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	The massive and excessive use of disinfectants has harmful effects on ecosystems and human health. This study aimed to evaluate the potential effect of the methanol extracts of Peganum harmala, Pistacia lentiscus, Rubia tinctorum, and Nardostachys grandiflora. Antimicrobial activity was tested against Escherichia coli ATCC 25922, Staphylococcus aureus ATCC 29213, and Pseudomonas aeruginosa ATCC 27853, the disinfectant potential was determined using the dilution-neutralization method (NF EN1040/T72-152, 2006). A phytochemical assay was carried out on plant extracts employing the Folin-Ciocalteu method for the quantification of polyphenols, and the aluminum chloride method (AlCl3) was used to determine the flavonoid content. The results revealed the antimicrobial activity of Peganum harmala against all the strains, with a minimum inhibitory concentration (MIC) between 1 and 4 mg/mL, followed by Pistacia lentiscus and Rubia tinctorum, with MICs between 2 and 16 and 4 and 16 mg/ml, respectively. However, only Peganum harmala showed significant disinfectant activity, with microbial reduction ranging from 4.66 log10 CFU/mL to 3.19 log10 CFU/mL after 5 minutes of contact. The phytochemical assay revealed a flavonoid content of 79 ± 2.5 μg eq Que/mg E and a phenol content of 72 ± 0.88 μg eq AG/mg E in Peganum harmala. Peganum harmala has significant potential as a natural disinfectant. Further research should focus on the development of eco-friendly and cost-effective disinfection methods. This would help mitigate the negative impacts of chemical disinfectants on ecosystems and human health.
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Introduction 
Some procedures, such as hand hygiene and surface disinfection, are essential for preventing healthcare-associated infections (HAIs) and minimizing their spread.1,2 These infections can be caused by various pathogenic bacteria, including Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa, significantly impacting human health.3,4 Staphylococcus aureus (S. aureus) is a common bacterium that can cause a range of infections, from minor skin and soft tissue to severe bloodstream infections.5,6 It is a leading cause of HAIS and is known for its ability to develop resistance to multiple antibiotics.7 Additionally, S. aureus can produce toxins and virulence factors that contribute to tissue damage and disease severity.8 Escherichia coli (E. coli) remains a normal resident of the human intestinal tract, but certain strains can cause infections, especially in the urinary tract and bloodstream nosocomial.9,10 Some pathogenic strains of Escherichia coli produce toxins, such as Shiga toxins, which can lead to severe complications like hemolytic uremic syndrome.11
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Antibiotic-resistant strains of E. coli, including extended-spectrum beta-lactamase (ESBL)- producing, pose a significant public health threat.12 Pseudomonas aeruginosa (P. aeruginosa) is an opportunistic pathogen that can cause infections in individuals with compromised immune systems or underlying health conditions. It is frequently associated with HAIS, particularly in intensive-care units.13 P. aeruginosa has an inherent resistance to many antibiotics and can form biofilms, which contribute to its persistence and resistance to disinfection.14 
In addition to the direct effects of these bacteria on human health, their ability to develop resistance to disinfectants is a growing concern.15,16 The abuse and misuse of disinfectants and a lack of understanding of biosafety principles have contributed to the emergence of bacterial resistance.15,17 With the emergence of the coronavirus disease 2019 (COVID-19), crucial actions to reduce the risk of viral transmission include wearing face masks, hand hygiene, and surface disinfection.18,19 However, the excessive and widespread use of disinfectants has produced adverse effects on the environment and users, including asthma and allergic reactions.20,21 Given the increasing resistance to disinfectants and their detrimental impact on the environment and human health, the search for eco-friendly disinfectants has become crucial. Plants can offer a sustainable solution against microbial resistance.22,23 
Natural product-based drugs account for 75% of medications, with herbal medicines being more commonly used and many plants exhibiting antimicrobial activity.24,25 Plants are commonly used in medicine due to their bioactive compounds, such as terpenoids, anthraquinones, alkaloids, flavonoids, and phenolic compounds.26,27 These compounds offer interesting solutions against various pathogens (S. aureus, E. coli, P. aeruginosa ...).27,28 They can damage both the cell wall and the cell membrane, leading to leakage, lysis, and cellular damage. 29 To the best of our knowledge, the investigations of the disinfectant effects of plant extracts are limited and need further exploration. In this context, this study aims to evaluate the antibacterial and disinfectant effects of certain plant extracts against bacteria frequently associated with nosocomial infections.
 
