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Abstract 

In view of the growing threat posed by infections caused by multidrug-resistant 

microorganisms, it is necessary to seek new and effective strategies that will increase the 

effectiveness of antibiotic therapy through appropriate mechanisms. In this context, surfactants, 

especially compounds from the saponin group, are noteworthy. These natural compounds, 

thanks to their amphiphilic structure, undergo partial adsorption in the lipid bilayer. This effect, 

which depends on the lipid composition and the presence of other components, such as sterols, 

is responsible for modifying the fluidity of membranes and even creating gaps and pores in 

them, ultimately increasing the access of antibiotics to their targets or facilitating their 

accumulation in the cell.  

Therefore, this dissertation discusses the influence of naturally occurring surfactants, i.e. 

saponins, on the properties of phospholipid membranes. Starting from a research gap 

concerning the mechanisms by which saponins modify membrane properties, a hypothesis was 

put forward that saponins modify the physicochemical properties of phospholipid membranes 

both in living cells and in model membrane systems, thus enabling them to act as adjuvants, 

increasing the effectiveness of medicinal substances. The scope of the work included: (A) 

extraction, filtration and characterisation of individual fractions of plant extracts, (B) studies of 

interactions with phospholipid monolayers and liposomal vesicles, (C) assessment of the effect 

of extracts on the properties of yeast and bacterial cells, and (D) assessment of the interaction 

of saponins with antibiotics and their effect on human cells.  

Publication P1 concerned the separation of Saponaria officinalis extract using a two-stage 

nanofiltration process. It was demonstrated that the 0.5-3 kDa fraction is rich in saponins, forms 

micelles with sizes of several dozen nanometres and retains surface activity comparable to that 

of the raw extract. P2 investigated the interactions of saponins derived from Glycyrrhiza glabra 

with model membranes. In monolayers, film expansion and a decrease in the compressibility 

modulus were observed. In publication P3, studies were conducted on Candida yeast cells in 

the form of spheroplasts. It was confirmed that saponins from S. officinalis increase membrane 

permeability while changing the zeta potential to more negative values. In P4, it was shown 

that saponins from G. glabra liquefy phospholipid monolayers and, in combination with 

tobramycin, additionally modify the zeta potential of liposomes while maintaining their 

integrity. Publication P5 demonstrated the synergistic effect of saponins from Sapindus 

mukorossi with nitrofurantoin and furazolidone against Pseudomonas bacteria, without 

increasing cytotoxicity towards human colon epithelial cells. 

The results obtained confirm that saponins interact with lipid membranes, modifying their 

packing and permeability, and also affect the action of the antibiotics studied. The study 

indicates two possible directions for practical applications of the results. Firstly, by using 

saponins as adjuvants to antibiotics in the treatment of infections caused by resistant 

microorganisms, and as a built-in component of membranes in lipid carriers used in controlled 

drug delivery systems. The conclusions from the individual studies confirm the hypothesis and 

provide an experimental basis for the further design of therapeutic systems using surfactants 

from the saponin group. 

7:4005341731



8 
 

Streszczenie 

Wobec narastającego zagrożenia wynikającego z zakażeń wywoływanych przez 

drobnoustroje wielolekooporne koniecznym jest poszukiwanie nowych i skutecznych strategii 

leczenia, które zwiększą skuteczność terapii antybiotykowej. W tym kontekście uwagę 

zwracają surfaktanty, szczególnie związki z grupy saponin. Dzięki budowie amfifilowej 

związki te ulegają częściowej adsorpcji w dwuwarstwie lipidowej. Efekt ten, zależny od składu 

lipidowego, a także obecności innych składników, np. steroli, odpowiada za modyfikację 

płynności błon, a nawet tworzenie w nich wyrw i porów. Potencjalnie zwiększa to dostęp 

antybiotyków do miejsc docelowych ułatwiając także ich akumulację w komórce. 

Niniejsza rozprawa omawia wpływ surfaktantów pochodzenia naturalnego, tj. saponin, na 

właściwości błon fosfolipidowych. Wychodząc od luki badawczej dotyczącej mechanizmów 

poprzez które saponiny modyfikują właściwości błon, postawiono hipotezę, że saponiny 

modyfikują właściwości fizykochemiczne błon fosfolipidowych zarówno w żywych 

komórkach, jak i modelowych układach błonowych, dzięki czemu mogą pełnić funkcję 

adiuwantów, zwiększając skuteczność działania substancji leczniczych. Zakres pracy 

obejmował: (A) ekstrakcję, filtrację i charakterystykę poszczególnych frakcji ekstraktów 

roślinnych, (B) badania oddziaływań z monowarstwami fosfolipidowymi i pęcherzykami 

liposomalnymi, (C) ocenę wpływu ekstraktów na właściwości komórek drożdży i bakterii oraz 

(D) ocenę współdziałania saponin z antybiotykami i ich wpływu na komórki ludzkie.  

Publikacja P1 dotyczyła rozdziału ekstraktu z Saponaria officinalis z wykorzystaniem 

dwustopniowego procesu nanofiltracji. Wykazano, że frakcja 0,5-3 kDa (E2) jest bogata 

w saponiny, tworzy micele o rozmiarach rzędu kilkudziesięciu nanometrów i zachowuje 

aktywność powierzchniową porównywalną z ekstraktem surowym. W P2 zbadano 

oddziaływania saponin pochodzących z Glycyrrhiza glabra z błonami modelowymi. 

Zaobserwowano rozszerzanie filmu i spadek modułu ściśliwości w układach 

monowarstwowych. W publikacji P3, przeprowadzono badania na komórkach drożdżaków 

Candida w formie sferoplastów. Potwierdzono, że saponiny z S. officinalis zwiększają 

przepuszczalność błony. W pracy P4 pokazano, że saponiny z G. glabra upłynniają 

monowarstwy fosfolipidowe i w połączeniu z tobramycyną dodatkowo modyfikują potencjał 

zeta liposomów, przy jednoczesnym zachowaniu ich integralności. W publikacji P5 wykazano 

synergiczne działanie saponin z Sapindus mukorossi z nitrofurantoiną oraz furazolidonem 

wobec bakterii z rodzaju Pseudomonas przy jednoczesnym braku zwiększenia 

cytotoksyczności wobec komórek ludzkiego nabłonka okrężnicy. 

Uzyskane wyniki potwierdzają, że saponiny oddziałują z błonami lipidowymi modyfikując 

ich upakowanie i przepuszczalność, a także wpływają na działanie badanych antybiotyków. 

Praca wskazuje dwa możliwe kierunki praktycznych zastosowań wyników. Po pierwsze, 

poprzez wykorzystanie saponin jako adjuwantów antybiotyków w terapii zakażeń 

wywoływanych przez drobnoustroje oporne oraz jako wbudowany składnik błon w nośnikach 

lipidowych stosowanych w systemach kontrolowanego dostarczania leków. Wnioski 

z poszczególnych badań potwierdzają postawioną hipotezę i dostarczają eksperymentalnych 

podstaw do dalszego projektowania układów terapeutycznych wykorzystujących surfaktanty 

z grupy saponin.  

8:9129909468
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1. Literature review 

Structure of the membrane and its functions 

Biomembranes are basic structural elements that establish cell boundaries and separate 

internal compartments. The membranes consist of a phospholipid bilayer structure with various 

proteins embedded or associated with it. According to the fluid mosaic model, biomembranes 

exist as two-dimensional dynamic fluids that allow both lipids and proteins to move freely 

within the membrane plane [1]. The specific structural design provides cells with both 

flexibility and selective permeability needed for various cellular operations [2]. The bilayer 

structure shows amphipathic properties because phospholipid head groups face the water 

environment while fatty acid tails remain distant from water. The specific arrangement of 

molecules creates a stable semi-permeable barrier that separates the cell interior from its 

external environment [3]. 

While both prokaryotic and eukaryotic cells possess phospholipid membranes, their 

structural and functional differences result in considerable variability in membrane composition 

[4]. There is no universally defined phospholipid profile for biological membranes. Instead, 

their lipid composition is tailored to the specific physiological requirements of each organism 

[4,5]. In addition to phospholipids, biological membranes may also contain glycolipids and 

sterols, particularly in eukaryotes. Carbohydrates covalently bound to lipids and proteins are 

also present, contributing to membrane structure and function [6]. For example, bacterial 

membranes consist of equal amounts of phospholipids and proteins, while variations in lipid 

composition influence membrane properties and protein interactions. Bacteria lack sterols, 

which is a characteristic feature that distinguishes them from eukaryotic cells [7]. However, 

they can obtain sterols from their host or environment, and these sterols can form membrane 

domains analogous to eukaryotic lipid rafts [8]. Moreover, certain genera, such as 

Methylobacterium, have been observed to incorporate hopanoids into their membranes. 

Hopanoids have a structural similarity to cholesterol and have been shown to modulate 

membrane fluidity and permeability [9]. 

The bacterial domain shows additional diversity through outer cell barrier variations, which 

distinguish Gram-positive from Gram-negative species. Gram-positive bacteria consist of 

a single phospholipid bilayer, which is surrounded by multiple layers of peptidoglycan cell 

wall. On the other hand, Gram-negative bacteria such as Pseudomonas aeruginosa, possesses 

10:6612607730
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an envelope structure that includes an inner membrane, a thin peptidoglycan layer in the 

periplasmic space and an outer membrane (OM) [10]. The OM shows distinct lipid asymmetry 

- its inner leaflet contains mostly glycerophospholipids, while its outer leaflet contains 

lipopolysaccharides. The amphipathic molecules embedded into OM, including lipid A, core 

oligosaccharide and O-antigen polysaccharide components, maintain membrane stability while 

forming an effective permeability barrier [11,12]. In contrast, the plasma membrane of the 

single-celled fungi, such as Candida spp., an eukaryotic microorganism, is characterised by 

a lipid composition that is rich in phospholipids, significant levels of sphingolipids, and 

ergosterol as the primary sterol. Phospholipids constitute approximately 55-75% of the total 

membrane lipids, with phosphatidylcholine representing the most prevalent class [13]. 

Structural schemes of chosen biomembranes are presented in Fig. 1.  

 

 

 

 

Fig. 1 Simplified graphical representation of biomembranes; a) bacteria Gram-negative, b) 

bacteria Gram-positive, c) fungal eukaryotic; A - outer membrane, B - cell wall, C - inner 

membrane 

It is also important to note that phospholipids not only perform structural functions but also 

actively participate in cellular processes through the modulation of membrane curvature, signal 

transduction, and the formation of specialised lipid microdomains. These processes affect both 

membrane behavior and cellular responses (Table 1).  

 

a) b) c) 
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Table 1. Major classes of membrane lipids and their biological functions  

Lipid Occurrence Functions Ref. 

Phosphatidylethanolamine 
Eukaryotic and 

prokaryotic membranes 

Induces negative membrane curvature, assists folding and insertion of inner-membrane 

proteins, preserves bilayer fluidity during cell division 
[14,15] 

Phosphatidylcholine 

Predominantly 

eukaryotic membranes, 

and prokaryotic 

membranes 

Forms cylindrical bilayer matrix, modulates membrane thickness and viscosity [16,17] 

Phosphatidylserine Eukaryotic membranes 
Protein binding, electrostatic association, and signaling events like blood clotting 

andapoptosis 
[18] 

Phosphatidylinositol Eukaryotic membranes 
Regulating vesicular trafficking, regulate ion channels, pumps, and transporters, modulate 

lipid distribution, regulate endocytic and exocytic processes 
[19] 

Phosphatidic Acid 
Eukaryotic and 

prokaryotic membranes 

Affects membrane structure and dynamics, regulating various cellular processes by 

influencing membrane tethering, enzymatic activities, and vesicular trafficking, acts as a 

signaling molecule 

[20] 

Phosphatidylglycerol Prokaryotic membranes 
Structural support and modulation of membrane fluidity, acting as a precursor for 

cardiolipin synthesis, and being a component of pulmonary surfactant 
[21] 

Cardiolipin 

Prokaryotic and 

mitochondrial 

membranes 

Essential for maintaining the integrity and structure of the mitochondrial membrane, 

involved in mitophagy process, interacts with and stabilises various proteins and complexes 

within the inner mitochondrial membrane 

[22,23] 

Sphingomyelin 
Eukaryotic (animal) 

membranes 

Primary sphingolipid in the outer leaflet of cell membranes, interacts with cholesterol to 

form lipid rafts 
[24] 

Ceramide Eukaryotic membranes 
Induce the formation and stabilisation of lipid rafts, promote the clustering of receptors 

within lipid rafts, facilitating and amplifying signaling events 
[25] 

Lysophosphatidylcholine Eukaryotic membranes 
Induces migration of lymphocytes and macrophages, increases pro-inflammatory cytokines, 

and plays a role in transporting fatty acids across the blood-brain barrier 
[26-28] 

Lysyl-phosphatidylglycerol Prokaryotic membranes 
Facilitates cell aggregation and biofilm formation, modifies the membrane's anionic charge, 

reducing the interaction between positively charged cationic antimicrobial peptides 
[29-30] 

12:7200091749
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Table 1. Major classes of membrane lipids and their biological functions (cont.) 

Lipid Occurrence Functions Ref. 

Alanyl-phosphatidylglycerol  Prokaryotic membranes 

Reduces the negative charge on their cell membranes, making them less susceptible to 

cationic antimicrobial peptides, maintains membrane integrity particularly in acidic 

environments 

[31,32] 

Plasmalogen 

Eukaryotic and some 

anaerobic prokaryotic 

membranes 

Enhances membrane fluidity, allowing for dynamic cellular processes like membrane fusion 

and vesicle trafficking, influences the transport of ions and molecules across membranes 
[33,34] 

Lipid A-modified lipopolysaccharides  
Gram-negative bacterial 

outer membranes 

Anchors the outer membrane to the inner membrane, contributing to the integrity of the 

bacterial cell, and contributes to the stability and flexibility of the outer membrane 
[35,36] 

Phosphatidylinositol 4,5-bisphosphate  Eukaryotic membranes 
Involved in vesicle trafficking and endocytosis, playing a role in regulating membrane 

dynamics and protein trafficking, and modulates the activity of various ion channels 
[37] 

Ornithine Lipids  Prokaryotic membranes 

Act as a surrogate for phospholipids under phosphate-limited conditions, modify bacterial 

surface properties, influencing antibiotic sensitivity, macrophage binding, and biofilm 

formation 

[38] 

Phosphatidylinositol Mannosides  
Mycobacterial 

membranes 

Major components of the mycobacterial cell wall and plasma membrane, involve in the 

binding of mycobacteria to host cells  
[39,40] 

Sulfoquinovosyl Diacyl-glycerol  
Cyanobacterial and plant 

chloroplast membranes 

Stabilisation and proper operation of photosystem II (key protein complex in thylakoid 

membranes), under phosphate-deficient conditions, SQDG converts the site of 

phospholipids in membranes 

[41,42] 

Monogalactosyldiacylglycerol 
Plant chloroplast 

membranes 
A major component of thylakoid membranes - the site of photosynthesis within chloroplasts [43] 

Cholesterol 
Eukaryotic (animal) 

membranes 
Modulates membrane fluidity and permeability, can contribute to the formation of lipid rafts [44,45] 

Ergosterol Fungal membranes 
Maintaining membrane structure, fluidity and permeability, plays a role in plasma 

membrane fusion, 
[46,47] 

Hopanoids Bacterial membranes 
Contribute to the structural integrity of bacterial membranes; can promote the formation of 

liquid-ordered phases, which is analogous to the role of sterols in eukaryotic membranes 
[9,48] 
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The pivotal significance of biomembranes lies in serving as protective barriers and 

providing organisational support for various vital cellular operations. Biomembranes are 

capable of facilitating compartmentalisation of biochemical reactions by their capacity to 

establish distinct metabolic pathways in discrete environments [49]. They play a role in 

preserving cellular integrity by regulating the controlled passage of substances, thereby 

ensuring the maintenance of necessary concentration gradients for ions and molecules that are 

critical to cell metabolism and function (types of membrane transport are presented in Fig. 2). 

Furthermore, membranes enable energy conversion through processes like oxidative 

phosphorylation and photosynthesis by preserving essential proton gradients that lead to 

adenosine triphosphate production [50]. Moreover, biomembranes serve as essential 

components for cellular sensing and communication processes. The detection of extracellular 

signals, including hormones, neurotransmitters and environmental stimuli, triggers both 

intracellular signalling cascades and gene regulatory mechanisms. Cells use this ability to detect 

environmental changes while preserving internal equilibrium [51,52].  

 

Fig. 2. Main types and sub-types of membrane transport, based on [53] 

Permeability of microbial membranes 

The ability of biological membranes to allow molecules to pass them through determines 

their permeability levels. The fundamental influence of membrane permeability shapes how 

cells interact with their environment and respond to environmental changes. Biomembranes 

require permeability as their fundamental property to perform their primary function of 

maintaining cellular homeostasis. The membrane enables controlled exchange of nutrients, 

signaling molecules, ions, and waste products between the cell interior and its external 

environment [54]. 
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The permeability of biomembranes is linked to their fluidity, which is significantly 

influenced by lipid composition, especially the type, length, and saturation of fatty acid chains 

within phospholipids. Generally, membranes composed of longer and saturated fatty acid 

chains tend to be more rigid and orderly, resulting in decreased permeability. On the other hand, 

shorter, unsaturated, or branched fatty acids disrupt lipid packing, increasing fluidity and 

enhancing permeability [55,56]. Consequently, organisms such as bacteria have developed 

mechanisms to adjust their membrane fluidity through a process known as homeoviscous 

adaptation. Through this process, they dynamically alter lipid composition, including 

adjustments in fatty acid saturation and chain length, to maintain optimal permeability under 

changing environmental conditions, such as variations in temperature and exposure to 

membrane-damaging agents [57]. 

Within the membranes of prokaryotic cells, functional membrane microdomains play 

a critical role in regulating local permeability and cellular functionality. Compared to the 

surrounding membrane regions, these specialised areas are characterised by distinct lipid 

compositions and lower fluidity. Hence, they are similar to lipid rafts found in eukaryotic 

membranes. Enriched in specific lipids such as cardiolipin and hopanoids, and associated with 

particular proteins such as flotillins, these microdomains facilitate the localised anchoring of 

proteins, signaling molecules, and transport systems. This structural organisation allows precise 

regulation of permeability in specific membrane areas, which is crucial for efficient signaling, 

nutrient uptake, and targeted responses to environmental stresses [56,58-60]. 

In addition to fluidity, the specific lipid composition of the biomembrane significantly 

affects permeability by influencing bilayer packing, surface charge, and electrical potential. 

