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Abstract 

Globally, C. albicans is responsible for about 70% of overall fungal 

infections and is increasing in the vulnerable population. Increasing resistance 

to the existing antifungal drugs necessitates research for newer alternatives. 

Plant-based Isothiocyanates are an important group of glucosinolate 

derivatives exhibiting antioxidant, antibacterial, anticarcinogenic, antifungal, 

antiparasitic, herbicidal, and antimutagenic activity. The use of these bioactive 

compounds as antifungals could be a new therapeutic approach against human 

pathogenic fungi. The Analytical Research grade drugs Allyl Isothiocyanate 

(AITC), Benzyl Isothiocyanate, Ethyl Isothiocyanate (EITC), and Phenylethyl 

Isothiocyanate (PEITC) were studied for their effect on C. albicans strain 

ATCC 90028. Minimum Inhibitory Concentration (MIC50) determination for 

Planktonic growth of C. albicans, Minimum Fungicidal Concentration (MFC) 

Assay, Yeast to Hyphal Morphogenesis (Y-H Morphogenesis) Assay, 

Scanning Electron Microscopy (SEM), Adhesion Assay, Biofilm Assays and 

Hemolytic assay were studied in vitro. The results suggest that all four 

molecules tested may potentially considered for therapeutic application against 

C. albicans due to their effects of anti-biofilm, anti-Y–H morphogenesis, anti-

adherence to the polystyrene surface, and reduction of virulence factors of C. 

albicans. However, the hemolytic activity of PEITC at equivalent 

concentrations for antifungal activity raises concerns regarding its safety 

profile.  

        The AITC showed higher activity as an anti-biofilm agent by inhibiting 

early and mature biofilm at 0.5 mg/ml concentration while EITC, PEITC and 

BITC all three molecules showed similar effect on Y-H-morphogenesis in C. 

albicans.   In conclusion, natural compounds like AITC and BITC offer a 

promising trajectory toward the development of transformative antifungal 

interventions. The potential of synergistic effects of combination therapy can 

further strengthen the possible role of isothiocyanates in antifungal treatment. 

Careful evaluation of the safety and efficacy in clinical settings is essential 

before translation into therapeutic applications. 
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1. Introduction 

Candidiasis is a very serious problem in cancer patients as well Human 

Immunodeficiency Virus (HIV) patients. These patients may require the use of 

prolonged antifungal therapy often leading to acquired resistance to the drugs. Candida 

albicans can form drug-tolerant biofilms on prosthetic devices like central venous 

system catheters, urinary catheters, stents, Heart valves, Intra uterine devices, artificial 

heart valves, artificial kneecaps etc. Prolonged anti-bacterial antibiotic therapy gives 

advantage to C. albicans and may lead to dominance of C. albicans causing vaginal 

candidiasis or intestinal infections. Since 2006, no novel antifungal antibiotic has 

entered our clinics. Isothiocyanate derivatives are potential molecules worth exploring 

as anti-Candida agents. This will help us to mitigate one of the major challenges being 

faced in clinical practice today. The outcomes of this scientific work aim to explore the 

potential of Isothiocyanate derivatives as anti- biofilm agents in C. albicans. 

The pattern of systemic fungal illnesses in people has changed in ways never 

anticipated a few decades ago. The relevance of these infections has expanded 

dramatically, mostly because major medical discoveries have made it possible to provide 

better long-term treatment for patients in critical care, transplant recipients, and other 

immunosuppressed individuals. Demographic trends are changing with an increase in 

the aging population. This population tends to have a higher incidence of chronic 

illnesses and debility. This places them at a higher risk for fungal infections. Apart from 

nosocomial and fomite infections, there is a rise in the occurrence of numerous endemic 

diseases [1]. One of the main factors that has led to the increased prevalence of fungal 

illnesses is the AIDS epidemic. Up to 80% of HIV-positive individuals experienced 

mucosal candidiasis prior to the widespread use of highly active antiretroviral therapy 

(HAART) in developed nations. Other HIV-positive individuals experienced 

cryptococcosis, histoplasmosis, or coccidioidomycosis during their illness. These 

illnesses are often very contagious and potentially fatal in this population [2]. 

According to an analysis of U.S. National Center for Health Statistics (NCHS) death 

records, mycotic disease-related fatalities have increased more than threefold since 

1980, and fungal infections were the seventh most common cause of infectious disease-

related mortality in 1992. Further analysis showed that the majority of these deaths were 

caused by two specific diseases: aspergillosis and candidiasis [3,4].  According to NCHS 
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statistics also revealed that fungi-related illnesses led to 30,000 hospital admissions in 

1994, marking the fourth-highest yearly percentage increase (10 %) since 1980 [5, 6]. 

In the healthy gastrointestinal system, vagina, and mouth cavity, Candida sp. is a 

common resident. These species opportunistically infect humans and can spread in the 

blood and deeper tissues. Prolonged use of antibiotics, immunosuppressive drugs and 

HIV infection may lead to infection of Candida spp. Particularly in healthcare settings, 

medical gadgets and fomites can also transmit these yeast infections. Sufficient 

knowledge of the transmission path of these disorders influences decisions on 

preventative interventions. Such interventions may include the need for specific 

environmental conditions precautions or the use of antifungal medication prophylaxis. 

Additionally, a person's susceptibility to invasive fungal infections is significantly 

influenced by host variables [7]. The genus Candida has over 200 species. C. albicans, 

C. tropicalis, C. glabrata, C. parapsilosis, C. lusitaniae, C. krusei, C. stellatoidea, C. 

kefyr, C. guilliermondii and C. dubliniensis are among the Candida species that are 

significant in medicine. The most prevalent opportunistic pathogen among all the 

species of Candida is C. albicans, which can cause a variety of illnesses, from minor 

superficial infections to potentially fatal systemic infections [8]. 

The likelihood of bloodstream infections caused by Candida has been linked to 

several factors. Hospitalization-related factors, such as central venous catheters, overuse 

of antibiotics, and surgical operations, can be separated from host factors, which include 

immunosuppression brought on by a variety of underlying diseases. Two important risk 

factors include the extensive use of antibiotics, which promote the growth of Candida 

organisms in the GI tract, and intravascular devices, such as catheters and pressure 

monitoring devices [9]. Additional risk factors include immunosuppressive diseases, 

cytotoxic medication that causes neutropenia, GI tract integrity loss, and abdominal 

surgery [10]. Numerous investigations have revealed an independent correlation 

between prior colonization with Candida spp. and an elevated risk of Candida 

bloodstream infection. In severely sick postoperative patients, the intensity of 

colonization measured as the total number of locations colonized has been useful in 

forecasting invasive Candida infections [11-13]. 

The antifungal drugs have not been updated for many years, in the face of rising drug 

resistance and emerging fungal pathogens [14]. These days, C. albicans is developing 

resistance to antifungal medications. C. albicans can cause prosthetic device biofilm. 

Additionally, the C. albicans biofilm is resistant to several antifungal drugs. Therefore, 
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treatment of drug-resistant candidiasis is difficult due to the limited options of 

antifungals. There is a need to find alternatives for treating infections caused by drug-

resistant C. albicans.  

Isothiocynates are an important group of glucosinolate derivatives. These derivatives 

have various bioactive properties, including antioxidant, antibacterial, anticarcinogenic, 

antifungal, antiparasitic, herbicidal, and antimutagenic activity. Previous studies 

indicate that regular intake of vegetables containing Isothiocynates considerably reduces 

the incidence of various types of cancer. These studies have inspired studies where the 

bioactive agents of these plants have been isolated and explored for their therapeutic 

applications. The use of these bioactive compounds as antifungals could be a new 

therapeutic approach against human pathogenic fungi. Hence in the present study, the 

antifungal activity of Isothiocyanate derivatives has been explored against C. albicans 

pathogenesis. 
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2. Review of Literature  

Within a few decades, species of Candida that were once uncommon and mostly 

thought of as nuisance pollutants have evolved into substantial and prevalent human 

infections that cause a wide spectrum of surface and profound diseases. Often acquired 

in the community, superficial infections cause significant morbidity. On the other hand, 

systemic, invasive, and deep-seated C. albicans infections are typically nosocomial. 

Although superficial and deep candidiasis share many similarities, systemic disease 

seldom results from superficial infection because of their distinct pathogenesis and risk 

variables.  

All of the species, C. albicans is the most common causative agent of mucosal 

infections and systemic infection, and it is responsible for about 70 % of fungal 

infections around the world [1].  Over the past decades, the prevalence of Candida 

infections has increased.  This necessitated the availability of newer generations of 

antifungal medications.  The predominance of the stiff cell wall of the unicellular yeast 

C. albicans is made up of complex polysaccharides known as chitin and glucans. The 

steroid molecule in animal cell membranes that takes the place of cholesterol is called 

ergosterol. In addition to chitin the cell wall also contains mannans, beta-glucans and 

other polysaccharides. Membrane sterol is one of the best targets for antifungal drugs. It 

can reproduce by sexual and asexual methods. On agar plates and in blood culture 

bottles, Candida organisms proliferate easily. For the most part, they don't need 

particular growth conditions. Candida species grow into glossy, smooth, creamy white 

colonies on culture media [2].  

C. albicans (Robin) is still the most frequent fungal pathogen in human beings 

and is the primary cause of mucosal and systemic fungal infection. Synonyms for this 

species include Monilia albicans, Zopf, 1890; and Endomyces albicans, Vuillemin, 1898 

[3]. Amongst the Candida species, C. albicans has the finest characterization (Odds, 

1994). C. albicans is commonly found in the oral cavity, genital area, and 

gastrointestinal tract. Infection can be caused by endogenous invasion or acquired from 

external sources [4]. 
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2.1 Pathogenicity of Candida: 

The pathophysiology of Candida unfolds with adhesion to the surfaces of the 

host cells. Contact with the host cells triggers the yeast-to-hyphae transition and directs 

growth via thigmotropism, which means the ability to sense and respond to changes in 

surface contours. Fungus enters the host cells through induced endocytosis. The 

attachment of yeast cells to abiotic (e.g., catheters) or biotic (host cells) surfaces can lead 

to biofilm formation. In these biofilms, yeast cells are in the lower part and hyphal cells 

are in the upper part of the biofilm. The following stages include the overall 

advancements in C. albicans tissue infiltration. 

a. Attachment to the cell membrane. 

b. Settlement. 

c. Hyphal invasion/epithelial penetration. 

d. The spread of blood vessels. 

e. Colonization and penetration of endothelium. 

Invasive candidiasis refers to bloodstream infections caused by Candida spp. Most 

often, it occurs after passing through the intestinal barrier. The invasive disease is 

usually the result of increased or abnormal colonization, along with local or generalized 

lack of host defense [5]. 

 

Some of the significant contributors to pathogenesis includes: 

• Receptor molecules such as, TLR recognition, TLR signaling, mannose receptor, 

mincle, DC sign, C type lectin receptors, Dectin 1, 2, and 3, Nod-Like Receptors 

(NLRs), and inflammasomes. 

• Other factors included in the host-pathogen interaction are soluble molecules in 

the recognition of Candida, and cellular responses to Candida incited by 

neutrophils and macrophages [6]. 

Because different safe cells recognize distinct infectious Pathogen Associated 

Molecular Patterns (PAMP) and antigens at different disease locations, host responses 

to C. albicans are significantly varied. The correct structures of C. albicans ' PAMPs 

and Pattern Recognition Receptors (PRR) are now much clearer to us. Further 

investigation is necessary to fully comprehend the complex interaction that occurs 

between PAMPs and their associated receptors. Certainly, co-stimulation, which is a 

secondary signal that immune cells rely on to activate an immune response in the 
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presence of antigen-presenting cells, through several PAMP–PRR interactions may 

improve the immune recognition process's sensitivity and specificity simultaneously [7]. 

 

2.2 Virulence factors of C. albicans: 

Previously phenotypic definitions of the biological characteristics that support 

the capacity of C. albicans to cause disease were established. The entire genome 

sequencing of C. albicans has now been done and this has enabled the assessment of the 

consequences of gene knockouts on the pathogenicity of C. albicans in animal models. 

Mekalanos claims that certain environmental cues that are unique to the host 

environment regulate the genes required for virulence of the C. albicans. These signals 

include those related to temperature, pH, osmotic pressure, and the amounts of calcium 

and iron ions [8]. C. albicans capacity to adjust to shifting environmental conditions 

helps it to flourish in its host niche [9]. 

According to Brown and Gow, C. albicans can change their morphology reversibly, 

evolving from budding pseudo-hyphal to hyphal growth forms. Clinical disease tissue 

specimens contain all kinds [10]. Though hyphae are considered to help invade both 

epithelial tissues and endothelial tissues and prevent macrophage engulfment, yeast cells 

might be more widely dispersed [11]. Double mutants of Candida (chp1/chp1, 

efg1/efg1) locked in the yeast state are found to be non-virulent in a mouse model [12]. 

The potential of the organism to spread disease appears to be directly impacted by its 

ability to change forms.  

 

2.3 Adhesion: 

Epithelial colonization is the initial stage of a C. albicans infection. This process 

is dependent on microbe adhesion to proteins and epithelial cells, which enables them to 

endure fluid forces that help to remove particles [13]. The pathophysiology of infection 

has been linked to C. albicans ' sticky ability. There is a hierarchy among the species of 

Candida, with more often isolated pathogenic species having higher adhesive capacity. 

The genes and products that are involved in cell adhesion are the adhesion-like sequence 

(ALS) family of proteins, which encodes cell-surface adhesion glycoproteins (x-

agglutinins), and HWP-1, which produces a protein (Hwp1), an adhesin that attaches to 

buccal epithelial cells [14]. C. albicans can stick to abiotic surfaces such as medical 

catheters as well as the host's gastrointestinal tissues, cutaneous epithelial cells, vaginal 
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endothelium cells, and buccal tissues. A variety of substances, including proteins, 

mannans, and chitin, may be in charge of adhesion [15]. 

C. albicans invades host cells by penetrating and damaging the outer cell 

membrane. Most likely, enzymatic or physical pathways mediate trans-migration. The 

membrane of the host cell has main chemical components which are proteins and 

phospholipids. By cleaving phospholipids, phospholipases induce tissue invasion 

resulting in cell lysis [16]. The activity of extracellular phospholipase is concentrated 

close to the hyphal growth tip, and it is believed that this enzyme is necessary for tissue 

invasion. Three cloned genes encode candid phospholipases. According to a 1969 study 

by Staib, the pathogenicity of the strain was linked with the proteolytic activity in C. 

albicans [28]. The secreted aspartyl proteinase isoenzymes (SAP) are a family of at least 

nine genes [17]. Regulated during phenotypic transition include SAP1 and SAP3. C. 

albicans tissue invasion is facilitated by the secreted aspartyl proteinases. Its role in the 

pathophysiology of C. albicans tissue invasion has been confirmed by numerous studies. 

In mouse and guinea pig models of disseminated candidiasis, experiments incorporating 

SAP-gene deletion showed decreased pathogenicity. One characteristic that makes 

Candida species virulent is their capacity to withstand the suppressive effects of 

antifungal chemotherapy [18]. 

The hydrolytic enzymes that have been found in C. albicans that are connected 

to the pathogenesis of the organism are aspartyl protease, hemolysin, and phospholipase 

[19]. The phospholipase enzyme improves an organism's capacity to destroy host cell 

immunological factors, creating a greater opening for invasion and (obtaining nutrients). 

Another important component of Candida spp. pathogenicity is the hemolysin enzyme, 

which aids the pathogen in absorbing iron from molecules containing hemin or 

hemoglobin [20]. A study was conducted to isolate C. albicans yeast from oral 

infections, aiming to diagnose them accurately using modern techniques and explore 

factors contributing to its virulence [21]. 

 

2.4 Biofilm formation: 

An accumulation of microorganisms adhered to a surface (or existing at the 

interface between liquid and air) is called a biofilm, encased in an extracellular matrix, 

and possesses unique characteristics compared to their free-floating counterparts. 

Phenotypic plasticity (switching) has been proposed to influence antigenicity and 

biofilm formation of C. albicans. Although biofilms are almost universal, treating them 
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in clinical settings is difficult due to their increased resistance to physical and chemical 

damage [22]. 

Disseminated bloodstream infections (candidemia), can result from biofilms. 

This invasion causes an invasive systemic infection of tissues and various organs. 

Biofilms can also serve as a nidus for pathogenic cells and are extremely resistant to 

medications and the host immune system [23].  

After adhesion to the surfaces C. albicans can grow, colonize and have the ability 

to form biofilm. Biofilm is complex matrix consist of proteins and carbohydrates, 

extracellular DNA and resistant to antifungal drugs like Azole. The ALS1 gene is 

thought to be a key player in biofilm formation and organism adhesion. It contributes to 

the synthesis of glycoproteins on the cell surface, which increases the organism's 

adherence to host cells. A complex network of hyphal cells attached to both abiotic and 

animal tissues is known as the biofilm. It leads in fungal infection that spreads swiftly 

and is a key cause of virulence. Biofilm-associated yeast cells have enormous 

therapeutic value since they can either start new biofilms or travel throughout the host 

cell and tissues, which can lead to the spread of invasive diseases like candidemia. 

Influencing the development and maturation of biofilm in light of the difficulties 

connected with diseases linked to biofilms. To remove infections linked to biofilms, 

several techniques have been developed [24-25]. 

Several approaches have been undertaken in the fight against antifungal medication 

resistance. But despite all of our efforts, we are still at a stalemate as far as biofilms are 

concerned. Biofilms hinder the cure as they limit the ability of the medicines to 

penetrate. There is also a lack of specific antifungal drugs. In order to solve this problem, 

scientists are currently investigating methods to improve the absorption of medications 

into the extracellular matrix of biofilms. A variety of metal nanoparticles have surfaced 

as viable treatments for microbial diseases in recent years due to their high antibacterial 

capabilities. In this context, numerous research groups have been examining the 

antibiofilm properties of diverse nanomaterials in relation to C. albicans [26]. Using the 

polymethylmethacrylate biofilm model, Recently, the C. albicans biofilm associated 

with catheters is exceedingly resistant to antifungal drugs such as fluconazole, 

amphotericin B, nystatin, and chlorhexidine [27]. 

The ability of Candida species to build biofilms, which shields them from 

outside effects like host immune system defenses and antifungal drugs, is one unique 

property of their pathogenicity. The ability of each species to produce extracellular 
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polymeric substances (EPS), display dimorphic development, biofilm substratum and 

the availability of carbon sources determine the biofilm formation by various Candida 

species. Additionally, transcriptional control over activities like adhesion, filamentation, 

biofilm formation, and EPS production shows a remarkable difference within the 

pathogenic yeasts of the Candida genus [28]. 

These differences impact the length of colonization and infections as well as the 

common antifungal resistance seen in Candida biofilm cells. The upregulation of 

transporters implicated in drug resistance and EPS functions as a barrier to drug 

diffusion. Both of these factors contribute to the resistance. Candida's ability to interact 

with different species in in vivo biofilms is of a critical consideration when we are 

handling these issues [29]. 

 

2.5 Antifungal Resistance through Biofilm Formation: 

Biofilm production and the emergence of antifungal medication resistance have 

been closely associated. In a study, 48-hour biofilms of C. albicans were found to have 

five-to eight-fold higher resistance to all antifungals compared to planktonic cells. This 

indicates that resistance acquisition occurs during biofilm development. There are 

reports that mixed biofilms can be produced by different species combinations of 

Candida or by mixtures of Candida and bacteria. C. glabrata, C. krusei, C. tropicalis, 

and C. albicans have all been shown to produce biofilms together. Biofilm production 

is maximum for most combinations of Candida species. A significant rise is noted 

between C. tropicalis and C. albicans [28-30].  

Furthermore, it has been shown that C. albicans is favored in biofilm formation 

when four bacterial species are combined: Actinomyces viscosus, Streptococcus 

sanguinis, Streptococcus mutans and Actinomyces odontolyticus biofilms [31]. The 

digestive enzymes like aspartyl proteinases, serine proteinases, proteases, lipases, 

phospholipases, esterase’s and phosphatases present at hyphal tip helps in invasion. It 

also contains toxins like glycoprotein which are lethal, pyrogenic and also induce 

anaphylactic shock. Notwithstanding that the majority of antifungal medications are 

unable to eradicate Candida biofilms, certain relatively recent medication formulations 

provide promise [32]. This group includes lipid formulations of polyene antifungals such 

as amphotericin B and lipid liposomal amphotericin B complex. MICs obtained with 

planktonic cells against C. albicans biofilms produced in a bioprosthetic model are 

comparable to those found in the results [33]. Additionally, in the same scenario, the 
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echinocandins micafungin and capsofungin effectively inhibit the biofilms of C. 

albicans and C. parapsilosis. C. albicans has C3b Complement receptors which binds 

to complement, and fibrinogen helps to neutrophils for phagocytosis. C. albicans also 

has capacity to phenotypic switching like yeast to hyphal form morphogenesis, smooth 

to rough and fuzzy colony morphology. C. albicans has plasticity and adaptation ability 

according to various human body anatomical sites in. It can evade the host’s defense 

system [34]. 

Azole groups of antifungal antibiotics like Fluconazole, Itraconazole, 

Posoconazole, Voriconazole, are widely used in patients with compromised immune 

system. Similar to fluconazole, azoles are fungistatic by nature and might cause negative 

effects with continued usage. The triazole category of medications is most commonly 

used to treat gynecological infections, such as recurrent vulvo vaginitis brought about 

by C. albicans as well as non-albicans species [35]. Spread of resistance to azoles is 

reported among gynaecological isolates of Candida. Some of the non albicans which are 

found to be emerging are intrinsically resistant to Fluconazole. C. albicans can form 

drug tolerant biofilms on prosthetic devices. The prosthesis that has become colonized 

could serve as a constant source of bloodstream infection. Due to the drugs' negative 

effects, it can be essential to increase the dosages of the medications if one is drug 

tolerant. Since biofilms are difficult to remove, physically removing the devices can be 

the only option [36].  

In addition, colonised devices like pacemakers may malfunction. Clogging of he 

catheters by Candida is a problem in diabetic patients or immune-compromised persons 

where the central venous system catheters or urinary catheters may get clogged requiring 

replacement. Frequent removal or replacement of prosthetics is expensive, 

uncomfortable for the patients and may require frequent visits to the doctor as well as 

hospitals contributing to the expenses [37]. Many times, mixed biofilms involving 

bacteria as well as fungi further complicate the situation. Another antifungal drug used 

in terminal ill patients is Amphotericin B. Even though very widely used and effective, 

Amphotericin B can cause nephrotoxicity and side effects like chills and seizers. Finding 

medications that can target drug-tolerant biofilms and substitute existing medications 

without having negative effects on patients is essential [38]. 

Many researchers have suggested that bioactive compounds derived from natural 

sources could be used as antifungal medicines. Natural products serve as a major 

reservoir for antimicrobial agents [39]. The constituents of essential oils, specifically 
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terpenoids, phenolic acids, phenyl propanoids, and sesquiterpene alcohols, have great 

promise. It has been demonstrated that terpenoids and phenyl propanoids suppress C. 

albicans virulence factors [40].  

Patchouli alcohol (PA) is the major active constituent of Chinese herbal plant 

Pogostemon cablin (Guanghuoxiang in Chinese). Qiulei Zhang et al [41]. demonstrated 

that PA can inhibit the growth of multiple C. albicans strains, as well as four other 

Candida species, with MICs of 64 μg/mL and MFCs from 64 to 128 μg/mL. The biofilm 

formation and development, adhesion, yeast-to-hyphal transition and extracellular 

polysaccharide of C. albicans can be inhibited by PA in a concentration-dependent 

manner. However, they also concluded that the PA is not biofilm specific. The anti-

Candida action of the PA may be due to the overproduction of the Reactive oxygen 

species (ROS), which result in the damage of the cell membranes. 

Drug repositioning studies have identified various cancer drugs as potential 

antifungals. Isothiocyanate derivatives are potential molecules worth exploring as anti-

Candida agents. These molecules are not explored seriously as anti-Candida agents. 

Broccoli, cauliflower, cabbage, and mustard are vegetables that are high in the 

glucosinulate group of chemicals. Upon cutting or chewing these vegetables, these 

molecules transform into a variety of beneficial substances. Furthermore, gut bacteria 

are capable in transforming glucosinulates into a wide range of chemicals [42]. 

Isothiocynates derived from glucosinulates are very rich in bioactive properties. 

According to epidemiological research, eating these veggies may significantly lower the 

risk of developing cancer. Research that has extracted Isothiocynates from cruciferous 

plants and investigated their potential medicinal uses have been motivated by 

epidemiological research. The concentrated phytochemicals and plant extracts have an 

extensive of beneficial qualities, like antimicrobial, anti-tumor, anti-carcinogenic, anti-

inflammatory, anti-oxidative, anti-platelet, anti-mutagenic, and insecticidal effects [43]. 

The enzyme myrosinase found in plants is responsible for the derivatization of 

glucosinosulates to sothiocyanates. The cruciferous veggies' strong flavor and taste are 

caused by these chemicals. Furthermore, these compounds offer the plants significant 

defense against harmful bacteria, fungus, and pests [44]. 

Some of the Isothiocynates like Allyl Isothiocyanate, Phenyl Isothiocyanate, 

Benzyl Isothiocyanateare reported to inhibit the growth and toxin production by 

enterohemerogenic Escherichia coli. A variety of bacteria including multiple drug 

resistant human pathogenic bacteria are inhibited by Isothiocynates. The cell membranes 
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and metabolic processes of bacteria are believed to be targeted by Isothiocyanates. Allyl 

Isothiocyanate has been shown to inhibit at least one dozen human pathogenic bacteria 

[45]. The Allyl Isothiocyanate, Sulfuraphane, Isopropyl Isothiocynate, Isopropyl 

Isothiocynate and Benzyl Isothiocynate possess antibacterial properties. Sulfurophane, 

a derivative of Isothiocynates has been shown to inhibit the ulcerogenic bacterium, 

Helicobacter pylori. Insecticidal properties of Isothiocynates and extracts of cruciferous 

plants are widely reported. There have been reports of anticancer effects of cruciferous 

vegetable extracts and isolated Isothiocynates against a range of malignancies, including 

breast, bladder, pancreatic, blood, prostate, ovarian, and skin cancers [46]. The 

Isothiocynates with prominent anti-cancer activities include, Allyl Isothiocyanates, 

Benzyl Isothiocyanate , Phenylethyl Isothiocynates. These compounds have been shown 

to suppress the growth of several cancer cell lines and the development of tumors in 

animal models, as have extracts from plants high in Isothiocyanate. These investigations 

have enlightened us on the therapeutic and preventative qualities of Isothiocynates [31, 

47]. 

The molecular targets of Isothiocynates as anticancer agents and their potential 

targets are reviewed by Mitsiogianni et al [48]. The potential targets of the 

Isothiocynates are detoxication of xenobiotics, carcinogens by activation metabolic 

enzymes, anti-inflammatory properties, inhibition of angiogenesis, inhibition of 

metastasis, inhibition of cell cycle, and epigenetic regulation. The widely studied 

Isothiocynates exhibiting anti-cancer activity are Allyl Isothiocyanate, Benzyl 

Isothiocyanate , Phenyl Isothiocyanate. The widely studied Isothiocynates have been 

shown to inhibit cell cycle, affect mitochondrial function, induce apoptosis, inhibit 

mitosis, and ultimately inhibit proliferation. Inhibition of signal transduction and 

metastasis through inhibition of metalloproteases are reported. Data on the four to five 

well studied Isothiocynates suggest that Isothiocynates could be excellent candidates for 

anti-cancer drug development, and in clinical practice. These molecules may provide 

considerable insights into anticancer drug development and identification of targets. 

There are few studies on the synergistic activation of Isothiocynates against certain 

cancers when the Isothiocynates are used in combination. Some of the Isothiocynates 

are known to regulate epigenetic processes like methylation of gene promoters of cancer 

associated genes [49]. Histone deacetylase inhibition is exhibited by Isothiocynates. 

Individual examples of Isothiocynates are not narrated here. Most of the Isothiocynates 

exhibit similar targets in cancer [50]. 
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Isothiocynates are excellent inhibitors of plant pathogenic fungi. The fungicidal 

properties of the Isothiocynates are reviewed by Khameneh et al [51]. Human 

pathogenic dermatophytic fungi like Microsporum canis, Trichophyton rubrum, 

Epidermophyton are reported to be inhibited by Isothiocynates. The antimicrobial 

activity of ITCs against foodborne and plant pathogens has been well documented, but 

little is known about their antimicrobial properties against human pathogens. Romeo et 

al reviewed the antimicrobial activity of Isothiocynates against human infections for 

which the current therapeutic solutions are deficient [52].  The review's objective was to 

assess if ITCs could take the place of or supplement conventional antibiotics. They found 

that these ITCs exert a broad spectrum of action against Gram-positive and Gram-

negative bacteria.  However, none of the studies reviewed by them studied the effect of 

ITCs on the Candida species. The literature search also reveals that there are very few 

studies on human pathogenic yeast like C. albicans. A recent study on the efficacy of 

Allyl Isothiocyanate  was published by Raut et al. [53]. This study found that the 

proliferation and biofilm formation by C. albicans were suppressed by Allyl 

Isothiocyanates both by themselves and in conjunction with fluconazole. The mode of 

action of Allyl Isothiocyanate  against C. albicans is unknown and this necessitates 

further study. Toxicity data is available on the most widely used Isothiocynates. These 

molecules do not exhibit considerable toxicity at low concentrations as shown by animal 

studies. The molecules we propose to take up for this study, Allyl Isothiocyanate, Benzyl 

Isothiocyanate , and Phenylethyl Isothiocyanate are commonly found in vegetables and 

may not pose toxicity issues [54]. Fungi like C. albicans share a common eukaryotic 

heritage with humans. Drugs targeting human metabolic processes may also inhibit 

fungi. Studies on Isothiocynates and targets identified may considerably help in our 

effort to identify the targets of these molecules in fungi. We expect that these molecules 

may exert their antifungal activity through multitargeting. As such, the chances for 

resistance against these molecules are little [55]. 