Materials and Methods
Plant Collection and Identification 
In this study, interviews were conducted in 2019 with herbalists in the city of Fez (34°01'59.27"N -5°00'1.01"W), Morocco, to identify potential plants that could be used as disinfectants. Based on the recommendations provided by the herbalists, the selected plants for investigation were Peganum harmala, Pistacia lentiscus, Rubia tinctorum, and Nardostachys grandiflora (Table 1). The plants were collected from the Fez-Meknes region in April-June 2021. The voucher specimen of each plant was provided under ID numbers (Table 1).
 
Plant Extraction 
The  extraction  procedure  was  based  on  the  previously  described maceration  technique. 23,31 Subsequently, 20 g of the powder from each plant was macerated for 6 hours at 500 rpm with 200 mL of methanol.32,33 Whatman filter No. 1 was used to filter the resultant mixture, and it was afterward evaporated in a vacuum. The resultant extracts were kept chilled at 4 °C in a refrigerator.
 
Antibacterial Testing
Selection of bacteria 
Based on the prevalence of bacteria often implicated in community and nosocomial infections,34,35 the antimicrobial activity of the different prepared extracts was tested against 3 strains namely: E. coli ATCC 25922, S. aureus ATCC 29213, and P. aeruginosa ATCC 27853.
 
Inoculum Preparation
The microbial inocula was acquired by directly suspending fresh colonies. Specifically, 1 to 2 colonies were suspended in a sterile saline solution (0.9% NaCl) and then compared to a 0.5 McFarland standard to attain a 108 CFU/mL concentration.32
 
Agar Well Diffusion Method
Spreading 1 mL of the bacterial inoculum over the Petri dish's agar surface served as the inoculation. Using a sterile tip, an aseptic hole was made, measuring 6 mm in diameter. 80 to 100 µL of each extract solution (50 mg/mL extract + 2% dimethyl sulfoxide (DMSO)/distilled water) was added to each well.32 The agar plates were then kept in an incubator for 24 hours at 37°C. Imipenem (10 µg/disk) was utilized as the positive control, while distilled water (2% DMSO + 98% water) was used as the negative control. The means were computed after the diameter of the inhibition zones surrounding the wells was measured. 
 
Determination of the Minimum Inhibitory Concentration (MIC)
The macrodilution method in a solid medium (before solidification) was employed.36 Different concentrations of each extract were prepared in 2% DMSO. Subsequently, 1 mL of each dilution was added to a tube containing 9 mL of sterile Luria Bertani (LB) medium to produce a series of concentrations ranging from 16 to 0.5 mg/mL.33 The mixture was thoroughly mixed and aseptically distributed into Petri dishes. Once the medium solidified, 5 μL spots of the bacterial suspension, adjusted to 106 CFU/mL, were aseptically deposited on the agar surface. A growth control without plant extracts was also prepared. The dishes were then incubated for 24 hours at 37°C.
 