Variations in phospholipid head groups, fatty acid saturation, and chain length directly impact 

the structural arrangement of the membrane, thereby modulating its permeability to various 

substances [61]. For instance, Gram-positive bacteria can adapt to environmental stresses by 

converting negatively charged phosphatidylglycerol into neutral or positively charged lipid 

derivatives. This process has been shown to affect their membrane permeability and interactions 

with external molecules [61,62]. Furthermore, it has been demonstrated that specific structural 

modifications, such as cyclopropanation and branching of fatty acids, can enhance membrane 

stability and selectively modulate permeability. This is particularly evident under conditions of 

environmental stress or nutrient limitation [63,64]. 
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Furthermore, membrane polarisation, defined by differences in electrical potential across 

the membrane, typically ranging from -40 to -80 mV in bacterial cells, directly impacts 

permeability, especially in the case of charged molecules. The electrochemical gradient created 

by this polarisation actively facilitates the selective uptake and transport of positively charged 

ions, nutrients, and other essential metabolites [65]. Moreover, bacterial organisms can 

modulate membrane surface charge through enzymatic lipid modifications, thereby altering 

interactions with external molecules, including antimicrobial peptides, ions, and environmental 

compounds. As a result, this impacts membrane permeability and cellular interactions [66-68]. 

Natural surfactants as adjuvants that affect cell properties 
 

In addition to the functions outlined in the previous section, the bacterial membrane plays 

an important role in mediating resistance to antibiotics. This is achieved through structural 

adaptation, altered permeability, surface charge modulation, and the spatial reorganisation of 

membrane microdomains. As a result, the membrane functions as both a physical and functional 

barrier to antimicrobial therapy [69]. Research has demonstrated that altering membrane 

properties can restrict antibiotic access and facilitate the activity of efflux pumps, thereby 

contributing to the stability of biomembranes [56,70]. Therefore, developing strategies that 

target or circumvent these membrane-centric defense mechanisms is of the highest importance 

in the ongoing battle against multidrug-resistant bacteria. 

In this context, natural surfactants (further stated as biosurfactants), which are amphiphilic 

molecules produced by microorganisms or plants, have proven to be effective adjuvants, 

capable of enhancing the action of antibiotics and reversing bacterial resistance [71-74]. These 

compounds possess a capacity to interact directly with the bacterial cell envelope, causing 

disruption of cell membrane integrity, disruption of biofilm structure, and impairment of cell 

membrane-related resistance mechanisms, such as efflux pumps [75-78]. By targeting the 

structural fundamentals that facilitate bacterial resilience, surfactants offer a multifaceted 

approach to restoring pathogens to antibiotic action. 

Biosurfactants are a diverse group of compounds, both structurally and functionally, 

produced by various organisms, including bacteria (e.g., Pseudomonas, Bacillus, 

Acinetobacter), yeasts (e.g., Candida, Starmerella), filamentous fungi (e.g., Aspergillus, 

Fusarium), and plants (e.g., Quillaja saponaria Molina, Sapindus mukorossi, Glycyrhizza 

glabra) [78-87]. These substances can be classified based on their source and chemical 
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composition. Examples of such substances include glycolipids (such as rhamnolipids and 

sophorolipids), lipopeptides (including surfactin and polymyxins), phospholipids, fatty acids, 

intricate polymeric structures (e.g., lipopolysaccharide-protein conjugates or bioemulsifiers) 

[74]. Their amphiphilic nature facilitates interactions with both hydrophobic and hydrophilic 

phases, enabling extensive physicochemical interactions with biological membranes and drug 

molecules [72,88,89]. Moreover, numerous amphiphilic compounds of plant origin, such as 

saponins, also exhibit surfactant activity [90,91]. Saponins, like other natural and synthetic 

surfactants, due to their amphiphilic properties, interact with biological membranes and 

microbial biofilm. Hence, their classification in the functional class of natural surfactants and 

biosurfactants is justified, and in the dissertation, the two terms will be used interchangeably. 

Biosurfactants confer a notable advantage for antibiotics that are hydrophilic or possess 

charged structures and encounter difficulties in penetrating lipid-rich bacterial membranes. 

Several classes of biosurfactants can affect biomembrane properties. For instance, rhamnolipids 

produced by Pseudomonas aeruginosa enhance membrane permeability and facilitate 

aminoglycoside uptake in resistant cells [92,93]. Similarly, sophorolipids (from Starmerella 

bombicola) and mannosylerythritol lipids (from Ustilago maydis) exhibit antimicrobial and 

antibiofilm properties by destabilizing bacterial membranes, thereby improving antibiotic 

access, particularly against Gram-negative pathogens and Listeria monocytogenes [94-96]. 

Lipopeptides such as surfactin further contribute to this effect by increasing membrane 

permeability and promoting antibiotic entry, which has been shown to significantly enhance the 

eradication of Escherichia coli and Staphylococcus aureus biofilms [97,98]. 

In addition to those of microbiological origins, certain plant-derived biosurfactants exhibit 

comparable characteristics. Among these, saponins, amphiphilic glycosides produced by a wide 

variety of plants, stand out for their ability to interact with and permeabilise bacterial 

membranes [99]. Saponins are classified as non-ionic surfactants due to their amphiphilic 

structure [90]. They exhibit the classic properties of surfactants, including the ability to reduce 

surface tension, micellisation, the formation of foam, and emulsification. Due to the aglycone 

structure, there are two primary classifications of saponins: steroidal and triterpene saponins. 

Steroidal saponins contain a four-ring sterol skeleton with 27 carbon atoms, while triterpene 

saponins contain a five-ring triterpene skeleton with 30 carbon atoms. Triterpene saponins 

exhibit a higher degree of prevalence in natural environments, particularly within the genera of 

dicotyledonous plants (e.g., Fabaceae, Araliaceae, Caryophyllaceae families). In contrast, 
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steroidal saponins are predominantly found in monocotyledons (e.g., Liliaceae, Dioscoreaceae, 

Agavaceae) [91]. 

As a consequence of the variation in aglycone structure (over a hundred known terpene and 

steroid skeletons) and the combination and arrangement of sugar units, the structural diversity 

of saponins is enormous (examples are presented in Fig. 3) [100]. This variability has been 

demonstrated to affect the physicochemical properties (e.g., solubility, critical micelle 

concentration (CMC) values) and biological activity of saponins [101]. For example, the 

cytotoxic and haemolytic properties of saponins depend on the presence of specific groups in 

the aglycone (e.g., the presence of an oleanolic acid as a side chain) and the length and 

branching of the sugar chain. This, in turn, affects the ability to interact with cell membranes 

[102]. 

 

 

 

Fig 3. Saponin structures examples and their source, upper: Saponaria officinalis L., middle: 

Quillaja saponaria Molina, lower: Glycyrrhiza glabra L. roots. structures taken from [103-

105]; glucuronic acid (GlcA), glucose (Glc), xylose (Xyl); pictures from the public domain 
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Mechanisms of interaction of saponins with the membrane 
 

Due to their amphiphilic nature, saponins have been observed to integrate into lipid 

bilayers, causing changes in their organisation and permeability. In model systems, such as 

liposomes and lipid monolayers, it has been observed that saponins preferentially interact with 

sterol-containing domains [106]. In the context of cholesterol-containing bilayers, some 

saponins, such as digitonin, exhibit high affinity for cholesterol, resulting in the formation of 

complexes that induce the formation of pores in the membrane [107]. This, in turn, leads to the 

destabilisation of the membrane, the loss of membrane integrity, and an increase in membrane 

permeability [108]. The presence of membrane defects has been observed, manifesting 

themselves as specific pores with an estimated diameter of 40-50 Å [109]. This process has 

been shown to induce morphological changes in cell shape, including the transformation of 

erythrocytes from discocyte form to echinocyte or stomatocyte, which then undergo lysis of the 

cell [109]. For instance, haemolysis of erythrocytes is a classic effect of saponins, resulting 

from the perforation of their cholesterol-rich membranes. As demonstrated in the research 

conducted by Zheng et al. [110], the presence of saponins in model lipid membranes containing 

cholesterol has been shown to induce phase reorganisation, resulting in the precipitation of 

cholesterol from ordered domains. This process leads to the formation of non-selective pores, 

which facilitate the escape of the contents of liposomes.  

On the other hand, in sterol-deprived membranes, the mechanism of action of saponins is 

different. These molecules can still intercalate between lipids, but primarily cause the bilayer 

to expand and relax. This results in a decrease in its cohesion and an increase in its fluidity, 

which also may increase permeability to a variety of molecules [85]. Recent research has 

provided further clarification on the distinct mechanisms by which saponins influence 

membranes lacking sterols. For instance, ginsenoside Rh2 has induced a positive curvature in 

lipid bilayers, promoting structural rearrangements such as the formation of small vesicular 

bubbles in cholesterol-free giant unilamellar vesicles. Such observations strongly suggest that 

Rh2 modifies membrane morphology independently of sterol interactions, pointing to 

alternative pathways of membrane perturbation [111]. Furthermore, other saponins, including 

α-chaconine and tomatine, have been shown to exhibit significant membranolytic activities in 

sterol-free membranes. The function of these saponins is thought to be the disruption of the 

bilayer integrity, potentially through pore formation, thereby facilitating enhanced membrane 

permeability and promoting molecular transport even in the absence of cholesterol [112]. These 
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results confirm the findings of Rojewska et al. [85], which demonstrated an interaction 

mechanism involving saponins extracted from Saponaria officinalis roots. At concentrations 

greater than their CMC, these saponins effectively integrate into POPE (2-oleoyl-1-palmitoyl-

sn-glycero-3-phosphoethanolamine) monolayers. The resulting incorporation exerts a notable 

influence on membrane adsorption characteristics and permeability. It was proposed that while 

the hydrophobic parts of saponins integrate into the bilayer, their hydrophilic sugar moieties 

protrude outward, thereby altering surface properties and interactions with external molecules 

such as Congo red.  

Collectively, these examples emphasise the amphiphilic nature of saponins, enabling their 

integration into phospholipid bilayers, disrupting lipid acyl chain orientations, and 

consequently modifying membrane fluidity and permeability [113,114]. Given the 

heterogeneity of these interactions and their ramifications for membrane integrity, a systematic 

summary of potential saponin-membrane interactions is imperative. This justification is 

reflected in the compilation presented in Table 2, which outlines and categorises these 

interactions comprehensively. 
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Table 2. Possible observed mechanisms of interaction of saponins with phospholipid membranes 

Observed Effect Type of Interaction Consequences Saponin(s) Ref. 

Insertion into 

cholesterol-containing 

monolayers 

Saponins interact specifically with cholesterol-rich monolayers, 

causing an increase in lateral pressure. 

Formation of tighter lipid packing and 

increased membrane rigidity. 
α-Tomatine 

[113, 

115,116] 

Insertion into pure 

phospholipid 

monolayers 

Certain saponins insert into phospholipid monolayers without 

cholesterol, reducing surface tension. 

Membrane destabilisation and surface 

activity increase. 

Saponaria officinalis 

saponins, Digitonin, 

Avenacin A1 

[85,114,117] 

Insertion and 

aggregation in raft-

like monolayers 

Saponins insert into raft-like lipid domains, creating stripes and 

structural defects above their critical micelle concentration (CMC). 

Altered domain integrity and potential 

membrane disruption. 
Glycyrrhizin [118] 

Formation of 

cholesterol-saponin 

domains 

Interaction of saponins with cholesterol leads to distinct domain 

formation within the lipid monolayers. 

Enhanced formation of cholesterol-

rich micro-domains. 
α-Tomatine [113,115] 

Raft size modulation 

in cholesterol-

containing 

monolayers 

Saponins alter the size of lipid rafts depending on concentration, 

reducing domain size below CMC and causing defect formation 

above CMC. 

Modified membrane organisation and 

integrity. 
Glycyrrhizin [118] 

Binding to 

phospholipid bilayers 

Saponins bind to phospholipid bilayers, decreasing the surface 

potential without cholesterol involvement. 

Altered electrostatic properties and 

potential interactions. 

Digitonin, 

Desglucodigitonin, α-

Hederin 

[113,119-

121] 

Binding to 

cholesterol-containing 

bilayers 

Saponins form stable equimolecular complexes with cholesterol in 

bilayers, resulting in sustained membrane insertion. 

Formation of stable cholesterol-

saponin complexes influencing 

membrane stability. 

α-Tomatine, α-

Chaconine 
[113,122] 

Dynamic changes in 

membranes without 

cholesterol 

Saponins generally increase lipid order and reduce lipid mobility in 

the absence of cholesterol. 

Enhanced membrane rigidity and 

reduced fluidity. 

Digitonin, 

Ginsenosides, Avenacin 

A1, α-Hederin 

[113, 

121,123] 
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Table 2. Possible observed mechanisms of interaction of saponins with phospholipid membranes (cont). 

Observed Effect Type of Interaction Consequences Saponin(s) Ref. 

Dynamic changes in 

cholesterol-rich 

membranes 

Saponins typically decrease lipid order in cholesterol-rich 

membranes, enhancing membrane fluidity and disorder. 

Reduced membrane stability and 

increased permeability. 
Digitonin, α-Hederin [119,121] 

Extraction of raft-

associated proteins 

Saponins facilitate extracting and solubilizing raft-associated 

proteins, such as alkaline phosphatase, from lipid membranes. 

Disrupted lipid raft structures affecting 

membrane protein distribution. 
Saponin mix [124] 

Expansion of 

ganglioside GM1 

clusters 

Certain saponins cause clustering and enlargement of ganglioside 

GM1-rich domains, altering the lateral membrane organisation. 

Expanded lipid raft domains and 

modified membrane signaling. 

Cofactor for acrosome 

reaction-inducing 

substance (steroidal 

saponin) 

[125] 

Formation of worm-

like aggregates and 

curvature 

Saponins induce the formation of elongated worm-like aggregates 

and membrane curvature, leading to domain budding and 

macroscopic pore formation. 

Significant disruption of membrane 

integrity and leakage. 
α-Hederin [119,126] 

Cholesterol-dependent 

toroidal pores 

Certain saponins form cholesterol-dependent toroidal pores, causing 

selective ion permeability. 

Ion-selective permeabilisation and 

controlled membrane disruption. 
Avenacin A1 [113,117] 

Cholesterol-

independent 

membrane disruption 

Specific saponins disrupt phospholipid membranes without 

requiring cholesterol, resulting in leakage. 

Broad membrane permeability 

independent of cholesterol. 

Bidesmosidic 

triterpenoid saponins 
[127] 

Stable protein-sized 

pore formation 

Certain saponins form stable, approximately 1 nm wide pores in 

membranes, which are selective towards cations. 

Selective permeability and sustained 

disruption. 
Avicin D, Avicin G [128] 

Tubular budding 

induced by 

glycoalkaloids 

Glycoalkaloids induce irreversible tubular structures and budding 

from sterol-rich lipid membranes. 

Permanent structural reorganisation of 

membranes. 

α-Tomatine and related 

glycoalkaloids 
[113,129] 
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Membrane model systems 
 

Many of the mechanistic insights (Table 2) have been elucidated using simplified model 

membrane systems, particularly two-dimensional monolayers and three-dimensional liposomal 

bilayers [85,113,119,126]. The use of such models allows precise control over membrane 

composition and structure, thereby enabling detailed observation of how saponins influence 

lipid organisation, surface packing, and permeability, under defined conditions. In monolayer 

systems, changes in lateral pressure, compressibility, or domain formation can be monitored 

after saponin adsorption. [85]. In contrast, three-dimensional models such as liposomes provide 

a closer structural analogue to biological membranes. 

Liposomes are spherical vesicles consisting of one or more concentric phospholipid 

bilayers enclosing an aqueous core (Fig. 4) [130]. As 3D model membranes, they provide 

a physiologically relevant system for studying membrane interactions, including dynamic 

phenomena such as vesicle swelling, leakage, or bilayer destabilisation [119,126]. Importantly, 

their enclosed aqueous interior and amphiphilic membrane structure allow researchers to 

investigate how different compounds, including saponins and drug molecules, partition into or 

permeate through the lipid bilayer. Beyond their utility as models, liposomes are also well-

established as drug delivery systems - they can encapsulate hydrophilic drugs within their core 

and lipophilic compounds in or between the bilayers, thereby enhancing drug stability, 

solubility, and biodistribution [131]. To utilise liposomes in research and drug delivery, robust 

preparation methods are employed to produce vesicles of the desired size and uniformity. Two 

common techniques are the rotary evaporation (thin-film hydration) method and the ethanol 

injection method [130]. 

 

Fig 4. Graphical scheme of liposome types: a) small unilamellar vesicle (SUV; 30-100nm), b) 

large unilamellar vesicle (LUV; >100 nm), c) giant unilamellar vesicle (GUV; >1000nm), d) 

multilamellar vesicle (MLV), e) multivesicular liposome (MVL) 

a) b) c) 

d) e) 
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These membrane analogs enable the quantification of saponin-membrane interactions 

under well-defined conditions. Parameters such as vesicle size, number of bilayers, and lipid 

composition can be tailored to represent target membranes (e.g., bacterial vs. mammalian). By 

incorporating specific lipids (cholesterol, ergosterol, charged phospholipids, etc.), liposomes 

can mimic the key features of microbial or human cell membranes and observe how saponins 

interact. For example, cholesterol-containing liposomal membranes can simulate mammalian 

cell membranes, whereas sterol-free liposomes made of phosphatidylcholine or 

phosphatidylglycerol mimic bacterial inner membranes [85,118-121,123,126]. Using liposome 

models, researchers have been able to directly observe how saponins incorporate into and 

perturb phospholipid bilayers. Saponins tend to accumulate at the interface of the lipid bilayer, 

with their hydrophobic aglycone inserting among fatty acid tails and the hydrophilic sugar 

chains oriented toward the aqueous phase. However, the extent of insertion versus surface 

adsorption can depend on the membrane’s composition [85,132]. Kinetic experiments with 

liposomes often show that saponin addition leads to leakage of encapsulated contents (such as 

fluorescent dyes or drug molecules), confirming that membrane permeability increases upon 

saponin treatment [119]. The use of liposomes thus allows researchers to bridge the gap 

between simplified planar models (like monolayers), complex curvature and real cell 

membranes.  