Isothiocynates have demonstrated antifungal properties, making them potentially 

useful in antifungal therapy [56]. Glucosinolates (GSLs) have been reported in 16 

families of flowering plants, mainly from the Brassicaceae family. More than 100 GSLs 

have been reported thus far. An enzyme called myrosinase (thioglucoside 

glucohydrolase) breaks down GSL-rich vegetable compounds into nitriles, thiocyanates, 

epithionitriles, and Isothiocynates` (ITCs) when they are chopped or chewed. 

Consuming vegetables high in GSLs has been shown in various epidemiological studies, 
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to substantially lower the incidence of several cancer types in these populations. These 

compounds have diverse pharmacological effects through their reaction with 

nucleophiles. ITCs are used in several agricultural and food-related industrial 

applications. Antifungal properties of ITCs were discovered as early as 1966. Since then, 

a lot of scientific research has been done to study and examine the antifungal potential 

of various ITCs against various fungi [54-58].  

The primary antifungal byproducts of cruciferous plants' well-researched 

chemical defense system are ITCs. The antifungal activity and mechanism of action of 

ITCs has been studied. For instance, it has been observed that 2-(4-methoxyphenyl) 

ethyl ITC exhibits antifungal action against Aspergillus niger [59]. Allyl,4-(methylthio) 

butyl and Phenylethyl ITCs also have antifungal activity against Cochliobolus 

heterostrophus. These compounds target genes involved in energy metabolism, 

oxidoreductase activity, melanin formation, and cell wall-degrading enzymes, according 

to investigations on their mode of action [60]. The natural substance benzyl ITC (BITC) 

has been shown to prevent postharvest grey mold on strawberry fruit and significantly 

reduce natural decay by disrupting the integrity of the plasma membrane of Botrytis 

cinerea spores [61]. Additionally, ITCs may be utilized as antimicrobial packaging to 

extend the fresh poultry's shelf life [62]. 

 

2.6 Antifungal properties of ITCs 

Numerous research conducted in vitro have demonstrated the ability of 

cruciferous plant extracts, isolated GSL derivatives, and their combinations to prevent 

the growth of several plant diseases. Vig et al. provide a thorough overview of the many 

GSL derivatives and their fungicidal effectiveness against a range of fungi [63]. GSLs 

from cabbage are reported to have toxicity against fungi such as Peronospora parasitica, 

Pythium ultimum and Sclerotium rolfsii [64]. Most filamentous fungal pathogens are 

susceptible to GSLs, with at least 40 known to be inhibited by GSL derivatives. Effective 

molecules include allyl ITC (AITC), BITC, butenyl ITC, phenyl ITC (PITC) and 

Phenylethyl ITC (PEITC). AITC, BITC, PITC and PEITC have widely reported 

fungicidal activity. Additional investigations have also reported that ITCs have 

antifungal capabilities against additional 21 filamentous plant diseases. Brassica fungal 

pathogens are inhibited by GSL-derived ITCs [54,64-66]. Choi et al. [67] have reported 

the antifungal activity of ITCs against human dermatophytes. Aliphatic ITCs have been 

shown by Smolinska et al. [68] to have greater antifungal activity than aromatic ITCs. 
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Mutants of Arabidopsis thaliana with lower levels of aliphatic GSL are less able to 

defend against necrotrophic fungus. Because GSL derivatives limit the growth of 

bacteria and fungi, they prolong the shelf life of food products and keep them from 

spoiling [54, 69]. At a dosage of 1 mg/ml, AITC has been shown to inhibit the 

development and virulence factors of C. albicans [70].  

Additionally, fluconazole at 0.004 mg/ml and AITC at 0.125 mg/ml together 

reduce biofilm formation, demonstrating how the two compounds work synergistically 

to enhance fluconazole action. Furthermore, at the biofilm inhibitory concentrations of 

AITC or AITC–fluconazole, no hemolytic activity has been observed, ruling out any 

cytotoxic effects. Brown mustard oil contains 85 and 10 percent of AITC and butenyl 

ITC, respectively. At two parts per million, AITC inhibits the growth of Penicillium 

roqueforti, Pencillium corylophilum, Eurotium repens, Aspergillus flavus, and 

Endomyces fibuliger in conserved rye bread. Two fungal diseases of Brassica, Alternaria 

brassicae and Sclerotinia scletoriorum, have been shown to be inhibited by 17 GSLs and 

GSL hydrolysis products; the effectiveness of the chemicals studied was influenced by 

the strain of the pathogenic organism [54, 71]. 

It was found that B. cinerea is sensitive to GSLs and their derivatives, whereas 

A. brassicicola was inhibited by the aliphatic form of GSLs. In addition, GSL hydrolysis 

products were used in the defense against B. cinerea. Additionally, it was demonstrated 

that at effective concentrations of 100–200 μg/ml, ITCs inhibited the growth of human 

pathogenic dermatophytes: Trichophyton rubrum, Trichophyton mentagrophytes, and 

Microsporum canis. It was looked at how effective GSLs and their derivatives were 

against Alternaria brassicicola and B. cinerea [67-72]. This study postulates that GSLs 

from horseradish could be effective antifungal agents against dermatophytic fungi. 

 

2.7 Mode of action of ITCs 

ITCs cause the yeast Saccharomyces cerevisiae to absorb less oxygen by 

disabling oxidative phosphorylation in the mitochondria [73]. In A. brassicicola, a 

pathogen of Brassica, exposure to ITCs results in a reduction in oxygen consumption 

and mitochondrial depolarization. The transcription factor ABAP1, MAPK and HOG1 

are all activated by ITCs, which also boost the expression of numerous oxidative 

response genes in A. brassiscola. Because ABHOG1 and ABAP1 mutants are extremely 

sensitive to ITCs, A. brassicicola becomes less aggressive when these genes are absent. 

Redox sensors and oxidative response gene expression regulators may be ABAP1-like 
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genes. Oxidative response genes are activated after 20 min of exposure of A. brasccicola 

to AITC, BITC and PITC, which significantly reduce the development of A. 

brassicicola; AITC is more efficient than PITC and BITC [74]. On exposure to AITC, 

more than one-third of the genes related to oxidative stress are induced in A. brassicicola 

[75]. 

One important postulation for fungal defense against GSLs may be the increased 

expression of genes involved in the response to the oxidative stress. PEITC inhibits 

Alternaria alternata, which causes black spot rot in pear fruits. Fumigation with PEITC 

at 1.22mM prevents the development of black spot rot [76]. Treatment with PEITC 

inhibits the development of toxins (alternariol, tentoxin) by A. alternata [77]. 

One study found that the GSL compounds in horseradish essential oil cause 

oxidative stress in C. albicans. [78]. The oil treatment raised the amount of superoxide 

and also enhanced the levels of glutathione reductase, glutathione peroxidase, catalase, 

and superoxide dismutase. A high concentration of horseradish essential oil therapy 

decreased the GSH pool, increased the production of superoxide, and eliminated C. 

albicans cells. Synergism prevented C. albicans from growing when horseradish 

essential oil and 1-chloro-2,4-dinitrobenzene, a substance that depletes the GSH pool, 

were combined. GSH metabolism seems to protect C. albicans biofilms from GSLs. 

  In a different investigation, AITC in its gaseous state inhibited the growth of 

Fusarium verticillioides and Aspergillus parasiticus. The ability of these fungi to 

produce mycotoxins was also suppressed by AITC treatment. Aflatoxin and fumonisin 

are two of the mycotoxins that have been studied. AITC may provide protection against 

microbial contamination and mycotoxin formation [79]. 

The YVC1 channel is reported to regulate vacuolar pressure in certain fungi [80-81]. 

TRPP2 in animals is homologous to the YVC1 channel. The plant pathogenic fungus 

Magnaporthe oryzae has a calcium-permeable channel called YVC1 (MGG09828.5), 

which is important in development [82]. Transient receptor potential (TRP) channels are 

essential for maintaining ion homeostasis in eukaryotes. It has been discovered that S. 

cerevisiae and A. thaliana possess TRP calcium-permeable channels. This study shows 

that YVC1 is essential for morphogenesis, polarized development, stress response, and 

C. albicans survival in host tissues. Several signaling mechanisms are used by C. 

albicans to recognize and react to oxidative stress. The TRP channel YVC1 is essential 

for oxidative stress tolerance [83]. Nevertheless, it was unclear how components linked 

to calcium signaling impacted C. albicans pathogenicity. The YVC1 mutant was found 
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to have decreased capacity for stress response, poor morphogenesis, and decreased 

pathogenicity. Additionally, a YVC1 mutant exhibited a dampened response to stress 

and elevated sensitivity to SDS. The invigoration of the genes which are responsible for 

the oxidative stress response, the potassium and calcium dependent stability of the 

mitochondria or vacuoles, depend on this channel. In C. albicans under oxidative stress, 

ion transport is mediated by vacuoles, mitochondria, and the oxidative stress response, 

of which the TRP channel is a crucial component [84]. It is known that AITC inhibits, 

and its mechanism of action is also known. Hyphal deformation and electrolyte leakage 

is found to be induced by AITC Reactive oxygen species increased and susceptibility to 

AITC increased with loss of FSYVC1. After receiving 4.8 g/ml AITC, FSYVC1 

expression rose 12-to 30-fold in comparison to the control. The authors hypothesized 

that FSYVC1, a novel molecular target for medication development, might exist. 

Sclerotinia sclerotiorum-induced white mold is a significant disease of Brassica 

crops. The growth and development of S. sclerotiorum are inhibited by GSLs and ITCs, 

which are the major products of GSL breakdown. AITC treatment changed the 

expression of 2012 genes in S. sclerotiorum (1156 upregulated and 1056 downregulated) 

[82, 85]. 654 genes were impacted by indole-3-carbinol treatment; 149 of the genes 

showed upregulation and 505 showed downregulation. There was an upregulation of 

genes related to eliminating reactive oxygen species from the organism and guarding 

against oxidative damage. After extended exposure to ITCs, S. sclerotiorum's oxidative 

stress was reduced in part due to amino acid homeostasis. Genes involved in the creation 

of proline were upregulated after treatment with AITC, whereas the production of serine 

was stimulated after treatment with indole-3-carbinol. Proline has osmo-protective, 

thermotolerant and possible reactive oxygen species-quenching qualities. It can also 

stabilize proteins and membranes. Serine supports the methionine cycle and the 

glutathione detoxification route, which are both involved in reducing oxidative stress. 

ITCs have been shown in multiple studies to be effective at inhibiting fungal 

development in food packaging systems. Because ITCs prevent the creation of 

mycotoxin, they often result in a significant extension of a product's shelf life. It was 

demonstrated that mustard oil, at AITC gas phase MIC values of 1.8–3.5 g/l, suppressed 

the development of A. flavus, E. fibuliger, Penicillium commune and P. roqueforti on 

bread [82-86]. Additionally, studies have shown that either mustard flour or AITC alone 

can successfully prevent P. expansum from synthesizing patulin on wheat tortillas [87]. 

In sliced mozzarella, AITC and mustard oil-containing meals shown decreased 
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development of P. digitatum and A. parasiticus and increased food shelf life [88]. The 

use of AITC also prevented the formation of aflatoxin B1. AITC was also effective 

against fungi, such as P. nalgiovense, Debaryomyces hansenii, A. flavus, P. commune, 

and P. roqueforti that spoil the cheese [89]. 

Thus, it can be concluded that GSLs are a unique class of bioactive substances 

with a diverse range of bioactivities. GSLs serve as a significant defense system for 

plants, but they are also crucial to humans in many ways. Lot of interest has been 

generating in the recent years regarding the potential health benefits of ITCs, which are 

found in great levels in cruciferous vegetables. Numerous investigations have proven 

their beneficial effects. However, more research is required before we fully understand 

the features of various ITCs. ITCs offer a great choice for a far-reaching potential 

application, especially due to their natural origin and biodegradability, as evidenced by 

numerous studies (e.g., increasing the shelf life of various foods or suppressing fungal 

pathogenesis, growth, and/or toxin production in a range of stored plants, cereals, and 

fruits in the postharvest stage).  

Furthermore, as several studies have shown, the drop in degradation often causes no 

obvious changes in a range of quality indices. Given the advantages of ITCs, a 

significant rise in interest and demand for such applications is predicted. More in-depth 

research is required in this field to assess safety and risk patterns. It makes practical 

sense to investigate ITCs as potential antifungal drugs against human pathogenic fungi, 

given their enormous potential. The effects of ITCs on human pathogenic fungi and their 

possible mechanisms of action have not received much attention so far. Further research 

is necessary to determine the in vitro antifungal efficacy of ITCs. These compounds have 

the potential to be innovative treatments for fungi. The need for new antifungals arises 

because of the ability of C. albicans to form stubborn biofilms on medical devices.  

Following a comprehensive review of literature on C. albicans infections, this 

study aims to explore the potential of Isothiocynates as novel antifungal agents. 

Isothiocynates, abundant in cruciferous vegetables, have emerged as promising 

candidates due to their antimicrobial properties. The study seeks to elucidate the 

inhibitory activity of Isothiocynates against C. albicans growth and its virulence factors. 

Key objectives include establishing minimum inhibitory concentration and minimum 

fungicidal concentration values of various Isothiocyanate compounds against C. 

albicans. Additionally, the study aims to investigate the architectural changes in C. 

albicans biofilms in response to Isothiocyanate treatment using advanced microscopy 
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techniques. This research endeavors to contribute to the development of effective 

antifungal interventions, addressing the challenges posed by drug-resistant strains of C. 

albicans. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 CHAPTER II: Review of Literature 
 

22 | P a g e  

 

 

2.8        References: 

 

1 Morad, H.O.J.; Wild, A.-M.; Wiehr, S.; Davies, G.; Maurer, A.; Pichler, B.J.; 

Thornton, C.R. Pre-clinical Imaging of Invasive Candidiasis Using 

ImmunoPET/MR. Front. Microbiol. 2018; 1: 1996:1-15.  

2 Selvarangan R, Bui U, Limaye AP, Cookson BT. Rapid identification of 

commonly encountered Candida species directly from blood culture bottles. 

Journal of clinical microbiology. 2003; 41:5660-64. 

3 Pattnaik S, Maharana L, Sethi M. Pathogenicity Mechanism of C. albicans. 

Advances in C. albicans. 2021; 5: 99737-59. 

4 Barnett JA. A history of research on yeasts 12: medical yeasts part 1, C. albicans. 

Yeast. 2008;25: 385-417. 

5 Rosati, D.; Bruno, M.; Jaeger, M.; Ten Oever, J.; Netea, M.G. Recurrent 

Vulvovaginal Candidiasis: An Immunological Perspective. Microorganisms 2020, 

8: 144:1-14. 

6 Zheng NX, Wang Y, Hu DD, Yan L, Jiang YY. The role of pattern recognition 

receptors in the innate recognition of C. albicans. Virulence. 2015; 19;6: 347-61. 

7 Al-mayah RS, Abboud ZH. Molecular detection of biofilm genes and some 

virulence factors in C. albicans isolated from the oral cavity. kerbala journal of 

pharmaceutical sciences. 2023;2: 132-143. 

8 De Bernardis F, Mühlschlegel FA, Cassone A, Fonzi WA. The pH of the host 

niche controls gene expression in and virulence of C. albicans. Infection and 

immunity. 1998; 1;66: 3317-25. 

9 Mayer FL, Wilson D, Hube B. C. albicans pathogenicity mechanisms. Virulence. 

2013; 15; 4:119-28. 

10 Talapko J, Juzbašić M, Matijević T, Pustijanac E, Bekić S, Kotris I, Škrlec I. C. 

albicans—the virulence factors and clinical manifestations of infection. Journal of 

Fungi. 2021; 22;7: 79:1-19. 

11 Brand A. Hyphal growth in human fungal pathogens and its role in virulence. 

International journal of microbiology. 2012; 517529-41. 

12 Lo HJ, Köhler JR, DiDomenico B, Loebenberg D, Cacciapuoti A, Fink GR. 

Nonfilamentous C. albicans mutants are avirulent. Cell. 1997;5; 90:939-49. 



 CHAPTER II: Review of Literature 
 

23 | P a g e  

 

13 d'Enfert C, Kaune AK, Alaban LR, Chakraborty S, Cole N, Delavy M, Kosmala 

D, Marsaux B, Frois-Martins R, Morelli M, Rosati D. The impact of the Fungus-

Host-Microbiota interplay upon C. albicans infections: current knowledge and 

new perspectives. FEMS microbiology reviews. 2021; 45:1-22. 

14 Mohammadi F, Hemmat N, Bajalan Z, Javadi A. Analysis of biofilm-related genes 

and antifungal susceptibility pattern of vaginal C. albicans and non-C. albicans 

species. BioMed Research International. 2021;29; 5598907-17. 

15 Jacobsen ID, Wilson D, Wächtler B, Brunke S, Naglik JR, Hube B. C. albicans 

dimorphism as a therapeutic target. Expert review of anti-infective therapy. 

2012;1; 10:85-93. 

16 Djordjevic JT. Role of phospholipases in fungal fitness, pathogenicity, and drug 

development–lessons from Cryptococcus neoformans. Frontiers in microbiology. 

2010;11; 1:125-38. 

17 Chaffin WL, Lopez-Ribot JL, Casanova M, Gozalbo D, Martinez JP. Cell wall and 

secreted proteins of C. albicans: identification, function, and expression. 

Microbiology and molecular biology reviews. 1998 ;1; 62:130-80. 

18 Sanglard D, Hube B, Monod M, Odds FC, Gow NA. A triple deletion of the 

secreted aspartyl proteinase genes SAP4, SAP5, and SAP6 of C. albicans causes 

attenuated virulence. Infection and immunity. 1997; 65:3539-46. 

19 Navarro-García F, Sánchez M, Nombela C, Pla J. Virulence genes in the 

pathogenic yeast C. albicans. FEMS microbiology reviews. 2001;1; 25:245-68. 

20 Naglik JR, Challacombe SJ, Hube B. C. albicans secreted aspartyl proteinases in 

virulence and pathogenesis. Microbiology and molecular biology reviews. 

2003;67(3):400-28. 

21 Nouraei H, Jahromi MG, Jahromi LR, Zomorodian K, Pakshir K. Potential 

pathogenicity of Candida species isolated from oral cavity of patients with 

diabetes mellitus. BioMed Research International. 2021; 26; 2021:1-6. 

22 Uppuluri P, Lopez Ribot JL. C. albicans biofilms. C. albicans: Cellular and 

molecular biology. 2017;63-75. 

23 Firacative C. Invasive fungal disease in humans: are we aware of the real impact?. 

Memórias do Instituto Oswaldo Cruz. 2020;9;115: 200430-38. 

24 Atriwal T, Azeem K, Husain FM, Hussain A, Khan MN, Alajmi MF, Abid M. 

Mechanistic understanding of C. albicans biofilm formation and approaches for 

its inhibition. Frontiers in Microbiology. 2021; 30; 12:638609-43. 



 CHAPTER II: Review of Literature 
 

24 | P a g e  

 

25 Kumar D, Kumar A. Molecular Determinants Involved in C. albicans Biofilm 

Formation and Regulation. Molecular Biotechnology. 2023; 6:1-20. 

26 Roy R, Tiwari M, Donelli G, Tiwari V. Strategies for combating bacterial 

biofilms: A focus on anti-biofilm agents and their mechanisms of action. 

Virulence. 2018; 9:522-54. 

27 Chandra J, Kuhn DM, Mukherjee PK, Hoyer LL, McCormick T, Ghannoum MA. 

Biofilm formation by the fungal pathogen C. albicans: development, architecture, 

and drug resistance. Journal of bacteriology. 2001; 15; 183:5385-94. 

28 Cavalheiro M, Teixeira MC. Candida biofilms: threats, challenges, and promising 

strategies. Frontiers in medicine. 2018; 13; 5:28:1-15. 

29 Starkey M, Gray KA, Chang SI, Parsek MR. A sticky business: the extracellular 

polymeric substance matrix of bacterial biofilms. Microbial biofilms. 2004; 

16:174-91. 

30 Mirghani R, Saba T, Khaliq H, Mitchell J, Do L, Chambi L, Diaz K, Kennedy T, 

Alkassab K, Huynh T, Elmi M. Biofilms: Formation, drug resistance and 

alternatives to conventional approaches. AIMS microbiology. 2022;8: 239–277. 

31 Taff HT, Mitchell KF, Edward JA, Andes DR. Mechanisms of Candida biofilm 

drug resistance. Future microbiology. 2013;8(10):1325-37. 

32 Marinho VT, Dos Reis AC, da Costa Valente ML. Efficacy of Antimicrobial 

Agents in Dentifrices: A Systematic Review. Antibiotics. 2022; 14;11: 1413:1-18. 

33 Aydemir D, Gecili F, Özdemir N, Ulusu NN. Synthesis and characterization of a 

triple enzyme-inorganic hybrid nanoflower (TrpE@ ihNF) as a combination of 

three pancreatic digestive enzymes amylase, protease and lipase. Journal of 

bioscience and bioengineering. 2020; 1; 129:679-86. 

34 Kuhn DM, George T, Chandra J, Mukherjee PK, Ghannoum MA. Antifungal 

susceptibility of Candida biofilms: unique efficacy of amphotericin B lipid 

formulations and echinocandins. Antimicrobial agents and chemotherapy. 2002; 

46:1773-80. 

35 Harpf V, Rambach G, Würzner R, Lass-Flörl C, Speth C. Candida and 

complement: New aspects in an old battle. Frontiers in Immunology. 2020; 14;11: 

1471:1-13. 

36 Partha AD, Widodo AD, Endraswari PD. Evaluation of fluconazole, itraconazole, 

and voriconazole activity on C. albicans: A case control study. Annals of Medicine 

and Surgery. 2022;1;84: 104882:1-5. 



 CHAPTER II: Review of Literature 
 

25 | P a g e  

 

37 Berkow EL, Lockhart SR. Fluconazole resistance in Candida species: a current 

perspective. Infection and drug resistance. 2017; 31:237-45. 

38 Lebeaux D, Ghigo JM, Beloin C. Biofilm-related infections: bridging the gap 

between clinical management and fundamental aspects of recalcitrance toward 

antibiotics. Microbiology and Molecular Biology Reviews. 2014; 78:510-43. 

39 Moloney MG. Natural products as a source for novel antibiotics. Trends in 

pharmacological sciences. 2016 Aug 1; 37:689-701. 

40 Lemke A, Kiderlen AF, Kayser O. Amphotericin b. Applied microbiology and 

biotechnology. 2005; 68:151-62. 

41 Zhang Q, Zhang J, Zhang Y, Sui Y, Du Y, Yang L, Yin Y. Antifungal and anti-

biofilm activities of patchouli alcohol against C. albicans. International Journal of 

Medical Microbiology. 2024;314: 151596:1-9. 

42 Raut JS, Shinde RB, Chauhan NM, Mohan Karuppayil S. Terpenoids of plant 

origin inhibit morphogenesis, adhesion, and biofilm formation by C. albicans. 

Biofouling. 2013;1; 29:87-96. 

43 Connolly EL, Sim M, Travica N, Marx W, Beasy G, Lynch GS, Bondonno CP, 

Lewis JR, Hodgson JM, Blekkenhorst LC. Glucosinolates from cruciferous 

vegetables and their potential role in chronic disease: Investigating the preclinical 

and clinical evidence. Frontiers in pharmacology. 2021; 26;12: 767975:1-12. 

44 Soundararajan P, Kim JS. Anti-carcinogenic glucosinolates in cruciferous 

vegetables and their antagonistic effects on prevention of cancers. Molecules. 

2018; 15; 23:2983-3004. 

45 Barba FJ, Nikmaram N, Roohinejad S, Khelfa A, Zhu Z, Koubaa M. 

Bioavailability of glucosinolates and their breakdown products: impact of 

processing. Frontiers in nutrition. 2016;16; 3:24-36. 

46 Wu X, Zhou QH, Xu K. Are Isothiocynates potential anti-cancer drugs? Acta 

Pharmacologica Sinica. 2009; 30:501-12. 

47 Xiao D, Srivastava SK, Lew KL, Zeng Y, Hershberger P, Johnson CS, Trump DL, 

Singh SV. Allyl Isothiocyanate, a constituent of cruciferous vegetables, inhibits 

proliferation of human prostate cancer cells by causing G 2/M arrest and inducing 

apoptosis. Carcinogenesis. 2003; 1; 24:891-7. 

48 Mitsiogianni M, Koutsidis G, Mavroudis N, Trafalis DT, Botaitis S, Franco R, 

Zoumpourlis V, Amery T, Galanis A, Pappa A, Panayiotidis MI. The role of 



 CHAPTER II: Review of Literature 
 

26 | P a g e  

 

Isothiocynates as cancer chemo-preventive, chemo-therapeutic and anti-

melanoma agents. Antioxidants. 2019; 8:106-142. 

49 Kumar B, Singh S, Skvortsova I, Kumar V. Promising targets in anti-cancer drug 

development: recent updates. Current medicinal chemistry. 2017;1; 24:4729-52. 

50 Nian H, Delage B, Ho E, Dashwood RH. Modulation of histone deacetylase 

activity by dietary Isothiocynates and allyl sulfides: studies with sulforaphane and 

garlic organosulfur compounds. Environmental and molecular mutagenesis. 2009; 

50:213-21. 

51 Khameneh B, Iranshahy M, Soheili V, Fazly Bazzaz BS. Review on plant 

antimicrobials: a mechanistic viewpoint. Antimicrobial Resistance & Infection 

Control. 2019; 8:1-28. 

52 Romeo L, Iori R, Rollin P, Bramanti P, Mazzon E. Isothiocynates: An overview 

of their antimicrobial activity against human infections. Molecules. 2018 Mar 9; 

23:624-643. 

53 Raut JS, Bansode BS, Jadhav AK, Karuppayil SM. Activity of Allyl 

Isothiocyanate  and its synergy with fluconazole against C. albicans biofilms. 

Journal of Microbiology Biotechnology. 2017; 28; 27:685-93. 

54 Plaszkó T, Szűcs Z, Vasas G, Gonda S. Effects of glucosinolate-derived 

Isothiocynates on fungi: A comprehensive review on direct effects, mechanisms, 

structure-activity relationship data and possible agricultural applications. Journal 

of Fungi. 2021; 7:539-578. 

55 Zgadzay Y, Kolosova O, Stetsenko A, Wu C, Bruchlen D, Usachev K, Validov S, 

Jenner L, Rogachev A, Yusupova G, Sachs MS. E-site drug specificity of the 

human pathogen C. albicans ribosome. Science Advances. 2022 ;25; 8:1062-69. 
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3. Materials and Methods 

 Currently, the M27-A4 standard of the North American Clinical and Laboratory 

Standards Institute (CLSI) guides measurement and interpretation of the minimum 

inhibitory concentrations (MIC) of important antifungal drugs which are used against 

different yeast species like Candida spp. The protocol recommends the plaque 

microdilution method. Thereby, colony suspensions in pH 7.0 buffered RPMI-1640 

broth with MOPS (3- (N-morpholino) propanesulfonic acid) are analyzed with 10 

concentrations of each test drug. After incubation at 35 °C for 24 hours for Candida 

species, visual assessment of MIC is performed in comparison with a control well 

containing antifungal-free inoculum to support fungal growth [1]. 

 

3.1.1 Hypothesis, aim and objectives of the study:  

Hypothesis: 

Isothiocynates may show inhibitory activity against Candida albicans growth and its 

virulence factors. 

Aim of the study: 

To identify the activity of Isothiocynates as antifungals against Candida albicans growth 

and its virulence factors. 

Objectives of the study: 

1. To establish: 

• Minimum inhibitory concentration (MIC) 

• Minimum fungicidal concentration (MFC) values of Allyl Isothiocyanate, Ethyl 

Isothiocyanate, Benzyl Isothiocyanate , and Phenylethyl Isothiocyanate against one 

standard strain of Candida albicans.  

2. To study: 

• The architecture of the biofilms in the presence and absence of drugs using SEM 

and TEM. 

 

3.1.2 Culture, Growth conditions, Media: 

C. albicans strain ATCC 90028 was obtained from the Institute of Microbial Technology 

(IMTECH) in Chandigarh, India. The organism was sub-cultured on Yeast Extract 

Peptone Dextrose (YPD) agar plates and slants, then stored at 4 °C. albicans colonies 

were inoculated into a flask containing 50 ml of YPD broth and incubated at 30 °C in an 
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incubator shaker at 120 rpm for 24 hours. After 24 hours, cells were collected by 

centrifugation at a speed of 2000 rpm for 2 minutes. Subsequently, the cells were washed 

with phosphate-buffered saline (PBS) twice and used for various assays. 

 

3.2 Chemicals used: 

Allyl Isothiocyanate  (AITC), Ethyl Isothiocyanate (EITC), Benzyl Isothiocyanate  

(BITC), and Phenylethyl Isothiocyanate (PEITC) drugs were procured from Sigma 

Aldrich Chemical Ltd., Mumbai, India. The AITC, EITC, BITC, and PEITCs were 

dissolved in DMSO to create a stock solution with a concentration of 2 mg/ml. This 

stock solution was subsequently diluted and used for in vitro studies. 