Disinfectant Activity of Plant Extracts
This test aims to determine the reduction in the bacterial count after contact times of 5 minutes and 30 minutes (NF EN 1040/T72-152, 2006) at a temperature of 20°C ± 1°C.
The disinfectant effect of the extracts was tested against four strains according to NF EN 1040/T72-152 (2006) (E. coli ATCC 25922, P. aeruginosa ATCC 27853, S. aureus ATCC 29213, and Enterococcus sp.) using the dilution-neutralization method. After conducting a series of tests to optimize a concentration that can achieve a bacterial reduction close to 5 log10, we selected two concentrations: 76 mg/mL (C1) and 38 mg/mL (C2).
Following the preparation of the bacterial inocula as described above, 0.1 mL of the inoculum was serially diluted in a saline solution up to a dilution factor of 10-7. Then, 100 µL of the bacterial solution was plated on PCA (Plate Count Agar) agar. After 24 hours of incubation at 37°C, the colonies were counted, and the viable bacterial concentration was expressed as CFU/mL (growth control).
For the disinfectant test, the dilution-neutralization method was employed following the protocol described by St-Pierre et al.37 This method is specifically designed for assessing disinfectants used on surfaces in contact with food and medical devices.38
Firstly, the antibacterial activity of the neutralizer needed to be evaluated. In a tube, 100 µL of the bacterial inoculum was combined with 900 µL of the neutralizer solution, consisting of egg or soy lecithin (3 g/L), Tween 80 (30 g/L), L-Histidine (1 g/L), and sodium thiosulfate (5 g/L).38,39 After a 5-minute contact time, a serial dilution was performed in sterile Eppendorf tubes containing a saline solution. Spreading inoculation (100 µL) on PCA agar was carried out, and after 24 hours of incubation at 37°C, the surviving microorganisms were counted.
Secondly, to assess the effectiveness of the dilution-neutralizer method, 100 µL of the extract (dissolved in 2% DMSO) was added to 900 µL of the neutralizer. After a 5-minute contact time, 900 µL was taken and mixed with 100 µL of a bacterial suspension. This solution was then serially diluted in Eppendorf tubes containing physiological water, and 100 µL of the diluted bacterial solution was inoculated on PCA agar. A colony count was performed after 24 hours of incubation at 37°C.
For each extract, 100 µL of the bacterial suspension was transferred to a sterile Eppendorf tube containing 900 µL of the extract (C1 and C2). After a designated contact time (5 and 30 minutes), 100 µL of each tube was transferred to 900 µL of the neutralizing solution. After a series of physiological water dilutions, PCA Petri dishes were inoculated with 100 µL of the bacterial suspension and incubated at 37°C for 24 hours. The agar colonies were counted and compared to the initial colonies to determine the logarithmic reduction. A commercial disinfectant (Hexanios G + R) was tested as a positive control at a concentration of 0.5%. The logarithmic reduction of bacteria was calculated using the following formula:
X Log10 = -Log10(n/N)
X Log10: Log reduction 
n: Number of viable bacteria per mL after contact with the disinfectant
 N: Initial number of bacteria per mL
 
Phytochemical Assay
Total Phenolic Quantification
The total polyphenol content of the prepared extracts was determined using the Folin-Ciocalteu method.40 Briefly, 200 µL of each extract (2 mg/mL in methanol) were mixed with 1.5 mL of Folin-Ciocalteu reagent (10%). The mixture was carefully agitated and allowed to react for 5 minutes in the dark. Subsequently, 1.5 mL of 5% sodium carbonate (Na2CO3) solution was added. After incubating the mixture in the dark at room temperature for 2 hours, the optical density (OD) values were measured at 750 nm using a spectrophotometer (BioTek L800). Negative control was prepared under similar conditions using methanol alone. 
 
Table 1: Studied plants
 
	Plants (Voucher)
	Family
	Used parts

	Peganum harmala BLMUP350
	Zygophyllaceae
	Seeds

	Pistacia lentiscus BLMUP351
	Anacardiaceae
	Leaves 

	Rubia tinctorum BLMUP352
	Rubiaceae
	Roots

	Nardostachys grandiflora BLMUP353
	Valerianaceae
	Whole Plant


 
 
 
A standard range was established using gallic acid with concentrations ranging from 25 μg/mL to 300 μg/mL, following the same experimental conditions to determine the concentration of phenolic compounds in the extracts. The results were expressed as micrograms of gallic acid equivalent per milligram of dry extract (eq GE/mg of E).
 
Total Flavonoid Quantification
The quantification of flavonoids was performed following the protocol described by Bahorun et al.41 Briefly, 0.5 mL of each extract (2 mg/mL) was mixed with 0.1 mL of aluminum chloride (AlCl3) solution (10%), 0.1 mL of potassium acetate (1 M), and 4.3 mL of distilled water. The mixture was thoroughly agitated and incubated for 30 minutes at room temperature. The OD values were measured at 415 nm using a spectrophotometer. The concentration of flavonoids was determined using a calibration range established with quercetin (25 to 300 μg/mL) under the same experimental conditions. The results were expressed as micrograms of quercetin equivalent per milligram of dry weight extract (eq Que/mg of E).
 