The ability of saponins to increase membrane permeability and disrupt lipid packing 

translates into several practical applications in pharmaceutical formulation and therapy. One 

major implication is the use of saponins as penetration enhancers or adjuvants, where they are 

co-formulated with an Active Pharmaceutical Ingredient (API) to facilitate their transport 

across biological barriers. This suggests that saponins might serve not only as permeabilisers 

but also as natural solubilizing agents, forming mixed micellar structures with hydrophobic 

drugs, increasing the effective drug concentration available for absorption. Recent research 

demonstrated that saponin extracts from plants like Quillaja saponaria (Quillaja bark) and 

Sapindus mukorossi (soapnut) can improve the aqueous solubility of hydrophobic antibiotics 

such as Polymyxin B [86]. Hence, basic research using model membrane systems, such as 

liposomes, is invaluable for predicting saponin behavior in real biological membranes.  
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2. Research gap & hypothesis  

The extant literature extensively discusses interactions between natural surfactants, 

particularly saponins, and biological membranes, highlighting their potential roles in various 

biological and pharmaceutical applications. However, there are still significant gaps in a deeper 

understanding of the physicochemical modifications induced by saponins on phospholipid 

membranes. Detailed examinations of these interactions, both in cellular contexts and using 

model membrane systems, remain insufficiently explored. Moreover, there is a shortage of in-

depth analysis on how these membrane modifications directly influence or enhance the efficacy 

of pharmaceutical substances when saponins are used as adjuvants. The majority of existing 

studies have focused on two aspects: firstly, the general surface activities of the substances in 

question, and secondly, the broad antibacterial and antifungal effects of saponins. Therefore, 

there is still a lack of specific information on molecular mechanisms through which saponins 

interact with lipid bilayers, the structural changes they induce, and their implications for 

biological functions and pharmaceutical performance. This shortage of details represents 

a critical limitation that the current research seeks to address comprehensively. Thus, based on 

the identified research gaps, the following hypothesis has been stated:  

Saponins modify the physicochemical properties of phospholipid membranes both in living 

cells and model membrane systems, thus may function as adjuvants, enhancing the effectiveness 

of active pharmaceutical substances. 
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3. Aims of the dissertation 

The central objective of this dissertation was to investigate the interactions of natural 

surfactants - saponins, with phospholipid membranes. This study is crucial to understand their 

potential role in enhancing pharmaceutical applications, specifically their functionality as 

membrane-modifying adjuvants. The research employs both model membrane systems and 

living cells, utilising advanced techniques to explain the structural and functional alterations 

induced by saponins. The approach combines classical analytical methods with cutting-edge 

instrumental analysis and microbiological techniques. The specific objectives of this 

dissertation were: 

• characterise the adsorption and aggregation properties of saponin-rich extracts (P1), 

• determine the impact of purification processes on their physicochemical interactions with 

phospholipid membranes (P1, P2, P3), 

• determine the saponin integration into phospholipid membranes using 2D monolayer and 

3D liposome models (P2, P4), 

• investigate the effects of saponins on fungal membrane integrity, particularly regarding 

Candida yeast biomembranes (P3), 

• examine the biophysical consequences of saponin integration into bacterial membrane 

models and their interactions with non-surfactant antibiotics (P4), 

• assess the cytotoxicity and collaborative interactions of saponins with antibiotics in 

bacterial and human cell models (P5). 
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5. Summary of the results 

P1. Nanofiltered saponin-rich extract of Saponaria officinalis – 

adsorption and aggregation properties of particular fractions 
 

Adam Grzywaczyk, Wojciech Smułek, Agnieszka Zgoła-Grześkowiak, Ewa Kaczorek*, Anna 

Zdziennicka, Bronisław Jańczuk 

Journal: Colloids and Surfaces A: Physicochemical and Engineering Aspects, 661 (2023) 

130937 

DOI: 10.1016/j.colsurfa.2023.130937 Impact Factor: 4.9 MNiSW: 70 

This paper investigates the behaviour of complex plant-derived surfactants through the 

isolation of specific fractions from a crude saponin extract. The root extract of Saponaria 

officinalis, which is characterised by its high content of saponin biosurfactants, was separated 

based on molecular size. The aim was to determine how purification and molecular weight cut-

offs affect the surfactant properties of the extract. By doing so, the study identifies a fraction 

enriched in active saponins and characterises its surface activity and aggregation behavior. It is 

necessary to understand these phenomena, taking into account the diversity of components 

present in plant extracts, including sugars and proteins, which may affect surface activity. 

A methanolic extract of S. officinalis roots was prepared by Soxhlet extraction (yielding 

fraction E0), then sequentially nanofiltered to obtain fractions by molecular weight: The first 

step in the process is the separation of the 3 kDa permeate from the 3 kDa retentate. This was 

followed by the further splitting of the 3 kDa permeate into the 0.5 kDa permeate (E3) and the 

0.5-3 kDa retentate (E2). This approach resulted in the concentration of the saponin content in 

the mid-range 0.5-3 kDa fraction (E2) (scheme in Fig. 5). 
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Fig. 5 A scheme of the extraction procedure; E0 - crude extract, E1 - permeate after 3 kDa 

filtration (<3 kDa), E2 - retentate after 0.5 kDa filtration (0.5-3kDa fraction), E3 - retentate 

after 0.5 kDa filtration (<0.5 kDa), E4 - retentate after 3 kDa filtration (>3 kDa). 

The E2 fraction was enriched in saponins and showed clear surfactant activity, but it did 

not outperform the crude extract in minimum surface tension or in critical micelle 

concentration. LC-MS detected saponins in E1 and E2, while no saponins were found in E3. 

The E3 contained mainly small polar compounds such as sugars. Identified saponins were 

predominantly derivatives of hydroxygypsogenic acid and quillaic acid glycosylated mainly 

with hexoses (e.g., fructose, mannose, psicose) and pentoses (e.g., arabinose), as supported by 

GC-MS data. Surface tension measurements demonstrated that all fractions exhibited surface 

activity, although to different degrees. Across all tested fractions, the minimum values of 

surface tension were similar, and E2 did not reach a lower value than the others. In every case, 

the minimum value of surface tension stayed higher than for common synthetic surfactants such 

as sodium dodecyl sulfate and cetyltrimethylammonium bromide. The crude extract and E2 had 

the same critical micelle concentration 1.5 g L-1. E1 and E4 had lower CMC values, 1.29 and 

1.3 g L-1 respectively, and E3 possessed a higher CMC value, 2.33 g L-1. This finding indicates 

that removing specific impurities led to differences in the critical micelle concentration between 

fractions. However, for E2 the concentration needed for micelle self-assembly was similar to 

that of the crude mixture. This observation may be attributed to the removal of synergistic 

amphiphiles present in E0, such as other surfactants or co-solutes. Nevertheless, E2 

demonstrated a high degree of surface activity. Thermodynamic analysis (Gibbs free energy of 

adsorption and micellisation) indicated that micelle formation in all extract fractions is 

spontaneous. The standard free energy of micellisation for these plant extracts was found to be 

negative, signifying a greater tendency to aggregate than classical synthetic surfactants. 

Dynamic Light Scattering (DLS) analysis revealed clear differences in aggregate size between 

E0 E1 E2 

E3 E4 

3 kDa 0.5 kDa 
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fractions: the saponin-rich fraction E2 formed the smallest micelles, on the order of tens of 

nanometers (down to ~24 nm at higher concentrations). Conversely, the crude extract (E0) and 

other fractions yielded larger aggregates or micellar structures. For instance, E1 and E4 

exhibited micelle hydrodynamic diameters ranging from approximately 37 to 120 nanometers, 

while E2's micelles demonstrated diameters of around 24 to 105 nanometers under comparable 

conditions (Fig. 6). The higher values may correspond to micelle aggregates. 

 

Fig. 6 Particle size distribution of the crude (E0) and saponin-rich (E2) fractions of the 

Saponaria officinalis extracts (xv - volume fraction in %, d - hydrodynamic diameter in nm). 

The application of nanofiltration to purify the extract resulted in two notable effects: 

a concentration of the active saponin compounds and an alteration in aggregation behaviour. 

The purified fraction, while highly effective, did not reduce surface tension to the same extent 

as the crude extract, suggesting that certain minor constituents of the crude extract may 

synergistically contribute to surface tension reduction or micelle formation. Nevertheless, the 

purified fraction's willingness to form uniformly smaller micelles is advantageous for 

applications requiring nanoscale aggregates. These findings confirm that the nanofiltration 

approach successfully isolated a bioactive fraction with predictable and enhanced properties, 

thereby providing a basis for the utilisation of Saponaria-derived saponins in formulated 

products.  
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Conclusions 

The study demonstrated that two-step membrane filtration can obtain a S. officinalis root 

extract fraction highly enriched in saponins. Fraction E2 (0.5–3 kDa) was identified as the 

fraction containing the majority of them. The formation of micelles of nanometric size, smaller 

than those in other fractions, is advantageous for the creation of stable nano-emulsions or drug 

delivery micelles. The work demonstrated that established thermodynamic models can be 

applied to complex natural mixtures. It can be used to extract meaningful parameters like CMC 

and Gibbs free energy. The capacity of the purified saponin-rich extract to aggregate and reduce 

surface tension confirms its potential as a natural ingredient within the pharmaceutical, 

cosmetic, and food industries. 

The primary accomplishment of this article was the detailed characterisation and 

fractionation of the saponin-rich extract from S. officinalis. We described its surface-active 

properties, directly linking them to the chemical composition of individual fractions. Crucially, 

we developed an optimised nanofiltration purification strategy to obtain highly enriched 

saponin fractions suitable for precise biomedical research and practical applications. 
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The detailed characterisation of saponin extract fractions presented in P1 laid the 

groundwork for examining their specific interactions with biological membranes. Therefore, in 

P2, we investigated fractions more deeply, using a simplified biomembrane model. Hence, this 

publication explores the interaction of plant extract containing saponins with simplified models 

of biological membranes, using both two-dimensional (monolayer) and three-dimensional 

(liposome) systems. The motivation for this study stems from the dual nature of saponins as 

membrane-active agents. It is well established that some saponins have biological activity 

(antimicrobial, antifungal, etc.), but the specifics of how they incorporate into or disrupt lipid 

membranes remain incompletely understood. The study examined biomembrane models to gain 

complementary insights into the membrane affinity and perturbation caused by saponins. In 

particular, a saponin-rich extract from licorice (Glycyrrhiza glabra L.) roots was selected. 

Moreover, crude extract and purified one (0.5-3 kDa fraction, method similar to one described 

in P1) was used. Licorice root saponins have a known amphiphilic structure and were 

hypothesised to integrate into lipid assemblies. The fundamental question concerns the capacity 

of saponins to permeate biological membranes and disrupt their lipid packing, and the potential 

influence of any non-saponin impurities present in the extract on this process. The scheme of 

procedure to verify this question is presented in Fig. 7. 
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Fig. 7 A scheme of procedure in P2; E0 – crude extract, E2 – fraction 0,5-3kDa 

 

The interactions of the licorice-derived saponins with model membranes revealed notable 

differences between the monolayer and bilayer systems, thus highlighting the value of the dual 

approach. In the DPPE (1,2-dipalmitoyl-sn-glycero-3-phosphorylethanolamine) monolayer 

experiments, the introduction of the saponin-rich extract resulted in measurable shifts in the π-

A isotherms, indicating that saponin molecules penetrate the monolayer and expand the lipid 

film. Specifically, the insertion of saponins resulted in an augmentation of the molecular area 

per lipid at a given surface pressure, concomitant with a diminution in the monolayer's 

compressional modulus (elasticity). This signifies that the monolayer is more fluid and less 

tightly packed in the presence of saponins. However, the stability of monolayers was found to 

depend on the purity of the saponin extract. The presence of impurities in the extract resulted 

in a decrease in monolayer stability, which is evidenced by an increase in surface pressure drop 

over time. This indicates that non-saponin components may interfere with the packing of the 

DPPE to a greater extent, thereby hindering the optimal organisation of the saponins at the 

interface. On the other hand, a more purified saponin extract sample would be expected to 

integrate more uniformly, thus resulting in a more stable film. Brewster Angle Microscopy 

visualisation supported these findings by showing differences in domain morphology with and 

without the crude extract. Films affected by the crude extract have exhibited more 

heterogeneous textures (indicating phase separation due to impurities), whereas those with 

purified extract were more uniform.  

In the liposome experiments, the saponins also interacted with the model bilayer, but the 

nature of the interaction was somewhat different. Measurements of the zeta potential exhibited 

an alteration in the surface charge of the liposomes upon the addition of extract fractions. The 
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negative zeta potential of the phospholipid vesicles (-46.94 ± 3.06 mV for control) noted 

a decline, approaching -51.40 ± 0.89 mV after being treated with crude extract. However, in 

the case of the purified fraction treatment, the zeta potential of DPPE liposomes increased up 

to -42.74 ± 1.77 mV. This suggests that the adsorption of saponin neutralised a proportion of 

the surface charge or introduced some positively charged groups at the interface. This 

observation provides further confirmation of the hypothesis that saponins coat the external 

surface of the liposome, with their sugar moieties potentially contributing to a more neutral 

surface character. The size of the liposomes remained essentially unchanged after purified 

extract treatment, with no signs of large aggregation or vesicle rupture. On the other hand, after 

crude extract treatment, there was a shift towards larger particles, up to 2000 nm, suggesting 

an aggregation of vesicles. There was no increase in polydispersity or the emergence of smaller 

vesicle fragments, which indicates that the saponins did not cause lysis or major structural 

breakdown of the bilayers. In contrast, the vesicles maintained their integrity, acquiring merely 

a layer of saponin, resulting in a decrease of the polydispersity index (from 0.8 ± 0.1 for 

a control to 0.5 ± 0.1 after treatment with purified fraction), which suggests a shift toward 

a monodisperse system.  

It is important to note that the monolayer studies demonstrated a more pronounced 

perturbation. Due to the lack of a lipid reservoir in the monolayer that could accommodate 

saponin, expansion and instability caused by insertion occur. In contrast, the bilayer studies 

exhibited a more moderate effect, with the membrane demonstrating the capacity to incorporate 

saponin without compromising its structural integrity. This difference underscores the necessity 

for a cautious interpretation of results from model systems when extrapolating to real 

membranes. It is important to note that a compound that appears highly disruptive in monolayer 

or bilayer assays may only have moderate effects in living cells, which can adjust and 

reorganise.  

Conclusions 

The study provided insight into the interactions of saponins from G. glabra with model 

membranes. It demonstrated that saponins integrate into phospholipid assemblies, localise at 

the membrane interface, associate with lipid headgroup regions, and modify the biophysical 

properties of the membrane. However, the effect of saponins is context dependent. In a 2D lipid 

monolayer, saponins have been observed to induce disruption to lipid packing, with the 

potential to compromise membrane stability, particularly when the saponin preparation contains 
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heterogeneous components. In a 3D bilayer, the same saponins bind to the membrane surface, 

but the bilayer can accommodate them without sustaining damage. This indicates partial 

insertion, which leaves the membrane largely intact. This suggests that in biological systems, 

saponins may modulate membrane properties, such as fluidity and permeability, without 

unconditionally lysing cells at moderate concentrations. This is a valuable property in case of 

using them as drug delivery adjuvants. The study also highlights that extract purity is 

an important factor: purified saponins might have a different impact than crude extracts.  

In this study, significant progress in understanding how saponins from Glycyrrhiza 

glabra L. interact with simplified biological membrane models has been made. We 

demonstrated differences and similarities in saponin integration between these two membrane 

models, emphasising that liposomes may represent a biological approximation. The results also 

confirmed that careful fractionation impacts the efficacy and specificity of biosurfactant-

membrane interactions. 
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Building on the model membrane interactions explored in P2, we recognised the necessity 

to validate findings in a biologically relevant scenario. Consequently, in P3, we examined 

whether the membrane-modifying effects observed could enhance membrane permeability in 

actual fungal cells. Thus, the study investigates the effect of saponins on fungal cell membranes, 

with a specific focus on the opportunistic yeast from the Candida genus. Fungal infections pose 

significant health challenges, and Candida species possess robust cell envelope structures 

(including a cell wall) that protect them from antifungal agents. It has been established through 

previous research that saponins possess antifungal properties. However, these studies have 

generally focused on whole-cell outcomes, failing to identify the membrane as the primary site 

of action. The novel approach adopted in this study required the removal of the fungal cell wall, 

thereby creating spheroplasts of Candida (cells devoid of their cell wall, leaving only the 

plasma membrane) to expose the biomembrane to saponin-rich extract. This approach makes it 

possible to assess the interaction of saponins with the fungal cell membrane, thereby avoiding 

the potential confounding effects of the cell wall. Two species, Candida albicans (Polish 

Collection of Microorganisms no. 2566) and Candida krusei (Polish Collection of 

Microorganisms no. 2706), were selected as test organisms. The primary hypothesis set was 

that saponins from S. officinalis would integrate into the yeast plasma membrane and increase 

its permeability. As a result, this process could help explain the antifungal effects of saponins 

and suggest a role for them as adjuvants to conventional antifungals. The present study directly 

aligns with the dissertation's theme by examining a living cell membrane and evaluating the 

impact of natural surfactant on its integrity. 

Saponin exposure increased the permeability of the Candida cell membrane. Specifically, 

treatment with a 10 mg·L-¹ concentration of the S. officinalis saponin-rich extract (SoC) led to 

a notable increase in membrane permeability in Candida albicans spheroplasts by 

approximately 22% compared to untreated controls. Notably, Candida krusei showed even 

higher sensitivity, demonstrating a maximum permeability increase of 30.52% at 15 mg·L-¹ 
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SoC. Furthermore, the purified saponin fraction (SoP; process described in P1; fraction 0.5-

3 kDa) was more effective than the crude extract, especially at the 10 mg·L-¹ concentration 

(Table 3). Additionally, zeta potential measurements provided deeper insights into the 

interactions between saponins and fungal membranes. After saponin treatment, significant 

shifts toward more negative values were observed. Specifically, for Candida albicans, the zeta 

potential decreased markedly from approximately -9 mV (untreated) to about -17 mV and -25 

mV after treatments with SoC and SoP, respectively. A comparable but slightly different pattern 

was observed for Candida krusei, where zeta potential values decreased from around -7 mV 

(untreated) to approximately -18 mV with SoP and -14 mV with SoC treatment (Table 3). These 

suggest strong interactions between the saponins and fungal biomembranes, possibly due to 

complex formation or binding to essential sterols like ergosterol, thereby altering membrane 

integrity and fluidity. 