 

3.3 Minimum Inhibitory Concentration (MIC50) determination for Planktonic 

growth of C. albicans: 

The recommendations of the Clinical Laboratory Standards Institute (CLSI) were 

followed to study how AITC, EITC, BITC, and PEITCs affect the floating (planktonic) 

growth of C. albicans. The method is also called as broth micro dilution is used to carry 

out this investigation. Various concentrations of AITC, EITC, BITC, and PEITCs, 

ranging from 0.0039 to 2 mg/ml, were prepared in RPMI-1640 with L-glutamine and 

without sodium bicarbonate, and added to a 96-well plate. Wells without test molecules 

served as controls. The plates were then incubated for 48 hours at 35 °C. Growth was 

assessed by measuring absorbance at 620 nm using a microtiter plate reader (Multiskan 

Ex, Thermo Electron Corp., USA). The concentration of AITC, BITC, EITC and PEITCs 

causing a 50 % reduction in growth compared to the control was considered the 

minimum inhibitory concentration for the growth of C. albicans [2]. 

 

3.4 Minimum Fungicidal Concentration (MFC) assay: 

After conducting a test to see how the fungus grows in a liquid environment (planktonic 

growth assay) under sterile conditions, 10 µl sample of cells was taken from the 

concentration that inhibits 50 % of growth (MIC50) and higher concentrations. The 

samples were spread on YPD agar, a type of growth medium. The agar plates were then 

incubated for 48 hours at 30 °C. After 48 hours colonies were observed, and the 

concentration of AITC, EITC, BITC, and PEITCs at which the molecule showed no 

growth was considered the Minimum Fungicidal Concentration (MFC) [3]. 
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3.5 Yeast to Hyphal Morphogenesis (Y-H Morphogenesis) assay: 

The induction of yeast-to-hyphal morphogenesis in C. albicans by fetal bovine serum 

was examined through a microplate-based assay. AITC, EITC, BITC, and PEITCs 

concentrations, ranging from 0.0039 to 2 mg/ml, were prepared in 20 % serum. In both 

the control and test wells of the microtiter plate, 1 × 106 cells/ml were inoculated, and 

the final assay volume was maintained at 200 μl. The plates were then incubated at 37 

°C for 2 hours on an orbital shaker at 200 rpm. The formation of germ tubes by the cells 

was observed using an Inverted Microscope, and the count of yeast cells and hyphae was 

conducted with the assistance of a microscope [4]. 

 

3.6 Scanning Electron Microscopy (SEM): 

To observe the yeast-to-hyphal morphogenesis of C. albicans cells on polystyrene discs 

(1 × 107 cells/ml), a process known as Y-H morphogenesis, experiments was conducted 

in 12-well plates at 37 °C and 50 rpm for 90 minutes. For SEM analysis, samples were 

fixed in a 2.5 % glutaraldehyde solution in 0.1 M phosphate buffer (pH 7.2) for 24 hours 

at 4 °C. Subsequently, the samples were post-fixed in a 2 % aqueous solution of osmium 

tetroxide for 4 hours and dehydrated using a series of graded alcohols. The prepared 

samples were then mounted on stubs, and gold coating was applied using an automated 

gold coater. Finally, images were captured using a scanning electron microscope [5]. 

 

3.7 Adhesion Assay: 

The check the anti-adhesion property of AITC, EITC, BITC, and PEITC against C. 

albicans microplate-based test was used. The different concentrations of AITC, EITC, 

BITC, and PEITC were prepared in PBS (from 0.0039 to 2 mg/ml) and added 50 μl of 

cell suspension (with about 1 × 107 cells/ml) to each microplate well, keeping the final 

volume at 100 μl. The plates were left to sit for 90 minutes at 100 rpm on a shaker at 37 

°C to allow cells to attach to the surface. After this, we washed the wells with PBS to 

remove cells that didn't stick, and we checked how many cells stuck in each well by 

looking at their metabolic activity using the XTT assay. The concentration where there 

was a 50 % reduction compared to the control was considered the MIC50 concentration 

for adhesion [6]. 

 

3.8 Biofilm Assays: 
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3.8.1 Early Biofilm assay: 

To investigate the initial stages of biofilm formation, tissue culture-treated 96-well 

polystyrene plates were used. In each well, 100 μl  of a cell suspension (1 × 107 

cells/ml)introduced and cells were allowedto adhere on the solid surfaces of polystyrene 

plate for 90 minutes at 37 °C and 100 rpm. Following this, we removed non-adherent 

cells by filling the wells with PBS. Subsequently, we added RPMI-1640 medium (200 

μl) containing various concentrations of AITC, EITC, BITC, and PEITC (ranging from 

0.0039 to 2 mg/ml) and incubated the plates for 48 hours at 37 °C. Post-incubation, we 

washed the wells with PBS and employed the XTT metabolic assay to evaluate the 

impact of AITC, EITC, BITC, and PEITC on early biofilm growth [7]. 

 

3.8.2 Mature Biofilm assay: 

For mature biofilms, we prepared a 24-hour-old biofilm on tissue culture-treated 96-well 

polystyrene plates. AITC, EITC, BITC, and PEITC concentrations within the range of 

0.0039 to 2 mg/ml were prepared in RPMI 1640 medium and added to the wells. Using 

an inverted light microscope, we examined the wells to observe the effects of AITC, 

EITC, BITC, and PEITC on the pre-existing biofilm. The XTT metabolic assay was then 

employed to analyze the growth of the mature biofilm [7]. 

 

3.8.3 XTT Assay for Quantification of Biofilm: 

In order to quantify biofilm growth, we utilized the XTT metabolic test. After 

eliminating non-adherent cells by washing the wells with PBS, we added 100 μl of XTT-

Menadione solution and incubated it in the dark at 37 °C for 5 hours. Subsequently, a 

microplate reader was used to measure the coloration produced by the water-soluble 

formazan product at 450 nm [7]. 

 

3.9 Hemolytic assay: 

To assess the toxicity of AITC, EITC, BITC, and PEITC , we conducted a hemolytic 

assay using human Red Blood Cells (RBCS). Human blood, obtained from the blood 

bank, was collected and stored in tubes containing EDTA. The collected blood was then 

centrifuged at 2000 rpm for 10 minutes at 20 °C. The resulting RBCS pellet was 

suspended in PBS (10 % v/v). Before use, the RBCS suspension was diluted in PBS at a 

1:10 ratio. For the assay, 100μl aliquots from the RBCS suspension were added to 100μl 

of different concentrations of AITC, EITC, BITC, and PEITC in the same buffer, using 
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Eppendorf tubes. Total hemolysis was induced using 1 % Triton X-100. After incubating 

for 1 hour at 37 °C, the mixture was centrifuged for 10 minutes at 2000 rpm at 20 °C. 

The optical density was measured at 450 nm after transferring 150 μl of the supernatant 

to a microtiter plate with a flat bottom. All experiments were conducted in triplicates 

[8]. 

 

3.9.1 Calculation of Hemolysis Percentage: 

Fig. 3.1 The percentage of hemolysis was determined using the following formula: 

 

% 𝑜𝑓 𝐻𝑎𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 =

[𝐴450 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑆𝑎𝑚𝑝𝑙𝑒 − 𝐴450 𝑜𝑓 𝑏𝑢𝑓𝑓𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒]

[𝐴450 𝑜𝑓 1%𝑇𝑟𝑖𝑡𝑜𝑛𝑋 100 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴450 𝑜𝑓 𝑏𝑢𝑓𝑓𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒]
 𝑥 100                         …..  (3.1) 

This formula compares the absorbance values of the test compound-treated sample with 

those of the buffer-treated sample and 1 % Triton X 100-treated sample. The result is 

expressed as a percentage of hemolysis, providing insights into the impact of the test 

compound on red blood cells [8]. 
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4. Introduction 

In the past few years, incidence rates of fungal infections have increased 

tremendously. Annually, around 10 lakh deaths occur due to fungal infections across the 

world. Fungal infection mainly occurs in immunocompromised individuals [1, 2]. 

Among these, fungal infections caused by C. albicans are the most common threat to 

human beings [3, 4]. C. albicans is a pleiomorphic fungal pathogen that can produce 

biofilms on the cell surfaces of mammals as well as implanted medical devices [5, 6]. It 

can form biofilm on both biotic and abiotic surfaces, like central venous system 

catheters, urinary catheters, stents, porcine heart valves, artificial heart valves, 

intrauterine devices, and artificial kneecaps. The colonized prosthetics may act as a 

permanent source of bloodstream infections. The majority of the studies suggest that 

biofilm-associated infections in patients are difficult to eradicate as biofilms are resistant 

to standard antifungals [7].  

Therefore, the treatment of biofilm-related infections has become a major 

challenge to clinicians [8]. Due to drug tolerance, it may be necessary to increase the 

dosages of the drugs beyond the therapeutic range. This is not always advisable due to 

the increased side effects of the drugs. Since biofilms are hard to eradicate, the only 

available alternative may be the physical removal of the devices. In addition, colonized 

devices, such as pacemakers, may malfunction. Clogging of the catheters by C. albicans 

is a serious problem, especially in diabetic or immunocompromised persons since the 

catheters require replacement. Removal or replacement of prosthetics is expensive and 

uncomfortable for the patients and may require frequent visits to the doctor as well as 

hospitals contributing to the additional expenses, mortality, and morbidity [9]. This 

necessitates an alternative treatment modality to counter the low efficacy, significant 

side effects, and emergence of multidrug-resistant C. albicans strains. Biofilms can 

adhere and accumulate on numerous surfaces. The new antifungal drug strategy should 

concentrate on the development of drugs that prevent and remove biofilms. Numerous 

plant-derived substances have been shown to possess potential anti-Candida activities 

through a variety of mechanisms, including inhibition of the yeast-to-hyphae transition, 

prevention of the formation of biofilms, impairment of cell metabolism, cell wall 

integrity, cell membrane fluidity, and apoptosis [6, 10].  
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Allyl Isothiocyanate  (AITC) is a natural compound derived from cruciferous 

vegetables. An earlier study performed by Raut et al. [11] has suggested that AITC alone 

and in combination with the standard antifungal, fluconazole (FLC), successfully 

inhibits the growth and virulence factors of C. albicans. Along with this, AITC at its 

planktonic and biofilm inhibitory concentration was non-hemolytic. Hence, it can be 

used as an alternative therapeutic option for the treatment of candidiasis. The present 

study is aimed to verify inhibitory activity of AITC against C. albicans. In this regard, 

the antifungal properties of AITC were demonstrated in planktonic and biofilm forms of 

C. albicans. 

 

4.1 Introduction of Allyl Isothiocyanate  (AITC) 

 Allyl Isothiocyanate  (AITC) is a naturally occurring unsaturated Isothiocyanate. 

This colorless oil is responsible for the pungent taste of cruciferous vegetables such as 

mustard and radish. It is slightly soluble in water but more soluble in most organic 

solvents. Allyl Isothiocyanate  is used as a flavoring agent, in medicine as a rubefacient 

(counterirritant), as a fumigant, in ointments, in mustard plasters, as an adjuvant, as a 

fungicide, as a repellent for cats and dogs, and as a preservative in animal feed. 

Information on basic physical properties are shown in (Table 4.1) [12]. 

 

 

                                                          

 

Image 4. 1. Molecular structure of Allyl Isothiocyanate. 

Molecular Formula: C4H5NS         Molecular weight: 99.15 g/mol 
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Table 4. 1. Properties of Allyl Isothiocyanate  

 

4.1.1 Biosynthesis and biological functions: 

Allyl Isothiocyanatecan be obtained from the seeds of black mustard (Brassica 

nigra) or brown Indian mustard (Brassica juncea). When these mustard seeds are 

broken, the enzyme myrosinase is released and acts on a glucosinolate known as sinigrin 

to give Allyl Isothiocyanate. This serves the plant as a defense against herbivores; since 

it is harmful to the plant itself it is stored in the harmless form of the glucosinolate, 

separate from the myrosinase enzyme. When an animal chews the plant, the Allyl 

Isothiocyanate  is released, repelling the animal [13,14]. 

4.1.2 Commercial and other applications: 

Allyl Isothiocyanateis produced commercially by the reaction of allyl chloride 

and potassium thiocyanate. 

CH2=CHCH2Cl + KSCN → CH2=CHCH2NCS + KCl                                  …… (4.1) 

The product obtained in this fashion is sometimes known as synthetic mustard 

oil. Allyl Isothiocyanatecan also be liberated by dry distillation of the seeds. The product 

obtained in this fashion is known as the volatile oil of mustard and is usually around 92 

% pure. It is used principally as a flavouring agent in foods. Synthetic Allyl 

Isothiocyanate is used as an insecticide, as an anti-mold agent bactericide, and 

Sr. No. Particulars  Observation 

1 Physical state Very refractive liquid  

2 Colour Colourless or pale-yellow, 

3 Odour Very pungent, irritating odour and acrid taste 

4 Melting point  -80°C (lit.) 

5 Boiling point  152°C (lit.) 

6 Density 1.0126 g/cm3 at 20°C (lit.) 

7 Solubility  Sparingly soluble in water; very soluble in benzene, ethyl ether 

and ethanol; miscible with most organic solvents 
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nematicide, and is used in certain cases for crop protection.  It is also used in fire alarms 

for the deaf [15,16]. 

4.2.1 Materials and Methods 

Materials and methods followed are given in Chapter 3. 

 

4.3 Results 

4.3.1 Antifungal activity of AITC on C. albicans Planktonic Growth 

The inhibitory effect on planktonic growth of C. albicans was assessed by AITC 

(Fig. 4.3.1A). The MIC50 of AITC for C. albicans was found to be 0.125 mg/ml. The 

minimum fungicidal concentration of AITC was assessed by spread plate technique on 

YPD plate with the help MIC50 concentration and results indicate that AITC is fungicidal 

at its MIC50 and above concentrations (Fig. 4.3.1B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.1A: Inhibition of C. albicans planktonic growth by Allyl Isothiocyanate. The 

inhibitory effects of series of concentrations ranges from 0.0039 to 2 mg/ml were evaluated 

on planktonic growth after 48 h incubation. 
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Fig. 4.3.1B: Plate based bioassay to determine minimum fungicidal concentration (MFC) in 

C. albicans 90028 strain. Application of Allyl Isothiocyanate (0.25 mg/ml) completely 

inhibited colony survival. 

 

4.3.2 Inhibitory effect of AITC on germ tube formation of C. albicans  

In this study, we analyzed the effect of AITC on germ tube formation of C. 

albicans using fetal bovine serum (FBS) growth media. AITC inhibited Y-H from 

morphogenesis in a concentration-dependent manner. The effect was studied at various 

concentrations ranging from 0.0039 to 2 mg/ml. At 0.125 mg/ml concentration AITC 

completely inhibited germ tube formation. The morphological analysis of C. albicans 

cells was further assessed for germ tube inhibition by Scanning Electron Microscopy 

(SEM) (Fig. 4.3.2). 

 

 

 

 

 

 

 

 

 

A. Control B.  Allyl Isothiocyanate 
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Fig. 4.3.2:  Morphological characterization by scanning electron microscopy (SEM) of yeast to hyphal 

(Y-H) morphogenesis of C. albicans; (A.) C. albicans cells without treatment of drug at 2.00 kx 

magnification and (B.) C. albicans cells treated with 0.125 mg/ml of Allyl Isothiocyanate at 1.00 kx 

magnification.  

 

4.3.3 Effect of AITC on adhesion of C. albicans  

  Adhesion plays a vital role in biofilm formation and infection in C. albicans. The 

inhibitory effect of AITC on C. albicans to polystyrene surface was quantified by XTT 

metabolic assay. AITC inhibits adhesion to polystyrene surface to an extent of 50 % at 

0.125 mg/ml and at concentrations of 0.25 mg/ml, 0.5 mg/ml, 1 and 2 mg/ml AITC 

significantly decreased adhesion to an extent of 28 %, 25 %, 21 % and 21 %, respectively 

(Fig. 4.3.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.3: Inhibition of C. albicans adhesion by the treatment of Allyl Isothiocyanate to an 

abiotic surface (polystyrene). C. albicans cells were incubated in phosphate buffered saline 

(PBS) in polystyrene wells for 90 min. and then washed with PBS to remove unattached cells. 

The attached cells were detected by measuring the reduction of XTT against C. albicans. 

 

4.3.4 Effect of AITC on biofilm formation (Early and Mature biofilm) 

AITC anti-biofilm activity was evaluated against the C. albicans ATCC 90028 

strain. At a dose of 0.5 mg/ml, AITC suppresses the early or emerging biofilm and at the 

same concentration, AITC suppresses mature biofilm as shown by the XTT metabolic 

assay (Fig. 4.3.4A, 4.3.4B). 
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Fig. 4.3.4A: Inhibition of C. albicans early biofilm formation by the treatment of Allyl 

Isothiocyanate. The inhibitory effect of Allyl Isothiocyanate dilutions was evaluated on 

biofilms after a 48 h incubation with XTT metabolic. 

              

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.4B: Inhibition of C. albicans mature biofilm formation by the treatment of Allyl 

Isothiocyanate. The inhibitory effect of Allyl Isothiocyanate dilutions was evaluated on 

biofilms after a 72 h incubation with XTT metabolic. 
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4.3.5 Toxicity effect of AITC on human red blood cells (RBCSs) 

The toxicity of AITC was analyzed by in vitro hemolytic activity on human 

RBCSs. It was observed that AITC was non-hemolytic in a concentration range from 

0.0039 to 2 mg/ml (Fig. 4.3.5).  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.5:  Hemolysis assay of Allyl Isothiocyanate, including triton 100 X as positive 

control and 0 as negative control. The relative rate of hemolysis in human erythrocytes was 

measured following a 1h incubation with concentrations ranging from 0.0039 to 2 mg/ml of 

Allyl Isothiocyanate  at 37°C. 

 

4.4 Discussion: 

Isothiocynates are well-known antimicrobial substances used to fight bacteria 

and potentially harmful fungi. It is surprising that little research has been performed on 

how ITCs affect yeasts, like C. albicans. Very few studies have shown the effect of 

Isothiocyanate on C. albicans.  Anti-Candida activity of AITC alone and in combination 

with FLC was explored in 2017 [11, 17]. The activity of AITC against C. albicans 

pathogenicity and planktonic growth was concentration dependent. At 1 mg/ml, the 

biofilm was significantly (P≤0.05) inhibited by AITC. Notably, the biofilm was not 

formed when 0.004 mg/ml of FLC and 0.125 mg/ml of AITC were combined. The 

AITC-FLC combination also significantly (P≤0.05) suppressed the developed biofilms. 

The fractional inhibitory concentration indices, which ranged from 0.132 to 0.312, 

showed that AITC and FLC worked together to prevent the development of both early 
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and mature biofilms. Toxicity study analysis has suggested that AITC alone and in 

combination with FLC causes no hemolysis [18, 19].  

In order to find out the antifungal effect of AITC against C. albicans, we have 

performed various methods of drug susceptibility assays namely minimum inhibitory 

concentration (MIC50) using broth micro dilution method and minimum fungicidal 

concentration (MFC) assay. Both micro dilution assays confirmed that AITC show the 

antifungal effect against C. albicans at MIC of 0.125 mg/ml (Fig. 4.3.1A). The results 

of MFC confirmed that AITC was fungicidal in nature (Fig. 4.3.1B).  

C.  albicans has the ability to colonise tissues, implant devices, and build 

biofilms which are essential for pathogenesis and medication resistance. One of the main 

factors in the development of biofilm and the related yeast infections is the 

transformation of yeast into hyphal cells. It has been observed that a variety of natural 

substances, including phytochemicals, prevent C. albicans from forming biofilm, mostly 

by preventing hypha production. The antifungal activity of plant molecule AITC was 

further assessed against virulence factors of C. albicans like yeast to hyphal (Y-H) 

morphogenesis, adhesion assay and biofilm formation and we found that all the tested 

strains displayed susceptibility to AITC. AITC at 0.125 mg/ml concentration inhibits Y-

H morphogenesis (Fig. 4.3.2). AITC at 0.125 mg/ml concentration inhibits adhesion 

(Fig.4.3.3). At 0.5 mg/ml concentration AITC inhibits early and mature biofilm (Fig. 

4.3.4a and 4.3.4b). Thus, all the drug susceptibility testing results clearly indicate that 

AITC is inhibitory against C. albicans and it may be used as alternative therapeutic agent 

for candidiasis after in vivo study. 

 

4.5 Conclusions: 

The anti-C. albicans capability of AITC is reported in this work. This suggests 

that AITC may be used to treat C. albicans by acting as an anti-biofilm agent. AITC 

inhibited Y–H morphogenesis at 0.125 mg/ml concentration, adherence to the 

polystyrene surface at 0.125 mg/ml concentration, and biofilm formation like early and 

mature at 0.5 mg/ml concentration. 
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5. Introduction:  

There are around 8.7 million eukaryotic species present on Earth. According to 

a recent estimate, approximately 611,000 are fungal species, and about 600 species are 

pathogenic to humans [1,2]. Candida is a part of the natural flora, and it can become 

pathogenic in immune compromised patients. C. albicans has the ability to form 

biofilms on medical devices [3]. Biofilm-related infections are becoming difficult to 

treat in hospitalized patients as well as in patients who has recently gone through surgery 

as they exhibit drug resistance [4]. To treat this fluconazole and amphotericin B are 

widely prescribed but they exhibit side effects due to high doses [5]. It has become 

important to find alternatives to the current drugs and find drugs which can target drug 

tolerant biofilms without causing side effects to the patients [6, 7].  

The potential of using bioactive molecules of natural origin as antifungal agents 

is proposed by various workers as they inhibit biofilm formation [8, 9]. Recent research 

revealed that the Brassicaceae family of crops, including cabbage, broccoli, cauliflower, 

and radish, are rich of nutrients that can benefit human health, including carotenoids, 

polyphenols, flavonoids, and glucosinolates (GLS) as well as Isothiocynates (ITCs). The 

breakdown products of GLS are ITCs. Their numerous pharmacological qualities, 

including their antibacterial, antifungal, antiprotozoal, anti-inflammatory, and chemo 

protective actions, make them useful in the pharmaceutical business as well [10]. It has 

been observed that ITC compounds exhibit antifungal properties against soil-borne 

fungal infections [11, 12]. Along with this a few reports on the antifungal activities of 

ITCs against postharvest plant pathogenic fungi such as Botrytis cinerea, Penicillium 

expansum, Alternaria alternata and Monilinia laxa are known [13].  In current study we 

have explored the anti-C. albicans activity of Ethyl Isothiocyanate (EITC). EITC 

inhibits C. albicans planktonic growth and virulence factors like, yeast to hyphal form 

transition, adhesion to polystyrene surface, developing biofilm and mature biofilm.  

5.1 Introduction to Ethyl Isothiocyanate 

Synonym: Isothiocyanic Acid Ethyl Ester 

An Isothiocyanate has an Ethyl group attached to nitrogen. 
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Image 5. 1. Molecular structure of Ethyl Isothiocyanate. 

Formula: C3H5NS    Molecular weight: 87,14 g/mol 

Table 5.1. Physical properties of Ethyl Isothiocyanate   

Sr. No  Particulars  Observations 

1 Physical state Clear, liquid 

2 Colour Light yellow 

3 Odour Sharp mustard-like aroma 

4 Melting point -6 °C (lit.) 

5 Boiling point  130 - 132 °C (lit.) 

6 Density 0.995 g/cm3 at 25 °C (lit.) 

7 Solubility  Insolubility in water. Miscible with alcohol, ether. 

 

Also known as Iso-thio-cyanato-ethane, Ethyl Isothiocyanate (EITC) is a 

naturally occurring chemical compound found in various plants. Due to its unique 

characteristics, EITC has found extensive applications in scientific research, spanning 

synthesis, biochemistry, and physiology. Ethyl Isothiocyanate demonstrates broad 

utility in scientific research across multiple domains. In organic synthesis, it serves as a 

highly reactive nucleophile, facilitating the synthesis of diverse compounds. In the field 

of biochemistry, EITC is employed to investigate enzyme kinetics and protein-ligand 

interactions. The Basic physical properties shown in (Table 5.1). 

5.2 Materials and Methods  

Material and methods followed are given in Chapter 3. 
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5.3.12 Statistical Analysis  

The values mentioned were the means with standard deviations, obtained from 

three different observations. Values in the control and treatment groups for various 

molecules were compared using Student’s t-test. A value of P < 0.05 was considered 

statistically significant.    

 

5.4 Results  

5.4.1.  EITC inhibited planktonic growth in C. albicans.  

EITC inhibited Planktonic growth of C. albicans Initially, we studied the effect of EITC 

on C. albicans ATCC 90028 strain using the micro broth dilution method. For this 

purpose, we have exposed C. albicans cells to a series of concentrations of EITC in the 

range of 0.0039 to 2 mg/ml for 48hrs. After 48 hrs. of incubation 50 % reduction in 

planktonic growth of C. albicans was seen at 0.5 mg/ml concentration compared to non-

treated control. At 1 mg/ml and 2 mg/ml concentrations, 58 % and 73 % reduction 

respectively were seen (Fig. 5.4.1A). Exposure to EITC affected the viability of C. 

albicans cells. EITC was fungicidal at 2 mg/ml concentration. 99 % of the killing of C. 

albicans cells was observed on the YPD plate (Fig. 5.4.1B).   
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Fig. 5.4.1A: Antifungal activity of Ethyl Isothiocyanate against planktonic growth of C. 

albicans. the planktonic growth of C. albicans 90028 strain treated by various concentrations 

of Ethyl Isothiocyanate (0.0039 to 2 mg/ml) and the growth of C. albicans measured by 

spectrophotometer. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.4.1B: Candidacidal activity of Ethyl Isothiocyanate using a minimum fungicidal 

concentration (MFC) assay. The C. albicans 90028 strain was treated with different 

concentrations of Ethyl Isothiocyanate. The significant Candidacidal activity of Ethyl 

Isothiocyanate was seen at 2 mg/ml concentration. 

 

5.4.2. EITC inhibited Yeast to Hyphal Morphogenesis in C. albicans.   

The yeast-to-hyphal form morphogenesis plays a vital role in the pathogenesis of C. 

albicans infections and is considered as an important virulent trait of C. albicans. 

Therefore, we have assessed the effects of EITC on yeast-hyphal morphogenesis by 

using a fetal bovine serum growth medium. Serum-induced Y-H morphogenesis of C. 

albicans ATCC 90028 strain was inhibited by EITC at 0.0312 mg/ml concentration. It 

was observed that concentrations above MIC showed complete inhibition of Y-H 

morphogenesis of C. albicans compared to non-treated control. Scanning Electron 

Microscopy (SEM) analysis was performed to confirm the inhibition of Y-H 

morphology of C. albicans cells by the treatment of EITC. SEM analysis revealed that 

z 
B

z 
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EITC inhibited the yeast-hyphal morphogenesis in C. albicans cells at 0.0312 mg/ml 

(Fig. 5.4.2.).   

 

 

 

 

 

 

 

Fig. 5.4.2: The treatment of Ethyl Isothiocyanate significantly inhibits yeast to hyphal 

morphogenesis in C. albicans analysed with the help of scanning electron microscopy (SEM) 

(A.) C. albicans cells without treatment of Ethyl Isothiocyanate at 2.00 kx magnification, and 

(B.) C. albicans cells with the treatment of 0.0312 mg/ml of Ethyl Isothiocyanate at 1.00 kx 

magnification. 

 

5.4.3. Inhibition of Adhesion by EITC 

EITC inhibited of adhesion C. albicans cells to polystyrene surface We examined the 

effect of EITC on the adhesion of C. albicans to the polystyrene surface because 

infections and biofilm formation of C. albicans start from adhesion. The result suggests 

that EITC at 0.0312 mg/ml concentration decreased 50 % viability of adhered cells to 

the polystyrene surface (Fig. 5.4.3.). Treatment above 0.0312 mg/ml concentration 

inhibited approximately 60 - 75 % of the adhesion compared to the non-treated control 

groups. From the above observation, it is concluded that EITC inhibits the adhesion of 

C. albicans cells to the polystyrene surface.   
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Fig. 5.4.3: XTT metabolic analysis-based polystyrene adhesion assay to evaluate the effect 

of Ethyl Isothiocyanate on C. albicans adherence. C. albicans cells were exposed to 0.0039 

to 2 mg/ml concentrations of Ethyl Isothiocyanate for 90 min. at 37 °C. Control bar (0) 

indicates untreated cells, accepted as 100 % growth.  

 

5.4.4. Inhibition of early and mature biofilm of C. albicans by EITC 

The anti-biofilm ability of EITC at different concentration ranges between 0.0039 to 2 

mg/ml was analyzed by XTT metabolic assay. As shown in (Fig. 5.4.4A) and (Fig. 

5.4.4B), formation of early and mature biofilm was reduced by 50% at 2 mg/ml and 0.5 

mg/ml concentrations respectively as compared to non-treated control.   
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Fig. 5.4.4A: C. albicans cells were treated with 0.0039 to 2 mg/ml concentration of Ethyl 

Isothiocyanate during early biofilm, has shown concentration dependent inhibition of biofilm 

development quantified by XTT assay. 