Data Analysis
The results were presented as mean values ± standard deviation (SD), and statistical analyses were performed using ANOVA with IBM SPSS Statistics 21. Differences with a p-value less than 0.05 were considered statistically significant.
 
Results and Discussion
The present study aims to assess the antibacterial and disinfectant effects of P. harmala, P. lentiscus, R. tinctorum, and N. grandiflora. Among the four plants, the extract of P. harmala exhibited the highest activity, with zone diameters of 23.5 mm ± 0.5 for S. aureus, 21.5 ± 0.5 mm for E. coli, and 26 ± 0 mm for P. aeruginosa (Table 2). These findings are consistent with the results reported by Arshad et al. and Senhaji et al.42,43 R. tinctorum also demonstrated significant activity, with zone diameters of 15.5 ± 0.5 mm against P. aeruginosa, 14 ± 1.0 mm for S. aureus, and 13.5 ± 0.5 mm for E. coli (Table 2). Similar results were reported by Ghafari et al.44 P. lentiscus exhibited moderate inhibitory effects against all tested strains, which aligns with the result of Djebari et al.45
The MIC of P. harmala ranged from 1 to 4 mg/mL (Table 3), which is relatively higher compared to the findings of Edziri et al. and Senhaji et al.46,47In our study, the MIC of P. lentiscus ranged from 2 to 16 mg/mL, which is consistent with the results reported by Benhammou et al. and Djebari et al.48,45 Furthermore, the MIC of R. tinctorum ranged from 4 to 16 mg/mL, which agrees with findings from various investigations.49,50
The phytochemical assay revealed that the flavonoid content in P. harmala was 79 ± 2.5 μg eq Que/mg E and 72 ± 0.88 μg eq AG/mg E for phenols (Table 4). Previous studies have reported similar findings.51,44,47 The antibacterial activity of P. harmala has been attributed to the presence of harmane, an alkaloid that exerts its antibacterial effects through DNA intercalation.52,53 Several studies have confirmed the high content of phenols, tannins, and flavonoids in P. lentiscus leaf extract.54,55 In the case of R. tinctorum, the total phenol and flavonoid contents were approximately 25.16 ± 0.09 μg eq GA/mg E and 21.63 ± 1.25 μg eq Que/mg E, respectively (Table 4). Essaidi et al. reported similar results with contents of 38.84 ± 0.6 μg eq GA/mg E and 13.41 ± 0.34 μg eq Que/mg E.50 Previous research has indicated that the flavonoids in R. tinctorum constitute approximately 1.2% of its dry mass.56 Anthraquinones are the primary components of R. tinctorum, and their antimicrobial mechanism has been demonstrated.31 Moreover, it has been demonstrated that flavonoids possess the ability to hinder several bacterial virulence factors, encompassing quorum-sensing signal receptors, enzymes, and toxins.57 The antibacterial efficacy of diverse flavonoids can also be attributed to additional mechanisms, such as impeding bacterial energy metabolism, nucleic acid synthesis, and cytoplasmic membrane function.57
 
Table 2: Antibacterial activity of plant extracts
 
	Plant extracts
	Bacterial strains

	S. aureus ATCC 29213
	E. coli ATCC 25922
	P. aeruginosa ATCC 27853

	Peganum harmala
	23.5 ± 0.5
	21.5 ± 0.5
	26 ± 0.0

	Rubia tinctorum
	14 ± 1.0
	13.5 ± 0.5
	15.5 ± 0.5

	Pistacia lentiscus
	11.5 ± 0.5
	12.5 ± 0.5
	12.5± 0.5

	Nardostachys grandiflora
	_
	10 ± 0.0
	_

	Imipenem (10 μg/disk)
	40
	28
	30


 
 