Table 3. C. albicans and C. krusei spheroplasts properties. SoC – Saponaria officinalis crude 

extract, SoP – Saponaria officinalis purified extract; green color indicates the increase of 

permeability (relative to the control sample), red color indicates a decrease of permeability 

(relative to the control sample)  

 Treatment (mg L-1) Zeta potential (mV) 
Permeability; relative to 

the control sample (%) 

C. albicans 

spheroplasts 

SoC 

5 -17.78±2.61 +12.31±10.69 

10 -17.62±0.96 +21.76±2.97 

15 -16.96±1.56 +16.74±4.79 

SoP 

5 -24.85±2.77 -3.97±13.18 

10 -24.19±1.93 +26.10±7.22 

15 -25.19±2.16 +16.54±2.88 

C. krusei spheroplasts 

SoC 

5 -4.68±0.31 -22.28±6.28 

10 -13.72±0.47 +10.11±13.25 

15 -14.40±0.82 +30.52±7.96 

SoP 

5 -17.89±2.35 -22.49±13.18 

10 -18.43±2.02 +10.47±13.71 

15 -18.70±1.40 +4.82±7.1 
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Interestingly, despite permeability increases, immediate cell lysis was not uniformly 

observed at the tested concentrations, emphasizing a sub-lethal mechanism of membrane 

disruption. This could be therapeutically advantageous, facilitating enhanced drug penetration 

without immediate cell death, thus preventing rapid cellular responses or resistance 

development. Further clarity into the mode of action was provided through transmission 

electron microscopy (TEM) observations, revealing important morphological distinctions after 

treatment. At a lower concentration of 5 mg·L-¹, SoC-treated spheroplasts showed minimal 

morphological change. In contrast, the SoP at the same concentration induced visible cell lysis, 

clearly evidenced by increased dye uptake in the TEM images. 

Additionally, enzyme activity assays provide insight into the physiological and metabolic 

effects of saponin treatments. Remarkably, the metabolic activity of C. albicans spheroplasts 

increased significantly after treatment with 10 mg·L-¹ SoP, possibly reflecting a stress-induced 

activation of some metabolic pathways. On the other hand, the same treatment resulted in 

decreased metabolic activity in C. krusei, indicating species-specific responses to saponin-

induced membrane stress. These divergent metabolic responses suggest complex and varied 

adaptive strategies employed by different fungal species. 

Conclusions 

This study demonstrated that saponins from a natural source can directly increase the 

permeability of fungal cell membranes when the cell wall is removed, highlighting a possible 

membrane-targeted mode of action for saponins’ antifungal effects. It established that the 

S. officinalis saponin-rich extract affects Candida membranes, causing biophysical changes: 

approximately a 20% rise in permeability and a shift in zeta potential values. The outcome is 

a proof-of-concept that saponins compromise fungal membrane integrity. From a practical 

perspective, this finding supports the idea of using saponins as adjuvants in antifungal therapy, 

potentially weakening the pathogen’s membrane defenses and making antifungal drugs more 

effective or allowing for lower doses. Moreover, by successfully employing Candida 

spheroplasts as a model, the study introduced a useful experimental approach for examining 

membrane-specific effects of antimicrobial agents on fungi. Within the broader dissertation 

context, these results provide a crucial link between model membrane systems explored in 
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previous studies and practical, biological applications in live cells, directly validating the 

hypothesis that natural surfactants can modulate phospholipid membranes in biological 

contexts.  

A key achievement here was demonstrating that S. officinalis saponins directly increase the 

permeability of Candida yeast cell membranes, particularly using purified fractions. 

Importantly, we demonstrated sub-lethal disruption mechanisms that are well-suited to adjuvant 

antifungal strategies. This provides robust biological evidence to support membrane-targeted 

antifungal therapy using naturally derived biosurfactants.  
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The positive findings from P2 and P3 led us to explore whether similar effects could be 

extended to bacterial membranes. Hence, in P4, another natural saponin source, Glycyrrhiza 

glabra (licorice), was chosen to evaluate its potential to alter bacterial membrane properties and 

enhance antibiotic interactions. Thus, this paper extends the investigation of saponin-membrane 

interactions to bacterial model membranes and examines how these interactions can potentiate 

antibiotic activity. The research focuses on tobramycin, a broad-spectrum aminoglycoside 

antibiotic that targets bacterial ribosomes but must pass the membrane to reach its site of action. 

The central idea explored is using saponins from G. glabra root (as in P2) as membrane-

modulating adjuvants to improve antibiotic penetration or action. P2 has shown that saponins 

can insert into lipid membranes; here, the question becomes: can such insertion alter bacterial 

membrane properties in a way that makes antibiotics like tobramycin more effective? The 

model systems used are similar to those in P2 but tailored to mimic bacterial membranes: a 1,2-

dioleoyl-sn-glycero-3-phosphoglycerol lipid monolayer and liposomes. By monitoring 

biophysical changes in the presence of saponins and tobramycin, the study aims to reveal any 

synergistic interactions at the membrane level that could correlate with improved antimicrobial 

outcomes. 

Licorice saponins altered the biophysical properties of bacterial membrane models, 

creating conditions potentially favorable for antibiotic action. In monolayer experiments, 

insertion resulted in a decrease in the compressibility modulus, reducing it by approximately 

25% to over 50%, depending on saponin concentration. This decrease indicated that the lipid 

monolayer became less rigid and more fluid, suggesting a disruption of the tightly packed lipid 

arrangement due to the amphiphilic nature of saponins. Notably, the most notable softening 

effect (around a 50% reduction) was observed at higher saponin concentrations (approx. 

10 mg·L-¹). Importantly, even at the highest tested concentrations, no complete collapse or 

rupture of the monolayer occurred, which means that the membrane-modulating effect of 
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saponins is significant but controlled, and at tested concentration, does not cause membrane 

damage. Surface pressure isotherms showed a clear shift towards larger molecular areas after 

the saponin treatment, indicating significant incorporation of saponin molecules into the lipid 

structure and resulting in the expansion of less compact monolayers. Higher saponin 

concentrations correlated with increased fluidisation and reduced collapse pressure, 

highlighting their potential to destabilise lipid arrangements and enhance membrane 

permeability. Notably, the combined presence of saponins and tobramycin altered the 

monolayer properties more significantly than either compound alone, evidenced by increased 

compressibility and elasticity. Relaxation experiments further demonstrated that combined 

treatments expanded the lipid film surface area, confirming the concept of synergistic 

modulation of the cell membrane. 

Table 4. Treated and untreated liposome properties. Ctrl - untreated control; GgC - G. glabra 

crude saponin extract at 5 mg L-1; Tbrm - tobramycin at 10 mg L-1; GgC/Tbrm:- combination 

of GgC + tobramycin 

Sample PDI Zeta potential (mV) 

Ctrl 0.13±0.02 -50.0±2.5 

GgC 0.15±0.02 -49.1±1.6 

Tbrm 0.13±0.03 -22.1±0.3 

GgC/Tbrm 0.13±0.04 -17.7±1.0 

 

Liposome experiments provided additional insight into the interactions of saponins with 

antibiotics. Zeta potential calculations indicated charge alterations when saponins and 

tobramycin were combined. Specifically, liposomes treated with tobramycin alone exhibited 

a substantial reduction in negative charge, moving from -50 mV to -22 mV. When combined 

with licorice saponins, the zeta potential further shifted to -17.7 mV, suggesting enhanced 

interactions or a potential cooperative mechanism between saponins and tobramycin. This 

alteration could facilitate a closer approach or increased penetration of the positively charged 

antibiotic. DLS analyses revealed that liposome size distributions remained generally stable, 

with minimal size increase and moderate broadening in distribution, suggesting slight structural 

alterations without severe aggregation or vesicle rupture (Table 4). This stability was further 

validated by complementary membrane integrity assays, including the HPTS and 
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carboxyfluorescein release assays, which demonstrated negligible membrane disruption across 

all treatment conditions. 

Conclusions 

This research provided evidence that licorice root saponins can modify bacterial membrane 

properties to enhance antibiotic effectiveness. By reducing membrane rigidity and altering zeta 

potential without causing significant lysis, saponins may create conditions conducive to 

improved interactions between antibiotics and the bacterial cell envelope. These saponins, 

despite their pronounced membrane modulation, do not cause outright membrane rupture at 

tested concentrations, which is beneficial for controlled and reversible modulation. When 

combined with tobramycin, saponins alter antibiotic-membrane interactions, likely facilitating 

enhanced antibiotic binding or uptake. Such combinations could strategically enhance antibiotic 

efficacy, potentially overcoming certain resistance mechanisms by promoting drug penetration 

into bacterial cells. 

The main achievement of this paper was the explanation of how saponins from Glycyrrhiza 

glabra modulate bacterial model membranes, enhancing membrane interactions with the 

antibiotic tobramycin. It has been verified that these interactions did not affect the membrane's 

integrity, but they did disrupt the packing and fluidity of the membrane to a degree that 

potentially enhances the effectiveness of the antibiotics.  

42:4356358141



43 
 

P5. Co‑interaction of nitrofuran antibiotics and the saponin‑rich 

extract on gram‑negative bacteria and colon epithelial cells 
 

Authors: Adam Grzywaczyk, Wojciech Smułek, Anna Olejnik, Urszula Guzik, Agnieszka 

Nowak, Ewa Kaczorek* 

Journal: World Journal of Microbiology and Biotechnology 39:221 (2023) 

DOI: 10.1007/s11274-023-03669-2 Impact Factor: 4.0 MNiSW: 70 

In P5, previously obtained results were tested on bacterial cells, with a particular focus on 

the practical synergy of saponins with nitrofuran antibiotics. This publication presents an 

applied microbiological study that builds on the prior mechanistic findings by testing the 

combined effect of natural saponins and antibiotics on living bacterial cells, as well as assessing 

safety on human cells. The goal was to determine if a saponin-rich extract (from Sapindus 

mukorossi, the soapnut) can act as an adjuvant to nitrofuran antibiotics, enhancing their 

antimicrobial efficacy against Gram-negative bacteria while not increasing toxicity to 

mammalian cells. Based on earlier parts of the dissertation, the hypothesis was formulated that 

saponins with nitrofuran antibiotics would produce a synergistic antibacterial effect greater than 

either alone. Additionally, since any adjuvant for antibiotics must be safe to human tissues, the 

impact of the combined treatment on human colon epithelial cells was evaluated (since colon 

cells could be exposed to antibiotics). This dual consideration of efficiency and safety makes 

the study comprehensive. This also serves as a practical validation of the membrane-centric 

mechanism proposed: if saponins truly modify membrane properties (as shown in P2 and P4), 

and may serve as an antibiotic adjuvant, we should observe improved antibiotic action and 

minimal harm to human cells at the same doses. 

The combination of saponins from S. mukorossi with nitrofuran antibiotics produced 

a significant synergistic antibacterial effect against the tested Gram-negative bacterial strains: 

Pseudomonas plecoglossicida IsA, Pseudomonas sp. MChB, and Pseudomonas sp. OS4. When 

bacterial cultures were treated with nitrofurantoin (NFT) or furazolidone (FZD) in combination 

with saponin extract, bacterial metabolic activity dropped up to 50% compared to the control 

sample for Pseudomonas plecoglossicida IsA. This effect emphasises the potential for 

a reduction in the antibiotic dosage required to achieve the desired therapeutic outcomes. It is 

worth noting that the combination of saponins and nitrofuran antibiotics displayed negligible 

cytotoxicity towards human colon epithelial cells (CCD 841CoN), as demonstrated through 
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detailed viability assays. Human cells exposed to the combined saponin-antibiotic treatments 

maintained high viability, comparable to untreated control cells.  

Table 5. Cell membrane permeability and cell surface properties of tested strains after 

exposure to antibiotics and/or S. mukorossi extract; changes in % relative to the control sample 

(100%). NFT – nitrofurantoin, FZD – furazolidone, Sap – saponins from Sapindus mukorossi 

 

Pseudomonas sp. 

OS.4 

P. 

plecoglossicida IsA 

Pseudomonas sp. 

MChB 

Changes in cell permeability (%) 

NFT -24.8±2.2 -30.8±2.3 -40.9±1.7 

FZD -38.5±1.8 1.2±3.3 -15.2±2.5 

NFT + Sap 42.8±4.2 28.2±4.2 47.7±4.3 

FZD + Sap 49.1±4.4 36.4±4.5 49.6±4.4 

Sap 43.6±4.2 37.7±4.5 48.7±4.4 

Changes in cell surface adhesivity (%) 

NFT -20.8±2.6 -4.3±3.4 1.1±3.6 

FZD -4.0±3.1 -2.4±3.4 -8.3±3.3 

NFT + Sap <-96.9 -52.0±1.7 <-97.2 

FZD + Sap <-96.9 -79.0±0.7 -91.6±0.3 

Sap <-96.9 -65.3±1.2 -58.0±1.5 

Changes in zeta potential (mV) 

NFT 0.3±0.5 2.6±0.5 0.9±0.7 

FZD 0.6±0.5 3.5±0.4 -0.3±0.7 

NFT + Sap -26±1.8 -14.9±1.4 -17.8±1.6 

FZD + Sap -23.7±1.7 -12.6±1.2 -18.1±1.6 

Sap -7.6±0.9 -3.9±0.8 -3.1±0.9 

 

Lipidomic analysis provided further insight into bacterial adaptive responses upon 

exposure to combined treatments. Membrane fatty acid profiles revealed notable shifts toward 

increased levels of branched-chain fatty acids in IsA and OS4 bacteria treated with the saponin-

antibiotic combinations. Such fatty acid modifications are recognised as a bacterial stress 

response mechanism that aims at maintaining membrane integrity. This pronounced increase in 

branched-chain fatty acids indicates a membrane-targeted stress imposed by the treatments. 

Simultaneously, bacterial cell surface hydrophobicity exhibited decreases, resulting in 

a hydrophilic bacterial surface after saponin exposure. This change suggests that saponins 

adsorb to the bacterial surface, potentially forming a hydrophilic layer through their sugar 

moieties. Such structural modifications likely enhance antibiotic penetration by disrupting 

hydrophobic barriers typically found in bacterial outer membranes. Additionally, cell 

permeability assays employing Crystal Violet uptake demonstrated increases in membrane 
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permeability after saponin treatment, directly correlating with enhanced antibiotic effectiveness 

(Table 5). These permeability changes confirm the hypothesised mechanism of improved 

antibiotic access facilitated by saponins. Complementary zeta potential calculations further 

supported these findings by revealing decreases in bacterial surface charge upon saponin 

exposure. 

Conclusions 

The study demonstrates the potential for using Sapindus mukorossi saponins as adjuvants 

to enhance the efficacy of nitrofuran antibiotics against Gram-negative bacteria. The observed 

synergistic interactions decreased bacterial metabolisms, without inducing significant 

cytotoxicity in human colon epithelial cells. Saponins effectively modified bacterial membrane 

properties, including increased branched-chain fatty acids, enhanced membrane permeability, 

decreased surface hydrophobicity, and reduced surface charge, confirming their role in 

facilitating antibiotic action. These findings provide a foundation for the therapeutic application 

of natural saponins to improve antibiotic performance, potentially reducing the necessary 

antibiotic dosage and lowering the risk of antibiotic resistance.  

The major achievement here was demonstrating antibacterial synergy between Sapindus 

mukorossi saponins and nitrofurantoin and furazolidone against Gram-negative bacteria. 

Remarkably, this effect was achieved without detectable toxicity to human colon epithelial 

cells, confirming both efficacy and safety. In addition, detailed investigations revealed changes 

in bacterial membrane composition and properties. These findings provide strong support for 

proposed mechanism, which suggests that saponins facilitate antibiotic entry and enhance 

therapeutic efficacy. 
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6. Summarizing conclusions 

The research conducted within this dissertation provided comprehensive insight into the 

interaction of natural-origin surfactants, predominantly saponins, with biological and model 

phospholipid membranes. The first research included a complete analysis with separation of 

Saponaria officinalis extracts containing saponins. The analysis of fundamental adsorption and 

aggregation properties revealed essential information for understanding saponin interactions 

with biological membranes. The complete characterisation process provided the essential 

information needed for analyzing saponin interactions at the molecular level. The research 

conducted in P2 investigated the specific interactions between Glyrhizza glabra purified 

saponin fractions with biological model membranes, which consisted of phospholipid 

monolayers and liposomes. It demonstrated how saponins affect membrane structures, making 

them more permeable, thereby highlighting their potential application in targeted biomedical 

practices. Further investigation of biologically relevant systems demonstrated that Saponaria 

officinalis saponins caused an increase in Candida cell membrane permeability (P3). These 

results indicate that saponins work well as additional therapeutic agents in antifungal treatment. 

Consequently, in P4, saponins from Glycyrrhiza glabra exhibited the capacity to significantly 

modulate bacterial membrane biophysical properties. Importantly, the research confirmed 

enhanced interactions between bacterial membranes and the antibiotic tobramycin, thus 

identifying a practical approach to potentiating antibiotic activity against bacterial pathogens. 

P5 research proved the practical antibacterial potential of saponins when combined with 

nitrofuran antibiotics. Sapindus mukorossi saponins, together with nitrofurantoin or 

furazolidone, displayed substantial synergistic antibacterial properties against Gram-negative 

bacteria. The saponin combinations proved non-toxic to human cells, which demonstrates their 

potential therapeutic value as antibiotic enhancers for lowering medication amounts while 

combating antibiotic resistance. 

The dissertation made a significant discovery regarding saponins, which were found to 

function as effective adjuvants, thereby enhancing the effectiveness of antibiotics through their 

ability to modify biological membranes. The combination of saponins with antibiotics resulted 

in synergy effects, thereby enhancing antimicrobial activity against Gram-negative bacteria. 

The significance of this discovery lies in the increasing prevalence of multidrug-resistant 

microorganisms, which necessitates the development of novel therapeutic strategies. 
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The presented dissertation: 

• confirmed that saponins interact with model membranes (monolayers and liposomes), 

shifting packing and zeta potential, while membranes stayed intact at tested saponin 

concentrations, 

• showed that S. officinalis saponins increase the permeability of Candida spheroplast 

membranes and shift zeta potential, 

• found that Glycyrrhiza glabra saponins loosen DOPG monolayers and, together with 

tobramycin, further change surface charge without dye leakage from liposomes, 

• demonstrated synergy between Sapindus mukorossi saponins and nitrofuran antibiotics on 

Pseudomonas strains, with no added toxicity to colon cells. 

Moreover, the research findings demonstrated that saponins behave in a different manner 

when interacting with monolayer versus bilayer systems. It is therefore imperative that 

monolayer results are carefully evaluated in order to ascertain the complexity of biological 

bilayer systems. The bilayer models, notably liposomes, yielded applicable biological results 

by demonstrating the capacity of saponins to exist in moderate concentrations within 

membranes without inducing complete structural breakdown.  

Future research should concentrate on two promising strategies involving the application 

of saponins. First, exploring their role as antibiotic adjuvants offers significant potential, 

particularly in combating multidrug-resistant microorganisms. To optimise dosage regimens 

and maximise therapeutic outcomes, it is essential to conduct detailed investigations into the 

mechanisms of synergy between saponins and various antibiotic classes. Alternatively, 

saponins could be used as adjuvants in lipid-based drug delivery systems, enhancing drug 

encapsulation efficiency and targeted delivery. This approach uses the membrane-modulating 

properties of saponins to potentially improve how well therapeutic agents are absorbed and how 

long they are released for. However, further comprehensive studies are necessary to fully 

understand their interactions within complex lipid carrier systems, assess long-term stability, 

and confirm efficacy and safety in clinical contexts. Ongoing research in both of these areas 

must be continued to fully uncover the therapeutic potential of saponins. 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Szyszkowski equation is useful for 
multicomponent solution. 