 

 

 

 

 

 

 

 

 

Fig. 5.4.4B: The inhibitory effect of Ethyl Isothiocyanate against mature biofilm formation 

of C. albicans. Cells were treated with concentrations ranging from 0.0039 to 2 mg/ml of 

EITC during biofilm development, revealing concentration-dependent inhibition of biofilm 

formation quantified by XTT assay. 

 

5.4.5. Hemolytic activity of EITC  

A hemolytic analysis study was performed to assess the toxicity of EITC on 

human RBCSs. EITC exhibited 19 % hemolysis at 0.5 mg/ml concentration and at 

0.0156, 0.0078, and 0.0039 mg/ml concentrations it showed 8 %, 5 %, and 5 % 

hemolysis, respectively (Fig. 5.4.5). This indicates that EITC may be less toxic at lower 

concentrations and more toxic at higher concentration.  
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Fig. 5.4.5:  Hemolysis assay of Ethyl Isothiocyanate, including triton 100 X as positive 

control and 0 as negative control. The relative rate of hemolysis in human erythrocytes was 

measured following a 1h incubation with concentrations ranging from 0.0039 to 2 mg/ml of 

Ethyl Isothiocyanate at 37°C. 

 

5.5 Discussion  

Antifungal activity of EITC is reported against Fusarium oxysporum, Sclerotinia 

sclerotorium, Geotrichum citriaurantii, Aspergillus niger, Rizoctonia solani, Botrytis 

cinerea and Penicillium expansum. In the present study, we have examined the 

antifungal efficacy of EITC against C. albicans growth and virulence factors. EITC 

inhibited planktonic growth at 0.5 mg/ml concentration (Fig. 5.4.1A). Also, it was found 

that EITC was fungicidal at 2 mg/ml (Fig. 5.4.1B). Yeast to hyphal (Y–H) 

morphogenesis plays an important role in virulence of C. albicans as it plays major role 

in tissue invasion and systematic infection. Present study showed that EITC inhibited 

Y–H morphogenesis at concentration i.e. 0.0312 mg/ml. The scanning electron 

microscopy confirmed that EITC inhibits yeast to hyphal form morphogenesis of C. 

albicans (Fig. 5.4.2.). Invasive growth and biofilm formation of C. albicans requires 

adhesion to tissue surfaces. Adhesion of yeast cell to host tissue or medical devices plays 

important role in colonization and systematic infection [14]. Adhesion plays important 

role in colonization, biofilm formation and multidrug resistance inhibiting adhesion 

ultimately leads to prevention of biofilm formation. EITC inhibits adhesion to 
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polystyrene surface at 0.0312 mg/ml concentration (Fig. 5.4.3). C. albicans biofilm-

related infections are became difficult to treat as it shows resistance to standard 

antifungals as well as they show side effects on prolonged use so now a day’s researchers 

focus on natural products that specifically inhibits biofilm formation [15,16]. EITC 

inhibited early and mature biofilm formed by C. albicans at 2 mg/ml and 0.5 mg/ml 

concentrations, respectively (Fig. 5.4.4A and 5.4.4B) Haemolytic activity of EITC was 

analysed for further therapeutic application. EITC shows 19% haemolysis at 0.5 mg/ml 

concentration while at lower concentrations it is less haemolytic (Fig. 5.4.5).  

5.6 Conclusions  

The current study reports for the first time, the anti-C. albicans potential of EITC. 

This supports the possibility of using EITC as an anti-biofilm agent against C. albicans. 

In conclusion, EITC inhibited planktonic growth at 0.5 mg/ml concentration and 

virulence factors like Y–H morphogenesis (at 0.0312 mg/ml), adhesion (0.0312 mg/ml) 

to polystyrene surface, and biofilm formation (early biofilm at 2 mg/ml and mature 

biofilm at 0.5 mg/ml concentration).  
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6.  Introduction:  

Candida albicans, a commensal fungus residing in the human microbiota, can turn 

pathogenic, causing a range of infections from mucosal to life-threatening systemic 

diseases, particularly in immunocompromised individuals [1]. With the escalating 

incidence of candidiasis and the emergence of drug-resistant strains, there is a pressing 

need to explore novel antifungal agents with enhanced efficacy and reduced risk of 

resistance development [2]. The surge in antifungal resistance and the limitations of 

existing treatments underscore the urgency to explore novel therapeutic strategies.  

In this context, Benzyl Isothiocyanate (BITC), a naturally occurring compound 

found in cruciferous vegetables, has garnered attention for its potential in combating 

Candida infections. In this context, Benzyl Isothiocyanate (BITC), a naturally occurring 

compound derived from cruciferous vegetables, has emerged as a promising Candidate 

due to its multifaceted anti-Candida properties. 

BITC has been extensively studied for its broad-spectrum antimicrobial activity, 

exhibiting inhibitory effects against various bacterial and fungal pathogens [3].  

Recent research has shed light on the specific anti-Candida potential of BITC, 

particularly in inhibiting C. albicans morphogenesis, a key virulence factor. Notably, 

BITC demonstrates efficacy at concentrations lower than those required for growth 

inhibition, showcasing its potential to modulate virulence without exerting significant 

selective pressure. The ability of C. albicans to transition between yeast and filamentous 

forms is integral to its pathogenicity. BITC's capacity to hinder this morphological shift 

holds promise in restricting the pathogen and mitigating the risk of drug-resistant 

microbial populations. Beyond morphogenesis, BITC exhibits a remarkable ability to 

disrupt key virulence factors associated with biofilm formation, a critical aspect of C. 

albicans pathogenicity [4,5]. 

Biofilm formation is a protective strategy employed by C. albicans, rendering traditional 

antifungal drugs, such as fluconazole, less effective [6]. The insidious nature of biofilms 

contributes to persistent infections and increases the likelihood of resistance 

development. In this context, BITC presents a compelling solution by significantly 

reducing the adherence of C. albicans cells to surfaces and inhibiting biofilm formation 

in a concentration-dependent manner [7]. 
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The rising prevalence of antifungal resistance and the limitations of current 

therapeutic options necessitate the exploration of alternative compounds with diverse 

mechanisms of action. BITCs ability to target multiple facets of C. albicans 

pathogenicity positions it as a promising Candidate for further study. Understanding the 

underlying mechanisms of BITCs anti-Candida activity is crucial for developing 

targeted and effective antifungal strategies. Moreover, BITC's impact on the yeast-to-

filamentous conversion, pivotal in biofilm network establishment, highlights its 

potential as a disruptive force against mature biofilms. The observation that mature 

biofilms of C. albicans exhibit heightened sensitivity to BITC underscores its efficacy 

in combating established infections [8]. 

This chapter provides a glimpse into the multifaceted anti-Candida properties of 

BITC, emphasizing its potential to address crucial aspects of C. albicans pathogenicity. 

It will delve into the mechanistic insights, experimental findings, and implications of 

BITC as a novel antifungal agent, with a focus on its ability to modulate virulence factors 

and counteract biofilm formation. 

 

6.1 Benzyl Isothiocyanate  

Benzyl Isothiocyanate  (BITC) is an Isothiocyanate and a member of benzenes. 

It has a role as an antibacterial drug. It can be found in Alliaria petiolata, pilu oil, 

and papaya seeds where it is the main product of the glucotropaeolin breakdown by the 

enzyme myrosinase. BITC, and other Isothiocynates in general, were found to be 

protective against pancreatic carcinogenesis in vitro via expression of 

the p21/WAF1 gene. A recently published study showed its restraining impact on 

obesity, fatty liver, and insulin resistance in diet-induced obesity mouse model [9]. The 

physical properties are  shown in (Table 6.1). 
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Image 6. 1. Molecular structure of Benzyl Isothiocyanate. 

Formula: C8H7NS        Molecular weight: 149.21 g/mol 

Table 6.1: Physical properties of Benzyl Isothiocyanate  

 

6.1.1 Biosynthesis and biological functions: 

BITC is a natural product found in the Eastern Hemisphere mustard plant Alliaria 

petiolata, seeds of the pilu tree (Salvadora persica), and papaya (Carica papaya) seeds. 

It is a colorless to pale yellow liquid with a boiling point of 242–243°C and a 

characteristic watercress-like odor. In 2006, there was a report that Isothiocynates, 

including Benzyl Isothiocyanate, protected against pancreatic carcinogenesis in vitro. 

Benzyl Isothiocyanate is a naturally occurring constituent of cruciferous vegetables. It 

has antibacterial properties and its metabolism in man has been investigated. It inhibits 

chemically induced cancer in animal models. Benzyl Isothiocyanatehas demonstrated 

anti-cancer properties, inhibiting the growth of various cancer cell lines [10]. Studies 

have indicated that BITC possesses anti-inflammatory properties, suggesting its 

potential use in pharmaceuticals [11]. 

 

6.1.2 Commercial and other applications: 

Sr.  Particulars  Observations 

1 Physical state Colorless to pale yellow liquid 

2 Colour Colorless 

3 Odour Watercress-like odor 

4 Melting point Melting point 41 °C (lit.) 

5 Boiling point  242-243 °C (lit.) 

6 Initial boiling point  242-243 °C (lit.) 

7 Density 1.125 g/mL at 25 °C (lit.) 

8 Solubility  Insoluble in water & Soluble in DMSO, and Ethanol 
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BITC is a compound that has been studied for various commercial and medicinal 

applications. Here are some commercial and other applications of Benzyl Isothiocyanate 

: 

1) Food Preservation: 

BITC has shown potential as a natural food preservative due to its 

antimicrobial properties [12]. 

2) Insecticidal Properties: 

BITC has been investigated for its insecticidal activity, suggesting its potential 

as a natural insecticide [13]. 

3) Flavor and Fragrance Industry: 

BITC may have applications in the flavor and fragrance industry due to its 

distinctive odor and taste [14]. 

 

6.2 Materials and Methods 

The material and methods followed are given in Chapter 3. 

 

6.3 Results 

6.3.1 Minimum inhibitory concentration (MIC) and Minimum fungicidal 

concentration of Benzyl Isothiocyanate (BITC) 

In the experiment, C. albicans cells were treated with a series of concentrations 

(0.0039 to 2 mg/ml) of BITC. Benzyl Isothiocyanate produced a strong and dose-

dependent inhibitory effect on C. albicans with MIC50 and MFC values of 0.125 mg/ml 

and 0.25 mg/ml, respectively (Fig 6.3.1A and 6.3.2B). 
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Fig 6.3.1A: Growth curve of C. albicans planktonic cells treated with Benzyl Isothiocyanate 

. Planktonic cells were co-incubated with various concentrations (0.0039 to 2 mg/ml) of 

Benzyl Isothiocyanate for 48 hrs. The graph shows that Benzyl Isothiocyanate (0.125 mg/ml) 

significantly inhibits the growth of C. albicans. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.3.1B: Minimum Fungicidal Concentration of Benzyl Isothiocyanate against C. 

albicans obtained by counting the colonies grown on YPD agar plate after performing 

planktonic growth assay. Minimum fungicidal concentration is achieved at 0.25 mg/ml 

concentration. 

 

6.3.2 Inhibitory activity of Benzyl Isothiocyanate against the transition of C. 

albicans from yeast to hyphae  

The transition from yeast to hyphae is an important virulence-mediating attribute 

of C. albicans. Conversion of yeast cells to hyphal forms is critical for biofilm 

biogenesis, which provides strength and support to the developing heterogeneous 

biofilm structure. In the present study, we observed that Benzyl Isothiocyanate at a low 

concentration of 0.0312 mg/ml effectively inhibit transition from yeast to hyphae. 

 

 

 

 

 

Control 0.0625 mg/ml 

0.125 mg/ml 0.25 mg/ml 

B 
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Fig. 6.3.2: The treatment of Benzyl Isothiocyanate inhibits yeast to hyphal morphogenesis in 

C. albicans analysed with the help of Scanning Electron Microscopy, A) C. albicans cells 

without treatment of Benzyl Isothiocyanate; B) C. albicans cells with the treatment of 0.0312 

mg/ml Benzyl Isothiocyanate. 

 

6.3.3 Inhibitory activity of Benzyl Isothiocyanate  against adhesion to the 

polystyrene surface 

The adherence of C. albicans cells to polystyrene was influenced by Benzyl 

Isothiocyanate. C. albicans cells were exposed to series of concentration of Benzyl 

Isothiocyanate  in the range of 0.0039 to 2 mg/ml. Analyzing the density of adhered cells 

with XTT assay showed up to 65 % decrease in adhesion was seen at 0.5 mg/ml 

concentration. Benzyl Isothiocynate significantly inhibited adhesion of cells to the solid 

surface (Fig. 6.3.3).  
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Fig. 6.3.3: The effect of Benzyl Isothiocyanate on the adhesion of C. albicans to polystyrene 

plates. C. albicans in PBS with 0.0039 to 2 mg/ml concentrations of Benzyl Isothiocyanate 

were added to 96-well plate and incubated at 37 °C for 90 min., followed by an XTT assay 

to assess the adhesion rate of the cells compared to the control group.  

 

6.3.4 Benzyl Isothiocyanatepotentially inhibits developing and mature biofilm. 

Analysis of biofilm growth by using XTT-metabolic assay showed that the 

addition of Benzyl Isothiocyanate at a concentration range from 0.0039 to 2 mg/ml 

concentration prevented developing and mature biofilm formation by C. albicans. 

Treatment with a 2 mg/ml concentration of Benzyl Isothiocyanatecaused a 61 % decrease 

in the developing biofilm growth of strain ATCC 90028 and at 0.25 mg/ml 

concentration, Benzyl Isothiocyanate inhibits mature biofilm, which was evident from 

notable (> 50 %) lowering in relative metabolic activity (RMA) analyzed by XTT assay, 

compared to that of control (Fig.6.3.4A and Fig.6.3.4B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.3.4A: Anti-biofilm activity of Benzyl Isothiocyanate against early biofilm of C. 

albicans. Early biofilm of C. albicans were treated with Benzyl Isothiocyanate in 0.0039 to 

2 mg/ml concentrations range and incubated at 48 h in 96 well polystyrene plate. 
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Fig. 6.3.4B: Anti-biofilm activity of Benzyl Isothiocyanate against mature biofilm of C. 

albicans. Mature biofilms of C. albicans were treated with Benzyl Isothiocyanate in 0.0039 

to 2 mg/ml concentrations range for 48 h in 96 well polystyrene plate. 

 

6.3.5 Toxicity analysis of Benzyl Isothiocyanate  

The toxicity of Benzyl Isothiocyanate was analyzed by in vitro haemolytic 

activity on human RBCSs. It was observed that Benzyl Isothiocyanate was haemolytic 

in a concentration range from 0.0039 to 2 mg/ml. Benzyl Isothiocynate shows 13 % 

hemolysis at 2 mg/ml concentration. 
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Fig. 6.3.5: Hemolysis assay of Benzyl Isothiocyanate, including triton 100 X as positive 

control and 0 as negative control. The relative rate of hemolysis in human erythrocytes was 

measured following a 1h incubation with concentrations ranging from 0.0039 to 2 mg/ml of 

Benzyl Isothiocyanate at 37°C. 

 

6.4 Discussion 

Benzyl Isothiocyanate results showed that it possesses significant anti-Candida 

activity at low concentrations. Benzyl Isothiocyanate was found to inhibit C. albicans 

morphogenesis, at concentrations lower than growth inhibitory concentrations. Our 

study elucidates BITC's proficiency in inhibiting C. albicans morphogenesis, a pivotal 

virulence factor associated with the transition from a commensal to a pathogenic state. 

The ability to inhibit virulence factors like morphogenesis may be used to restrict the 

pathogen so that natural selection and thereby emergence of drug-resistant population 

of microbes can be avoided. Adhesion of cells to solid surface and biofilm forms were 

found well tolerant to the most commonly prescribed drug, fluconazole. Benzyl 

Isothiocyanate reduced the number of cells adhering to the surface by 80 % at 2 mg/ml 

concentration. Biofilm formation is a central strategy employed by C. albicans for 

survival and evasion of host defenses. Our findings underscore BITC's potency in 

disrupting this protective shield. The compound significantly reduces cell adhesion to 

surfaces, a critical initial step in biofilm establishment. Furthermore, BITC exhibits 

concentration-dependent disruption of mature biofilms, presenting a dual-action 

potential in preventing biofilm formation and eradicating established biofilms. This may 

be due to the Benzyl Isothiocyanate-mediated inhibition of yeast to filamentous 

conversion which is important in the formation of a heterogeneous biofilm network. 

Mature biofilms of C. albicans were comparatively more sensitive to Benzyl 

Isothiocyanate . 

A noteworthy aspect of our study is the observed efficacy of BITC against 

biofilms that exhibit tolerance to fluconazole, a commonly prescribed antifungal drug. 

This highlights BITC's potential as a valuable candidate for combination therapies, 

offering a solution to the challenges posed by drug-resistant strains and expanding the 

therapeutic arsenal against Candida infections. Our work gives insight into the 

development of Benzyl Isothiocyanate as a therapeutic strategy against C. albicans, 

especially biofilm-associated infections. 
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As we navigate the intricate landscape of antifungal research, the promising 

attributes of BITC beckon further exploration. Beyond the laboratory setting, clinical 

trials are warranted to validate the translational potential of BITC in human subjects. 

6.5 Conclusions: 

In conclusion our study demonstrates that Benzyl Isothiocyanate acts as a good 

antifungal agent and may be used as alternative therapeutic option for the treatment of 

candidiasis. Benzyl Isothiocyanate inhibit planktonic growth and is fungicidal in nature. 

Along with this Benzyl Isothiocyanate inhibits virulence factors like yeast to hyphal 

morphogenesis, adhesion to abiotic surface, early and mature biofilm.  
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7. Introduction:  

C. albicans is a prominent opportunistic fungal pathogen responsible for a range 

of infections, from mucocutaneous to systemic diseases, particularly in 

immunocompromised individuals and those with underlying medical conditions [1]. 

With the increasing prevalence of antifungal resistance and the limited armamentarium 

of effective antifungal drugs, there is a pressing need for the development of novel 

therapeutic strategies to combat C. albicans infections [2]. 

One promising avenue for antifungal drug development involves exploring 

natural compounds with potential antifungal properties. Phenylethyl Isothiocyanate 

(PEITC) is a natural compound derived from cruciferous vegetables such as watercress, 

broccoli, and Brussels sprouts [3]. PEITC has garnered attention for its diverse 

pharmacological activities, including anticancer, antimicrobial, and anti-inflammatory 

effects [4]. However, its potential as an antifungal agent against C. albicans remains 

relatively unexplored. 

The pathogenicity of C. albicans is attributed to its ability to transition between 

yeast and hyphal forms, which facilitates tissue invasion, immune evasion, and biofilm 

formation [5]. Hyphal development is a critical virulence factor associated with the 

pathogenesis of C. albicans infections, making it an attractive target for antifungal 

therapy [6]. Additionally, adhesion to host surfaces and biofilm formation are pivotal in 

C. albicans colonization and persistence within host tissues, contributing to its virulence 

and resistance to antifungal therapy [7]. 

Given the multifactorial nature of C. albicans pathogenicity, targeting multiple 

virulence factors simultaneously presents a promising approach for antifungal drug 

development [8]. Therefore, in this study, we aimed to investigate the antifungal activity 

of PEITC against C. albicans and its effects on key virulence factors, including hyphal 

formation, adhesion, and biofilm development. 

The assessment of minimum inhibitory concentration (MIC) and minimum fungicidal 

concentration (MFC) is crucial for determining the antifungal efficacy of PEITC against 

C. albicans. MIC represents the lowest concentration of an antifungal agent that inhibits 

visible fungal growth, while MFC denotes the lowest concentration that results in fungal 
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death [9]. Furthermore, the inhibition of hyphal formation by PEITC could impede C. 

albicans virulence and pathogenesis, thereby attenuating its ability to cause invasive 

infections. 

Adhesion to host surfaces is a prerequisite for C. albicans colonization and 

establishment of infection [10]. Therefore, assessing the effect of PEITC on C. albicans 

adhesion could provide insights into its potential as an antifungal agent. Additionally, 

biofilm formation is a key virulence factor contributing to C. albicans persistence and 

resistance to antifungal therapy [11]. Thus, evaluating the impact of PEITC on biofilm 

formation could offer valuable information regarding its therapeutic potential against 

biofilm-related infections. 

While the antifungal activity of PEITC against C. albicans is of interest, it is 

essential to consider its potential cytotoxic effects on mammalian cells. Hemolytic 

activity assays provide insights into the cytotoxicity of PEITC towards human red blood 

cells (RBCSs), which could have implications for its safety profile and clinical utility 

[12]. 

This study aims to investigate the antifungal activity of PEITC against C. albicans 

and its effects on key virulence factors, including hyphal formation, adhesion, and 

biofilm development. Understanding the mechanisms underlying PEITC's antifungal 

activity and its impact on C. albicans pathogenicity could pave the way for the 

development of novel therapeutic strategies against C. albicans infections. 

7.1 Introduction to Phenylethyl Isothiocyanate (PEITC)  

Phenylethyl Isothiocyanate has been used in trials studying the prevention and 

treatment of leukemia, lung cancer, tobacco use disorder, and lymphoproliferative 

disorders. 

 

 

 

 



 CHAPTER VII: Study of Phenylethyl Isothiocyanate (PEITC) on Candida albicans 
 

73 | P a g e  

 

Image 7. 1. Molecular structure of Phenylethyl Isothiocyanate. 

Formula: C9H9NS          Molecular weight: 163.24 g/mol 

Table 7.1: Physical properties of Phenylethyl Isothiocyanate 

 

PEITC is a bioactive compound involved in several biological mechanisms that 

are naturally related to protecting the plant against external factors. The plant produces 

PEITC in response to specific stress situations, since it presents biocidal activity against 

various pathogens, such as bacteria, fungi, insects, and other biotic stressors. However, 

the physiological properties of PEITC are not limited to those exerted at the source of 

origin. In this way, PEITC can act in humans, combining a series of biological properties 

with antioxidant, anti-inflammatory, and anti-cancer action. PEITC’s activity on the 

organism is justified by different bioactive mechanisms, namely, the generation of free 

radicals, reducing inflammation, and blocking the stages of carcinogenesis. PEITC is 

also known to inhibit cell proliferation arrest the cell cycle, reduce the expression of 

carcinogenesis, or even tumor suppression via apoptosis and autophagy induction. Since 

2000, PEITC has been one of the main pure glucosinolate derivatives (9.1 %) used in 

clinical trials, particularly to study its anti-cancer effects. 

Phenylethyl Isothiocyanate is an Isothiocyanate having a phenethyl group 

attached to nitrogen. It is a naturally occurring compound found in some cruciferous 

vegetables (e.g. watercress) and is known to possess anticancer properties.  

 

Sr. No  Particulars  Observations 

1 Physical state Liquid 

2 Colour Light yellow 

3 Odour Odourless 

4 Melting point 61-63 °C (lit.) 

5 Boiling point  217-219 °C (lit.) 

6 Density 1.100 (lit.) 

7 Solubility  Insoluble in water  
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7.2 Materials and Methods  

Materials and methods followed are given in Chapter 3. 

 

7.2.12 Statistical Analysis  

The values mentioned were the means with standard deviations, obtained from three 

different observations. Values in the control and treatment groups for various molecules 

were compared using Student’s t-test. A value of P < 0.05 was considered statistically 

significant.  

 

7.3 Results  

7.3.1 Minimum inhibitory concentration (MIC) and Minimum fungicidal 

concentration of Phenylethyl Isothiocyanate (PEITC) 

Impact of PEITC on the growth of C. albicans was assessed using micro broth dilution 

method according to the guidelines of Clinical and Laboratory Standards Institute. The 

MIC50 of PEITC for C. albicans was found to be 1 mg/ml (Fig. 7.3.1A). The minimum 

fungicidal concentration of PEITC was assessed by spread plate technique on YPD plate 

with the help MIC50 concentration and results indicate that PEITC was fungicidal at its 

MIC50 and above concentrations (Fig. 7.3.1B).  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.3.1A: The inhibitory effects of series of concentrations ranges from 0.0039 to 2 mg/ml 

were evaluated on planktonic growth after 48 h incubation. Inhibition of C. albicans 

planktonic growth by Phenylethyl Isothiocyanate was observed at 1 mg/ml concentration. 

A 
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Fig. 7.3.1B: Minimum fungicidal concentration against C. albicans growth after the 

treatment of Phenylethyl Isothiocyanate. Plate based bioassay to determine minimum 

fungicidal concentration (MFC) in C. albicans 90028 strains. 

 

7.3.2 Inhibitory activity of Phenylethyl Isothiocyanate against the transition of C. 

albicans from yeast to hyphae  

Since hyphal development is the main pathogenic factor of C. albicans. We examined 

the effect of PEITC on hyphal formation in vitro by microscopy. PEITC effectively 

inhibited the morphological transformation from yeast to hyphae. In the present study, 

we observed that PEITC at a low concentration of 0.0312 mg/ml effectively inhibits 

transition from yeast to hyphae (Fig. 7.3.2). 

 

 

 

 

 

 

 

 

 

 

Fig. 7.3.2: The treatment of Phenylethyl Isothiocyanate inhibits yeast to hyphal 

morphogenesis in C. albicans analyzed with the help of Scanning Electron Microscopy, A) 

C. albicans cells without treatment of Phenylethyl Isothiocyanate; B) C. albicans cells with 

the treatment of 0.0312 mg/ml Phenylethyl Isothiocyanate. 

A. Control B. Phenyl ethyl isothiocyanate 

Control 1 mg/ml 2 mg/ml 

B 
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7.3.3 Inhibitory activity of Phenylethyl Isothiocyanate against adhesion to the 

polystyrene surface 

Adhesion ability is one of the primary independent factors contributing to the virulence 

of C. albicans. The effect of PEITC on the adhesion of C. albicans at the bottom of the 

96-well plates was tested. Adherence of C. albicans cells to polystyrene was influenced 

by PEITC. C. albicans cells were exposed to series of concentration of PEITC in the 

range of 0.0039 to 2 mg/ml. Analyzing the density of adhered cells with XTT assay 

showed up to 52 % decrease in adhesion was seen at 0.125 mg/ml concentration (Fig. 

7.3.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.3.3: Effect of Phenylethyl Isothiocyanate on adhesion of C. albicans. Cell adhesion to 

a polystyrene surface. C. albicans cells were incubated in phosphate buffered saline (PBS) 

in polystyrene wells for 90 min and then cells were detected by measuring the reduction of 

XTT against C. albicans. 

 

7.3.4 Phenylethyl Isothiocyanate potentially inhibit early and mature biofilm: 

The capacity to form biofilms gives C. albicans strong resistance to drugs and 

immunological escape, suggesting that biofilm formation is a key component of the C. 

albicans virulence factor. As a result, we qualitatively examine how PEITC affects the 

production of biofilms growth by using XTT-metabolic assay showed that addition of 

PEITC at a concentration range from 0.0039 to 2 mg/ml concentration prevented 
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developing and mature biofilm formation by C. albicans. Treatment with 0.0312 mg/ml 

concentration of PEITC caused 50 % decrease in developing biofilm growth (Fig.7.3.4) 

of strain ATCC 90028 and at 2 mg/ml concentration of PEITC inhibits mature biofilm 

compared to that of control (Fig. 7.3.5.).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.3.4: Effect of Phenylethyl Isothiocyanate on metabolic activity of early biofilm. The 

inhibitory effects of Phenylethyl Isothiocyanate dilutions were evaluated on biofilms after a 

48 h incubation with XTT metabolic effect of Phenylethyl Isothiocyanate on metabolic 

activity of early biofilm. The inhibitory effects of Phenylethyl Isothiocyanate dilutions were 

evaluated on biofilms after a 48 h incubation with XTT. 
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Fig. 7.3.5: Effect of Phenylethyl Isothiocyanate on metabolic activity of mature biofilm. The 

inhibitory effects of Phenylethyl Isothiocyanate dilutions were evaluated on biofilms after a 

48 h incubation with XTT metabolic. 

 

7.3.5 Toxicity analysis of Phenylethyl Isothiocyanate 

The toxicity of PEITC was analysed by in vitro haemolytic activity on human 

RBCSs. It was observed that PEITC was haemolytic in nature in a concentration range 

from 0.0039 to 2 mg/ml (Fig.7.3.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.3.6: Hemolysis assay of Phenylethyl Isothiocyanate, including triton 100 X as positive 

control and 0 as negative control. The relative rate of hemolysis in human erythrocytes was 

measured following a 1h incubation with concentrations ranging from 0.0039 to 2 mg/ml of 

Phenylethyl Isothiocyanate at 37°C. 

 

7.4 Discussion  

The impact of Phenylethyl Isothiocyanate (PEITC) on C. albicans, a significant 

opportunistic fungal pathogen, was investigated through a series of experiments. The 

MIC50 of PEITC against C. albicans was found to be 2 mg/ml, indicating its potent 

antifungal activity (Fig. 7.3.1). Moreover, the minimum fungicidal concentration of 

PEITC was determined to be at its MIC50 and above concentrations, affirming its 

fungicidal potential. Furthermore, PEITC effectively inhibited hyphal formation, a 

crucial pathogenic factor of C. albicans, even at low concentrations (0.0312 mg/ml). 
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This inhibitory effect on hyphal development could impede the virulence and 

pathogenesis of C. albicans. 

Additionally, PEITC demonstrated significant effects on C. albicans adhesion, a 

key virulence determinant, with up to a 50 % reduction observed at 0.125 mg/ml 

concentration. This reduction in adhesion ability could potentially hinder the 

establishment of C. albicans infections. Furthermore, PEITC exhibited inhibitory effects 

on biofilm formation, a crucial virulence factor contributing to drug resistance and 

immune evasion. The prevention of both developing and mature biofilm formation, even 

at low concentrations, suggests the potential of PEITC as a therapeutic agent against 

biofilm-related infections. 