Table 3: The minimum inhibitory concentrations of the active extracts (mg/mL)
 
	Plant extracts
	Bacterial strains

	S. aureus ATCC 29213 
	E. coli ATCC 25922
	P. aeruginosa ATCC 27853

	P. harmala
	1 
	4
	1

	R. tinctorum
	4 
	>16.00
	4

	P. lentiscus
	2 
	>16.00
	2


 
 
Table 4: Total phenolic and flavonoid content of the methanolic extracts
 
	Plant extracts
	Total flavonoid contents (μg equivalent of quercetin/mg of extract)
	Total phenolic contents (μg equivalent of gallic acid/mg of extract)

	P. harmala
	79 ± 2.5
	72 ± 0.88

	R.  tinctorum
	21.63 ± 1.25
	25.16 ± 0.09

	P.  lentiscus
	40.44 ± 1.38
	187.34 ± 0.36

	N.  grandiflora
	176.44 ± 2.65
	17.91 ± 0.09


 
 
 
P. harmala, P. lentiscus, and R. tinctorum exhibited activity against the tested strains in vitro after 24 hours of incubation. However, an effective disinfectant should demonstrate a rapid action spectrum with a contact time of 5 minutes (other durations are possible) and achieve a microbial reduction of 5 log10, corresponding to the elimination of 99.999% of bacterial strains (S. aureus ATCC 29213, P. aeruginosa ATCC 27853, and E. coli ATCC 25922,). 
The results obtained for P. harmala demonstrated a 1.61 log10 CFU/mL reduction (P. aeruginosa ATCC 27853) and a 4.98 log10 CFU/mL reduction (E. coli ATCC 25922) at 76 mg/mL after 5 minutes of exposure (Figure 1A). When the contact time was extended to 30 minutes, P. harmala exhibited a range of bacterial reduction, with values ranging from 1.67 CFU/mL (P. aeruginosa ATCC 27853) to 5.98 CFU/mL (E. coli ATCC 25922) (Figure 1B). However, at a concentration of 38 mg/mL, reductions in colony log counts were observed between 4.66 log10 CFU/mL and 3.19 log10 CFU/mL after 5 minutes (Figure 2C). These findings indicate that the antimicrobial potential of P. harmala was not significantly affected by the concentration and contact time, as no significant differences were observed in the results (p > 0.05). Notably, only P. aeruginosa ATCC 27853 had a significant impact on bacterial reduction (p < 0.01). For R. tinctorum extracts, an increased contact time demonstrated a correlation with antimicrobial efficacy (p < 0.01). For instance, the reduction in colony log counts increased from 2.06 log10 CFU/mL at 5 minutes to 4.34 log10 CFU/mL at 30 minutes for S. aureus ATCC 29213 (38 mg/mL) (Figure 2C, 2D). However, with a concentration of 76/mL, the bacterial reduction could not exceed 2.18 log10 for all bacterial strains (Figure 1A, 1B).
The results for P. lentiscus demonstrated a correlation between higher concentrations and increased antimicrobial efficacy. The reduction in colony log counts for S. aureus ATCC 29213 increased from 1.17 log10 CFU/mL at 38 mg/mL to 4.44 log10 CFU/mL at 76 mg/mL (p < 0.05) (Figure 2C, Figure 1A). Additionally, P. aeruginosa ATCC 27853 exhibited a significant impact on colony log reduction values compared to other bacteria (p < 0.01). Regarding the commercial disinfectant, a reduction in colony log counts was observed between 5.51 log10 CFU/mL and 4.01 log10 CFU/mL at 5 minutes (Figure 1A). With a contact time of 30 minutes, a reduction of more than 5 log10 was observed for all strains.
Our study revealed the potential disinfectant effect of P. harmala extracts. Specifically, at a concentration of 38 mg/mL, this natural extract achieved a reduction ranging from 4.66 log10 CFU/mL to 3.19 log10 CFU/mL within a 5-minute contact time. However, the bacterial reduction for P. aeruginosa did not exceed 3.3 log10 at the same contact time. The use of P. harmala as a disinfectant in traditional medicine has been previously documented.58 Phytochemical analyses of the seeds have identified the presence of saponins, tannins, glycosides, alkaloids, anthraquinones, terpenoids, and steroids, which exhibit intercalation with DNA.52,59,60
Furthermore, P. lentiscus also exhibited significant disinfectant potential, particularly at a concentration of 76 mg/mL, where the reduction in log10 exceeded 5 for Enterococcus sp. For E. coli and S. aureus, the reduction ranged from 3 to 4.44 log10. However, P. aeruginosa showed lower sensitivity. The phytochemical analysis confirmed the abundance of phenolic compounds in P. lentiscus, suggesting that its antibacterial activity can be primarily attributed to these major constituents.61 Benhammou et al. demonstrated the presence of gallic acid, flavonol glycosides, and anthocyanins in Pistacia. sp.48 The antimicrobial activity of these metabolites has been demonstrated in various studies.62 
The results obtained with R. tinctorum extract demonstrated that increasing the contact time correlated with an increase in the disinfectant effect, although it did not reach the 5 log10 threshold. However, surpassing the concentration of 38 mg/mL is not a viable option. The use of disinfectants at sub-lethal concentrations may lead to the development of antimicrobial resistance.63 Nevertheless, the disinfectant efficacy of this plant can be optimized by performing acid hydrolysis extraction, as studies have demonstrated an increase in the antimicrobial activity of R. tinctorum through acid hydrolysis, which enhances the extraction of various metabolites.37 The impact of R. tinctorum on the strains can be attributed to the presence of anthraquinones.64Anthraquinones isolated from plant extracts have demonstrated activity against Gram-negative bacteria, particularly P. aeruginosa, and Gram-positive bacteria such as S. aureus.65 The antibacterial mechanisms of anthraquinones are diverse, including cell wall destabilization, alteration of metabolic pathways, and DNA intercalation.66
Efforts should be directed toward increasing efficacy within a shorter contact time. One possibility is to enhance antimicrobial activity through combinations with other well-known antimicrobial agents.67 Another approach to improving antimicrobial effectiveness is the addition of surfactants to the disinfectant. The amphiphilic properties of surfactants grant them the ability to function as solubilizing agents by encapsulating antimicrobial compounds within surfactant micelles, thus aiding in their dispersion in the solution.37 The polar segments of surfactants facilitate improved interaction with particular cellular components that influence microbial viability.68 Bolfoni et al. (2014) demonstrated that the addition of surfactants like surfynol, cetrimide, and polypropylene glycol led to heightened antimicrobial efficacy in disinfectants.69
 
