bookmark: _Toc144596089]Table 3: Antibacterial and Gram positive group Antibiotics effect of bromelain on Staphylococcus aureus
	Bacteria
	Enzyme Zone of inhibition
	Gram positive group Antibiotics (A)
	Zone of inhibition

	
	
	
	Grp A
	Grp A + Enzyme

	S. aureus
	0.3±0.00cm
	PEF
	0.6±0.00cm
	0.6±0.02cm

	
	
	CN
	R
	0.2±0.00cm

	
	
	APX
	R
	R

	
	
	Z
	R
	R

	
	
	AM
	R
	0.3±0.00cm

	
	
	R
	0.6±0.01cm
	0.7±0.01cm

	
	
	CPX
	0.1±0.00cm
	0.8±0.02cm

	
	
	S
	R
	0.5±0.00cm

	
	
	SXT
	R
	R

	
	
	E
	R
	0.8±0.01cm


n = mean ± SD values of independent experiment performed in duplicate. Key: R= Resistant, Antibiotics group (A) specific for Gram positive bacteria: PEF= Pefloxacin, CN= Gentamycin, APX= Ampiclox, Z= Zinnacef, AM= Amoxacillin, CPX= Ciprofloxacin, R= Rocephin, S= Streptomycin, SXT= Septrin, E= Erythromycin

[bookmark: _Toc144596091][bookmark: _Toc144595873]Table 4: Antibacterial and Gram negative group Antibiotics effect of bromelain on Staphylococcus epidermidis
	Bacteria
	Enzyme Zone of inhibition
	Gram negative group Antibiotics (B) 
	Zone of inhibition

	
	
	
	Grp B
	Grp B + Enzyme

	S. epidermidis
	0.1±0.00cm
	SXT
	0.4±0.00cm
	0.4±0.02cm

	
	
	CH
	0.2±0.00cm
	0.4±0.00cm

	
	
	SP
	0.2±0.00cm
	0.5±0.01cm

	
	
	CPX
	0.5±0.01cm
	0.6±0.00cm

	
	
	AM
	R
	0.4±0.00cm

	
	
	AU
	R
	R

	
	
	CN
	R
	0.1±0.00cm

	
	
	PEF
	0.3±0.00cm
	0.4±0.00cm

	
	
	OFX
	0.3±0.00cm
	0.3±0.01cm

	
	
	S
	0.2±0.00cm
	0.5±0.01cm


n = mean ± SD values of independent experiment performed in duplicate. Key: R= Resistant, Antibiotics group (B) specific for Gram negative bacteria: SXT= Septrin, CH= Chloranphenicol, SP= Sparfloxacin, CPX= Ciprofloxacin, AM= Amoxacillin, AU= Augmentin, CN= Gentamycin, PEF= Pefloxacin, OFX= Tarivid, S= Streptomycin
[bookmark: _Toc144595872][bookmark: _Toc144596090]
Table 5: Antibacterial and Gram positive group Antibiotics effect of bromelain on  Staphylococcus epidermidis
	Bacteria
	Enzyme Zone of inhibition
	Gram positive group Antibiotics (A)
	Zone of inhibition

	
	
	
	Grp A
	Grp A + Enzyme

	S. epidermidis
	0.1±0.00cm
	PEF
	0.5±0.00cm
	0.5±0.01cm

	
	
	CN
	R
	R

	
	
	APX
	R
	R

	
	
	Z
	R
	R

	
	
	AM
	R
	0.2±0.00cm

	
	
	R
	0.5±0.00cm
	0.6±0.01cm

	
	
	CPX
	0.6±0.01cm
	0.7±0.00cm

	
	
	S
	0.2±0.01cm
	R

	
	
	SXT
	R
	R

	
	
	E
	R
	0.8±0.03cm


n = mean ± SD values of independent experiment performed in duplicate. Key: R= Resistant, Antibiotics group (A) specific for Gram positive bacteria: PEF= Pefloxacin, CN= Gentamycin, APX= Ampiclox, Z= Zinnacef, AM= Amoxacillin, CPX= Ciprofloxacin, R= Rocephin, S= Streptomycin, SXT= Septrin, E= Erythromycin

Some of the key findings firstly was the enhancement of antibiotic activity. Bromelain improved the efficacy of antibiotics that were ineffective on their own, such as SXT, CH, AM, R, CN, S, and E against S. aureus, and AM, E, and CN against S. epidermidis. Secondly, for antibiotics like SP, APX, Z, and SXT against S. aureus, and CN, APX, Z, SXT, and AU against S. epidermidis, bromelain acted synergistically, suggesting enhanced antibiotic efficacy without directly enhancing individual antibiotic effectiveness. Thirdly, several antibiotics, including CPX, AU, CN, PEF, and R for S. aureus, and R, CPX, CH, SP, PEF, and S for S. epidermidis, showed increased inhibition when combined with bromelain, potentially due to enhanced antibiotic penetration (Mamo and Assefa, 2019; Chakraborty et al., 2021). Finally, PEF showed no improvement in activity against either organism with bromelain, while OFX lost its activity against S. aureus, and S lost its effectiveness against S. epidermidis, indicating that bromelain's interaction with some antibiotics may be inhibitory.

These results support the notion that bromelain enhances antibiotic activity by increasing bacterial membrane permeability, facilitating greater antibiotic penetration (Bradbrook et al., 1978). The differential response between S. aureus and S. epidermidis likely reflects differences in cell wall composition and protective mechanisms such as biofilm formation (Koo et al., 2017). S. aureus's greater susceptibility may be due to its cell wall structure, which allows better interaction with bromelain, enhancing antibiotic absorption.

This study also highlights bromelain's potential as an adjunctive therapy to improve the effectiveness of antibiotics, particularly for Gram-positive bacteria. The synergy observed between bromelain and antibiotics like AM, E, and CN in S. aureus, and R, CPX, and SP in S. epidermidis suggests that bromelain may be beneficial for combating antibiotic-resistant bacterial infections. However, the variability in bromelain's effects across antibiotics and bacterial species calls for further investigation into the mechanisms behind these interactions and the clinical implications of combining bromelain with antibiotics (Mohamad and Abdulrahman, 2023).

4. CONCLUSION

This study demonstrates that bromelain extracted from pineapple exhibits optimal enzymatic activity at 40°C and pH 7. Furthermore, bromelain not only possesses antibacterial activity but also enhances the effectiveness of various antibiotics, particularly in S. aureus and S. epidermidis. The synergistic effects observed suggest that bromelain could play a valuable role in improving antibiotic absorption and efficacy. Given these findings, further investigations into the dose-dependent effects of bromelain in combination with antibiotics, especially against resistant strains, are warranted. Additionally, clinical trials exploring the potential of bromelain as an adjunct therapy alongside antibiotics would be an important next step in evaluating its therapeutic potential.
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