However, it's worth noting that PEITC displayed haemolytic activity on human 

red blood cells (RBCSs) across the concentration range tested (0.0039 to 2 mg/ml). This 

hemolytic nature could pose a safety concern for its therapeutic use and warrants further 

investigation into its potential side effects. The findings of this study underscore the 

promising antifungal properties of PEITC against C. albicans, including inhibition of 

growth, hyphal formation, adhesion, and biofilm formation. However, further research 

is necessary to assess its safety profile and potential clinical applications. 

 

7.5 Conclusions  

In conclusion, the present study elucidates the multifaceted impact of 

Phenylethyl Isothiocyanate (PEITC) on C. albicans, a significant fungal pathogen 

implicated in various infections. The results demonstrate PEITC's potent antifungal 

activity, as evidenced by its low MIC50 and fungicidal effects against C. albicans at 1 

mg/ml and 2 mg/ml concentrations respectively. Additionally, PEITC effectively 

inhibits key virulence factors of C. albicans, including hyphal formation (0.0312 

mg/ml), adhesion (0.125 mg/ml), and biofilm (Early biofilm at 0.0312 mg/ml and mature 

biofilm at 2 mg/ml concentrations), thus attenuating its pathogenicity. However, the 

observed haemolytic activity on human red blood cells raises concerns regarding 

PEITC's safety profile for potential therapeutic use. Further investigations are warranted 

to assess the toxicity and side effects of PEITC, as well as its efficacy in vivo. 
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Overall, the findings suggest that PEITC holds promise as a Candidate for the 

development of novel antifungal agents targeting C. albicans infections. However, 

careful evaluation of its safety and efficacy in clinical settings is essential before its 

translation into therapeutic applications. Further research exploring the mechanistic 

basis of PEITC's antifungal activity and its potential synergistic effects with existing 

antifungal agents could provide valuable insights into its therapeutic utility against C. 

albicans and other fungal pathogens. This study contributes to our understanding of 

PEITC as a potential antifungal agent and highlights avenues for future research aimed 

at harnessing its therapeutic potential while mitigating potential risks. 
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8. Summary: 

The emergence of drug-resistant fungal pathogens poses a significant challenge 

to global public health, necessitating the exploration of novel antifungal agents with 

diverse mechanisms of action. In this study, we investigated the antifungal activity of 

Isothiocynates, specifically Phenylethyl Isothiocyanate (PEITC), Benzyl Isothiocyanate 

(BITC), Ethyl Isothiocyanate (EITC), and Allyl Isothiocyanate (AITC), against C. 

albicans, a prominent opportunistic fungal pathogen. Our findings underscore the 

potential of Isothiocynates as promising candidates for the development of alternative 

antifungal therapies. AITC exhibited concentration-dependent inhibition of C. albicans 

planktonic growth and biofilm formation. Notably, the combination of AITC with 

fluconazole (FLC) resulted in synergistic inhibition of biofilm formation, highlighting 

the therapeutic potential of combination therapy in combating fungal infections. 

Furthermore, AITC demonstrated no hemolytic activity, suggesting its safety for 

potential therapeutic use. 

Similarly, EITC exhibited significant antifungal activity against C. albicans, 

inhibiting both planktonic growth and biofilm formation. The inhibitory effect of EITC 

on yeast-to-hyphal morphogenesis, a crucial virulence factor of C. albicans, underscores 

its potential as a therapeutic agent against invasive fungal infections. Moreover, EITC 

displayed minimal hemolytic activity, further supporting its Candidacy for therapeutic 

development. PEITC, another Isothiocyanate investigated in this study, demonstrated 

potent antifungal activity against C. albicans, inhibiting hyphal formation, adhesion, and 

biofilm development. The observed fungicidal activity of PEITC underscores its 

potential as an effective antifungal agent against C. albicans infections. However, the 

hemolytic activity of PEITC raises concerns regarding its safety profile, highlighting the 

need for further investigation into its potential adverse effects. Benzyl Isothiocyanate 

(BITC) showed strong antifungal activity against C. albicans, inhibiting both planktonic 

growth and biofilm formation. It also suppressed yeast-to-hyphal morphogenesis, a key 

virulence factor, with minimal hemolytic activity, suggesting its potential as a 

therapeutic agent. 

The multifaceted antifungal mechanisms of Isothiocynates offer several 

advantages for therapeutic development. Their ability to inhibit key virulence factors of 

C. albicans, including hyphal formation, adhesion, and biofilm development, could 
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potentially attenuate the pathogenicity of this fungal pathogen and enhance the efficacy 

of existing antifungal therapies. Additionally, the synergistic effects observed with 

combination therapy highlight the potential of Isothiocynates as adjunctive agents in 

antifungal treatment regimens. However, several challenges and considerations must be 

addressed in the development of Isothiocynates as antifungal agents. Firstly, further 

investigations are warranted to elucidate the mechanisms underlying the antifungal 

activity of Isothiocynates and their potential interactions with existing antifungal drugs.  

Additionally, comprehensive safety assessments, including in vivo studies and 

evaluation of potential side effects, are essential to determine the suitability of 

Isothiocynates for clinical use. 

 

Table 8.1: Inhibitory Concentrations and Hemolytic Activities of Isothiocyanate 

Molecules. 

In Table 8.1 AITC exhibited higher activity as an anti-biofilm agent by 

inhibiting both early and mature biofilm formation at a concentration of 0.5 mg/ml, 

while EITC, BITC, and PEITC all showed a similar effect on Y-H morphogenesis in C. 

albicans. The natural compounds such as AITC and BITC show promising potential for 

the development of transformative antifungal interventions. 

Moreover, the development of drug delivery systems to enhance the 

bioavailability and efficacy of Isothiocynates represents a promising avenue for future 

research. Nano formulations and encapsulation strategies could overcome the limitations 

associated with the poor solubility and stability of Isothiocynates, thereby facilitating 

their clinical translation. Our study highlights the potential of Isothiocynates as novel 

Sr. 

No. 

Molecules Planktonic 

Growth 

(mg/ml) 

MFC Conc. 

(mg/ml) 

Adhesion 

Assay 

(mg/ml) 

Early 

biofilm 

(mg/ml) 

Mature 

biofilm 

(mg/ml) 

Hemolytic 

Assay 

1. Allyl 

Isothiocyanate  

0.125 Fungicidal in 

nature at 0.25 

mg/ml  

0.125 0.5 0.5 No 

hemolysis 

2. Ethyl 

Isothiocyanate 

0.5 Fungicidal in 

nature 1 mg/ml  

0.0312 2 0.5 Hemolytic 

in nature 

3.  Benzyl 

Isothiocyanate  

0.125 Fungicidal in 

nature 0.25 

mg/ml  

0.5 1 0.25 Hemolytic 

in nature 

4. Phenylethyl 

Isothiocyanate 

1 Fungicidal at 2 

mg/ml  

0.125 1 2 Hemolytic 

in nature 
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antifungal agents against C. albicans infections. AITC, BITC, EITC, and PEITC 

demonstrate significant antifungal activity, inhibiting key.  

Further investigation is imperative to unravel the mechanistic underpinnings, refine 

therapeutic formulations, and conduct comprehensive safety and efficacy assessments 

of Isothiocynates, notably including Benzyl Isothiocyanate (BITC), within clinical 

contexts. With sustained exploration and advancement, Allyl Isothiocyanates emerge as 

promising alternative therapeutic modalities for combatting fungal infections, 

addressing the pressing demand for innovative antifungal strategies in clinical practice. 
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Conclusions: 

The comprehensive exploration conducted across chapters 4 to 7 underscores the 

potential of Isothiocynates (ITCs) as promising candidates for combatting C. albicans 

infections. Through rigorous investigation into the antifungal activity of various ITCs, 

including Ethyl Isothiocyanate (EITC), Allyl Isothiocyanate  (AITC), Benzyl 

Isothiocyanate (BITC) and Phenylethyl Isothiocyanate (PEITC), significant efficacy 

against C. albicans planktonic growth, virulence factors, and biofilm formation has been 

demonstrated. These findings contribute to the growing body of evidence supporting the 

therapeutic utility of ITCs in addressing the challenge of C. albicans infections. 

AITC demonstrated concentration-dependent inhibition of C. albicans biofilm 

formation, with significant suppression observed at 1 mg/ml concentration. Moreover, 

the combination of AITC with fluconazole (FLC) exhibited synergistic effects in 

preventing both early and mature biofilm development, as evidenced by the fractional 

inhibitory concentration indices. Notably, AITC displayed no hemolytic activity alone 

or in combination with FLC, suggesting its safety profile for potential therapeutic 

applications. The MIC and MFC assays further confirmed AITC's antifungal activity, 

with a MIC of 0.125 mg/ml and fungicidal nature against C. albicans. 

BITC looks promising as an antifungal against C. albicans. It stops the fungus 

from growing freely, reduces its harmful effects, and breaks down the sticky layers it 

forms. Even at low doses, BITC can tackle the fungus, including strains that don't 

respond well to typical treatments like fluconazole. This suggests BITC could be used 

alongside other treatments to fight stubborn fungal infections. But before that, we need 

in vivo studies and then clinical trials to confirm its antifungal efficacy.  

Similarly, EITC demonstrated potent antifungal activity against C. albicans, 

inhibiting planktonic growth at 0.5 mg/ml concentration and exhibiting fungicidal 

effects at 2 mg/ml. Additionally, EITC effectively inhibited yeast to hyphal (Y–H) 

morphogenesis, a crucial virulence factor implicated in tissue invasion and systemic 

infection. Notably, EITC also hindered adhesion to polystyrene surfaces and inhibited 

early and mature biofilm formation by C. albicans, highlighting its potential as a 

multifaceted antifungal agent. However, hemolytic activity analysis revealed some 
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degree of toxicity at higher concentrations, suggesting the need for careful dose 

optimization. 

Furthermore, PEITC demonstrated potent antifungal activity against C. albicans, 

with a MIC50 of 2 mg/ml and fungicidal effects at its MIC50 and above concentrations. 

PEITC effectively inhibited hyphal formation, adhesion, and biofilm formation by C. 

albicans, indicating its potential as a therapeutic agent against biofilm-related infections. 

However, the observed hemolytic activity across a range of concentrations raises 

concerns regarding its safety profile for clinical use, necessitating further investigation 

into potential side effects. 

Collectively, these findings highlight the multifaceted antifungal properties of 

ITCs against C. albicans, targeting various stages of fungal growth, virulence, and 

biofilm formation. The synergistic effects observed with FLC underscore the potential 

for combination therapy to enhance antifungal efficacy and overcome resistance. 

However, further research is warranted to elucidate the underlying mechanisms of 

action, optimize dosing regimens, and assess safety profiles in vivo. 

In conclusion, ITCs represent promising candidates for the development of novel 

antifungal agents targeting C. albicans infections. Their multifaceted mode of action, 

synergistic effects, and relatively low toxicity profiles make them attractive candidates 

for further exploration in preclinical and clinical studies. However, Isothiocynates 

(ITCs), like AITC, BITC, EITC, and PEITC, have strong abilities to inhibit the growth 

and virulence factors of C. albicans. AITC can inhibit biofilm formation 

when it is used with fluconazole, a common antifungal medicine. BITC works even 

against C. albicans that resist fluconazole. EITC and PEITC also inhibit growth and 

adhesion capacity of C. albicans.  When these ITCs are combined with fluconazole, 

they work together even better. However, one of the ITCs, Phenethyl Isothiocyanate, 

might cause problems at certain levels, so more research is needed to be sure it's safe to 

use. Overall, the study suggests that these compounds could help fight fungal infections, 

but we still need to learn more about how they work and how to use them safely in real-

life treatments. 
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Recommendations: 

The comprehensive findings presented in this study provide valuable insights 

into the potential of Isothiocynates (ITCs), specifically the Anti-Candida activity of 

Allyl Isothiocyanates (AITC), Ethyl Isothiocyanate (EITC), and Phenylethyl 

Isothiocyanate (PEITC), as promising Candidates for combating C. albicans infections. 

Building upon these findings, several recommendations emerge that could guide future 

research and clinical applications in the field of antifungal therapy. 

1. Mechanistic Studies and comparison with standard antifungal drugs:  

Further elucidation of the underlying mechanisms of action of ITCs against C. 

albicans is essential to enhance our understanding of their antifungal activity. 

Investigating the molecular targets and pathways modulated by ITCs could provide 

insights into their mode of action, synergistic interactions with conventional antifungal 

agents, and potential mechanisms of resistance. Techniques such as transcriptomics, 

proteomics, and metabolomics could be employed to unravel the complex interactions 

between ITCs and C. albicans. Further, antifungal efficacy can be compared with 

standard antifungal drugs like fluconazole and Amphotericin B.   

2. Optimization of Formulations:  

Optimization of ITC formulations, including encapsulation strategies, 

nanoformulations, and prodrug approaches, could enhance their stability, 

bioavailability, and efficacy. Encapsulation of ITCs within biocompatible carriers such 

as liposomes, nanoparticles, or micelles could improve their solubility, targeted delivery, 

and pharmacokinetic profiles, thereby enhancing their therapeutic potential and reducing 

systemic toxicity. 

3. Combination Therapy:  

Exploring the synergistic interactions between ITCs and conventional antifungal 

agents, such as azoles, echinocandins, and polyenes, holds promise for overcoming drug 

resistance and improving treatment outcomes. Further investigations into the optimal 

combinations, dosing regimens, and mechanisms underlying synergism could inform the 

development of effective combination therapies against C. albicans infections.  
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4. Preclinical and Clinical Studies:  

Translation of preclinical findings into clinical applications requires rigorous 

evaluation of the safety, efficacy, and pharmacokinetics of ITCs in relevant animal 

models and human subjects. Conducting well-designed preclinical studies, including 

pharmacokinetic, pharmacodynamic, and toxicity assessments, is crucial to inform dose 

selection, treatment regimens, and potential adverse effects in clinical trials. 

5. Assessment of Safety Profiles:  

Comprehensive evaluation of the safety profiles of ITCs, including acute and chronic 

toxicity, genotoxicity, and immunotoxicity, is imperative to assess their suitability for 

clinical use. Conducting in vivo studies in animal models and ex vivo assays using 

human cells and tissues can provide valuable insights into the potential adverse effects 

and safety margins of ITC-based therapies. 

6. Exploration of Structure-Activity Relationships:  

Investigating structure-activity relationships of ITC derivatives could facilitate the 

design and synthesis of novel analogs with improved potency, selectivity, and 

pharmacokinetic properties. Structure-based drug design, molecular modeling, and 

computational chemistry approaches could aid in the rational design of ITC-based 

antifungal agents with enhanced efficacy and reduced toxicity. 

In summary, the recommendations outlined above aim to guide future research and 

clinical efforts in harnessing the therapeutic potential of Isothiocynates for the 

management of C. albicans infections. By addressing key knowledge gaps, optimizing 

formulation strategies, and conducting rigorous preclinical and clinical studies, ITC-

based therapies have the potential to revolutionize antifungal treatment paradigms and 

improve patient outcomes in the fight against fungal infections. 
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Cruciferous vegetables and mustard oil are rich in the glucosinolate group of molecules. Isothiocyanates
are an important group of glucosinolate derivatives. These derivatives have various bioactive
properties, including antioxidant, antibacterial, anticarcinogenic, antifungal, antiparasitic, herbicidal and
antimutagenic activity. Previous studies indicate that regular intake of such vegetables may considerably
reduce the incidence of various types of cancer. These studies have inspired studies where the bioactive
agents of these plants have been isolated and explored for their therapeutic applications. The use of these
bioactive compounds as antifungals could be a new therapeutic approach against human pathogenic
fungi. Isothiocyanates have been studied for their antifungal activity and have the potential to be used
for antifungal therapy.

Plain language summary: Vegetables like cabbage, cauliflower and broccoli have a distinct flavor because
of chemicals called glucosinolates. Whenever we cut and eat these vegetables, glucosinolates are broken
down into isothiocyanates. Glucosinolates and isothiocyanates have health benefits because they stop the
growth of bacteria, parasites and fungi that cause disease, such as Candida albicans. They may also prevent
cancer, as regularly eating these vegetables has been shown to reduce the development of some types
of cancer in humans. Investigation is needed to explore how glucosinolates and isothiocyanates could be
used to treat fungal infections.

Tweetable abstract: Vegetables like cabbage, cauliflower and broccoli are rich in glucosinolates and their
derivatives, such as isothiocyanates, which have bioactive properties, including antifungal, antibacterial,
antiparasitic, antioxidant, herbicidal, antimutagenic and anticarcinogenic activity.

First draft submitted: 29 October 2022; Accepted for publication: 26 April 2023; Published online:
31 July 2023

Keywords: anticarcinogenic • antifungal • C. albicans • glucosinolate • isothiocyanates

Vegetables like cabbage, cauliflower and broccoli as well as mustard oil are rich in glucosinolates (GSLs). GSLs have
been reported in 16 families of flowering plants, mainly from the Brassicaceae family. More than 100 GSLs have
been reported thus far. When GSL-rich vegetables are cut or chewed, an enzyme known as myrosinase (thioglucoside
glucohydrolase) converts the GSLs into nitriles, thiocyanates, epithionitriles and isothiocyanates (ITCs) [1,2]. GSLs
have a wide range of biological properties, including antifungal, antibacterial, antiparasitic, antioxidant, herbicidal,
antimutagenic and anticarcinogenic activity (Figure 1). Cabbage, cauliflower and broccoli are thought to defend
against fungal infections, repel pests and insects and reduce postharvest damage because of the presence of GSLs.
Epidemiological studies indicate that intake of vegetables that contain GSLs may significantly reduce the incidence
of various types of cancer.

ITCs are the most extensively studied GSL derivatives. These substances react with nucleophiles, causing a
variety of pharmacological effects. ITCs are utilized in a wide range of agricultural and food-related industrial
applications, have substantial antibacterial action and have a considerable impact on the soil microbiota [1].
The antifungal properties of ITCs were identified as early as 1966. Since that time, a rising body of scientific
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Figure 1. Biological activity of glucosinolate derivatives.

research has produced a large number of studies discussing the antifungal activity of different ITCs against diverse
fungi [2]. ITCs are the main antifungal byproducts of a chemical defense system of cruciferous plant that has
been widely studied. The current review focuses on the antifungal activity of ITCs and their mode of action. For
example, 2-(4-methoxyphenyl)ethyl ITC is reported to have antifungal activity against Aspergillus niger [3]. Allyl,
4-(methylthio)butyl and phenylethyl ITCs also have antifungal activity against Cochliobolus heterostrophus. The
mode of action studies revealed that these molecules targets gens involved in energy metabolism, oxidoreductase
activity, melanin biosynthesis and cell wall-degrading enzymes [4]. The natural substance benzyl ITC (BITC)
has been shown to prevent postharvest gray mold on strawberry fruit and significantly reduce natural decay by
disrupting the integrity of the plasma membrane of Botrytis cinerea spores [5]. ITCs also have the potential to be
used as antimicrobial packaging to increase the shelf life of fresh poultry [6].

Antifungal properties of ITCs
Extracts of cruciferous plants, isolated GSL derivatives and their combinations have been shown by a number of
in vitro studies to inhibit the growth of many plant pathogens. A comprehensive list of different GSL derivatives and
their fungicidal activity against a variety of fungi are reviewed by Vig et al. [7]. GSLs from cabbage are reported to have
toxicity against fungi such as Peronospora parasitica, Pythium ultimum and Sclerotium rolfsii [8]. Most filamentous
fungal pathogens are susceptible to GSLs, with at least 40 known to be inhibited by GSL derivatives [2]. Effective
molecules include allyl ITC (AITC), BITC, butenyl ITC, phenyl ITC (PITC) and phenylethyl ITC (PEITC).
AITC, BITC, PITC and PEITC have widely reported fungicidal activity [9]. Some of the antifungal properties of
ITCs are listed in Table 1.

AITC has been found to inhibit growth and virulence factors of Candida albicans as well as C. albicans biofilms at
a concentration of 1 mg/ml [21]. AITC also synergistically potentiates fluconazole activity, with biofilm formation
inhibited by a combination of fluconazole at 0.004 mg/ml and AITC at 0.125 mg/ml. Moreover, there is no
hemolytic activity at the biofilm inhibitory concentrations of AITC or AITC–fluconazole, which rules out any
cytotoxic consequences.

The antifungal activity of ITCs against human dermatophytes has been reported by Choi et al. [10]. The antifungal
activity of ITCs against 21 other filamentous plant pathogens has been reported in other studies as well [7,19]. The
growth of several fungal pathogens of Brassica is inhibited by GSL-derived ITCs [8]. Smolinska et al. observed
that aliphatic ITCs exhibit more antifungal action than aromatic ITCs [11]. Arabidopsis thaliana mutants with
reduced aliphatic GSL content have less ability to protect themselves against necrotrophic fungi. GSL derivatives
are inhibitors of bacterial and fungal growth hence it prevents spoilage of food products as well as increase shelf
life of food products [20]. The percentages of AITC and butenyl ITC in brown mustard oil are 85 and 10%,
respectively. The growth of Penicillium roqueforti, Pencillium corylophilum, Eurotium repens, Aspergillus flavus and
Endomyces fibuliger in preserved rye bread is prevented by AITC at 2 ppm [2]. Two fungal diseases of Brassica,
Alternaria brassicae and Sclerotinia scletoriorum, have been shown to be inhibited by 17 GSLs and GSL hydrolysis
products; the effectiveness of the chemicals studied was influenced by the strain of the pathogenic organism [22].

The efficacy of GSLs and their derivatives against B. cinerea and Alternaria brassicicola was investigated [12]. It was
found that B. cinerea was sensitive to GSLs and their derivatives, whereas A. brassicicola was inhibited by the aliphatic
form of GSLs. In addition, GSL hydrolysis products were used in the defense against B. cinerea. ITCs were also
shown to inhibit the growth of four human pathogenic dermatophytes, including Trichophyton rubrum, Trichophyton
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Table 1. Antifungal activity of isothiocyanates against various fungi.
S. no. Molecule Structure Antifungal activity Ref.

1 AITC
N

C
S

Candida albicans [5]

2 AITC
N

C
S

Penicillium roqueforti,
Penicillium corylophilum,
Eurotium repens,
Aspergillus flavus,
Endomyces fibuliger

[2]

3 AITC
N

C
S

Alternaria brassicicola [10,11]

4 AITC
N

C
S

Aspergillus parasiticus,
Fusarium verticillioides

[12]

5 AITC
N

C
S

Fusarium solani [13]

6 AITC
N

C
S

Sclerotinia sclerotiorum [14]

7 AITC
N

C
S

Penicillium commune,
Penicillium roqueforti,
Aspergillus flavus,
Endomyces fibuliger

[15]

8 AITC
N

C
S

Penicillium digitatum,
Aspergillus parasiticus

[16]

9 AITC
N

C
S

Penicillium commune,
Penicillium roqueforti,
Penicillium nalgiovense,
Debaryomyces hansenii,
Aspergillus flavus

[17]

10 AITC
N

C
S

Penicillium expansum [18]

11 BITC

N
C

S
Alternaria brassicicola [10]

12 PITC
N

C
S

Alternaria brassicicola [19]

13 PEITC

C
S

N
Alternaria alternata [20]

14 ITC from horseradish

R
N

C
S

Trichophyton rubrum,
Trichophyton mentagrophytes,
Microsporum canis

[6]

15 ITC

R
N

C
S

Saccharomyces cerevisiae [10]

AITC: Allyl isothiocyanate; BITC: Benzyl isothiocyanate; ITC: Isothiocyanate; PEITC: Phenylethyl isothiocyanate; PITC: Phenyl isothiocyanate; S. no.: Serial number.
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Figure 2. Mode of action of
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mentagrophytes and Microsporum canis, with effective concentrations in the range of 100–200 μg/ml [10]. This study
postulates that GSLs from horseradish could be effective antifungal agents against dermatophytic fungi.

Mode of action of ITCs
ITCs inhibit oxygen uptake by the yeast Saccharomyces cerevisiae through the uncoupling of oxidative phospho-
rylation in mitochondria [23]. In A. brassicicola, a pathogen of Brassica, exposure to ITCs results in a reduction in
oxygen consumption and mitochondrial depolarization. The transcription factor ABAP1, MAPK and HOG1 are
all activated by ITCs, which also increase the expression of many oxidative response genes in A. brassiscola. AB-
HOG1 and ABAP1 mutants are hypersensitive to ITCs, and loss of these genes results in loss of aggressiveness
in A. brassicicola. ABAP1-like genes may act as redox sensors and regulate the expression of oxidative response
genes. Oxidative response genes are activated after 20 min of exposure of A. brasccicola to AITC, BITC and PITC,
which significantly reduce the development of A. brassicicola; AITC is more efficient than PITC and BITC [24]. On
exposure to AITC, more than one-third of the genes related to oxidative stress are induced in A. brassicicola [25].
Increased expression of genes involved in the response to oxidative stress may serve as a major mechanism for fungal
defense against GSLs.

PEITC inhibits Alternaria alternata, which causes black spot rot in pear fruits. Fumigation with PEITC at 1.22
mM prevents the development of black spot rot [26]. Treatment with PEITC inhibits the development of toxins
(alternariol, tentoxin) by A. alternata.

Oxidative stress in C. albicans was shown in one study to be triggered by horseradish essential oil, which contains
GSL derivatives [13]. Glutathione reductase, glutathione peroxidase, catalase and superoxide dismutase were all
elevated as a result of the oil treatment, which also increased the amount of superoxide. A high horseradish essential
oil treatment concentration reduced the GSH pool, boosted superoxide generation and killed Candida cells.
When horseradish essential oil and 1-chloro-2,4-dinitrobenzene, a GSH pool-depleting chemical, were combined,
C. albicans was killed as a result of synergism. It appears that GSH metabolism guards C. albicans biofilms against
GSLs.

In another study, the growth of Aspergillus parasiticus and Fusarium verticillioides was hindered by AITC in its
gaseous state [14]. The ability of these fungi to produce mycotoxins was also suppressed by AITC treatment at
50 μl-1. Aflatoxin and fumonisin are two of the mycotoxins that have been studied. AITC may provide protection
against microbial contamination and mycotoxin formation (Figure 2) [14].
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The YVC1 channel is reported to regulate vacuolar pressure in certain fungi [15,18]. TRPP2 in animals is
homologous to the YVC1 channel. The plant pathogenic fungus Magnaporthe oryzae has a calcium-permeable
channel called YVC1 (MGG09828.5), which is important in development [16]. In eukaryotes, transient receptor
potential (TRP) channels play a key role in the ion homeostasis. TRP calcium-permeable channels were discovered
in S. cerevisiae and A. thaliana [17]. However, the mechanisms by which calcium signaling-associated elements
affected the pathogenicity of C. albicans were not so clear. In addition, a yvc1 mutant showed a dampened
response to stress and enhanced sensitivity to SDS, and it was discovered that the yvc1�/� mutant demonstrated
reduced capacity for a stress response, impaired morphogenesis and diminished pathogenicity [27]. According to
this study, YVC1 is crucial for C. albicans survival in host tissues, stress response, morphogenesis and polarized
growth. Several signaling mechanisms are used by C. albicans to recognize and react to oxidative stress. According
to Yu et al., the TRP channel YVC1 is essential for oxidative stress tolerance [17]. This channel is necessary for
the oxidative stress response genes to be activated and for the mitochondria and vacuoles to remain stable in a
potassium- and calcium-dependent manner. The oxidative stress response, vacuoles and mitochondria all work
together to mediate ion transport in C. albicans under oxidative stress, and the TRP channel is a key player for this
response. Fusarium solani’s YVC homolog, FSYVC1, is linked to pathogenicity and growth [27]. It is known that
AITC inhibits F. solani, and its mechanism of action is also known. Hyphal deformation and electrolyte leakage
is found to be induced by AITC. Loss of FSYVC1 increased sensitivity to AITC and led to an increase in reactive
oxygen species. The expression of FSYVC1 increased 12- to 30-fold after treatment with 4.8 g/ml AITC compared
with the control. The authors suggested that a new molecular target for drug development (FSYVC1) may exist.

Sclerotinia sclerotiorum-induced white mold is a significant disease of Brassica crops. The growth and develop-
ment of S. sclerotiorum are inhibited by GSLs and ITCs, which are the major products of GSL breakdown. AITC
treatment changed the expression of 2012 genes in S. sclerotiorum (1156 upregulated and 1056 downregulated) [28].
Indole-3-carbinol therapy affected 654 genes, of which 149 were upregulated and 505 were downregulated. The
genes involved in removing reactive oxygen species from the body and preventing oxidative damage were upreg-
ulated. Homeostasis of amino acids had a role in the reduction of oxidative stress in S. sclerotiorum following
prolonged exposure to ITCs. Genes involved in the creation of proline were upregulated after treatment with
AITC, whereas the production of serine was stimulated after treatment with indole-3-carbinol. Proline has osmo-
protective, thermotolerant and possible reactive oxygen species-quenching qualities. It can also stabilize proteins
and membranes. Serine supports the methionine cycle and the glutathione detoxification route, which are both
involved in reducing oxidative stress.