• E0, E1, E2, E3 and E4 have bigger ten
dency to aggregate than classical 
surfactants. 

• Minimal surface tension of E0, E1, E2, 
E3, E4 solution is larger than classical 
surfactants. 

• Tendency of saponins to micellization is 
smaller after nanofiltration process.  

A R T I C L E  I N F O   

Keywords: 
Saponin 
Extract 
Micelles 
Nanofiltration 
Surface activity 

A B S T R A C T   

Plant extracts containing saponins combine high emulsifying properties with antibacterial activity, which makes 
them valuable adjuvants in pharmaceutical and food products. Saponins are natural surfactants present in 
various plant species, including Saponaria officinalis. Due to the variety of chemical structures and diversity of 
saponins in plant extracts, their surface-active properties are complex and differ from those of chemically pure 
surfactants. Hence, the aim of the study was to determine the correlation between the composition of S. officinalis 
extracts and their surface properties. The first stage of the study was characterization of the composition of the 
extracts studied by liquid chromatography coupled with mass spectrometry. Then the surface tension of the 
aqueous solutions of these extracts was measured, which permitted determination of their adsorption and ag
gregation parameters. The results have pointed out the differences between the properties of the studied extracts 
and those of pure surfactants of known molecular structure. The constants in the Szyszkowski equation allowed 
determination of the maximal excess concentration of a given extract at the water-air interface and the value of 
the Gibbs free energy of adsorption. The mentioned parameters were also determined from the Gibbs adsorption 
isotherm equation and the Langmuir equation modified by de Boer. The results obtained by these methods were 
found to be comparable with those determined from the Szyszkowski equation. What is more, it was found that 
the adsorption parameters correlated with the micelle sizes formed by the components of the tested S. officinalis 
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extracts. All these valuable data help devise the informed use of extracts containing saponins in many branches of 
science and economy.   

1. Introduction 

Substances with surface active properties can be found in many 
different plant species as well as in the animal and even human organ
isms [3,7,25,33]. They play a very important role as components of 
many different industrial and household products and in a wide range of 
processes [1,3,10,21]. Among the surfactants of natural origin, saponins 
occupy an important position in terms of their practical applications 
[28]. Saponins are used, among others, in the production of food and 
cosmetics, animal feed and plant protection agents [8,16,27]. They can 
be also applied in the environmental protection as additives reacting 
with the soil pollutants and can be useful for the degradation of synthetic 
toxic surfactants [11]. The use of saponins in the medicine and phar
macy is not excluded [9,13]. Development of their applications requires 
a deep knowledge of their physicochemical properties. Among them, the 
tendency to be adsorbed at the water-air interface and to form micelles 
in the bulk phase is very important. Unfortunately, it is not easy to 
determine the tendency of saponins to adsorption at the water-air 
interface and to form micelles as they are mixtures of various types of 
chemical compounds, which are the secondary metabolites of plant 
cells. 

The composition of saponins depends on their plant origin [24]. An 
additional difficulty in the analysis of the adsorption and aggregation 
properties of saponins is determination of their molar mass. For these 
reasons it is difficult to find unambiguous data about the adsorption and 
aggregation properties of saponins. If a characterization of the surfac
tant properties of saponins is given, it is in terms of micellar or emul
sifying properties without any deeper analysis or mathematical 
description of interfacial phenomena [17,18]. These surfactant proper
ties are most often determined based on the isotherm of the surface 
tension of their aqueous solutions. For the aqueous solutions of single 
surfactants or their mixtures, of a known molar mass and molecular 
dimensions based on the surface tension isotherms, it is easy to deter
mine the concentration of surfactants in the surface monolayer at the 
water-air interface, orientation of surfactant molecules and the surface 
area occupied by one molecule in this monolayer as well as the critical 
micelle concentration (CMC). Thus, it is easy to determine the adsorp
tion and aggregation tendency by solving the known thermodynamic 
equations. As is commonly known, these equations have been derived on 
the basis of the activity of the surfactants in the bulk phase. In many 
cases they are solved against the free Gibbs energy of adsorption and 
aggregation at the assumption of ideal behavior of the surfactants 
and/or their mixtures in aqueous solution. In such case the activity of 
the surfactants is equal to its mole fraction. To determine the mole 
fraction of a given compound in the solution its molar concentration or 
weight in a given volume of solution must be known. Unfortunately, it is 
more complicated to determine the mole fraction of a given component 
of the mixture in the case of the aqueous solutions of multicomponent 
mixtures in which concentrations of single compounds are unknown. 
The multicomponent mixtures can include not only the surface active 
compounds. It is possible that to determine, for example, the Gibbs 
excess concentration in the surface layer of the multicomponent mix
tures and/or to analyse of the Szyszkowski equation, the isotherm of the 
surface tension of aqueous solution of this mixture expressed as a 
function of the mixture weight in a given volume of the solution can be 
used. However to determine the tendency to adsorb at the water-air 
interface and to aggregate in the aqueous solution of the multicompo
nents mixture the molar fraction or mole concentration of particular 
component of the mixture should be known or the equations described 
this tendency should be modified. For this purpose in the previous 
studies, the properties of a crude extract of saponins from Saponaria 

officinalis [20] were analysed among others, by using the modified Gibbs 
isotherm equation in which weight was used instead of mole concen
tration. Thus the aim of the current studies was to determine the total 
adsorption of saponins and the possibility of their aggregation in the 
presence of additives based on the thermodynamic relationships modi
fied by us, as well as to evaluate the possibility of using nanofiltration in 
the saponin purification process. The thermodynamic relationships 
included the Gibbs isotherm, Szyszkowski and Szyszkowski-Langmuir 
(often called Frumkin) equations. In these equations instead of the 
mole concentration, the weight of a given mixture in 1 L was applied. In 
the case of Gibbs isotherm equation, the usefulness of a mixture weight 
was proved based on the Gibbs-Duhem equation. 

Hence, the aim of the study was to explain the correlation between 
S. officinalis extracts composition and their surface activity. In our 
studies, the extract obtained from Saponaria officinalis was applied. It 
was subjected to a process of nanofiltration, as a result of which the E0, 
E1, E2, E3 and E4 extract fractions various compounds of different molar 
masses were obtained. Two membranes with the porosity of 500 Da and 
3000 Da were used. The middle fraction, E2, should contain the largest 
amount of saponins (the saponins content was in the range of ~ 2.5 kDa- 
~ 0.5 kDa). 

2. Materials and methods 

2.1. Materials 

Dried and cut roots of Saponaria officinalis L. were purchased as a 
herbal material from Flos, Poland. The methanol (HPLC grade) and 
other chemicals used in the experiments were from Merck, Germany. 
The deionized water (18.2 MΩ⋅cm) was obtained using Sartorius Stedim 
(Germany) Mili-Q water purification unit. Millipore® membrane filters 
of cut-off 3.0 kDa and Amicon® separation compartment were pur
chased from Merck Millipore, Germany. Membrane filters of cut-off 0.5 
kDa was bought from Starlitech, USA. 

2.2. Extracts preparation 

The process of isolation and separation of different fractions of 
S. officinalis extracts is illustrated in Fig. 1. Firstly, the plant material was 
placed in a Soxhlet glass extractor (Chempur, Poland) and the extraction 
process was conducted for 6 h using methanol (10 mL per 1 g of dry 
roots) as an extractant. Then the solvent was evaporated using a rotary 
vacuum evaporator (Büchi AG, Switzerland). The obtained dry crude 
extract (E0 fraction) was dissolved in deionized water (1 g in 100 mL). In 
the next step, a separation with a 3.0 kDa membrane was performed; the 
permeate was marked as E1 and the retentate as E4. Then, the E1 
fraction was separated using a 0.5 kDa membrane; the permeate was 
labelled as E3 and the retentate as E2. The term ‘saponins’ can be used to 
determine both, the plant extract or one specific group of compounds. 
Throughout this paper, the term saponins is used to describe a plant 
extract. 

2.3. Qualitative analysis 

The Saponaria officinalis L. extract purified on a membrane was 
analysed by LC-MS/MS. The Ultimate 3000 HPLC system from Dionex 
(Sunnyvale, CA, USA) coupled with the QTRAP 4000 mass spectrometer 
from AB-Sciex (Foster City, CA, USA) were used. The samples were 
injected onto a Kinetex Evo C18 column (150 mm × 2.1 mm I.D.; 
2.6 µm) from Phenomenex (Torrance, CA, USA). The mobile phase 
(0.1% formic acid in water and acetonitrile (ACN)) was used at a flow 
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rate of 0.3 mL min− 1 in the following gradient: 0 min 10 % ACN, 5 min 
15% ACN, 10 min 20 % ACN, 12 min 70 % ACN, 15 min 90% ACN, 
20 min 90% ACN. The eluate from the column was directed to the ESI 
source operating in negative ionization mode. The source and mass 
spectrometer parameters were as follows: source temperature 500 ◦C, 
nebulizer gas nitrogen at 45 psi, curtain gas nitrogen at 20 psi, declus
tering potential − 50 V, collision gas nitrogen at 10 psi. Mass spectra 
were recorded in the 300–2500 m/z range. For selected ions, chro
matograms and their fragmentations were recorded in the enhanced ion 
product mode. 

For the analysis of glycone part of saponins, the GC/MS was used. At 
first, the derivatization of 50 µg of dehydrated samples with 200 µL of 
BSTFA (Merck, Germany) was made. The samples were incubated for 
1 h at 65 ℃. After that, hexane was added and the mixture was centri
fuged for 5 min to get rid of any solid residue. The liquid phase was 
collected and then subjected to GC/MS analysis. 

The GC–MS system used was a Pegasus 4D GCxGC-TOF MS from 
LECO (Leco Corp., USA). Data acquisition and analysis were performed 
using standard software supplied by the manufacturer. Substances were 
separated on a BPX5 capillary column (30 m × 0.25 mm ID, 0.25 µm 
film thickness) (Trajan Scientific and Medical, Australia). Temperature 
program: 65 ℃ held for 2 min, 6 ℃ min− 1 up to 230 ℃, held for 5 min, 
and 6 ℃ min− 1 up to 300 ℃, held for 5 min. The temperatures of the 
injection port and transfer line were set at 280 ℃ and 250 ℃, respec
tively. Splitless injection mode and helium with a flow rate of 
1.00 mL min− 1 as carrier gas were used. 

2.4. Surface tension 

The surface tensions of the deionized water solutions of S. officinalis 
extracts were measured by the du Nuoy platinum ring method using a 
K20 tensiometer (Krüss, Germany). All of the measurements were con
ducted at 22 ± 1 ◦C. 

2.5. Particle and micelles size 

To measure the hydrodynamic diameters (dH) of the particles, mi
celles and aggregates in the extracts solutions a Zetasizer Nano-ZS 
(Malvern Instruments Ltd., United Kingdom), working on the basis of 
a non-invasive backscattering method, was applied. The measurements 

were carried out at 22 ± 1 ◦C for solutions of extracts’ concentrations: 
0.3 ×CMC, 1.0 ×CMC, and 3 ×CMC. 

2.6. Statistical analysis 

All experiments and measurements were conducted in triplicate. For 
further calculations arithmetic means and standard deviations were 
used. The calculations were conducted in MATLAB software. 

3. Results and discussion 

3.1. Analysis of the qualitative composition of the Saponaria officinalis 
fraction 

The cleaned-up extracts from Saponaria officinalis L. were analysed 
using the LC-MS/MS system. No saponins were detected in extract E3, 
but they were found in the other two extracts (E1 and E2). Both these 
clearer extracts showed cleaner spectra than that obtained for the 
extract not subjected to cleaning (extract E0). However, there was no 
considerable difference between extracts E1 and E2, both contained the 
same saponins. The saponins identified in these two extracts are 
collected in Table 1. The aglycones found in the samples are charac
teristic of Saponaria officinalis L. as described in previous studies, 
including gypsogenin, hydroxygypsogenic acid, quillaic acid, heder
agenin, hydroxyhederagenin, and phytolaccagenic acid, whose charac
teristic ions were detected at m/z 176, 501, 485, 471, 487, and 515, 
respectively [4,12,15,26]. From among sugars, mainly hexoses and their 
uronic acids were detected for which losses of 162 and 176 Da were 
found. Other characteristic losses were also observed in the mass 
spectra, i.e. 132 Da (pentose), 44 Da (CO2 from the carboxylic group), or 
18 Da (water). Among the detected saponins, there were two of the most 
intensive signals: hydroxygypsogenic acid- HexA-Pen-Pen-dHex detec
ted as [M-H]- ion at m/z 1087 and quillaic acid- Hex-HexA detected as 
[M-H]- ion at m/z 823 (Fig. S1) Chromatograms and mass spectra of 
these compounds are presented in Fig. S2, and their characteristic ions 
are given in Table 2. 

The GC-MS analysis performed does not allow a complete analysis of 
the composition of both fractions of extracts because of the type of de
tector and the molecular weight of the saponins. However, it enabled an 
analysis of the sugar components that may be included in the saponin 

Fig. 1. A scheme of isolation and membrane separation of Saponaria officinalis extracts used in the study.  
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molecules present in the extracted fractions. On the basis of the LC-MS 
analysis, the compounds with a high signal to noise ratio (S/N) and 
those present in both fractions were selected. They originated from 
pentose group: L-(-)-Arabitol and from hexose group: D-(-)-Fructopyr
anose, α-D-(+)-Mannopyranose, α -D-(-)-Tagatopyranose, D-Psicose, 
these compounds may be included in the saponins and are labelled as 
Pen - pentoses or Hex - hexoses, in Table 1. These are only the suggested 
chemical compounds. The similarities in the structures of the above- 
mentioned compounds, as well as the fact that the studied systems are 
plant extracts, make it extremely difficult to find the exact answer to the 
question of what sugar parts attach to specific aglycone parts. Attention 
should be paid to the high content of sugar alcohols, which, like sapo
nins, may arise as a result of metabolic changes taking place in plant 
cells [2,39]. These are for example D-(-)-Ribofuranose or D-(-)-Fructo
furanose, D-Pinitol, D-Mannitol. 

3.2. Surface tension 

The shape of the surface tension isotherms of the aqueous solutions 
of various types of surfactants and the minimum attainable values of the 
surface tension of these solutions provide information on the adsorption 
activity of a given compound. The minimum values of the surface ten
sion of the aqueous solutions of extracts E0, E1, E2, E3 and E4 do not 
differ much from each other and are much higher than the minimum 
values of aqueous solutions of the classic non-ionic, anionic and cationic 
surfactants (Figs. 2 and 3) [36]. Since, as mentioned above, individual 
extract fractions contain many compounds, composed of both small and 
large molecules, it is difficult to present the changes of the surface 

tension of the investigated solutions as a function of the molar concen
tration. Therefore, in order to compare the isotherms of the surface 
tension of the aqueous solution of extract fractions with the isotherms of 
the aqueous solutions of the representatives classic surfactants, the 
isotherms of the extract fraction E0, nonionic Triton X-165 (TX165), 
anionic sodium dodecyl sulphate (SDS) and cationic hexadecyl
trimethylammonium bromide (CTAB) as a function of the logarithm of 
their masses in 1 L are presented in Fig. 2 as an example. The compar
ison of the surface tension isotherms of aqueous solutions of the syn
thetic surfactants with those obtained for the solution of saponins may 
be useful for prediction of the properties of saponins mixtures with the 
classical surfactants. This seems to be important for the practical 
application of the saponins. 

Fig. 2 shows that the shape of the surface tension isotherm of the 
aqueous solution of extract E0 fraction is similar to that of the nonionic 
TX165 solution. However, the values of the surface tension of the 

Table 1 
Structures of saponins found in the Saponaria officinalis L. extract.  

Aglycone Sugar 
units 

Mass fragments, m/z Retention 
time (s) 

Gypsogenin Hex- 
HexA 

807 [M-H]-, 645 [M-H-162]-, 
601 [M-H-162–44]-, 583 [M- 
H-162–44–18]-, 469 [M-H- 
162–176]-, 451 [M-H- 
162–176–18]-  

12.70 

Gypsogenin HexA 645 [M-H]-, 469 [M-H-176]-  13.75 
Hydroxygypsogenic 

acid 
HexA- 
Pen-Pen- 
dHex 

1087 [M-H]-, 911 [M-H- 
176]-, 677 [M-H-410]-, 501 
[M-H-176–410]-  

12.77 

Hydroxygypsogenic 
acid 

Hex- 
HexA 

839 [M-H]-, 677 [M-H-162]-, 
501 [M-H-162–176]-  

12.56 

Hydroxygypsogenic 
acid 

Hex 663 [M-H]-, 501 [M-H-162]-, 
483 [M-H-162–18]-  

13.10 

Quillaic acid Hex- 
HexA 

823 [M-H]-, 661 [M-H-162]-, 
617 [M-H-162–44]-, 599 [M- 
H-162–44–18]-, 485 [M-H- 
162–176]-, 467 [M-H- 
162–176–18]-  

12.89 

Quillaic acid HexA 661 [M-H]-, 485 [M-H-176]-  13.27 
Quillaic acid HexA 661 [M-H]-, 485 [M-H-176]-, 

467 [M-H-176–18]-  
13.78 

Hederagenin Hex- 
HexA 

809 [M-H]-, 647 [M-H-162]-, 
603 [M-H-162–44]-, 585 [M- 
H-162–44–18]-, 471 [M-H- 
162–176]-  

13.04 

Hederagenin Pen- 
HexA 

779 [M-H]-, 647 [M-H-132]-, 
471 [M-H-132–176]-  

13.18 

Hederagenin HexA 647 [M-H]-, 471 [M-H-176]-  13.34 
Hederagenin HexA 647 [M-H]-, 471 [M-H-176]-, 

453 [M-H-176–18]-  
14.06 

Hydroxyhederagenin Hex- 
HexA 

825 [M-H]-, 663 [M-H-162]-, 
619 [M-H-162–44]-, 601 [M- 
H-162–44–18]-, 487 [M-H- 
162–176]-  

12.75 

Hydroxyhederagenin HexA 663 [M-H]-, 487 [M-H-176]-  13.50 
Hydroxyhederagenin HexA 663 [M-H]-, 487 [M-H-176]-, 

469 [M-H-176–18]-  
13.83 

Phytolaccagenic acid HexA 691 [M-H]-, 515 [M-H-176]-  13.44 
Phytolaccagenic acid HexA 691 [M-H]-, 515 [M-H-176]-  13.61  

Table 2 
Carbohydrates and their derivatives found in the Saponaria officinalis L. extract.  