 
 
Figure 1: Disinfection efficiency of the extracts; Figure 1A:  Reduction log10 of bacteria colonies (CFU/mL) according to extracts concentration at 76 mg/mL with contact 5 minutes. Figure 1B: Reduction log10 of bacteria colonies (CFU/mL) according to extracts concentration at 76 mg /mL with contact 30 minutes. The contact time doesn’t have significant differences (p > 0.05). The bacterial strains had a significant impact on bacterial reduction (p < 0.01).
 
 
 
Figure 2: Disinfection efficiency of the extracts; Figure 2C: reduction log10 of bacteria colonies (CFU/mL) according to extracts concentration at 38mg/mL for 5 minutes. Figure 2D: reduction log10 of bacteria colonies (CFU/mL) according to extracts concentration 38mg/mL for 30 minutes. The bacterial strains had a significant impact on bacterial reduction (p < 0.01). 
 
 
Conclusion
The study revealed significant antibacterial activity of plants against various bacteria. P. harmala showed the highest activity, followed by R. tinctorum and P. lentiscus. In terms of disinfectant potential, P. harmala achieved a reduction in bacterial strains within a 5-minute contact time but fell short of the desired 5 log10 reduction for P. aeruginosa. P. lentiscus exhibited significant disinfectant potential, particularly against Enterococcus sp., with lower sensitivity to P. aeruginosa. The study suggests improving the efficacy of these plant extracts as disinfectants, considering strategies such as combining them with other antimicrobial agents or incorporating surfactants to enhance effectiveness.
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