According to several studies, ITCs can be used in food packaging system to inhibit fungal growth. ITCs
frequently leads to considerable extension of a product’s shelf life by inhibiting mycotoxin production. The growth
of Penicillium commune, P. roqueforti, A. flavus and E. fibuliger on bread was shown to be inhibited by mustard
oil at AITC gas phase MIC values of 1.8–3.5 g/l [29]. Researchers have also demonstrated that mustard flour or
AITC alone effectively suppresses the synthesis of patulin by Penicillium expansum on wheat tortillas [30]. AITC and
mustard oil containing meal showed reduced growth of Penicillium digitatum and A. parasiticus in sliced mozzarella
and increase in the shelf life of food [31]. Aflatoxin B1 synthesis was also inhibited by the treatment of AITC. It was
discovered that AITC was found to be effective against cheese spoilage causing fungi like P. commune, P. roqueforti,
Penicillium nalgiovense, Debaryomyces hansenii and A. flavus [32].

Conclusion
GSLs are a unique class of bioactive substances with a diverse range of bioactivities. GSLs serve as a significant defense
system for plants, but they are also crucial to humans in many ways. The propensity of ITCs, which are present in
large quantities in cruciferous vegetables, to have a positive impact on human health has attracted a lot of interest
in recent years. Their positive effects have been demonstrated by numerous investigations. However, in detailed
characteristics of ITCs need to be explored by researchers. Various studies have demonstrated how ITCs’ natural
origin and biodegradability make them a strong choice for a broad range of potential applications (e.g., increasing
the shelf life of various foods or suppressing fungal growth, pathogenesis and/or toxin production in a range of
stored plants, cereals and fruits in the postharvest stage). Furthermore, as multiple studies have shown, the decline
in degradation is typically accompanied by no visible changes in a variety of quality indicators. Although more
extensive research will be needed in this area to evaluate safety concerns, given the benefits of ITCs, it is anticipated
that there will be a large increase in interest and demand for such applications.
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Future perspective
Considering the huge potential of ITCs, exploration of this group of molecules as antifungal agents against human
pathogenic fungi is worthwhile. There is a small amount of research on the impact of ITCs on human pathogenic
fungi and their potential modes of action. ITCs need to be studied in more detail for in vitro antifungal efficacy.
These molecules can be used as novel therapeutics against fungal infections.

Executive summary

Background
• Glucosinolates and their derivatives, including isothiocyanates (ITCs), are present in cruciferous vegetables.
• ITCs have various antifungal, antibacterial, antiparasitic, antioxidant, herbicidal, antimutagenic and

anticarcinogenic properties.
Antifungal properties of ITCs
• ITC molecules have antifungal properties against a variety of fungi.
Mode of action of ITCs
• The probable mode of action of ITCs is the induction of oxidative stress.
Conclusion
• In recent years, there has been a lot of interest in the possibility that ITCs, which are abundant in cruciferous

vegetables, may have a beneficial effect on human health.
• Many investigations have shown the beneficial effects of ITCs. Several studies have shown how the natural origin

and biodegradability of ITCs make them good candidates for a wide range of uses.
• More in-depth research will be required in this field to address safety concerns.
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Abstract
In the recent years, occurrence of candidiasis has increased drastically which leads to significant mortality and morbid-
ity mainly in immune compromised patients. Glucosinolate (GLS) derivatives are reported to have antifungal activities. 
Ethyl isothiocyanate (EITC) and its antifungal activity and mechanism of action is still unclear against Candida albicans. 
The present work was designed to get a mechanistic insight in to the anti-Candida efficacy of EITC through in vitro and 
in vivo studies. EITC inhibited C. albicans planktonic growth at 0.5 mg/ml and virulence factors like yeast to hyphal form 
morphogenesis (0.0312 mg/ml), adhesion to polystyrene surface (0.0312 mg/ml) and biofilm formation (developing biofilm 
at 2 mg/ml and mature biofilm at 0.5 mg/ml) effectively. EITC blocked ergosterol biosynthesis and arrested C. albicans 
cells at S-phase. EITC caused ROS-dependent cellular death and nuclear or DNA fragmentation. EITC at 0.0312 mg/ml 
concentration regulated the expression of genes involved in the signal transduction pathway and inhibited yeast to hyphal 
form morphogenesis by upregulating TUP1, MIG1, and NRG1 by 3.10, 5.84 and 2.64-fold, respectively and downregulating 
PDE2 and CEK1 genes by 15.38 and 2.10-fold, respectively. EITC has showed haemolytic activity at 0.5 mg/ml concentra-
tion. In vivo study in silk worm model showed that EITC has toxicity to C. albicans at 0.5 mg/ml concentration. Thus, from 
present study we conclude that EITC has antifungal activity and to reduce its MIC and toxicity, combination study with other 
antifungal drugs need to be done. EITC and its combinations might be used as alternative therapeutics for the prevention 
and treatment of C. albicans infections.
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Introduction

There are around 8.7 million eukaryotic species present on 
earth. According to a recent estimate among that 611,000 are 
fungal species and approximately 600 species are pathogenic 
to humans [1, 2]. Candida is a part of the natural flora and it 
can become pathogenic in immune compromised patients. C. 
albicans has the ability to form biofilms on medical devices 
[3] biofilm-related infections are becoming difficult to treat in 
hospitalised patients as well as in patients who has recently gone 
through surgery as they exhibit drug resistance [4]. To treat this 
Fluconazole and Amphotericin B are widely prescribed but they 
exhibit side effects due to high doses [5]. It has become impor-
tant to find alternatives to the current drugs and find drugs which 
can target drug tolerant biofilms without causing side effects to 
the patients [6, 7].

The potential of using bioactive molecules of natural origin 
as antifungal agents is proposed by various workers as they 
inhibit biofilm formation [8, 9]. Recent research revealed that 
the Brassicaceae family of crops, including cabbage, broccoli, 
cauliflower, and radish, are full of nutrients that can benefit 
human health, including carotenoids, polyphenols, flavonoids, 
and glucosinolates (GLS) as well as isothiocyanates (ITCs). The 
breakdown products of GLS are ITCs. Their numerous phar-
macological qualities, including their antibacterial, antifungal, 
antiprotozoal, anti-inflammatory, and chemo protective actions, 
make them useful in the pharmaceutical business as well [10]. It 
has been observed that ITC compounds exhibit antifungal prop-
erties against soil-borne fungal infections [11, 12]. Along with 
this a few reports on the antifungal activities of ITC’s against 
postharvest plant pathogenic fungi such as Botrytis cinerea, Pen-
icillium expansum, Alternaria alternata and Monilinia laxa are 
known [13]. There are very few studies present which focuses 
the effect of ITC on C. albicans among that, a study by Pereira 
et al., reported the activity of benzyl isothiocyanate (BITC) 
against C. albicans. The described study examines the ability 
of ITCs to combat oral isolates of C. albicans. Allyl isothiocy-
anate (AITC), benzyl isothiocyanate (BITC), and phenyl ethyl 
isothiocyanate (PEITC) were used in a preliminary susceptibility 
disc diffusion test at a concentration range of 0.001–0.1 M. Since 
C. albicans isolates were more vulnerable to these aromatic iso-
thiocyanates like BITC and PEITC, effect of these compounds 
on cell size and germ tube formation (GTF) were investigated. 
Further research was conducted on the most promising com-
pound, BITC produces oxidative stress which may responsible 
for alterations in the cells ultrastructure by interfering the struc-
ture of the cell wall. Research shown that aromatic ITCs have the 
capacity to affect C. albicans cells in a variety of ways, including 
size, shape, and GTF, oxidative stress, and ultrastructure. Overall 
findings imply that BITC may be effectively used against C. 
albicans invasive potential [14].

In current study we have explored the anti-C. albicans 
activity and mechanism of action of ethyl isothiocyanate 
(EITC). EITC is an aliphatic isothiocyanate and it inhib-
its C. albicans planktonic growth and virulence factor like, 
yeast to hyphal form transition, adhesion to polystyrene sur-
face, developing biofilm and mature biofilm. Additionally, 
it demonstrated anti-C. albicans activity through inhibiting 
ergosterol biosynthesis, EITC alters the expression of genes 
involved in yeast to hyphal morphogenesis signal transduc-
tion pathway, cell cycle arrest, reactive oxygen species 
(ROS) production, DNA condensation and in vivo study 
in silkworm model. These studies provide insight into how 
EITC works to combat C. albicans infection.

Materials and Methods

Culture, Growth Condition, Media and Chemicals

Candida albicans strain ATCC 90028 was received from 
the Institute of Microbial Technology (IMTECH), Chandi-
garh, India. The organism was sub cultured on Yeast Extract 
Peptone Dextrose (YPD) agar plates and slants and stored 
at 4 °C. C. albicans colonies were inoculated in flask con-
taining 50 ml of YPD broth and incubated at 30 °C on an 
incubator shaker at 120 rpm, for 24 h. After 24 h cells were 
collected by centrifugation at 2000 × g speed for 2 min fol-
lowed by washing with phosphate buffer saline (PBS) twice 
and used for different of assays in this study.

Chemicals

EITC drug was purchased from Sigma Aldrich Chemical 
Ltd., Mumbai, India. EITC was dissolved in DMSO to make 
stock solution of 2 mg/ml. This stock further diluted used for 
in vitro and in vivo study.

Minimum Inhibitory Concentration (MIC50) 
Determination for Planktonic Growth of C. albicans

As per Clinical Laboratory Standards Institute (CLSI) guide-
line effect of EITC on the planktonic growth of C. albicans 
were studied by following the micro broth dilution method. 
Various concentrations of EITC ranging from 0.0039 to 2 mg/
ml prepared in RPMI-1640 (with l-glutamine and without 
sodium bicarbonate) and were added into 96 well plate. Wells 
without EITC was considered as control. The plates were incu-
bated for 48 h at 35 °C. To check the growth, absorbance was 
taken at 620 nm using microtiter plate reader (Multiskan Ex, 
Thermo Electron Corp., USA). The concentration of EITC 
which causes 50% reduction in growth as compared with con-
trol was considered as minimum inhibitory concentration for 
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growth of C. albicans [15]. The experiment was conducted 
in triplicates.

Minimum Fungicidal Concentration (MFC) 
Determination

After performing planktonic growth assay at sterile condition 
10 µl of aliquot of cells from the MIC50 and concentration 
above were used and spread on YPD agar plates. The agar 
plates were incubated for 48 h at 30 °C. After 48 h colonies 
were observed, the concentration at which molecule didn’t 
shows any growth was considered as MFC concentration [16]. 
The experiment was conducted in triplicates.

Yeast to Hyphal Morphogenesis (Y–H 
Morphogenesis) Inhibition Assay

Fetal bovine serum induced Y–H morphogenesis of C. albi-
cans was studied with the help of Microplate based assay. Con-
centrations of EITC ranging from 0.0039 to 2 mg/ml were 
prepared in 20% serum. In control and test well of microtiter 
plate 1 × 106 cells/ml were inoculated and final volume of the 
assay was kept 200 μl. The plates were incubated at 37 °C for 
2 h on orbital shaker at 200 rpm. The formation of germ tubes 
by the cells was observed by using Inverted Microscope. Num-
ber of yeast cells and hyphae were counted with the help of 
Microscope. The experiment was conducted in triplicates [14].

Adhesion Assay

Effect of EITC on adherence of C. albicans to polystyrene 
surface was studied by using microplate based assay. Con-
centrations of EITC ranging from 0.0039 to 2 mg/ml were 
prepared in PBS. To achieve 1 × 107 cells/ml cell number 50 μl 
of cell suspension added to each well of microplate the final 
volume of each well was kept 100 μl. The plates were incu-
bated for 90 min at 100 rpm on orbital shaker for attachment 
of cell on solid surface and at 37 °C. After incubations wells 
were washed with PBS to remove non-adhered cells the den-
sity of adherence of cells in each well was examined by rela-
tive metabolic activity using XTT assay. The concentration at 
which 50% reduction was measured as compare to control was 
considered as MIC concentration for adhesion. The experiment 
was conducted in triplicates [16].

Biofilm Assay

Early Biofilm

Tissue culture-treated 96 well polystyrene plates used for 
C. albicans biofilm development. 100 μl of cell suspension 
of (1 × 107 cells/ml) was added to each well, and the cells 
were then allowed to adhere to the solid surface at 37 °C 

for 90 min at 100 rpm. The wells were filled with PBS to 
remove non-adhered cells. RPMI-1640 medium (200 μl) 
along with various concentrations of EITC ranging from 
0.0039 to 2 mg/ml was prepared added in the wells and 
incubate for 48 h at 37 °C then wells washed with PBS. 
XTT metabolic assay was performed to measure the effect 
of EITC on early biofilm growth. The experiment was con-
ducted in triplicates [17].

Mature Biofilm

To check the activity of EITC against mature biofilm, 24 h 
old biofilm was prepared on tissue culture-treated 96 well 
polystyrene plate. Concentrations of EITC with range 0.0039 
to 2 mg/ml were prepared in RPMI-1640 medium and was 
added in to the wells. The wells were investigated with an 
inverted light microscope. XTT metabolic assay was used 
to analyse biofilm growth. The experiment was conducted 
in triplicates [17].

XTT Assay for Quantification of Biofilm

By employing XTT metabolic test the growth of the biofilm 
was measured. The wells containing biofilms was filled with 
PBS to remove non-adhered cells and incubated with 100 μl 
of XTT-Menadione solution in dark, at 37 °C for 5 h. A 
microplate reader was used to measure the coloration pro-
duced by the water-soluble formazan product at 450 nm. The 
experiment was conducted in triplicates [17].

Haemolytic Assay

The toxicity of EITC was observed by using human Red 
Blood Cells (RBC’s). Human blood collected from blood 
bank. The collected blood stored in tube containing EDTA 
was centrifuged at 2000 rpm for 10 min at 20 °C. The pel-
let of RBC suspended in PBS (10% v/v). RBC suspension 
was diluted in PBS 1:10 proportion before use. Aliquots of 
100 μl from suspension added in to 100 μl of a different 
concentration of EITC in the same buffer in eppendorf tubes. 
1% Triton X 100 used for total haemolysis. After incuba-
tion for 1 h at 37 °C it will be then centrifuged for 10 min at 
2000 rpm and 20 °C. Optical density was obtained at 450 nm 
after 150 μl of supernatant was transferred to a microtiter 
plate with a flat bottom. The experiment was done in trip-
licates [18].

The haemolysis percentage was calculated by following 
formula:

% of Haemolysis = [[A450 of test compound treated Sam-
ple − A450 of buffer treated sample]/[A450 of 1%TritonX 
100 treated sample − A450 of buffer treated sample]] × 100.
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Gene Expression Study with Quantitative Real Time 
Polymerase Chain Reaction (qRT‑PCR)

To study the gene expressions profile in C. albicans during 
Y–H morphogenesis of signal transduction genes, RNA was 
extracted from C. albicans culture. 1 × 106 cells were incu-
bated for 90 min at 37 °C with constant shaking in presence 
and absence of EITC at its morphogenesis inhibitory con-
centration. After 90 min incubation RNA was isolated with 
RNeasy mini kit (QIAGEN, Valencia, CA, USA) and was 
reverse transcripted to cDNA using Super Script III (Invit-
rogen, Life technologies, Camarillo, CA, USA). With the 
help of UNI SYBR GREEN SUPERMIX PCR were carried 
out (Biorad Real Time PCR Machine, 0.2 ml, 96 wells) in 
96 well PCR plates. The qPCR reaction total volume was 
10 μl. Primers purchased from gneOmbiome Technologies 
Pvt. Ltd., Pune (primer sequences mentioned in Table 1) was 
added in SYBR Green Super mix in predetermined ratio. 
Expression of gene were analysed with the help of thermal 

cycler (Real Time System Bio-Rad Laboratories, Inc., Her-
cules, CA, USA). The experiment was done in triplicates 
[19].

Assessment of Intracellular Reactive Oxygen Species 
(ROS) Production

ROS levels of C. albicans were detected by an oxidant-
sensitive fluorescent dye 2′,7′ dichlorofluorescein diacetate 
(DCFH-DA) (Table 2). The cells were grown in the presence 
and absence of planktonic MIC50 concentration of EITC, 
1.5 mM/l of hydrogen peroxide for 4 h at 30 °C. The cells 
were then harvested, followed by washing with PBS buffer 
twice to remove the media. Cells were re-suspended in 3 ml 
of PBS. The fluorescent dye DCFH-DA (final concentration 
10 µM) was added to each cell suspension and incubated at 
30 °C for 1 h. Fluorescence intensity was measured by using 
a fluorescent spectrophotometer. The experiment was done 
in triplicates [20].

Table 1   Gene specific primers 
used for real time polymerase 
chain reaction

Primes Sequence(5′–3′)

ACTIN-F 5′ATG​GAC​GGT​GAA​GAA​GTT​GC 3′
ACTIN-R 5′ACC​TCT​TTT​GGA​TTG​GGC​TTCA 3′
RAS1-F 5′GGC​CAT​GAG​AGA​ACA​ATA​TA 3′
RAS1-R 5′GTC​TTT​CCA​TTT​CTA​AAT​CAC 3′
PDE 2-F 5′ ACC​ACC​ACC​ACT​ACT​ACT​AC 3′
PDE 2-R 5′ AAA​ATG​AGT​TGT​TCC​TGT​CC 3′
BCY 1-F 5′ CCC AAG​CTT​ATG​TCT​AAT​CCT​CAA​CAG​CA 3′
BCY 1-R 5′ GGG CTG​CAG​TTA​ATG​ACC​AGC​AGT​TGG​GT 3′
EFG 1-F 5′ TAT​GCC​CCA​GCA​AAC​AAC​TG 3′
EFG 1-R 5′ TTG​TTG​TCC​TGC​TGT​CTG​TC3′
TEC 1-F 5′ AGG​TTC​CCT​GGT​TTA​AGT​G 3′
TEC 1-R 5′ ACT​GGT​ATG​TGT​GGG​TGA​T 3′
ECE 1-F 5′-CCC​TCA​ACT​TGC​TCC​TTC​ACC-3′
ECE 1-R 5′-GAT​CAC​TTG​TGG​GAT​GTT​GGTAA-3′
CEK 1-F 5′ AGC​TAT​ACA​ACG​ACC​AAT​TAA 3′
CEK 1-R 5′ CAT​TAG​CTGA ATG​CAT​AGCT 3′
HST 7-F 5′ ACT​CCA​ACA​TCC​AAT​ATA​ACA 3′
HST 7-R 5′ TTG​ATT​GAC​GTT​CAA​TGA​AGA 3′
CPH1-F 5′ATG​CAA​CAC​TAT​TTA​TAC​CTC 3′
CPH2-R 5′CGG​ATA​TTG​TTG​ATG​ATG​ATA 3′
CDC35-F 5′TTC​ATC​AGG​GGT​TAT​TTC​AC 3′
CDC35-R 5′CTC​TAT​CAA​CCC​GCC​ATT​TC 3′
HWP1-F 5′TGG​TGC​TAT​TAC​TAT​TCC​GG 3′
HWP1-R 5′CAA​TAA​TAG​CAG​CAC​CGA​AG 3′
MIG1-F 5′CTT​CAA​CTA​GCC​TAT​ATT​CCG​ATG​G 3′
MIG1-R 5′-CTT​TCT​ GTA​GGT​ACC​AAC​AAC​TAC​ 3′
NRG1-F 5′CAC​CTC​ACT​TGC​AAC​CCC​ 3′
NRG1-R 5′GCC​CTG​GAG​ATG​GTC​TGA​ 3′
Tup1-F 5′ GAG​GAT​CCC​ATG​TAT​CCC​CAA​CGC​ACC​CAG​ 3′
Tup1-R 5′GGC​GAC​GCG​TCG​TTT​TTT​GGT​CCA​TTT​CCA​AAT​TCT​G 3′
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Effect of EITC on Nuclear Condensation 
or Fragmentation in C. albicans Biofilm

4-6-Diamidino-2-phenylindole (DAPI), a DNA-specific 
fluorescent dye, was used to observe nuclear condensa-
tion/fragmentation. Treatment of EITC (2 mg/ml) given to 
C. albicans cells at 37 °C and 120 rpm for 24 h. Following 
incubation, cells were collected and suspended in PBS. 
The washed cells incubated with DAPI (1 g/ml) at 30 °C 
in the dark condition. Cells were examined on glass slide 
under Zeiss LSM 880 confocal laser scanning microscope 
to detect nuclear staining [21].

Cell Cycle Analysis

50 ml YPD broth was inoculated with single colony of C. 
albicans from Yeast dextrose agar plate and incubated for 
24 h. C. albicans cells were washed and starved. 2 × 107 
cell/ml added in RPMI-1640 with EITC at its planktonic 
inhibitory concentration and without EITC treatment as 
control and incubated flask at 30 °C for 4 h. Cells were 
centrifuged at 6000 rpm for 3 min and washed with chilled 
PBS and fixed by using chilled absolute alcohol and kept at 
4 °C. Next day cells were washed with PBS and incubated 
with 10 μg RNaseA, following RNaseA treatment 50 μg/
ml Propidium iodide was added. After 30 min of incuba-
tion at 4 °C, the cells were analysed using FACS (FACS 
Diva Version 6.1.3) [22].

Ergosterol Assay

A single colony of C. albicans from Sabouraud dextrose 
agar plate was used to inoculate 50 ml of Sabouraud dex-
trose broth for control and for various concentrations of 
molecules. After 16 h of incubation, the cultures were 
harvested at 2700 rpm (856 g) for five minutes. The cell 
pellet's net weight was calculated. 3 ml of 25% alcoholic 
potassium hydroxide solution was added to each pel-
let and vortex mixed for one min. Cell suspensions were 

transferred to sterile borosilicate glass screw-cap tubes and 
were incubated in an 85 °C water bath for one hour. After 
incubation, the tubes were kept for cooling. Extraction 
of sterol was done by addition of 1 ml of sterile distilled 
water and 3 ml of n-heptane by continuous mixing for 
3 min. The heptane layer was transferred to a clean boro-
silicate glass screw-cap tube and stored at − 20 °C. For 
analysis, 0.6 ml aliquot of sterol extract was diluted five-
fold in 100% ethanol and scanned spectrophotometrically 
between 240 and 300 nm with a spectrophotometer. The 
extracted material has a characteristic four-peaked curve 
due to the presence of ergosterol. The absence of ergos-
terol in extracts was indicated by a flat line [23].

Scanning Electron Microscopy

To study the effect of EITC (0.0312 mg/ml) on Y–H mor-
phogenesis in C. albicans cells adhered on polystyrene 
discs SEM analysis was performed. C. albicans (1 × 107 
cells/ml) cells were added in RPMI and incubated at 
37 °C and 50 rpm for 90 min. Without EITC treatment 
was served as control. The samples were fixed in 2.5% 
of glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 
24 h at 4 °C. Samples were post fixed in 2% aqueous solu-
tion of osmium tetroxide for 4 h, and then dehydrated in a 
series of graded alcohols. The samples were mounted over 
stubs and gold coating was performed using an automated 
gold coater. Images were obtained by scanning electron 
microscope [24].

In Vivo Study in Silk Worm Model

To check the antifungal efficacy of EITC in vivo experiment 
was carried out in silk worm larvae. Third instar silkworm 
larvae were obtained from Department of Zoology Shivaji 
University Kolhapur, larvae were fed with V1 variety mul-
berry leaves at 25 °C and maintained until they developed 
to fifth-instar larvae. Then, we only chose 1.9–2.2 g of silk-
worm larvae for our subsequent research. C. albicans cells 

Table 2   Specification of groups 
involved in in vivo silkworm 
animal model experiments

Group I Positive control Silkworm injected with C. albicans

Group II Negative control Silkworm injected with PBS
Group III Test Silkworm injected with C. albi-

cans + planktonic MIC50 concen-
tration (0.5 mg/ml) of EITC drug

Group IV DMSO Silkworm injected with DMSO (1%)
Group V Standard drug fluconazole Silkworm injected with C. albicans 

and fluconazole MIC50 concentra-
tion (0.15 µg/ml)
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were grown overnight in YPD broth and were washed and 
re-suspended in phosphate-buffered saline. The C. albicans 
(1 × 106) cells were injected into the haemolymph through 
the dorsal surface of a silkworm larva using an insulin 
syringe. To determine the activity of EITC against C. albi-
cans MIC50 concentration of EITC was injected into the 
haemolymph. Silkworm’s mortality was assessed at 8 h of 
intervals. Silkworm larvae were kept at 25 °C throughout the 
experiments and survival was observed. Experiments were 
carried out in triplicates [25].

Statistical Analysis

Values mentioned were the mean with standard deviations, 
obtained from three different observations. Values in the 
control and treatment groups for various molecules were 
compared using Student’s t-test. A value of P < 0.05 was 
considered statistically significant.

Results

EITC Inhibited Planktonic Growth of C. albicans

Initially we studied the effect of EITC on C. albicans ATCC 
90028 strain using micro broth dilution method. For this 
purpose, we have exposed C. albicans cells to series of con-
centrations of EITC in the range of 0.0039 to 2 mg/ml for 
48 h. After 48 h of incubation 50% reduction in planktonic 
growth of C. albicans was seen at 0.5 mg/ml concentration 
compared to non-treated control. At 1 mg/ml and 2 mg/ml 
concentrations 58% and 73% reduction was seen, respec-
tively (Fig. 1a). Exposure to EITC affected the viability of 
C. albicans cells. EITC was fungicidal in nature at 2 mg/
ml concentration. 99% of killing of C. albicans cells was 
observed on YPD plate (Fig. 1b).

EITC Inhibited Yeast to Hyphal Morphogenesis in C. 
albicans

The yeast to hyphal form morphogenesis plays vital role in 
the pathogenesis of C. albicans infections and is considered 
as the important virulent trait of C. albicans. Therefore, we 
have assessed the effects of EITC on the yeast-hyphal mor-
phogenesis by using fetal bovine serum growth medium. 
Serum induced Y–H morphogenesis of C. albicans ATCC 
90028 strain was inhibited by EITC at 0.0312 mg/ml con-
centration. It was observed that concentrations above MIC 
showed complete inhibition of Y–H morphogenesis of C. 
albicans compared to non-treated control. Scanning Elec-
tron Microscopy (SEM) analysis was performed to confirm 
the inhibition of Y–H morphology of C. albicans cells by 
the treatment of EITC. SEM analysis revealed that, EITC 

inhibited the yeast-hyphal morphogenesis in C. albicans 
cells at 0.0312 mg/ml (Fig. 2a).

EITC Treatment Modulated the Gene Expression in C. 
albicans

The effect of EITC on Y–H morphogenesis shows signifi-
cant reduction in hyphal formation of C. albicans. EITC 
treatment altered the expression of genes involved in Y–H 
morphogenesis of C. albicans. qRT-PCR analysis revealed 
relative fold change in the gene expressions (Table 3 and 
Fig. 2b). EITC at 0.0312 mg/ml concentration altered the 
expression of genes involved in signal transduction pathway 
by upregulating expression of TUP1, MIG1 and NRG1 genes 
by 3.10, 5.84 and 2.64 fold, respectively and downregulating 
PDE2 and CEK1 genes by 15.38 and 2.10-fold, respectively.

EITC Inhibited of Adhesion C. albicans Cells 
to Polystyrene Surface

We examined the effect of EITC on the adhesion of C. albi-
cans to polystyrene surface because infections and biofilm 
formation of C. albicans start from adhesion. The result sug-
gests that EITC at 0.0312 mg/ml concentration decreased 
50% viability of adhered cells to the polystyrene surface 
(Fig. 3a). Treatment above 0.0312 mg/ml concentration 
inhibited approximately 80%—90% of the adhesion com-
pared to the non-treated control groups. From above obser-
vation it is concluded that EITC inhibits the adhesion of C. 
albicans cells to the polystyrene surface.

Anti‑biofilm Activity of EITC

The anti-biofilm ability of EITC at different concentration 
ranges between 0.0039 to 2 mg/ml was analysed by XTT 
metabolic assay. As shown in Fig. 3b and Fig. 3c formation 
of early and mature biofilm was reduced by 50% at 2 mg/
ml and 0.5 mg/ml concentration respectively compared to 
non-treated control.

EITC Inhibited Ergosterol Synthesis in C. albicans

Ergosterol is an important component of cell membrane 
and primary target of antifungal agents. EITC at its plank-
tonic MIC50 concentration successfully inhibited ergos-
terol biosynthesis (Fig. 4a). C. albicans cells which were 
not -treated with EITC (control) represent sharp peaks 
which indicates ergosterol biosynthesis. However, C. albi-
cans cells treated with planktonic MIC50 concentration 
and sub MIC concentration of EITC represent inhibition 
to ergosterol biosynthesis by flat curve. The result sug-
gests that inhibition of ergosterol biosynthesis is a possible 
mechanism of action for C. albicans growth inhibition.
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EITC Affected DNA Replication and Cell Division

Cell cycle analysis was done to determine how EITC affected 
DNA replication and cell division, two highly important and 
regulated processes for a cell's growth and multiplication. 
Any abnormality in the order of these stages causes the DNA 
checkpoint pathway to activate, which stops all processes 
linked to growth and division until the damage is fixed. In 

cell cycle analysis study, we have exposed C. albicans cells 
to planktonic inhibitory concentration (0.5 mg/ml) of EITC 
and was compared with non-treated cells. In this study control 
shows 49.4% cell in G1 phase, 36.0% in synthetic S-phase and 
14.5% in G2/M phase while cells treated with EITC showed 
34.7% in G1, 46.9% in S and 17.2% in G2/M phase (Fig. 4b). 
From this study it was observed that EITC arrested the cells 
at synthetic S-phase.