Name R.T. (s) S/N Sample 

Allyl(methoxy)dimethylsilane  361.9 2564.4 E0 
Allyl(methoxy)dimethylsilane  361.9 6138.8 E2 
(Z)-Hex-3-enyl (E)− 2-methylbut-2-enoate  374.3 1000.1 E2 
4-Dimethylsilyloxytridecane  378.6 3241.9 E0 
4-Dimethylsilyloxytridecane  378.6 6421.2 E2 
Glycerol, tris(trimethylsilyl) ether  741.6 1619.4 E2 
Glycerol, tris(trimethylsilyl) ether  742.8 4126.5 E0 
meso-Erythritol, tetrakis(trimethylsilyl) ether  1040.7 600.13 E0 
1,5-Anhydro-D-sorbitol, tetrakis(trimethylsilyl) 

ether  
1270.8 731.79 E0 

L-(-)-Arabitol, pentakis(trimethylsilyl) ether  1281.1 1152 E2 
L-(-)-Arabitol, pentakis(trimethylsilyl) ether  1281.4 1848.3 E0 
Dihydroxyacetone dimer, tetra(trimethylsilyl)-  1318.5 512.41 E2 
D-(-)-Tagatofuranose, pentakis(trimethylsilyl) ether 

(isomer 2)  
1344.7 691.72 E0 

D-(-)-Ribofuranose, tetrakis(trimethylsilyl) ether 
(isomer 1)  

1347.4 924.23 E2 

D-(-)-Fructofuranose, pentakis(trimethylsilyl) ether 
(isomer 1)  

1373.3 1510.3 E0 

D-(-)-Tagatofuranose, pentakis(trimethylsilyl) ether 
(isomer 1)  

1381.2 5077.3 E2 

D-(-)-Fructofuranose, pentakis(trimethylsilyl) ether 
(isomer 1)  

1382.2 2052.9 E0 

2,2,4,4,6,6-Hexamethylcyclotrisilazane  1384.4 1787 E0 
α -D-(-)-Tagatopyranose, pentakis(trimethylsilyl) 

ether  
1392.5 4217 E2 

Ribitol, 1,2,3,4,5-pentakis-O-(trimethylsilyl)-  1397.2 534.25 E2 
D-(+)-Talofuranose, pentakis(trimethylsilyl) ether 

(isomer 2)  
1417.5 770.57 E2 

à-D-(-)-Tagatopyranose, pentakis(trimethylsilyl) 
ether  

1420.9 518.86 E2 

D-(-)-Fructofuranose, pentakis(trimethylsilyl) ether 
(isomer 1)  

1428.3 1650.3 E2 

D-Pinitol, pentakis(trimethylsilyl) ether  1431.3 787.34 E0 
D-Pinitol, pentakis(trimethylsilyl) ether  1433.6 784.17 E2 
D-(-)-Fructopyranose, pentakis(trimethylsilyl) ether 

(isomer 2)  
1443.4 501.17 E2 

α -D-(-)-Tagatopyranose, pentakis(trimethylsilyl) 
ether  

1453.8 18,522 E0 

α-D-(+)-Mannopyranose, pentakis(trimethylsilyl) 
ether  

1465.1 614.52 E0 

D-Psicose, pentakis(trimethylsilyl) ether  1469.6 4333.3 E2 
D-(+)-Galactopyranose, pentakis(trimethylsilyl) 

ether (isomer 2)  
1474.3 4952.9 E2 

Acrylic acid, 2,3-bis[(trimethylsilyl)oxy]-, 
trimethylsilyl ester  

1480.1 933.97 E2 

D-Mannitol, 1,2,3,4,5,6-hexakis-O-(trimethylsilyl)-  1492.4 725.18 E0 
D-Mannitol, 1,2,3,4,5,6-hexakis-O-(trimethylsilyl)-  1495.3 2072.7 E2 
D-Mannitol, 1,2,3,4,5,6-hexakis-O-(trimethylsilyl)-  1499.2 733 E0 
D-Sorbitol. hexakis(trimethylsilyl) ether  1500.8 612.83 E2 
α-D-Glucopyranose, 1,2,3,4,6-pentakis-O- 

(trimethylsilyl)-  
1555 696.77 E0 

D-Gluconic acid, 2,3,4,5,6-pentakis-O-(trimethyl
silyl)-, trimethylsilyl ester  

1569.5 729.61 E2  
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aqueous E0 solution, at a given concentration, are between those for the 
cationic CTAB and anionic SDS solutions. Indeed, as mentioned above, 
the minimum surface tension value of the E0 solution is much higher 
than that of the TX165, SDS and CTAB solutions. It is worth noting that 
the concentration corresponding to the critical micelle concentration 
(CMC) for E0 is similar to the CMC of SDS. 

A question arises why there are so great differences in the values of 
the minimum surface tension between the aqueous fractionate solutions 
and those of classic synthetic surfactants. 

The surface tension of the aqueous surfactant solutions depends on 
the surface tension of water and all solution components as well as the 
contribution of various types of intermolecular interactions to the sur
face tension of water and surfactants. For the first time, [15] has noted 
that for a better understanding of interface phenomena, not only the 
measured surface tension of a liquid or solution and the indirectly 
determined surface tension of solids are important, but also the contri
bution of particular types of intermolecular interactions to this tension. 
Taking this into account, from the practical point of view, the surface 
tension of liquids and solids can be treated as the sum of the dispersive 
and non-dispersive components. In turn, van Oss et al. in their studies 
[29–32] divided the surface tension of the solid into the Lifshitz-van der 
Waals (LW) and acid-base (AB) components. The LW component results 
from dispersion, dipole-dipole and induced dipole-dipole intermolecular 
interactions. However, they have estimated that the contribution of the 
dipole-dipole and dipole-induced dipole interactions in the condensed 
phases to the surface tension is smaller than 2% [29–32]. Thus the LW 
component in the van Oss et al. approach to the surface tension is equal 
to the dispersion component in the Fowkes theory [6]. The acid-base 
component of the solid and liquid surface tension is practically associ
ated with the hydrogen bonds formation. As a matter of fact, in the van 
Oss et al. concept, the electrostatic interactions are not taken into ac
count. In turn, van Oss and Constanzo [32] have reported that the sur
face tension of surfactants depends on their molecules orientation 
toward the air phase. If the molecules are oriented with the tail to the 
air, the surface tension of surfactants is called the tail surfactant surface 
tension but if the surfactants molecule are oriented with the head to the 
air, the surfactant surface tension is called the head surface tension. 

Taking into account the tail surface tensions of TX165, SDS and 
CTAB and assuming that their molecules in the monolayer at the water- 
air interface are oriented with the tail toward the air and that the 
monolayer is saturated, the minimal surface tension of the aqueous so
lutions of the surfactants should be about 22, 25 and 27 mN m− 1 [19]. In 

practice, the minimal values of the surface tension of TX165, SDS and 
CTAB aqueous solutions are considerably higher than these values [36]. 
Moreover, the LW component of surface tension of these surfactant so
lutions does not depend on the concentration and is close to the LW 
component of the water surface tension (26.85 mN m− 1) [37]. This in
dicates that the addition of the classical synthetic surfactants to water 
and their adsorption at the water-air interface reduce only the AB 
component of the water surface tension resulting from the hydrogen 
bonds interactions. 

The earlier studies of the sugar surfactants showed that their surface 
tension at the orientation of these surfactants molecules with the hy
drophilic groups toward the air (the so-called the head surface tension) 
was greater than 40 mN m− 1 [38] and was determined by the 
Lifshitz-van der Waals and hydrogen bonds intermolecular interactions. 
However, the contribution of the LW component to the sugar head 
surface tension was significantly greater than that of the AB one. As the 
compounds present in the given fraction of a extract have different types 
of sugar units, it should be expected that their surface tension is greater 
than 40 mN m− 1 and the contribution of AB component to this tension is 
considerably smaller than that of the LW one. This is probably the reason 
for the higher minimal values of the surface tension of particular frac
tions of the extract than those for the classic synthetic surfactants. 

In order to be able to analyse the adsorption properties of the studied 
extract fractions in the whole range of their concentration in the bulk 
phase, it is important to describe the surface tension isotherms with an 
appropriate mathematical or thermodynamic equation. It has been 
proved that the obtained surface tension isotherms can be described by 
the exponential function of the second order (Fig. 3). This function has 
the form: 

γLV = y0 +A1exp
(
− m
t1

)

+A2exp
(
− m
t2

)

(1)  

where γLV is the surface tension of the aqueous solution of the extract 
fraction, m is the weight of the extract in g L− 1 and y0, A1, A2, t1 and t2 
are the constants. 

Unfortunately, so far it has been difficult to give the exact de
pendencies of the constants in Eq. (1) on the physicochemical properties 
of the solution components. However, it seems likely that these con
stants are related to the components and parameters of the surface 
tension of the compounds present in the solution. The LW components of 
this tension can be associated with y0 constant. The values of y0 
(Table 3) for particular fractions of the extract are insignificantly lower 
than the minimal values of their aqueous solution surface tension. On 
the other hand, the values of y0 are only insignificantly different from 
those of the sugar surfactants head surface tension [38]. It is possible 
that the A1, A2, t1 and t2 constants in Eq. (1) are related to the formation 
and breaking of hydrogen bonds. In other words, they depend on the 
electron-acceptor and electron-donor parameters of the surface tension 
of surfactants. 

Our earlier studies have proved that the surface tension isotherms of 
the aqueous solutions not only of individual surfactants but also of their 
mixtures can be successfully described by the Szyszkowski equation. For 
the aqueous solution of individual surfactants this equation takes the 
form [22]: 

γW − γLV = RTΓmaxln
(

C
a
+ 1

)

(2)  

where γW is the water surface tension, Γmax is the surfactant maximal 
Gibbs surface excess concentration at the water-air interface, R is the gas 
constant, T is the absolute temperature, C is the surfactant concentration 
in mole L− 1 and a is the constant depending on the Gibbs free energy of 
adsorption. 

Eq. (2) has been successfully used for description of the surface 
tension isotherms of the aqueous solutions of single surfactants and their 
mixtures if the concentration of the surfactants and/or their mixture at 

Fig. 2. A plot of the surface tension (γLV) of aqueous solutions of the E0 fraction 
(curve 1), TX165 (curve 2), SDS (curve 3) and CTAB (curve 4) vs. the logarithm 
of their molecular weight (m) (m – the numerical value corresponding to the 
weight in g L− 1). 
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which they were present in the solution in the monomeric form was 
taken into account in this equation [19]. In the case of the surfactants 
mixtures at the constant composition, the sum of the concentrations of 
the mixture components in the bulk phase and the maximal Gibbs sur
face excess concentration of the mixture were used for the isotherm 
surface tension determination from the Szyszkowski equation [36]. 

For the calculation of the isotherm of the surface tension of particular 
fractions of the extract, it is impossible to use the Szyszkowski equation 
in the form of Eq. (2) because we do not know the molar concentration of 
a given fraction of the extract. However, in Eq. (2) m

Ms 
can be used instead 

of C, where Ms =
∑i=1

i=j αiMi (αi is the mole fraction of i − th component in 

the mixture, j is the number of components and Mi is the molar weight of 
i − th component). In such a case Eq. (2) takes the form: 

γW − γLV = RTΓmaxln
(

m
aMs

+ 1
)

(3) 

It proved that using Eq. (3) it is possible to describe the surface 
tension isotherm of the aqueous solution of all studied fractions of the 
extract (Fig. 3). In fact, Eq. (3) can be solved against γLV numerically by 
fitting the Γmaxand aMs values. The Γmax (Table 3) and aMs values ob
tained in such a way depend on the type of the extract fraction. 

As follows from the surface tension isotherms for the aqueous 

Fig. 3. A plot of the surface tension (γLV) of aqueous solutions of the fractions E0 (A), E1 (B), E2 (C), E3 (D), E4 (E) vs. the logarithm of their molecular weight (m) (m 
– the numerical value corresponding to the weight in g L− 1). Points 1 correspond to the measured values, curves 2 and 3 correspond to the values calculated from Eqs. 
(1) and (2), respectively. 
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solution of particular fractions of the extract, the aggregation process 
may take place. Most probably the CMCs of the extracts E0, E1, E2, E3 
and E4 are 1.5, 1.29, 1.5, 2.33 and 1.3 g L− 1, respectively. From among 
these CMC values, the value for E3 is the least certain. For comparison of 
the CMC values obtained for different fractions of the extract with those 
of TX165, SDS and CTAB, the CMC values of the latter were calculated in 
g L− 1 to be close to 0.493, 2.365 and 0.334 g L− 1, respectively. Thus, the 
CMC values of the particular extract fractions are smaller only than the 
CMC value of the anionic SDS [35]. 

3.3. Concentration at the water-air interface 

The concentration of the surfactants in the monolayer at the water- 
air interface can be determined, among others, using the Gibbs 
isotherm and Frumkin equations [22]. 

However, it should be remembered that using the Gibbs isotherm 
equation the excess concentration of a given compound in the surface 
layer relative to its concentration in the bulk phase is determined. In the 
case of surfactants at their low concentration in the bulk phase, the 
concentration of surfactants in the surface layer is considerable higher 
than that in the bulk phase and can be treated as a total concentration. 

For the multicomponent surfactant mixtures in which the concen
tration of the surfactants without one component is constant and the 
coefficient of the surfactants activity is equal to unity, the Gibbs 
isotherm equation takes the form [22]: 

Γi = −
Ci

RT

(
∂γLV

∂Ci

)

Cj∕=i ,T
= −

1
2.303RT

(
∂γLV

∂logCi

)

Cj∕=i ,T
(4)  

where Γi is the Gibbs surface excess concentration of the i-th component 
of the mixture, Ci is the concentration of the i-th opponent in the bulk 
phase. 

In the case of the ionic surfactants, the constant kRT is used in. Eq. 
(4) instead of RT. Assuming that the activity of water is equal to unity, 
then for the aqueous solution of the multicomponent surfactants mixture 
at a constant composition and the variable total mixture concentration, 

the Gibbs-Duhem equation for the surface region has the form: 

Adγ +
∑i=1

i=j
nidμi = 0 (5)  

where A is the area of the interface, ni is the number of moles of the i-th 
component in the solution, j is the number of the components in the 
mixture and μi is the chemical potential of the i-th component in the 
interface region. 

In fact, in the equilibrium state, the chemical potential of all com
ponents in the surface layer is equal to their chemical potential in the 
bulk phase. If the concentration of all components of the solution in the 
bulk phase is considerably smaller than the number of water moles in 
1 L, it can be assumed that: 

ai = Xi =
Cαi

ω =
mαi

MSω (6)  

where ai is the activity of the i-th component in the bulk phase, Xi is the 
mole fraction of the i-th component in the bulk phase, C is the total 
concentration of the surfactants mixture in the bulk phase in mol L− 1, m 
is the weight of the surfactants mixture in g in 1 L of solution, αi is the 
mole fraction of the i-th component in the surfactants mixture in the bulk 
phase and ω is the number of the water moles in 1 L. 

Putting Eq. (6) into Eq. (5) we obtain: 

Γ = −
m

RT

(
∂γLV

∂m

)

T
= −

1
2.303RT

(
∂γLV

∂logm

)

T
(7) 

The Γ values calculated from Eq. (7) depend on the type of the extract 
fraction (Fig. 4). For the calculation of Γ from Eq. (7), kRT cannot be 
used instead of RT because in the studied mixtures the amount of acid 
compounds is small. In such a case the values of k should be very close to 
unity and are difficult to establish precisely. It is interesting that in some 
cases the maximal Gibbs surface excess concentration of the extract 
fraction calculated based on Eq. (7) is comparable to that deduced from 
the Szyszkowski equation. The surface tension isotherms of the studied 

Table 3 
The values of the constants in Eq. (1) (y0, A1, A2, t1 and t2), maximal Gibbs surface excess concentration (Γmax), minimal area occupied by one molecule (Amin), critical 
micelle concentration (CMC) as well as the standard Gibbs free energy of adsorption (ΔG0

ads) and micellization (ΔG0
mic).  

Magnitude E0 E1 E2 E3 E4 

Constant in Eq. (1) y0 48.03047 44.96415 47.73447 44.51936 48.36917 
A1 15.17956 6.63508 15.46142 17.6059 10.27968 
t1 0.52856 0.13625 0.55549 1.84268 0.35042 
A2 8.33042 20.39518 9.01503 9.1269 9.11056 
t2 0.04599 1.25044 0.0448 0.07721 0.0494 

Γmax 

(x 10− 6 mol m− 2) Eq. (7) 
2.01 2.70 2.00 1.92 1.76 

Eq. (3) 
2.20 3.00 2.10 2.00 2.00 

aMs  0.0143 0.0865 0.0134 0.0179 0.0051 
Amin 

(Å2) 

Eq. (9) 

Γmax from Eq. (7) 82.6 61.5 83.0 86.5 94.4 
Γmax from Eq. (3) 75.5 55.3 79.1 83.0 83.0 

ΔG0
ads 

(kJ mol− 1) 
Eq. (10) 

-32.55a 

-36.80b 
-30.91a 

-35.61b 
-32.86a 

-37.23b 
-31.32a 

-35.63b 
-32.58a 

-36.94b 

Eq. (11) 
-35.27a 

-39.63b 
-30.88a 

-35.25b 
-35.43a 

-39.79b 
-34.72a 

-39.08b 
-37.78a 

-42.14b 

minimal ΔG0
ads 

(kJ mol− 1) 
Eq. (10) 

-32.70a 

-37.06b 
-33.95a 

-38.32b 
-33.03a 

-37.44b 
-31.68a 

-36.05b 
-32.86a 

-37.22b 

ΔG0
ads 

(kJ mol− 1) 
Eq. (12) 

-35.31a -33.85a -35.37a -35.80a -38.18a 

-39.68b -38.21b -39.74b -40.16b -42.54b 

CMC 
(g L− 1)  

1.50 1.29 1.50 2.33 1.30 

ΔG0
mic 

(kJ mol− 1) 
Eq. (12) 

-23.92a -24.29a -23.92a -22.85a -24.27a 

-28.29b -28.65b -28.29b -27.21b -28.63b  

a corresponds to the calculation made for the molecular weight MS = 500 g. 
b corresponds to the calculation made for the molecular weight MS = 3000 g.  
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mixtures can be also determined from the Szyszkowski-Langmuir 
equation, which can be expressed in the following form: 

γW − γLV = π = − RTΓmaxln
(

1 −
Γ

Γmax

)
(8)  

where: γW is the water surface tension. 
However, it should be noted that Eq. (8) is also known as the Frumkin 

equation [22]. 
Taking into account the Γmax values obtained from Eq. (7) the Γ 

values were calculated from Eq. (8) (Fig. 4). It proved that the shape of Γ 
isotherms obtained from Eq. (8) is different than that of the isotherms 
determined using Eq. (7). The differences between the Gibbs and 
Frumkin isotherms of Γ depend on the type of the extract fraction. 
Taking into account the complexity of the studied systems, it is currently 
difficult to establish the reasons for these differences. 