Fig. 1   a The antifungal activ-
ity of ethyl isothiocyanate on 
planktonic C. albicans cells. 
MIC of ethyl isothiocyanate 
against C. albicans was deter-
mined as per the micro broth 
dilution method. C. albicans 
cells were incubated with 
0.0039 to 2 mg/ml concentra-
tions of ethyl isothiocyanate 
for 48 h. The growth was 
analysed in terms of absorbance 
at 620 nm and percentage of 
growth as compared to that of 
the control was calculated. The 
experiment was performed in 
triplicates. Error bars indicate 
standard deviations. *P < 0.05 
vs. non-treated controls. b mini-
mum fungicidal concentration 
of ethyl isothiocyanate against 
C. albicans was obtained by 
counting the colonies grown on 
YPD agar plate after perform-
ing planktonic growth assay. 
Minimum fungicidal concentra-
tion was achieved at 2 mg/ml 
concentration
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EITC Treatment Induced Intracellular Reactive 
Oxygen Species (ROS) Production in C. albicans

The ability of EITC to increase endogenous ROS produc-
tion in C. albicans was evaluated using the fluorescent 
dye 2',7'-dichlorodihydrofluorescein diacetate (DCFDA) 

(Fig. 4c). The enhanced fluorescence intensity in Fig. 4c 
reveals EITC's ability to stimulate endogenous ROS 
generation. C. albicans are known to create ROS under 
severely stressed situations. When biological components 
like lipids, proteins, and nucleic acids are exposed to high 
concentrations of ROS, such as superoxide anion radicals, 

Fig. 2   a Effects of ethyl 
isothiocyanate on C. albicans 
morphology. Inhibition of fetal 
bovine serum induced yeast to 
hyphal growth was visualized 
by Scanning Electron Micros-
copy at a concentration of 
0.0312 mg/ml. Two independent 
experiments were conducted. 
Control indicates non-treated C. 
albicans cells and Test indicates 
ethyl isothiocyanate treated C. 
albicans cells. b Transcriptional 
profiles of C. albicans cells 
treated with and without Ethyl 
isothiocyanate. C. albicans was 
cultivated with and without 
Ethyl isothiocyanate Y–H 
morphogenesis inhibitory con-
centration (0.0312 mg/ml) for 
90 min. Transcriptional profiles 
were measured by qRT-PCR. 
Relative fold change represents 
transcriptional levels after 
treatment with ethyl isothiocy-
anate as compared to non-
treated controls. Fold changes 
represents transcription changes 
in treated C. albicans vs. non-
treated controls (value of 1.0). 
The experiment was performed 
in triplicates. Error bars indicate 
standard deviations. *P < 0.05 
vs. non-treated controls
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hydroxyl radicals, hydrogen peroxide, hypochlorous acid, 
and hydroperoxyl radicals, oxidative stress and eventual 
cell death can follow [26]. EITC at its planktonic growth 
inhibitory concentration (0.5 mg/ml) stimulates ROS pro-
duction and eradicate C. albicans growth.

Effect of EITC on DNA Condensation in C. albicans

We evaluated EITCs' impact on DNA integrity in C. albi-
cans cells as part of the DNA condensation investigation. 
DAPI was utilised in this investigation to track nuclear 
condensation and fragmentation linked to morphological 
changes in the nucleus. DAPI binds to DNA in the minor 
groove of A–T rich regions. EITC treated C. albicans have 
nuclear abnormalities linked to oxidative stress and apop-
tosis than untreated cells in the current result of nuclear 
condensation (Fig. 4d). In present study we have assessed 
the effect of EITC on cells of C. albicans. A DNA binding 
fluorescent dye DAPI was used for this study and visual-
ised using confocal microscopy (Zeiss LSM 710). Result 
suggested that in non-treated cells chromatin appears as 
single round nuclei whereas, cells treated with biofilm 
inhibitory concentration (2 mg/ml) of EITC shows mor-
phological changes in nucleus which indicates condensa-
tion of DNA.

Hemolytic Activity of EITC

Hemolytic analysis study was performed to assess the tox-
icity of EITC on human RBCs. EITC exhibited 19% hae-
molysis at 0.5 mg/ml concentration and at 0.0156, 0.0078, 

0.0039 mg/ml concentration it showed 8%, 5%, and 5% 
haemolysis, respectively (Fig. 5a). This indicates that EITC 
may be less toxic at lower concentrations and more toxic at 
higher concentration.

In Vivo Study in Silkworm Animal Model

To investigate the effect of EITC, on silkworm (Bombyx 
mori) against C. albicans infection In vivo experiment was 
carried out. Silkworm was injected with C. albicans in pres-
ence of DMSO, fluconazole and EITC. In current study C. 
albicans considerably decreases the lifespan of positive con-
trol silkworm compared with non-treated negative control. 
We observed that fluconazole has increased the lifespan of 
the infected silkworms indicating that fluconazole protects 
silkworms during infection. Whereas silkworms infected 
with EITC were survived up to 24 h. After 24 h’ silkworms 
were died. Decreased lifespan of silkworm in presence of 
EITC affect survival of silkworm after 24 h. Survival graph 
of silkworm was determined by Kaplan–Meier survival 
curve (Fig. 5b). Therefore, by decreasing the concentration 
of EITC we can increase the survival of silkworm and pro-
tects silkworm against C. albicans infection.

Discussion

Antifungal activity of EITC is reported against Fusarium 
oxysporum, Sclerotinia sclerotorium, Geotrichum citri-
aurantii, Aspergillus niger, Rizoctonia solani, Botrytis 
cinerea and Penicillium expansum [13]. In present study we 
have examined the antifungal efficacy of EITC against C. 
albicans growth and virulence factors. EITC inhibited plank-
tonic growth at 0.5 mg/ml concentration (Fig. 1a). Also, it 
was found that, EITC was fungicidal at 2 mg/ml (Fig. 1b). To 
investigate mechanism of action of EITC against C. albicans 
different assays were performed. Ergosterol assay revealed 
that, EITC significantly inhibited biosynthesis of ergosterol 
in C. albicans at its MIC concentration (Fig. 4a). Earlier 
studies suggest that most of the molecules that showed inhi-
bition to ergosterol synthesis were fungicidal in nature and 
the fungicidal nature might be due to cell membrane dam-
age [27]. Ergosterol is a component of lipid membrane and 
supports membrane fluidity. A decrease in its concentration 
after EITC treatment could cause reduction of membrane 
permeability, which would make cells more susceptible or 
potentially cause cell death [28]. Ergosterol synthesis may 
be one of targets of EITC in C. albicans.

Earlier it was reported that benzyl isothiocyanate 
(BITC) and Phenyl ethyl isothiocyanate (PEITC) gener-
ate oxidative stress in C. albicans (Pereira et al., 2020). 
In current study, we investigated the effect of EITC on 
intracellular ROS level in C. albicans. EITC treatment 

Table 3   Relative fold change (FC) in gene expression in Candida 
albicans after the treatment of Ethyl isothiocyanate

Sr. no. Genes Fold change

1 CPH1 Upregulated [1.58-fold]
2 PDE2 Downregulated [0.95-fold]
3 CDC35 Upregulated [3.17-fold]
4 BCY1 Upregulated [0.44-fold]
5 HWP1 Upregulated [1.04-fold]
6 EFG1 Upregulated [1.57-fold]
7 MIG1 Upregulated [4.85-fold]
8 TEC1 Upregulated [0.19-fold]
9 RAS1 Upregulated [2.03-fold]
10 ECE1 Upregulated [0.57-fold]
11 NRG1 Upregulated [1.64-fold]
12 CEK1 Downregulated [0.53-fold]
13 TUP1 Upregulated [1.91-fold]
14 HST7 Upregulated [2.02-fold]
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at 0.5 mg/ml concentration increases ROS level in C. 
albicans (Fig. 4c). It is widely known that the fungicidal 
actions of antifungal drugs like Amphotericin B against 
pathogenic fungi are influenced by the generation of ROS. 

Fungicidal medications encourage cellular death that is 
ROS-dependent and is regulated by a similar signalling 
and metabolic pathway. Furthermore, during yeast death, 
ROS function as a crucial intracellular messenger. Protein 
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Fig. 3   a The effect of ethyl isothiocyanate on the adhesion of C. albi-
cans to polystyrene plates. C. albicans in PBS medium with 0.0039 
to 2 mg/ml concentrations of ethyl isothiocyanate were added to 96 
well plate and incubated at 37∘C for 90  min., followed by an XTT 
assay to assess the adhesion rate of the cells compared to the con-
trol group. The experiment was performed in triplicates. Error bars 
indicate standard deviations. *P < 0.05 vs. non-treated controls. b 
Anti-biofilm activities of ethyl isothiocyanate against C. albicans. 
Early biofilms of C. albicans were treated with ethyl isothiocyanate 
in 0.0039 to 2 mg/ml concentrations range for 48 h in 96 well poly-
styrene plate. Biofilm was quantified by XTT metabolic assay results 

are presented as mean percent of metabolic activities. The experiment 
was performed in triplicates. Error bars indicate standard deviations. 
*P < 0.05 vs. non-treated controls. c Anti-biofilm activities of ethyl 
isothiocyanate against C. albicans mature biofilm. C. albicans cells 
were treated with ethyl isothiocyanate in 0.0039 to 2 mg/ml concen-
trations range for 72 h in 96 well polystyrene plate. Biofilm was quan-
tified by XTT metabolic assay results are presented as mean percent 
of metabolic activities. The experiment was performed in triplicates. 
Error bars indicate standard deviations. *P < 0.05 vs. non-treated con-
trols
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and lipid peroxidation, decreased mitochondrial enzyme 
performance, DNA damage are all results of excessive 
ROS formation during apoptosis [26]. To investigate 
the effect of EITC on DNA damage, EITC treated and 
non-treated C. albicans cells stained with fluorescent dye 
DAPI and visualized under confocal microscope (Zeiss 
LSM 710). The confocal microscopy imaged showed that, 
non-treated C. albicans cells contain chromatin appears 
as single round nuclei whereas, cells treated with biofilm 

inhibitory concentration (2 mg/ml) of EITC shows mor-
phological changes and condensation of DNA (Fig. 4d). 
According to the results, EITC may induces apoptosis and 
cell cycle arrest in C. albicans.

Furthermore, to understand the physiological changes 
caused by EITC, cell cycle analysis of EITC treated C. albi-
cans cells was carried out. Cell cycle analysis revealed that, 
EITC arrested the C. albicans cells at S-phase (Fig. 4b) and 

(a)                                                                          (b)

(c) (d)
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Fig. 4   a The effect of ethyl isothiocyanate on ergosterol biosynthesis. 
Ethyl isothiocyanate decreased the ergosterol content in C. albicans. 
Ergosterol was extracted from cells treated by 0.0156 to 0.5  mg/ml 
concentrations of ethyl isothiocyanate and measured by the spectro-
photometric method. b Flow cytometric analysis of cell cycle arrest 
with propidium iodide staining. The bars indicate the percent of cells 
in G1, S, and G2/M phases in control cells (blue bars) and in 0.5 mg/
ml test i.e. ethyl isothiocyanate treated cells (yellow bars). Ethyl iso-
thiocyanate arrest C. albicans cells at S- phase. c Detection of ROS 

level using DCFDA staining involved in the planktonic inhibitory 
activity of ethyl isothiocyanate. Treatment of ethyl isothiocyanate 
increased the endogenous ROS production. The relative fluorescence 
intensity of treated cells stained by DCFDA was measured by fluo-
rescent spectrophotometer. d Nuclear fragmentation in C. albicans 
cells treated with 2 mg/ml concentration of ethyl isothiocyanate and 
without ethyl isothiocyanate was detected by DAPI staining. Nuclear 
fragmentation was visualized with confocal microscopy and the scale 
bar represents 20 µm
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inhibit cellular processes of DNA replication which leads to 
apoptosis of fungal cell.

Yeast to hyphal (Y–H) morphogenesis plays important 
role in virulence of C. albicans as it plays major role in 
tissue invasion and systematic infection [24]. Present study 
showed that, EITC inhibited Y–H morphogenesis at very 
low concentration i.e. 0.0312 mg/ml. The Scanning Elec-
tron Microscopy confirmed that EITC inhibits yeast to 
hyphal form morphogenesis of C. albicans (Fig. 2a). RT-
PCR study performed to identify molecular targets of in C. 
albicans. We examined the expression of genes involved in 
yeast to hyphal (Y–H) morphogenesis signal transduction 
pathway in C. albicans. Y–H signal transduction pathway 
comprises CEK1-MAPK pathway and RAS1-cAMP-PKA 
pathway [29]. EITC targets important components in Y–H 
transition pathway in C. albicans. EITC treatment upregu-
lated the expression of MIG, NRG1, TUP1 by 5.84-fold, 
2.64-fold, and 3.10-fold, respectively (Fig. 2b). MIG1, 
TUP1 and, NRG1 are negative regulators having pivotal 
role in Y–H form transition inhibition. The expression of 

PDE2 and CEK1 genes were down regulated by 15.38-
fold and 2.10-fold, respectively. PDE2 gene has role in 
relation of intracellular cAMP level. Down regulation of 
PDE2 activates cAMP which decrease cell wall and cell 
membrane thickness of fungi and drives the virulence and 
makes cell more susceptible to antifungal drug while up 
regulation of PDE2 blocks cAMP synthesis and limited 
hyphal production [30]. Whereas CEK1 involved in inva-
sive growth and filamentation [31] down regulation of 
CEK1 inhibit filamentation.

Invasive growth and biofilm formation of C. albicans 
requires adhesion to tissue surfaces. Adhesion of yeast 
cell to host tissue or medical devices plays important role 
in colonization and systematic infection. Adhesion plays 
important role in colonization, biofilm formation and mul-
tidrug resistance inhibiting adhesion ultimately leads to 
prevention of biofilm formation [17]. EITC inhibits adhe-
sion to polystyrene surface at 0.0312 mg/ml concentration 
(Fig. 3a).

Fig. 5   a Effect of EITC on 
human Red Blood Cells. 
Haemolytic activity helps to 
analyse the effect of ethyl isothi-
ocyanate on human Red Blood 
Cells (RBC). Ethyl isothiocy-
anate exhibited 19% haemolysis 
at 0.5 mg/ml concentration. 
Error bars indicate standard 
deviations. *P < 0.05 vs. 
non-treated controls. b Effects 
of ethyl isothiocyanate on C. 
albicans infected silkworm. The 
graph indicates percentage of 
worm survival after exposure 
of C. albicans for 48 h to ethyl 
isothiocyanate. The toxicities of 
ethyl isothiocyanate was studied 
using non-infected silkworm by 
determining survival rates after 
48 h. Silkworm injects with 
C. albicans indicates positive 
control, silkworm injected with 
PBS was used as a negative 
control, whereas silkworm 
injected with fluconazole served 
as standard. The experiment 
was performed in triplicates
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C. albicans biofilm-related infections are became diffi-
cult to treat as it shows resistance to standard antifungals 
as well as they shows side effects on prolonged use so now 
a days researchers focuses on natural products that specifi-
cally inhibits biofilm formation [32]. EITC inhibited Early 
and Mature biofilm formed by C. albicans at 2 mg/ml and 
0.5 mg/ml concentration, respectively (Fig. 3b and c).

Haemolytic activity of EITC was analysed for further 
therapeutic application. EITC shows 19% haemolysis at 
0.5 mg/ml concentration while at lower concentrations it is 
less haemolytic (Fig. 5a). To confirm antifungal efficacy of 
EITC, the silkworm infection model was used. Silkworms 
are used in many studies on pathogenic microorganisms 
around the world. The silkworm infection model and thera-
peutic efficacy of antiviral, antifungal, and antimicrobial 
agents (ED50) are similar with the mammalian model. Silk-
worms have cytochrome P450s and conjugating enzymes 
like glutathione S-transferases, UDP-glucosyltransferase, 
ubiquitin-conjugating enzyme E. Silkworms can be used 
in detecting tissue damage caused by drugs and chemicals, 
in antidiabetic drugs, and herbal studies [33]. In present 
study silkworms died after 24 h with the treatment of EITC 
(0.5 mg/ml) may be due to its toxicity (Fig. 5b). The infec-
tion model was failed to prove antifungal efficacy in sys-
temic infection of C. albicans. Combinatorial approach can 
be used to reduce the MIC subsequently toxicity of EITC. 
In vivo experiments for systemic or tropical candidiasis need 
to be done in mice model to confirm the antifungal efficacy.

Conclusions

Current study reports for the first time, the anti C. albicans 
potential of EITC. This supports the possibility of using 
EITC as an anti-biofilm agent against C. albicans. In con-
clusion, EITC inhibited planktonic growth and virulence 
factors like Y–H morphogenesis, adhesion to polystyrene 
surface, and biofilm formation. EITC is fungicidal in nature 
and its mode of action in C. albicans is through the effect on 
multiple targets including the disruption of cell membrane 
by inhibiting ergosterol biosynthesis. EITC arrested the C. 
albicans cells at S-phase. EITC caused ROS-dependent 
cellular death and nuclear or DNA fragmentation. Yeast to 
hyphal transition was inhibited by EITC by upregulating 
MIG1, TUP1 and NRG1 genes and downregulating PDE2 
and CEK1 genes. Toxicity study and in vivo assay in silk-
worm model suggest that EITC after combination with other 
antifungal agents could be used as alternative therapeutic 
agent in candidiasis treatment.
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Background and Purpose: In recent years, the inclusion of Candida albicans on the list 

of infections that pose a threat due to drug resistance has urged researchers to look into 

cutting-edge and effective antifungal medications. In this regard, the current study 
investigated the probable mode of action of allyl isothiocyanate (AITC) against Candida 

albicans. 

Materials and Methods: In this study, planktonic assay, germ tube inhibition assay, 

adhesion, and biofilm formation assay were performed to check the growth and virulence 
factors. Furthermore, ergosterol assay, reactive oxygen production analysis, cell cycle 

analysis, and quantitative real-time polymerase chain reaction analysis were performed 

with the aim of finding the mode of action. A biomedical model organism, like a silkworm, 

was used in an in vivo study to demonstrate AITC anti-infective ability against C. albicans 
infection. 

Results: Allyl isothiocyanate completely inhibited ergosterol biosynthesis in C. albicans 

at 0.125 mg/ml. Allyl isothiocyanate produces reactive oxygen species in both planktonic 

and biofilm cells of C. albicans. At 0.125 mg/ml concentration, AITC arrested cells at the 
G2/M phase of the cell cycle, which may induce apoptosis in C. albicans. In quantitative 

real-time polymerase chain reaction analysis, it was found that AITC inhibited virulence 

factors, like germ tube formation, at 0.125 mg/ml concentration by downregulation of 

PDE2, CEK1, TEC1 by 2.54-, 1.91-, and 1.04-fold change, respectively, and upregulation 
of MIG1, NRG1, and TUP1 by 9.22-, 3.35-, and 7.80-fold change, respectively. The in 

vivo study showed that AITC treatment successfully protected silkworms against C. 

albicans infections and increased their survival rate by preventing internal colonization by 

C. albicans. 
Conclusion: In vitro and in vivo studies revealed that AITC can be an alternative 

therapeutic option for the treatment of C. albicans infection. 
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Introduction
n the past few years, incidence rates of fungal 

infections have increased tremendously. Annually, 

around 10 lakh deaths occur due to fungal infections 

across the world. The fungal infection mainly occurs 
in immunocompromised individuals [1,2]. Among 

these, fungal infections caused by Candida albicans are the 

most common threat to human beings [3,4]. Candida albicans 

is a pleiomorphic fungal pathogen that has the capacity to 
produce biofilms on the cell surfaces of mammals as well as 

implanted medical devices [5–7]. 

It has the ability to form biofilm on both biotic and abiotic 

surfaces, like central venous system catheters, urinary 

catheters, stents, porcine heart valves, artificial heart valves, 

intrauterine devices, and artificial knee caps. The colonized 

prosthetics may act as a permanent source of bloodstream 
infections. The majority of the studies suggest that biofilm-

associated infections in patients are difficult to eradicate as 

biofilms are resistant to standard antifungals [8]. Therefore, 

the treatment of biofilm-related infections has become a major 
challenge to clinicians [9]. Due to drug tolerance, it may be 

necessary to increase the dosages of the drugs beyond the 

therapeutic range. This is not always advisable due to the 
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increased side effects of the drugs.  

Since the biofilms are hard to eradicate, the only available 
alternative may be the physical removal of the devices. In 

addition, colonized devices, such as pacemakers, may 

malfunction. Clogging of the catheters by C. albicans is a 

serious problem, especially in diabetic or immuno-
compromised persons since the catheters require replacement. 

Removal or replacement of prosthetics is expensive and 

uncomfortable for the patients and may require frequent visits 

to the doctor as well as hospitals contributing to the additional 
expenses, mortality, and morbidity [10].  

This necessitates an alternative treatment modality to 

counter the low efficacy, significant side effects, and 

emergence of multidrug-resistant C. albicans strains. Biofilms 
have the ability to adhere and accumulate on numerous 

surfaces [6]. The new antifungal drug strategy should 

concentrate on the development of drugs that prevent and 

remove biofilms. Numerous plant-derived substances have 
been shown to possess potential anti-Candida activities 

through a variety of mechanisms, including inhibition of the 

yeast-to-hyphae transition, prevention of the formation of 

biofilms, impairment of cell metabolism, cell wall integrity, 
cell membrane fluidity, and apoptosis [11]. 

Allyl isothiocyanate (AITC) is a natural compound 

derived from cruciferous vegetables. An earlier study 

performed by Raut et al. [12] has suggested that AITC alone 
and in combination with the standard antifungal, fluconazole 

(FLC), successfully inhibits the growth and virulence factors 

of C. albicans. Along with this, AITC at its planktonic and 

biofilm inhibitory concentration was non-hemolytic in nature. 
Hence, it can be used as an alternative therapeutic option for 

the treatment of candidiasis. The present study aimed to verify 

the mode of action of AITC against C. albicans.  

In this study, AITC was explored to better understand its 
activity and modes of action against C. albicans. In this regard, 

the antifungal properties of AITC were demonstrated in 

planktonic and biofilm forms of C. albicans. Furthermore, 

AITC exhibited anti-C. albicans efficacy via a variety of 
mechanisms, like the inhibition of ergosterol production, the 

effect of AITC on signal transduction gene involved in yeast 

to hyphal morphogenesis, cell cycle arrest, and reactive 

oxygen species (ROS) production. These discoveries 
collectively shed light on the modes of action of AITC against 

C. albicans. 

 

Materials and Methods 
Fungal strain, growth conditions, and Chemicals  

In the present study, C. albicans strain ATCC 90028 was 
used, which was obtained from the Institute of Microbial 

Technology (IMTECH), Chandigarh, India. The culture was 

maintained on Yeast Extract Peptone Dextrose (YPD) Agar 

Plates and slants and maintained at 4oC. Candida albicans cells 
were grown in YPD broth and incubated at 30oC on an incubator 

shaker at 120 rpm for 24 h. After 24 h, the cells were collected 

by centrifugation, and the cell pellet was washed with phosphate 

buffer saline (PBS) twice and used for varieties of assays in the 
current study. Fetal bovine serum (FBS) was used for yeast to 

hyphal (Y-H) form transition of C. albicans. The RPMI1640 

(w/L- Glutamine w/o sodium bicarbonate) medium was used for 

micro broth dilution assay to determine minimum inhibitory 
concentrations (MICs) against planktonic and biofilm growth. 

The AITC was purchased from Sigma Aldrich Chemical 

Ltd., Mumbai, India. It was dissolved in dimethyl sulfoxide 

(DMSO) to make a stock solution of 2 mg/ml. This stock was 
further diluted and used for in vitro and in vivo experiments in 

the current study against C. albicans. Moreover, FLC was used 

as a standard antifungal agent in the current study against C. 

albicans. Experiments were performed according to the 

guidelines of Clinical Laboratory Standards Institutes (CLSI) 
micro broth dilution method to determine MICs [13]. 

 

Determination of minimum inhibitory concentration for 

Candida albicans planktonic growth 
According to the guideline of CLSI M27-Ed4 [14], the 

effect of AITC alone and in combination with FLC on the 

planktonic cells of C. albicans was assessed with the help of 

micro broth dilution method in a 96-well microtiter plate [13]. 
Various concentrations of AITC ranging from 0.0039 to 2 

mg/ml and FLC from 0.097 to 50 µg/ml were prepared in 

RPMI-1640 and added to the 96-well plate. Cells without test 

molecules were considered the control cells. The plates were 
incubated for 48 h at 35 °C. To examine the cell density, 

absorbance was taken at 620 nm using a microtiter plate reader 

(Multiskan Ex, Thermo Electron Corp., USA). The 

concentration of AITC which caused a 50% reduction in 
growth, compared to the control, was considered the MIC50 for 

the growth of C. albicans [13,15]. 

 

Determination of minimum fungicidal concentration  

Effect of AITC and FLC on the growth of C. albicans was 

visibly assessed using a minimum fungicidal concentration 

(MFC) assay after performing MIC. In total, 10 µl of cell 

suspension from the wells of MIC50 and above MIC50 
concentrations of AITC and FLC were selected to assess MFC 

and spread on the YPD agar plate. The YPD agar plates were 

incubated at 30 oC for 48 h. After 48 h, the plates were 

observed. The ones that showed less growth or no growth were 
selected and photographed [15]. 

 
Estimation of Ergosterol Content 

In total, 50 ml of sabouraud dextrose broth was inoculated 

with a single colony of C. albicans from a sabouraud dextrose 

agar plate. Planktonic MIC50 and sub-MIC concentrations of 
AITC within the range of 0.0078 to 0.125 mg/ml were added 

into different flasks, without AITC treatment served as control. 

It should be mentioned that flasks were incubated for 16 h. 

Candida albicans cells were harvested by centrifugation at 
2,700 rpm (856 g) for 5 min. The net weight of the cell pellet 

was determined. Each pellet was mixed with 3 ml of a 25% 

alcoholic potassium hydroxide solution and was vortexed for 

1 min. The cell suspension was transferred to sterile 
borosilicate glass screw-cap tubes and incubated in an 85 °C 

water bath for 1 h. The tubes were left to cool after the 

incubation.  

The next step was to extract the sterols by the addition of 
3 ml of n-heptane and 1 ml of sterile distilled water, and 

vortexing for 3 min. The heptane layer was put into a sterile 

screw-cap borosilicate glass tube and kept at 20 °C. In order to 

conduct the analysis, a 0.6 ml aliquot of sterol extract was 
multiplied five times in 100% ethanol before being 

spectrophotometrically scanned between 240 and 300 nm. Due 

to the presence of ergosterol, the isolated material shows a 

recognizable four-peaked curve. A flat line demonstrated the 
absence of ergosterol in the extracts [16]. 

 
Measurement of reactive oxygen species production for 

planktonic and biofilm cells of Candida albicans 

Using 2′, 7′ - dichlorofluorescein diacetate (DCFH-DA), 
C. albicans cells were assessed to find the production of ROS. 

Cells were harvested by centrifugation, subjected to 

planktonic MIC50 concentration of AITC and 1.5 mM/L of 

hydrogen peroxide for 4 h, and then washed once with PBS 
before being re-suspended in 0.5 mL PBS. Afterward, they 

were incubated at 30 °C for 30 min in the dark followed by the 
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addition of 10µM DCFH-DA.  

The developing biofilm of AITC-treated (0.5 mg/ml) and 
non-treated C. albicans was formed in a 12-well treated 

microtiter plate. After 24 h, the wells were washed with PBS 

and exposed to 10 µM DCFH-DA. Following incubation for 1 

h at 37 °C, the biofilms were washed with PBS. 
A spectrofluorometer FP-8300 (Jasco) was used to 

determine the fluorescence intensities of re-suspended 

planktonic and biofilm cells of C. albicans [6,17]. 

 
Cell cycle analysis 

Log phase C. albicans cells were treated with AITC in 

RPMI medium for about 6 h at 30 °C and then washed twice 

with chilled PBS (pH 7.0). After washing, the cells were 
fixed overnight in 70% chilled ethanol at 4 oC. The next 

day, the cells were washed with PBS and incubated with 10 

μg RNaseA, followed by the addition of 50 μg/ml 

propidium iodide. After 30 min of incubation at 4°C, the 
cells were analyzed using FACS (FACS Diva Version 

6.1.3) [18].  

 

Germ tube formation inhibitory assay 

The FBS growth media was used to assess the effect of 

AITC on the induction of the germ tube of C. albicans. In 

control and test wells of the 96-well plate, 1×106 cells/ml were 

inoculated and concentrations of AITC ranging from 0.0039 to 
2 mg/ml and FLC from 0.097 to 50 µg/ml were prepared in 

20% serum and added to a plate. The plates were incubated at 

37 oC for 2 h at 200 rpm. The formation of germ tubes by the 

cells was observed by using Inverted Microscope. The number 
of yeast cells and hyphae were counted with the help of 

Microscope [5]. 

 

Scanning Electron Microscopy 

Germ tube formation of C. albicans cells was allowed to 

form on Foley’s catheter. The MIC50 concentration of germ tube 

formation of AITC and cells (1×106 cells/ml) was added to a 12-

well plate as a test and the cells without AITC in the plate served 
as the control. Both test and control cells were incubated at 37 

°C and 50 rpm for 90 min. The samples were fixed in 2.5% 

glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 24 h at 4 

°C for scanning electron microscopy (SEM) preparation. The 
samples were dehydrated in a succession of grades of alcohols 

after being post-fixed for 4 h in an osmium tetroxide 2% aqueous 

solution. Samples were mounted on stubs and coated with gold 

using an automated gold coater. A scanning electron microscope 
was used to capture images [19]. 