As mentioned above, it is difficult to determine the exact Γ values 
due to the presence of anionic compounds in the particular fractions of 
the extract. It can be only concluded that the real values of the surface 
excess concentration of the investigated fractions of the extract at the 
water-air interface are in the range from Γ/2 to Γ. The Γmax values ob
tained for the extract fractions E0, E2 and E3 are comparable to those for 
the saponins. It probably results from the fact that these fractions 
contain the compounds whose adsorption properties are close to those of 
saponins. Unfortunately, it is difficult to establish which compounds 
have the same adsorption properties as saponins. On the other hand, the 
Γmax values for the fractions E0, E2 and E3 are insignificantly smaller 
than the value of Γmax for TX165 [35]. However, the Γmax value for E1 is 
insignificantly smaller than the maximal values of the Gibbs surface 
excess concentration of ionic SDS and CTAB. The smallest value of Γmax 

was obtained for E4 (Table 3). 
On the basis of the Γmax value it is possible to determine the minimal 

average value of the area occupied by one molecule of a given extract 
fraction (Amin) in the monolayer at the water-air interface using the 
simple expression: 

Amin =
1

ΓmaxN
(9)  

where: N is the Avogadro number. 
It appeared that the calculated values of Amin for all extract fractions 

are higher than the contactable area of sugar units [38]. However, it is 
very difficult to establish the orientation of the compound molecules 

present in a given extract fraction in the mixed monolayer at the 
water-air interface based on this comparison. 

3.4. Standard Gibbs free energy of adsorption and micellization 

The standard Gibbs free energy of adsorption (ΔG0
ads) and micelli

zation (ΔG0
mic) are the measures of the tendency of the surfactants to get 

adsorbed at the interfaces and to form the colloidal aggregates in the 
bulk phase, called micelles. A number of methods have been reported for 
determination of ΔG0

ads and ΔG0
mic. If we have the isotherm of the sur

factants Gibbs surface excess concentration at the water-air interface in 
their concentration range in the bulk phase from zero to a concentration 
even higher than CMC, the standard Gibbs surface free energy of 
adsorption can be determined using the Langmuir equation modified by 
de Boer [5,22]. This equation has the form [22]: 

A0

A − A0 exp
A0

A − A0 =
C
ω exp

(
− ΔG0

ads

RT

)

(10)  

where A0 is the limiting area occupied by one surfactant molecule and A 
is the area occupied by one surfactant molecule in the monolayer at the 
interface corresponding to a given mole concentration C, respectively. 

To solve Eq. (10) the knowledge of A0, A and C is needed. As a matter 
of fact, A can be calculated from Eq. (9) which applies not only for Amin 

determination. However, to establish the A0 value for the particular 
fraction of the extract, which is the multicomponent mixture, none of 
the known concepts can be used. Taking into account the composition of 
the particular fraction of the extract, it seems reasonable that the A0 

value should be close to the contactable area of the sugar unit (35 Å2) 
[38]. This results from the fact that the molecules of the most com
pounds present in the extract fraction contain the groups whose size is 
close to that of the sugar unit. In the case of diluted solutions, the value 
of A0 has an insignificant impact on the ΔG0

ads value calculated from Eq. 
(10). Another problem to solve Eq. (10) against ΔG0

ads is to establish the 
C value of the extract fraction. As two membranes with the porosity of 
500 and 3000 Da were used in the fractionation process of the extract, 
the molecular weight was assumed to be equal to 500 and 3000 g, 
respectively for the C calculations. 

Using the A0 and C values determined in the above mentioned ways 
and the A values determined based on the Gibbs isotherm of the excess 

Fig. 4. The plot of the surface excess concentration (Γ) for the fractions E0 
(curves 1, 1′), E1 (curves 2, 2′), E2 (curves 3, 3′), E3 (curves 4, 4′) and E4 
(curves 5, 5′) vs. the logarithm of their weight (m) (m – the numerical value 
corresponding to the weight in g L− 1). Curves 1 – 5 correspond to the values 
calculated from Eq. (7), curves 1′ – 5′ to those calculated from Eq. (8). 

Fig. 5. The plot of the standard Gibbs free energy of adsorption (ΔG0
ads) for the 

fractions E0 (curves 1, 1′), E1 (curves 2, 2′), E2 (curves 3, 3′), E3 (curves 4, 4′) 
and E4 (curves 5, 5′) calculated from Eq. (10) vs. the logarithm of their molar 
concentration (C). Curves 1 – 5 correspond to the molar concentration calcu
lated for the molecular weight equal to 500 g and curves 1′ – 5′ to molecular 
weight equal to 3000 g, respectively. 
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concentration of particular extract fraction in Eq. (10), two ΔG0
ads values 

were calculated for E0, E1, E2, E3 and E4 (Table 3) (Fig. 5). It proved 
that the absolute values of ΔG0

ads for all types of extract fractions are 
smaller than that for TX165, SDS and CTAB (Table 3) [36]. These values 
of ΔG0

ads depend on the type of the extract fraction. 
Of course, the question arises whether the values of molecular weight 

used for the calculation of the standard Gibbs free energy of adsorption 
give its reasonable values for the particular components of the extract 
fraction. According to the experimental procedure, the maximal mo
lecular weight of the compounds cannot be higher than 3000 g. How
ever, the minimal molecular weight is not equal to 500 g. On the other 
hand, the molecular weight of more than 90% compounds present in the 
studied solutions is higher than 250 g. If in the calculation of ΔG0

ads the 
compounds of molecular weight of 250 g are used instead of those of 
500 g, then the obtained values differed by less than 2 kJ mol− 1. Thus, 
for all fractions from the Saponaria extract, the calculations of ΔG0

ads 
were made assuming that the molecular weight of compounds was equal 
to 500 or 3000 g which corresponds numerically to the porosity of the 
membranes. 

It seems to be interesting to calculate the ΔG0
ads values based on the 

constant established solving the Szyszkowski equation against the sur
face tension of the aqueous solution of extract fractions. 

Dividing aMs by 500 or 3000, two values of a were obtained for each 
fraction of the extract and then the G0

ads values were calculated from the 
following equation [22]: 

a = ωexp
ΔG0

ads

RT
(11) 

In many cases, the values of ΔG0
ads calculated from Eq. (11) are close 

to those obtained from Eq. (10). This indicates that using the Szysz
kowski equation both the maximal Gibbs surface excess concentration as 
well as the standard Gibbs free energy of adsorption of such complicated 
systems can be determined. In fact, the ΔG0

ads values calculated from Eq. 
(11) are higher than that for TX165 and smaller than those for SDS and 
CTAB [36] (Table 3). 

According to Zdziennicka and Jańczuk [34] the ΔG0
ads values are 

correlated with the standard Gibbs free energy of micellization (ΔG0
mic) 

by the following expression: 

ΔG0
ads = RTln

CMC
ω −

γW− γmin
LV

Γmax (12)  

where RTln CMC
ω is equal to ΔG0

mic. 
For the calculations of ΔG0

ads from this equation, the values of Γmax 

determined from Eq. (7) and γmin
LV as well as CMC obtained based on the 

surface tension isotherms (Figs. 2 and 3) were taken into account. The 
values of ΔG0

ads calculated from Eq. (12) are slightly smaller than those 
calculated from Eqs. (10) and (11). However, they are higher than ΔG0

ads 
values for TX165 and smaller than those for SDS and CTAB. (Table 3) 
[36]. 

In turn, the ΔG0
mic calculated from Eq. (12) is comparable to that of 

TX165, being smaller than the values for SDS and CTAB, and depends on 
the type of the extract fraction (Table 3) [36]. 

3.5. Particle size distribution 

The final stage of the research was the determination of micelle size 
of particular extract fractions. The particle size distribution analysis was 
performed using the previously obtained information on the CMC of 
individual fractions, to provide additional information about the hy
drodynamic diameter of micelles, depending on the concentration. Tests 
were carried out using a concentration three times lower than CMC - 
0.3 × CMC, at CMC – 1.0 × CMC, and three times higher than CMC – 
3.0 × CMC. The results are shown in Fig. 6. For each fraction the particle 

size calculated for the concentrations of 1.0 × CMC and 3.0 × CMC were 
the same. For the fractions E0, E3 and E4 the particles’ hydrodynamic 
diameters for the concentration of 1.0 × CMC and 3.0 ×CMC differed 
from that calculated for 0.3 ×CMC. However, there is a significant dif
ference in the micelle size distribution between the E0 fraction - crude 
extract, and the fractions obtained after nanofiltration. As mentioned 
above, an extract is a mixture of many compounds, ranging from pro
teins, through lipids and waxes, to sugars. The E0 fraction is the crude 
extract and thus differences may arise. It is, therefore, worth noting that 
depending on the degree of purification of the extract and its concen
tration, the hydrodynamic diameter of particles is different. For the 
fractions E1 and E4, the size of the micelles ranges from approx. 
37–120 nm, and for E2 from 24 nm to 105 nm. According to [14], these 

Fig. 6. Particle size distribution of the individual fractions of the Saponaria 
officinalis extracts (xv – volume fraction in %, d – hydrodynamic diameter 
in nm). 
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values corresponded to typical micelle size range from 5 to 100 nm. On 
the other hand, the volume fractions signals appearing on each spectra 
between 220 nm and 1000 nm may correspond to the aggregated forms 
of micelles. As observed by [23], agglomerates of Sapindus mukorossi 
saponin micelles were also present in aqueous solution having particle 
size ranging from 132 to 235 nm, 390–990 nm, and 5155–8520 nm, 
which corresponds to the value obtained in our research. It is worth 
noting the lack of such signals for the fraction E3. In the case of the crude 
extract, the percentage of particles with a size from 37 nm to 91 nm is 
very limited. Particles with a size from 2300 nm to 5560 nm have the 
largest share, which suggests almost no disaggregated micelles. 

4. Conclusions 

Based on the carried out experiments and the analysis of the obtained 
results many conclusions can be drawn. The chromatographic-mass 
spectrometry analysis indicated the presence of saponins, the de
rivatives of gypsogenin, hydroxygypsogenic acid, quillaic acid, heder
agenin, hydroxyhederagenin, and phytolaccagenic acid in the 
S. officinalis extract and showed great enrichment in their content in the 
fraction between 500 Da and 3000 Da. 

The surface tension isotherms of the aqueous solution of different 
extracts’ fractions can be described by the exponential function of the 
second order and the constants of this function are related to the com
ponents and parameters of the compounds present in the extract 
fraction. 

It was observed that the saponins have non-ionic nature which is in 
accordance with the suggestions following from other research works. 

The standard Gibbs free energy of micellization indicates that plant 
extracts have the greater tendency to aggregate than the classical syn
thetic surfactants. The thermodynamic equations used for the determi
nation of Gibbs surface excess concentration isotherms as well as the 
standard Gibbs free energy of adsorption and micellization for the 
aqueous solution of individual surfactants and their mixtures can be 
customized to so complicated solution as the aqueous solution of frac
tion of extract. What is more, the saponin-rich fraction of the extract 
formed nanometric micelles and agglomerates, which were of smaller 
size then those formed in the other extract fractions. 

The presented analyses constitute an appropriate basis for further 
planned research, as they confirm the effectiveness of extract purifica
tion, present the qualitative analysis as well as the CMC values that will 
support the application of bioactive S. officinalis extract in pharmaceu
tical, cosmetic and food products. 

Ethical approval 

This article does not contain any studies with human participants or 
animals performed by any of the authors. 

CRediT authorship contribution statement 

Adam Grzywaczyk: Methodology, Formal analysis, Investigation, 
Writing – original draft, Visualization. Wojciech Smułek: Conceptual
ization, Formal analysis Data curation, Writing – original draft, Super
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Fig S1. Mass spectra of purified (E2) fraction of Saponaria officinalis 
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Fig. S2 Chromatograms (A,C) and mass spectra (B,D) of hydroxygypsogenic acid- HexA-Pen-

Pen-dHex (A,B) and quillaic acid- Hex-HexA (C,D). 
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Study of Interactions between Saponin Biosurfactant and 
Model Biological Membranes: Phospholipid Monolayers  
and Liposomes 
Monika Rojewska, Wojciech Smułek, Adam Grzywaczyk, Ewa Kaczorek and Krystyna Prochaska * 

Institute of Chemical Technology and Engineering, Poznan University of Technology, Berdychowo 4, 
60-965 Poznań, Poland 
* Correspondence: krystyna.prochaska@put.poznan.pl; Tel.: +48-61-6653601; Fax: +48-61-6653749 

Abstract: The aim of this study was to determine the effect of saponins-rich plant extract on two 
model biological membranes: phospholipid monolayers and liposomes. The Langmuir monolayer 
technique was used to study the interactions of model phospholipid membranes with saponins. The 
π-A isotherms were determined for DPPE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine) 
monolayer with the addition of various concentrations of licorice saponins extracts and subjected to 
qualitative as well as quantitative analysis. Additionally, relaxation studies of the obtained mono-
layers were carried out and morphological changes were examined using Brewster angle micros-
copy. Moreover, changes in the structure of phospholipid vesicles treated with solutions of sapo-
nins-rich plant extracts were assessed using the FTIR technique. The size and zeta potential of the 
liposomes were estimated based on DLS methods. The obtained results indicated that the saponins 
interact with the phospholipid membrane formed by DPPE molecules and that the stability of the 
mixed DPPE/saponins monolayer strongly depends on the presence of impurities in saponins. Fur-
thermore, it was found that the plant extract rich in saponins biosurfactant interacts mainly with the 
hydrophilic part of liposomes. 

Keywords: adsorption; BAM; DLS; extracts of saponins; FTIR technique; Glycyrhiza glabra;  
impurities; Langmuir monolayer; liposomes; π-A isotherm; relaxation of monolayer 
 

1. Introduction 
Biosurfactants from the group of saponins have gained significant interest during 

recent years due to their various biological, therapeutic, and pharmaceutical effects [1–3]. 
Saponins are natural, surface-active glycosides which include a single or several 
hydrophilic glycoside molecules linked to a lipophilic triterpene molecule. Medicinal 
plants are the main source used for the preparation and extraction of various modern 
drugs and pharmaceutical agents, including saponins [4]. Among such plants, licorice is 
one of the oldest and most widely used herbs, containing more than 20 triterpenoids and 
300 flavonoids [5]. Many studies have shown that the active compounds isolated from 
licorice exhibit anti-cancer, anti-viral, anti-inflammatory, and immunoregulatory effects, 
as well as several other actions which contribute to the regeneration and protection of the 
nervous, respiratory, digestive, endocrine, and cardiovascular systems [6]. The notable 
antibacterial properties of licorice have been emphasized in particular because many 
studies have reported that aqueous [7], ethanol, and supercritical fluid licorice extracts 
efficiently inhibit the activity of Gram-positive and -negative bacteria, such as 
Staphylococcus aureus [8], Escherichia coli, Pseudomonas aeruginosa, Candida albicans [9], and 
Bacillus subtilis [10]. 

Due to such valuable biological properties, the interest in saponins as a bionatural 
material is growing. Their application in antibacterial therapy is considered in order to 
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facilitate the transport of antibiotics through the biological membrane of bacteria [11,12]. 
For this reason, the first step to ensure a proper design of saponins–antibiotic mixtures is 
to elucidate the mechanism of interactions between saponins and bacterial membrane 
components, such as phospholipids. However, understanding how saponins interact with 
components of the membrane at the molecular level is a challenging task. Therefore, many 
studies have been conducted to determine the effects of saponins on the biomimetic 
systems [12–15]. These experiments allow to analyze the interactions between the 
components of a model membrane and biologically active substances using various 
physicochemical methods. 

Biomimetic studies are commonly used as screening tests in laboratory practice 
during the first stages of an experiment focused on biologically active compounds 
(potential drugs) and constitute an important step in drug design research [16,17]. 

Liposomes are spherical, closed structures which consist of a lipid bilayer. The 
unique structure of these vesicles allows for encapsulation of different substances, both 
hydrophilic and hydrophobic, in order to deliver them to specific tissues or cells. Due to 
their flexibility, variety of ingredients, ease of functionalization, tunability of the number 
of layers/sizes, biocompatibility, and biodegradability, liposomes are widely used in 
medicine and cosmetics as good carriers for biologically active substances. Their efficiency 
as a carrier of drugs depends on their physicochemical parameters, such as composition, 
size, polydispersity, their zeta potential, and the capability of drug loading [18,19]. A 
structural unit of liposomes (a bilayer) can be considered as a set of two monolayers in 
which the polar parts of molecules are directed outwards. Hence, the Langmuir 
monolayer at the air–water interface may be applied to investigate the molecular packing 
and the interactions between molecules in the mixed vesicle systems [20]. 

The Langmuir monolayer technique is a very sensitive method used to investigate 
the interactions of bioactive substances with components of biological membranes [12,21–
24]. A lipid monolayer at the air/water interface represents a promising model surface to 
study interactions with components dissolved in the adjacent water phase, such as 
saponins. The monolayer film is formed by spreading organic compounds (e.g., lipids, 
phospholipids, or glycolipids) on the aqueous subphase. The lipid layer is built by 
molecules which are specifically oriented at the air/water surface due to their amphiphilic 
character. The monolayer is compressed by Teflon barriers and the change in surface 
pressure vs. the monomolecular layer area is monitored. The surface pressure is recorded 
by a Wilhelmy plate connected to a pressure sensor. The monolayer compressed to the 
surface pressure of 30 mN/m represents a biological membrane under natural conditions 
[25,26]. 

The main aim of this study was to evaluate the ability of naturally occurring 
triterpenoid saponins to interact and cross a phospholipid membrane which consisted of 
DPPE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine) molecules. The experiments 
were prepared for two biomimetic systems: for a monolayer (2D structure) using the 
Langmuir technique and for liposomes (3D structure). The saponins used in our research 
were obtained by methanol extraction from Glycyrhiza glabra roots. Their chemical 
structure was previously defined by Schmid et al. [27]. During an attempt to associate the 
molecular structure with interfacial behavior, it should be kept in mind that the extracts 
can differ in terms of the saponins content and composition. We expected that impurities, 
such as residual plant substances, may be present and affect the interfacial properties. 
Therefore, we have studied two fractions of extracts: a crude extract (GgC) and a purified 
extract (GgP). 
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2. Results 
2.1. Interactions with the Monolayer Membrane 
2.1.1. The Surface Pressure-Area and Surface Potential-Area Isotherms 

The Langmuir technique is a unique method used to prepare monomolecular 
insoluble films of biological substances on aqueous phases, whereby intermolecular 
interactions as well as their influence on the molecular alignment can be easily 
determined. In our experiments, the DPPE solution was initially spread on the surface of 
the subphases. Then, a saponins solution was injected into the subphase one minute prior 
to the start of compression. Saponins solution (1 g/mL) was added in an appropriate 
volume in order to achieve the following final subphase concentrations: 1 mg/L, 5 mg/L, 
and 10 mg/L. For such prepared system, the changes in the surface pressure of the 
monolayer (π) from the mean molecular area at the air/buffer interface (A) were recorded 
during film compression. The obtained isotherms are shown in Figure 1. Simultaneously, 
the surface potential–area per molecule (ΔV–A) isotherms were registered (Figure 1), and 
the morphology of the mixed monolayer was visualized using a BAM microscope. 