 

Adhesion assay 

To assess the effect of AITC on the adhesion of C. 
albicans, a polystyrene tissue culture 96-well plate was used. 

The AITC in a concentration range of 0.0039 to 2 mg/ml and 

FLC from 0.097 to 50 µg/ml were prepared in PBS and added 

to the well plate along with 1×107 cells/ml. The plate was 
incubated for 90 min at 37 oC on an orbital shaker with 100 

rpm. After incubation, the wells were washed with PBS to 

remove non-adhered cells. The density of the adherence of 

cells in each well was examined by relative metabolic activity 
using XTT assay. The concentration at which a 50% reduction 

was seen, compared to the control was considered the MIC 

concentration [3]. 

 
Biofilm assay 

Development of biofilm and mature biofilm 

To assess the effect of AITC and FLC on the developing 

and preformed biofilm, C. albicans biofilm was prepared in a 

96-well polystyrene tissue culture plate. A range of AITC 

concentration from 0.0039 to 2 mg/ml and FLC from 0.097 to 
50 µg/ml was prepared in RPMI-1640 medium and added 

along with 1×107 cells/ml into a 96-well plate. The plate was 

incubated for 48 h at 37 oC. After incubation, the wells were 

washed with PBS and XTT metabolic assay was performed to 
analyze biofilm growth. Candida albicans 1×107 cells/ml were 

allowed to mature for 24 h at 37 oC. After incubation, the wells 

were washed with PBS, and drug dilution prepared in RPMI-

1640 medium was added to the plate and incubated for 48 h at 
37oC. Finally, the biofilm was analyzed using XTT metabolic 

assay [20].  

 

XTT assay for quantification of biofilm 

Growth of the biofilm was measured using the XTT 

metabolic test. The wells containing biofilms were filled with 

PBS to remove the non-adhered cells and then incubated with 

100 μl of XTT-Menadione solution in the dark at 37 °C for 5 
h. Color formation by the water-soluble formazan product was 

measured at 450 nm using a microplate reader [20]. 

 

Toxicity assay 

Human red blood cells (RBCs) were used to study the 

toxicity of AITC. There were no ethical concerns involved in 

the toxicity assay process. The institutional Ethical Committee 

gave its approval to the toxicity assay protocol. Centrifugation 
was performed on the blood (5 ml) drawn from healthy 

volunteers in an Ethylenediaminetetraacetic acid-containing 

tube at 2,000 rpm for 10 min at 20 °C. The RBC pellet was 

suspended in PBS at 10% volume by volume. Before use, the 
RBC suspension was diluted in PBS 1:10 proportion. 

Moreover, 100 ml aliquots from the suspension were mixed 

with 100 ml of AITC at a different concentration in the same 

buffer in Eppendorf tubes. Besides, 1% Triton X 100 was used 
for total hemolysis. After incubation for 1 h at 37 °C, it was 

centrifuged for 10 min at 2,000 rpm at 20 °C. Optical density 

was obtained at 450 nm after 150 μl of supernatant was 

transferred to a microtiter plate with a flat bottom. All the 
experiments were performed in triplicates [21]. The hemolysis 

percentage was calculated using the following formula: 

 

% of Haemolysis = [[A450 of test compound treated Sample - 
A450 of buffer treated sample] / [A450 of 1%TritonX 100 

treated sample - A450 of buffer treated sample]] × 100. 

 

Gene expression study with real-time polymerase chain 

reaction  

To study the expressions of signal transduction genes 

involved in germ tube formation of C. albicans, RNA was 

extracted from C. albicans culture from germ tube formation. 
The 1×106 cells were incubated in RPMI-1640 medium for 90 

min at 37 °C with constant shaking in the presence and absence 

of AITC at its morphogenesis inhibitory concentration. The 

RNA was extracted with a RNeasy mini kit (QIAGEN, 
Valencia, CA, USA) and was reverse transcripted to cDNA 

using Super Script III (Invitrogen, Life technologies, 

Camarillo, CA, USA). 

The PCR was carried out (Biorad Real-Time PCR 
Machine, 0.2 ml, 96 wells) in 96-well PCR plates with the help 

of UNI SYBR GREEN SUPERMIX. The quantitative PCR 

reaction total volume was 10 μl. Primers purchased from 

geneOmbiome Technologies Pvt Ltd.; Pune (Table 1) were 
added to SYBR GREEN SUPER MIX in a predetermined 

ratio. Expressions of the gene were analyzed with the help of 

a thermal cycler (Real Time System Bio-Rad Laboratories, 

Inc., Hercules, CA, USA) [13]. 
 



 

Molecular mechanism of AITC in Candida albicans                                                                                                                      Balasaheb Patil Sh et al. 

 

32                         Curr Med Mycol, 2023, 9(2): 29-38 

Table 1. Gene-specific primers used for Real-Time Polymerase Chain Reaction 

Gene name Primes Sequence (5’        3’) 

Actin 
ACTIN-F 

ACTIN-R 

5’ATGGACGGTGAAGAAGTTGC  3’ 

5’ACCTCTTTTGGATTGGGCTTCA  3’ 

Ras-like protein 1 
RAS1-F 

RAS1-R 

5’GGCCATGAGAGAACAATATA  3’ 

5’GTCTTTCCATTTCTAAATCAC  3’ 

Phosphodiesterase 2 
PDE 2-F 

PDE 2-R 

5’ACCACCACCACTACTACTAC   3’ 

5’ AAAATGAGTTGTTCCTGTCC 3’ 

Bypass of CYclic-AMP requirement 
BCY 1-F 

BCY 1-R 

5′ CCC AAGCTTATGTCTAATCCTCAACAGCA 3′ 

5′ GGG CTGCAGTTAATGACCAGCAGTTGGGT 3′ 

Enhanced filamentous growth protein 1 
EFG 1-F 

EFG 1-R 

5’ TATGCCCCAGCAAACAACTG 3’ 

5’ TTGTTGTCCTGCTGTCTGTC3’ 

Transcription activator TEC1 
TEC 1-F 

TEC 1-R 

5’ AGGTTCCCTGGTTTAAGTG 3’ 

5’ ACTGGTATGTGTGGGTGAT 3’ 

Extent of cell elongation protein 1 
ECE 1-F 

ECE 1-R 

5’-CCCTCAACTTGCTCCTTCACC-3’ 

5’-GATCACTTGTGGGATGTTGGTAA-3’ 

Extracellular signal-regulated kinase 1 
CEK 1-F 

CEK 1-R 

5’ AGCTATACAACGACCAATTAA 3’ 

5’ CATTAGCTGA ATGCATAGCT 3’ 

Serine/threonine-protein kinase STE7 homolog 
HST 7-F 

HST 7-R 

5’ ACTCCAACATCCAATATAACA 3’ 

5’ TTGATTGACGTTCAATGAAGA 3’ 

Chlamydomonas photolyase homolog 1 
CPH1-F 

CPH1-R 

5’ATGCAACACTATTTATACCTC  3’ 

5’CGGATATTGTTGATGATGATA  3’ 

Cell-division-cycle 35 
CDC35-F 

CDC35-R 

5’TTCATCAGGGGTTATTTCAC  3’ 

5’CTCTATCAACCCGCCATTTC  3’ 

Hyphal wall protein 1 
HWP1-F 

HWP1-R 

5’TGGTGCTATTACTATTCCGG 3’ 

5’CAATAATAGCAGCACCGAAG 3’ 

Multicopy Inhibitor of GAL gene 
MIG1-F 

MIG1-R 

5’CTTCAACTAGCCTATATTCCGATGG  3’ 

5’CTTTCT GTAGGTACCAACAACTAC  3’ 

Neuregulin 1 
NRG1-F 

NRG1-R 

5’CACCTCACTTGCAACCCC 3’ 

5’GCCCTGGAGATGGTCTGA 3’ 

Transcriptional repressor TUP1 
Tup1-F 

Tup1-R 

5’ GAGGATCCCATGTATCCCCAACGCACCCAG 3’ 

5’GGCGACGCGTCGTTTTTTGGTCCATTTCCAAATTCTG  3’ 

 

In vivo study in silkworm animal model 

Department of Zoology at Shivaji University in Kolhapur, 

India provided third-instar silkworm larvae (Bombyx mori), 

which were fed mulberry leaves and kept alive until they 

reached the fifth instar. For the present study, only 1.9–2.2 g 
of silkworm larvae was selected. Cells of C. albicans were 

cultured in YPD broth overnight before being washed and re-

dissolved in phosphate-buffered saline. An insulin syringe was 

used to inject 1×106 cells into the hemolymph through the 
dorsal surface of a silkworm larva.  

The planktonic MIC50 concentration (0.125 mg/ml) of 

AITC was injected into the hemolymph to assess its anti-C. 

albicans effectiveness. Silkworms injected with FLC and C. 
albicans were considered the standard. Silkworm injected with 

DMSO. The mortality of silkworms was measured every 8 h 

for a duration of 48 h. Throughout the studies, silkworm larvae 

were maintained at 25°C, and survival was noted. It should be 

mentioned that experiments were carried out in triplicates [22]. 
Specification of groups used in in vivo silkworm animal model 

experiments is mentioned in Table 2. 

 

Statistical analysis 

All experiments were carried out in triplicates and the 

mentioned values were the mean values obtained from three 

different observations. Values in the control and treatment 

groups for various molecules were compared using 
Student’s t-test. The P-values of < 0.05 were considered 

statistically significant. The in vivo experimental data was 

analyzed using the GraphPad Prism software (version 6.0, 

San Diego, CA). 
 

Ethical Consideration 

The University Ethics Committee registration number is 

ECR/738/Inst/MH/2015/RR-21. 
 
Table 2. Specification of groups used in in vivo silkworm animal model experiment 

Group I Positive control Silkworm injected with Candida albicans 

Group II Negative control Silkworm injected with PBS 

Group III Test Silkworm injected with C. albicans + planktonic MIC50 concentration (0.125 mg/ml) of AITC drug 

Group IV DMSO Silkworm injected with DMSO (1%) 

Group V Standard Silkworm injected with C. albicans and fluconazole MIC50 concentration (0.15µg/ml) 

PBS: Phosphate Buffer Saline, MIC50: Minimum Inhibitory Concentrations, AITC: Allyl Isothiocyanate, DMSO: Dimethyl Sulfoxide 

 

Results 
Antifungal activity of AITC on C. albicans planktonic growth 

The inhibitory effect on planktonic growth of C. albicans 
was assessed by AITC (Figure 1A). The MIC50 of AITC for C. 

albicans was found to be 0.125 mg/ml (Figure 1A). The MFC 

of AITC was assessed by spread plate technique on a YPD plate 

with the help of MIC50 concentration and the results indicated 
that AITC was fungicidal in nature at its MIC50 and higher 

concentrations (Figure 1A). Fluconazole inhibits planktonic 

growth of C. albicans at 1 µg/ml concentration. 
 

 

Effect of AITC on C. albicans cell membrane 

The cell membrane is the primary target for many standard 

antifungal drugs, like azoles and polyenes. Therefore, in the 

present study, we estimated total ergosterol content in C. 

albicans cells upon treatment with AITC. The impact of AITC 
on the cell membrane of C. albicans was examined using 

ergosterol biosynthesis. Ergosterol concentrations of AITC-

treated and untreated C. albicans cell membranes were 

measured. Untreated control cells show characteristic peaks 
that signify ergosterol production. However, in this study, 
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ergosterol biosynthesis suppression in C. albicans cells treated 

with AITC at planktonic MIC50 concentration and below 
MIC50 concentration in the range of 0.0078 to 0.125 mg/ml 

was represented by a flat curve (Figure 1B). 

 

Allyl isothiocyanate induced intracellular reactive oxygen 

species generation in C. albicans 

Under extremely stressful conditions, C. albicans are 

known to produce ROS. High concentrations of ROS, 

including superoxide anion radicals, hydroxyl radicals, 
hydrogen peroxide, hypochlorous acid, and hydroperoxyl 

radicals, may interact with biological components, such as 

lipids, proteins, and nucleic acids, resulting in oxidative stress 

and ultimately cell death [23].  
The fluorescent dye 2',7'-dichlorodihydrofluorescein 

diacetate was used to assess AITCs capacity to stimulate 

endogenous ROS generation in C. albicans (Figure 1C). 

Figure 1C shows that AITC increased fluorescence intensity, 
which demonstrates the capacity of AITC to boost endogenous 

ROS production. The AITC promoted intracellular ROS 

generation at its 0.125 mg/ml planktonic inhibitory 

concentration. However, an increase in the production of ROS 

after the treatment of AITC, compared to non-treated C. 
albicans cells may be responsible for the eradication of C. 

albicans planktonic growth. Along with this, AITC treatment 

also increased ROS production in C. albicans biofilm at 0.5 

mg/ml concentration. An increase in ROS production in 
biofilm cells of C. albicans may be a reason for the anti-

biofilm activity of C. albicans. 

 

Effect of allyl isothiocyanate on cell cycle  

We examined the impact of AITC on the C. albicans cell 

cycle. In order to understand how AITC affected DNA 

replication and cell division, two crucial and tightly controlled 

processes for the growth and multiplication of a cell, cell cycle 
study was conducted. Any irregularity in DNA replication and 

cell division triggers the DNA damage checkpoint pathway, 

which halts all processes related to growth and division until 

the damage is repaired.  
In a cell cycle analysis investigation, C. albicans cells were 

exposed to a planktonic inhibitory dose of AITC (0.125 

mg/ml) and compared to untreated cells. The DNA content

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 1.  

A. Planktonic growth inhibitory activity fungicidal nature of allyl isothiocyanate against Candida albicans. 

B. The effect of allyl isothiocyanate on ergosterol biosynthesis.  

C. Detection of ROS level after treatment of allyl isothiocyanate using DCFDA staining involved in the planktonic and biofilm cells of C. albicans.  

D. Flow cytometry analysis of cell cycle arrest in C. albicans planktonic cells with propidium iodide staining after allyl isothiocyanate treatment. 
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present during various cell cycle stages was measured based 
on the fluorescence intensity produced by propidium iodide to 

confirm cell cycle arrest in C. albicans. Regarding the control 

cells, 61.1% of them were arrested in G0/G1 phase, 30.7% in 

the S phase, and 8.0% in the G2/M phase while regarding the 
test cells, 14.6% cells were arrested in G0/G1 phase, 30.9% in 

S phase and 54. % in G2/M phase (Figure 1D). The results 

suggested that AITC arrested cells in the G2/M phase of C. 

albicans.  
 

Inhibitory effect of allyl isothiocyanate on germ tube 

formation of Candida albicans 

In this study, the effect of AITC on germ tube formation 
of C. albicans was analyzed using FBS growth media. The 

AITC inhibited the germ tube formation in a concentration-

dependent manner. The effect was studied at various 

concentrations ranging from 0.0039 to 2 mg/ml. At 0.125 
mg/ml concentration, AITC completely inhibited the germ 

tube formation (Figure 2A). In the current study, FLC did 

not inhibit germ tube formation.  

 

Morphology analysis of Candida albicans germ tube on 

exposure to allyl isothiocyanate  

The morphological analysis of C. albicans cells was 

further assessed for germ tube inhibition by SEM. Candida 
albicans control cells consisted of germ tube, whereas cells 

treated with 0.125 mg/ml concentration of AITC showed that 

germ tube formation was completely inhibited (Figure 2B).  

 
Table 3. Relative fold changes in the gene expressions involved in the 

signal transduction pathway of Candida albicans after the treatment 

of AITC  

Genes Fold change (FC) 

CPH1 Upregulated (2.43-fold) 

PDE2 Downregulated (2.54-fold) 

CDC35 Upregulated (1.29-fold) 

BCY1 Upregulated (1.69-fold) 

HWP1 Upregulated (3.99-fold) 

EFG1 Upregulated (1.78-fold) 

MIG1 Upregulated (9.22-fold) 

TEC1 Downregulate (1.04-fold) 

RAS1 Upregulated (4.08-fold) 

ECE1 Upregulated (1.29-fold) 

NRG1 Upregulated (3.35-fold) 

CEK1 Downregulated (1.91-fold) 

TUP1 Upregulated (7.80-fold) 

HST7 Upregulated (1.80-fold) 

 

 

 

 

 

  
Figure 2. 

A. Inhibitory effects of allyl isothiocyanate on Candida albicans germ tube formation in a concentration-dependent manner.  

B. Scanning electron microscopy analysis to assess the effect of 0.125 mg/ml of allyl isothiocyanate on germ tube formation of Candida albicans.  

C. Transcriptional profiles of Candida albicans cells on germ tube formation treated with and without allyl isothiocyanate. 

D. Effect of allyl isothiocyanate on the adhesion, development of biofilm, and mature biofilm of Candida albicans to polystyrene plates. 
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Effect of allyl isothiocyanate on signal transduction gene 

expression involved in germ tube inhibition of Candida 

albicans 

By usage of Qrt-PCR analysis, the impact of AITC on C. 

albicans germ tube inhibition was evaluated at the 
transcriptional level. The impact of 0.125 mg/ml concentration 

of AITC on the germ tube revealed a notable decrease in C. 

albicans hyphal development, compared to the non-treated 

control. Genes involved in the germ tube formation of C. 
albicans have their expression changed by the AITC 

treatment. The qRT-PCR analysis showed a relative fold 

change in the gene expressions. Allyl isothiocyanate inhibited 

virulence factors, like germ tube formation by downregulation 
of PDE2, CEK1, and TEC1 by 2.54, 1.91, and 1.04-fold 

change, respectively, and upregulation of MIG1, NRG1, and 

TUP1 by 9.22, 3.35, and 7.80-fold change, respectively (Table 

3, Figure 2C).  
 

Effect of allyl isothiocyanate on adhesion of Candida 

albicans 

Adhesion plays a vital role in biofilm formation and 
infection of C. albicans. The inhibitory effect of AITC and 

FLC on C. albicans on a polystyrene surface was quantified 

by XTT metabolic assay. The AITC inhibited the adhesion to 

the polystyrene surface to an extent of 50% at a concentration 
of 0.125 mg/ml. Moreover, AITC concentrations of 0.25 

mg/ml, 0.5 mg/ml, 1 mg/ml, and 2 mg/ml significantly 

decreased adhesion to an extent of 28%, 25%, 21% and 21%, 

respectively (Figure 2D) while FLC was unable to inhibit the 
adhesion of C. albicans cells. 

 

Effect of allyl isothiocyanate on biofilm formation 

(developing and mature biofilm) 
The AITCs anti-biofilm activity was evaluated against the C. 

albicans ATCC 90028 strain. At a dose of 0.5 mg/ml, AITC 

suppressed the early or emerging biofilm and at the same 
concentration, AITC suppressed the mature biofilm as shown 

by the XTT metabolic assay (Figure 2D). 

 

Toxicity effect of allyl isothiocyanate on human red blood cells 
Toxicity of AITC was analyzed by in vitro hemolytic 

activity on human RBCs. It was observed that AITC was non-

hemolytic in nature in a concentration range of 0.0039-2 

mg/ml (Figure 3A).  
 

In vivo study using silkworm animal model 

In vivo experiment was conducted on silkworm (Bombyx 

mori) to examine the antifungal efficacy of AITC against C. 
albicans. Silkworms injected with C. albicans cells were 

considered positive control and silkworms injected only with 

PBS were considered negative control. Silkworms injected 

with AITC (0.125mg/ml) and C. albicans were considered the 
test group. Positive control silkworms died within 24 h, while 

negative control silkworms completed their life cycle and 

underwent the cocoon phase. However, silkworms injected 

with AITC and C. albicans cells survived and completed their 
life cycle (Figure 3B). 

 

Discussion 
Isothiocyanates are well-known antimicrobial substances 

used to fight bacteria and potentially harmful fungi. It is 

surprising that little research has been performed on how ITCs 

affect yeasts, like C. albicans. Very few studies have shown 
the effect of isothiocyanate on C. albicans. However, Pereira 

et al. in 2020 [24] reported that benzyl isothiocyanate (BITC) 

inhibits germ tube formation in C. albicans. They 

demonstrated that BITC treatment increased cell size and 
oxidative stress within the cell and significantly altered the 

ultrastructure of the cell wall. The BITC treatment causes 

adverse effects on the inner layer of the cell wall by interfering 

with the formation of glucans or the structure of the cell wall 
in C. albicans. The yeast-to-hyphal transition is a significant 

pathogenic factor in C. albicans infections. This inhibition is 

most likely caused by the effect on the cell wall of C. albicans. 

Overall, these effects may be able to influence C. albicans 
colonization by limiting or restraining the invasiveness of the 

organism and therefore, allowing host defenses to respond 

[24]. 

Anti-Candida activity of AITC alone and in combination 
with FLC was explored by Raut et al. in 2017 [12]. The activity 

of AITC against C. albicans pathogenicity and planktonic 

growth was concentration-dependent. At 1 mg/ml, the biofilm 

was significantly (P≤0.05) inhibited by AITC. Notably, the 
biofilm was not formed when 0.004 mg/ml of FLC and 0.125 

mg/ml of AITC were combined. The AITC-FLC combination 

also significantly (P≤0.05) suppressed the developed biofilms. 

The fractional inhibitory concentration indices, which ranged 
from 0.132 to 0.312, showed that AITC and FLC worked 

together to prevent the development of both early and mature 

biofilms. Toxicity study analysis has suggested that AITC 

alone and in combination with FLC causes no hemolysis [12].  
The present study brings new insight into the mechanism 

of action of AITC against C. albicans. Ergosterol is an 

important component of fungal cell membranes and a prime 

target of antifungal agents. The AITC inhibited ergosterol 
biosynthesis at its MIC and sub-MIC concentrations (Figure 

1B). Both human and fungal cells are eukaryotic, and since 

antifungal medications target both of these cell types, there are 

fewer accessible targets for pharmacological action and 
significant adverse effects for patients. Many newer 

antifungals have been identified by appropriate studies. 

However, these molecules have not yet reached the clinical 
application levels.  

Available antifungal drugs belong to various groups, such 

as azoles (FLC, itraconazole, ketoconazole, miconazole, and 
clotrimazole), polyenes (Amphotericin B, Nystatin), 

Allylamines, Thiocarbamates, Morpholines, 5-fluorocytosine 

(an analog of deoxyribonucleic acid), and Echinocandins. 

Azoles mainly act via targeting ergosterol biosynthesis. In the 
endoplasmic reticulum of the fungal cell, azoles prevent the 

enzyme lanosterol 14-demethylase from converting lanosterol 

into ergosterol, a component that is essential for the building 

of the plasma membrane structure of the fungus. As a result, 
the hazardous substances 14-methyl-3, and 6-diol will build 

up. As ergosterol concentration decreases, it causes changes to 

the cell membrane structure that prevents C. albicans growth 

[25,26]. In the current study, it was found that AITC 
significantly inhibited ergosterol biosynthesis in C. albicans 

(Figure 1B). 

In the current study, it was found that AITC increased the 

ROS production in both planktonic and biofilm cells of C. 

albicans, compared to the control (Figure 1C). According to 

the reports, substances responsible for induction of ROS 
production may have promising antifungal properties. Many 

studies have shown that ROS-induced C. albicans apoptosis 

occurs in the presence of acetic acid, resveratrol, farnesol, and 

antimicrobial peptides. The ROS has apoptotic effects on a 
variety of cell types, including C. albicans. The fungicidal 

nature of commonly used antifungal medications, such as 

azoles, has been linked to their increased ROS effects in 

addition to their target-specific actions. Additionally, 
miconazole-tolerant Candida cells have higher activity in 
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inactivating ROS. Superoxide dismutase is a crucial 

component of C. albicans pathogenicity and one of the 
enzymatic and non-enzymatic antioxidant defense 

mechanisms found in C. albicans [27]. Therefore, the 

planktonic growth and virulence factor inhibiting the ability of 

AITC might be due to ROS production. 
In addition, this study demonstrated that AITC triggered 

the C. albicans cell cycle by arresting cells at the G2/M phase 

(Figure 1D). In higher eukaryotes, the relationship between 

cell cycle regulation and the induction of apoptosis is still 
unknown. According to reports, pro-apoptotic therapies cause 

the cell cycle of C. albicans to arrest in the G2/M phase. Wani 

et al. in 2021 and Phillips et al. in 2003 [28,29] reported that 

the DNA damage repair checkpoint and the G2/M phase 
coincide. Induction of cellular death in yeast cells may cause 

DNA breakage by the production of ROS which, in turn, 

causes G2/M cell cycle arrest [28,29].  

SEM was used to examine how AITC affected the 
morphology of the C. albicans. The SEM analysis revealed 

that germ tube induction was visible in the control sample 

(Figure 2B), while it was completely absent in the AITC-

treated sample and only smooth-walled spherical entities 
were present. Germ tube formation is a crucial component of 

the pathogenicity of Candida. In biofilms, the hyphae help 

the structure to become stable. To enhance antifungal 

therapy, inhibition of germ tube formation plays a crucial 
role [6,30]. 

We have investigated the expression of genes that are 

involved in the signal transduction pathway of germ tube 

formation. RAS1-cAMP-PKA and CEK1-Mitogen Activated 
Protein Kinase (MAPK) are two components of the germ tube 

formation signal transduction pathway [31]. The AITC targets 

a crucial element in the germ tube formation pathway. The 

CPH1 and EFG1 are the major transcription regulators of 
filamentous growth [5] which were upregulated by 1.43-fold 

and 1.78-fold, respectively (Figure 2C). MIG1, NRG1, and 

TUP1 expressions were upregulated by AITC 9.22, 3.35, and 

7.80-fold change respectively. The MIG1, TUP1, and NRG1 
play crucial roles in the suppression of the Y-H form transition 

as they are negative regulators [32].  

The expression of PDE2, TEC1 and CEK1 genes underwent 

2.54-, 1.04-, and 1.91-fold decreases, respectively (Figure 2C). 
The PDE2, a high-affinity phosphodiesterase, was necessary for 

C. albicans hyphal growth and cell wall integrity. The 

downregulation of PDE2 elevates cAMP levels, prevents 

normal hyphal development in a hypha-inducing liquid medium, 

and inhibits the formation of biofilms [33]. A transcription factor 

TEC1 is connected to morphogenesis and functions in 
controlling hyphal differentiation [34]. In C. albicans, four 

MAPK have been discovered, which play a significant role in 

the development of cell walls and biofilms. One of these four, 

the CEK1-MAPK, plays a key role in filamentous growth and is 
a key determinant of virulence in C. albicans. Downregulation 

of the CEK1 gene expression can cause a reduction in germ tube 

or hyphal production and diminish virulence in C. albicans [35]. 

In order to stop the global spread of infections that are 
multi-drug resistant, there is an increasing need for new 

antibiotics. Silkworms are susceptible to the same 

pathogenic bacteria and fungi that may infect humans, and 

the same drugs that are used to treat human infections can 
also cure infected silkworms. The simplicity, low cost, and 

lack of ethical concerns of the silkworm as an animal model 

are some of its distinguishing features. The silkworm 

infection model is a good choice for evaluation of the 
therapeutic efficacy of antimicrobial medicines as it has a 

conserved gene sequence and similar pharmacokinetics to 

mammals [36,37].  

In many studies it was demonstrated that the dose 
(ED50) needed to treat 50% of fatal infections in silkworms 

is comparable to that needed to treat 50% of fatal infections 

in mice, indicating that the pharmacokinetics of these 

antibiotics are similar in silkworms and mammals. In many 
bacterial infection studies, silkworm has been used as a 

model to test the therapeutic potency of different 

antibacterial compounds.  

Researchers have been able to successfully identify 
lysocin E, a novel antibiotic with a mode of action that 

involves binding to menaquinone to cause membrane 

damage and bactericidal activity. Other therapeutically 

effective novel antibiotics, including nosokomycin and 
ASP2397 (VL-2397), were discovered as a result of the 

same method used to screen Candidate antibiotics. This 

suggests that the silkworm antibiotic screening strategy is 

quite successful in identifying new antibiotics [36,37]. 
Similarly, in the current study, silkworm was used as a 

model organism to screen the drug. Based on the in vivo 

study, it was concluded that Planktonic MIC50 

concentration (0.125 mg/ml) of AITC inhibited C. albicans 
infection and did not cause toxicity to the silkworm (Figure 

3B). The findings of this study suggested that AITC may 

be a promising molecule for the development of a future 

antifungal drug. 
 

 

 
Figure 3. 

A. Effect of allyl isothiocyanate on human red blood cells.  

B. Effects of allyl isothiocyanate on Candida albicans infected silkworm. The graph indicates the percentage of worm survival after exposure of C. 

albicans to allyl isothiocyanate for 48 h. 
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Conclusion 
The AITC is a potential inhibitor of growth and virulence 

factors in C. albicans. It alters the sterol profile and blocks 

ergosterol biosynthesis. Moreover, AITC produces ROS in 

both planktonic and biofilm cells and arrests cells at the G2/M 
pre-apoptic phase. The AITC alters the expression of genes 

involved in the signal transduction pathway which inhibits 

germ tube formation by downregulating PDE2, CEK1, and 

TEC1 and upregulating TUP1, MIG1, and NRG1 genes. 
Toxicity assay has revealed that AITC can be used as an 

alternate therapeutic option to treat candidiasis as it is non-

toxic to human RBCs. In vivo study has proved that AITC also 

increases the survival rate of silkworms by inhibiting C. 
albicans infection. There is a need for further evaluation of 

AITC by performing in vivo studies on mice. 
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