 
Figure 1. Surface pressure–area per molecule (π–A) isotherms, compression modulus-area per 
molecule (Cs−1–A) graphs and surface potential- area per molecule (ΔV–A) for the analysed systems: 
DPPE and various concentrations of the crude saponins extract GgC (a) and purified extract GgP 
(b). 
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Figure 1 illustrates the π–A isotherms obtained for DPPE with two different extracts 
of saponins, crude (GgC) and purified (GgP). According to the literature [28], the obtained 
surface pressure–area isotherm of the DPPE monolayer on a D–PBS buffer is almost 
identical with the π–A isotherm for DPPE on water. For all analyzed systems, π–A iso-
therms are shifted towards higher values of the surface area A per molecule in the mixed 
DPPE/saponins monolayer with respect to the isotherm obtained for the DPPE monolayer. 
The “isotherm lift-off” occurs at different area per molecule values, Alift-off, depending on 
the concentration. The obtained values of the Alift-off parameter, based on the π–A iso-
therms, are presented in Table 1. The observed shift of the π–A isotherm increases with 
the increase of saponins concentration in the subphase. For the system with the addition 
of the highest concentration (10 mg/L) of the GgC extract, we observed an increase in sur-
face pressure at the Alift-off surface of approximately 61 Å2/molec, while for the lowest ex-
tract concentration Alift-off is equal to approximately 50 Å2/molec. Moreover, a more stable 
monolayer is formed in the presence of a higher concentration (10 mg/L). This film can be 
compressed to a higher surface pressure, which corresponds to the similar area of mole-
cule at the interface (Acollapse) for both high and low concentrations. In the case of purified 
extract, such an effect is not clearly visible, and the created mixed monolayers are charac-
terized by higher Alift-off values than those estimated for the GgC extract. As the concen-
tration of the saponins extract increases, the values of Alift-off also increase from approxi-
mately 43 to 65 Å2/molec. This effect also indicates a stronger interaction of the molecules 
in the GgP extract with phospholipids at the interface. Based on the observed effect of a 
stronger expansion of the film it can be assumed that the content of saponins in the puri-
fied extract is definitely higher, as saponins molecules are more strongly incorporated into 
the lipid film. However, the collapse of the monolayer occurs at lower surface pressure in 
the presence of a higher concentration of the GgP extract. Detailed information regarding 
the parameters of the π–A isotherms is given in Table 1. 

Table 1. Characteristic parameters of π–A isotherms: Alift-off—lift-off area of surface pressure. 
Acollapse—area corresponding to the monolayer collapse, πcollapse—collapse pressure [mN/m], max. 
Cs−1—maximum value of the compression modulus [mN/m] (refers to Amax or πmax). 

 Alift-off 
(Å²/molec.) 

Acollapse 
(Å²/molec.) 

πcollapse 
(mN/m) 

Amax 

(Å²/molec.) 
πmax (mN/m) Cs−1max (mN/m) 

DPPE 42.4 17.1 56.8 24.2 37.5 89.3 
DPPE/ 1 mg/L GgC 50.2 24.2 28.1 31.6 18.9 51.2 
DPPE/ 5 mg/L GgC 56.8 24.9 30.7 30.8 22.5 53.4 

DPPE/ 10 mg/L GgC 61.2 21.8 48.3 29.2 24.3 49.3 
DPPE/ 1 mg/L GgP 43.5 18.8 55.3 27.6 28.6 107.3 
DPPE/ 5mg/L GgP 57.2 28.6 53.9 32.8 40.7 120.3 

DPPE/ 10 mg/L GgP 64.9 29.8 53.3 36.3 40.6 127.3 

The estimated values of πcollapse for the DPPE monolayer in the presence of the GgP 
extract oscillate in the range of 53–55 mN/m. Thus, the mixed monolayer formed in the 
presence of the GgP extract is characterized by similar stability to that of the pure DPPE 
film. The opposite effect is observed for the GgC extract. The addition of the GgC extract 
to the subphase caused the collapse of the monolayer which corresponds to the surface 
pressure in the range 28–48 mN/m, which is notably lower compared to the DPPE film. 
Therefore, it can be assumed that the presence of impurities strongly affects the stability 
of the formed mixed monolayers. 

The compression modulus values, Cs−1 = f(A), were directly calculated based on the 
π–A isotherm. The modulus is defined as follows [29]: 𝐶௦ି ଵ = −𝐴 ∙ ቀ𝑑𝜋 𝑑𝐴ൗ ቁ் (1)
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The Cs−1 values provide information regarding the physical state of monolayers 
strictly associated with the ordering and packing of molecules at the air–water interface. 
The value of Cs−1 is assumed as zero for pure air-water interface and increases with the 
presence of surfactants at the interface. A higher compression modulus value corresponds 
to a less compressible membrane. According to the Davies and Rideal classification [29], 
the gas state (G) is in the range of 0–12.5 mN/m, the liquid-expanded (LE) state is charac-
terized by the Cs−1 modulus values between 12.5 and 50 mN/m, while the liquid-condensed 
(LC) state in in the range between 100 and 250 mN/m. The Cs−1 values above 250 mN/m 
refer to a solid state (S) of the monolayer. The maximum values of Cs−1 correspond to the 
most compressed state of the monolayer that is manifested as the “highest peak” point of 
the Cs−1 = f(A) function (Figure 1). Based on these maximum Cs−1 values (Table 1), it can be 
established that all mixed monolayers formed in the presence of the GgC extract are 
mainly in a liquid-expanded (LE) state. On the other hand, it can be observed that the π–
A curves of DPPE/GgP systems exhibit a lower slope, which is more characteristic for 
higher monolayer compressibility than that of the DPPE/GgC systems. In consequence, 
this effect is reflected by the obtained values of the compressibility modulus, which are in 
the range of approximately 107 mN/m to 127 mN/m for the DPPE/GgP system. As a result, 
the compression molecules of DPPE and saponins from the purified extract lead to the 
formation of films in the LC state. Interestingly, a disparate result was observed for the 
DPPE film in the presence of both extracts. It can be observed that the degree of impurity 
strongly affects the surface properties of the phospholipid monolayer. The addition of the 
GgC extract causes the formation of a more fluidized phospholipid monolayer (character-
ized by a lower Cs−1 value than a pure DPPE monolayer), while the addition of the GcP 
extract leads to a more condensed structure in reference to the DPPE film. 

The surface potential ΔV of a monolayer is defined as the difference in the potential 
between a clean water surface and a monolayer-covered surface [30]. This quantity de-
pends on both the packing density and the orientation of the molecules [31]. The set of 
surface potential changes versus area (ΔV–A) for particular systems is presented in Figure 
1. 

For the analyzed systems, a change in the ΔV value was obtained in different ranges, 
which proves the reorientation of molecules at the interface during compression of the 
mixed film DPPE/saponins extract. For the DPPE/GgC system, when the monolayer was 
compressed to a molecular area A of approximately 65 Å²/molec., slight changes in poten-
tial were recorded. Only after exceeding this value, a rapid increase in the surface poten-
tial value was visible, which corresponds to a rapid increase in surface pressure on the π-
A isotherm (Figure 1). This indicates that the molecules are reoriented perpendicular to 
the surface at the interface and form an increasingly ordered structure at the interface. For 
the DPPE/GgP system, a more diversified course of ΔV–A curves relative to each other 
was obtained. The influence of saponins concentration on the course of the surface poten-
tial curve is particularly visible. However, in the case of the purified extract GgP, the in-
fluence of saponins concentration on the course of the potential curve is much more pro-
nounced. 

The greatest increase in the change of the potential value was obtained for the system 
with the highest saponins concentration, i.e., 10 mg/L. It can be assumed that a higher 
concentration of surfactant molecules at the interface reduces the available surface area 
and forces the molecules to strongly reorient to each other during film compression to 
ensure the best and most favorable packing. This also proves the presence of strong inter-
actions between DPPE molecules and saponins. 

2.1.2. Brewster Angle Microscopy Images 
Brewster angle microscopy (BAM) images demonstrate the phase behavior of the 

Langmuir monolayers mimicking single leaflets of cell membranes. During the compres-
sion of the mixed monolayer, a visual analysis of the formed films has been performed. 
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The effect of the GgC concentration on the model membrane structure has been investi-
gated. Figure 2 presents the BAM images of the studied systems at different surface pres-
sure. The obtained BAM images for the DPPE monolayer indicate that the packing of the 
monolayer increases during the lipid film compression and then a homogeneous film is 
created. A continuous and densely packed film is reached at approximately 49 mN/m. The 
observed effect is consistent with the results presented in the literature [28]. It has been 
shown that the hydrogens in the DPPE ammonium group can form hydrogen bonds with 
neighboring DPPE headgroups. Therefore, molecules can easily interact with each other 
to form domains and consequently create a stable DPPE monolayer. 

 

Figure 2. BAM images of DPPE, DPPE/GgC and DPPE/GgP monolayers at selected values of surface 
pressure, π. 

BAM images indicated significant differences in the morphology of the clean DPPE 
and DPPE film after addition of the extract. Compressing a DPPE film with 1 mg/L of GgC 
to a surface pressure of approximately 11 mN/m results in the formation of domains that 
rise up at the lipids films (bright spots). The application of higher concentrations of the 
crude extract leads to the formation of large aggregates which interact with the lipid ho-
mogenous film and cause its disintegration. A two-phase heterogeneous structure was 
formed for a strongly compressed DPPE/GgC film (approximately 43 mN/m) at the con-
centration of 10 mg/L (Figure 2) and multi-layer ribbon-like structures were obtained af-
terwards. However, such a strong differentiation in the surface morphology cannot be 
observed for the DPPE/GgP system at the same concentration. Therefore, it can be as-
sumed that the formed multilayer structures are mainly the result of the interaction be-
tween surface-active impurities present in the GgC extract and phospholipids. 

2.1.3. Relaxation/Penetration Studies 
The effect of saponins on monolayers was studied by measuring the surface pressure 

relaxation. The DPPE solution dissolved in chloroform was deposited onto the phosphate 
buffer and compressed to the initial surface pressure (π = 30 mN/m). Then, the subphase 
(phosphate buffer) was exchanged for the corresponding extract by a peristaltic pump. 
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Figure 3 shows the relaxation curves for the DPPE monolayers with various concentra-
tions of the extracts. The relaxation experiment consisted of maintaining the molecular 
area (A) at a constant level and recording the surface pressure (π) as a function of time. 
When an extract was introduced into the subphase, a change in surface pressure value 
was observed in the monolayer (π(t)). If the value of (π(t)) is greater than the π0 (π(t)/π0 > 
1), an increase in the area per molecule caused by the embedded saponins molecule in the 
phospholipid monolayer is indicated. Otherwise, if π(t)/π0 < 1, there is a surface pressure 
loss in the monolayer. Hence, it can be assumed that the phospholipid molecules desorb 
from the monolayer and dissolve in the subphase. The π/π0 parameter was therefore a 
measure of the monolayer stability. The obtained results clearly show that the process of 
incorporation of saponins molecules into the model membrane strongly depends on the 
concentration of the biosurfactant solution. Generally, it was observed that the increase of 
the saponins concentration in the subphase results in a more rapid incorporation of sapo-
nins into the monolayer. In case of both analyzed extracts, the relative value of the surface 
pressure was above 1, which means that saponins molecules slowly diffuse from the sub-
phase to the phase boundary and are incorporated into the structure of the lipid film. A 
stronger effect of the interaction of the DPPE monolayer with the extract particles was 
observed for the GgP solution compared to GgC. The differences are clear in the case of a 
comparison of extract solutions at 50 mg/L. After 3500 s, the surface pressure of mixed 
monolayer increased by approximately 10% in the presence GgC solution, while in the 
case of the GgP system the increase was equal to approximately 50% (see Figure 3). 

 
Figure 3. Relative surface pressure-time curves for a various concentration of saponins extracts (a) 
GgC, (b) GgP pumped underneath of DPPE monolayer. 

On the basis of the obtained relaxation curves (Figure 3), it was found that the diffu-
sion rate of molecules to the interface increased with the increase of the concentration of 
saponins in the system. The diffusivity of the system can be determined on the basis of 
the obtained slope of the relaxation curve. The greater slope, the stronger the diffusion of 
molecules from the subphase to the interface. On the other hand, for the GgC systems, it 
can also be observed that the lack of saponins’ incorporation may result from the insuffi-
cient potential of the saponins molecules to expand the structure of the packed DPPE film. 
The DPPE monolayer at a surface pressure of 30 mN/m is characterized by Cs−1 value of 
approximately 90 mN/m, which corresponds to a film in the condensed liquid phase (LC). 
The formation of the DPPE film in the condensed liquid phase means an ordered film was 
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formed, in the case of which strong hydrophobic interactions occur between the hydro-
carbon chains in the phospholipid molecules and contribute to a tightly packed mono-
layer. The formation of such a film may constitute a physical barrier that a small amount 
of saponins molecules are unable to overcome. Thus, they incorporate into the structure 
of the membrane, which leads to its emulsification. As presented in Figure 3, only a suffi-
ciently high concentration of saponins can enhance the expansion of the compact structure 
and lead to its disturbance, thus facilitating the transport of other substances, such as 
drugs. Based on the obtained relaxation curves, it was found that the value of the surface 
pressure for the DPPE monolayer decreases over time, with a decline in the value of π/π0 
observed at the beginning of the relaxation process. Thus, the formed monomolecular 
DPPE film is not stable in the initial phase of the measurement, and the decreasing surface 
pressure values indicate the loss of adsorbed DPPE molecules from the buffer/air interface 
to the subphase. The addition of a low concentration of saponins extract to the system 
results in the formation of a mixed monolayer characterized by greater stability. 

Nevertheless, it should be emphasized that the increase of the surfactant concentra-
tion in the subphase favors stronger penetration of saponins into the lipid structure of the 
membrane. Therefore, their excessive concentration may lead to changes in the turgor of 
cells. This applies not only to the membranes of bacteria, but also the membranes of other 
organelles in the body. Nowotarska et al. [32] also showed the effect of saponins (i.e., dig-
itonin, tribulosin, dioscin, and escin) on the surface properties of the lipid monolayer of 
DMPC (dipalmitoyl phosphatidylcholine) enriched with cholesterol. The authors found 
that saponins strongly interact with the phospholipid film and the additional presence of 
cholesterol in the DMPC monolayer causes the formation of pores in the film and pro-
motes the adsorption of saponins molecules to the lipid monolayer. 

2.2. Interaction with a Spherical Model Membrane 
In the next stage of the research, in order to approximate the model more closely to 

the real system, i.e., the living cell, tests were carried out with spherical systems, i.e., with 
liposomes. The results indicating the effect of saponins on surface properties of liposomes 
are presented in Figure 4. The hydrodynamic diameter of untreated liposomes is in the 
range of 342–615.1 nm with the largest share for 458.7 nm with xV = 37.2%. The addition of 
10 mg/mL of GgC induced a shift towards larger particles, from 955.4 nm to 1990 nm. 
Hydrodynamic diameters, which are equal to 1484 nm with xV = 29.8% and 1281 nm with 
xV = 28.5%, contribute to the total share to the greatest extent. Moreover, the increase of 
zeta potential of liposomes from −47 to almost −51.5 mV can be noticed (Table 2), with no 
noticeable effect on PDI. On the other hand, the purified extract did not cause a significant 
diameter shift toward larger particles when compared to liposomes exposed to GgC, but 
the stabilization of obtained suspension can be noticed, as the PDI declined to 0.537. On 
the other hand, the zeta potential increased to −42.74 mV. 

Table 2. Zeta potential and Polydispersity Index (PDI) of samples, Ctrl—control sample of DPPE 
liposomes, GgC—liposomes with G. glabra crude extract, GgP—liposomes with G. glabra purified 
extract. 

Sample Zeta Potential ζ (mV) PDI (-) 
Control −46.94 ± 3.06 a 0.800 ± 0.141 a’ 

GgC −51.40 ± 0.89 b 0.797 ± 0.143 a’ 

GgP −42.74 ± 1.77 c 0.537 ± 0.153 a’ 

Values marked with the same letter do not differ significantly (p > 0.05). 

89:2108766617



Molecules 2023, 28, 1965 9 of 14 
 

 

 
Figure 4. Particle size distribution of liposomes untreated and treated with extracts (xv—volume 
fraction in %, d—hydrodynamic diameter); Ctrl—control sample of DPPE liposomes, GgC—lipo-
somes with G. glabra crude extract, GgP—liposomes with G. glabra purified extract. 

The zeta potential of a model biomembrane in the spherical form is mostly affected 
by the headgroups of phospholipids, the charges of which are responsible for the distri-
bution of counter ions [2]. The value of zeta potential obtained for DPPE is typical for 
liposomes with an ethanolamine headgroup. As observed by Taetz et al., DOPE modified 
with hyaluronic acid and unmodified was in the range from +50 to +60 mV for pH 6.5 [3]. 
However, there are suggestions that the charge (positive or negative) of zeta potential may 
simply not be predicted based on the composition of headgroups i.e., it depends on ionic 
media and phase state [2,4]. Thus, the change in zeta potential value may indicate the 
disorders in charge distribution on the surface of liposomes. The presence of particles may 
disrupt the surface charge distribution as saponins are non-ionic surfactants. 

Considering the size distribution, and polydispersity index results, the higher hydro-
dynamic diameter of particles treated with GgC and GgP may be noticed. As Rahnfeld et 
al. stated, the electrostatic interaction and hydration repulsive forces prevent the aggre-
gation of negatively charged liposomes [5]. Hence, the size of particles may not be corre-
lated with aggregation of liposomes but rather with a tear of liposome structures and join-
ing into bigger vesicles with saponins during their incorporation. The effect of extract pu-
rification on the recorded results should also be noted. The shift in particle size toward 
larger values for the sample with GgC may be due to the greater influence of polymeric 
compounds (e.g., polysaccharides) on aggregate formation, also with DPPE. Similarly, in 
the case of zeta potential, it can be seen that the control sample and the sample with GgP 
exhibit more similar values than the one with liposomes from GgC. 

This shows that not only the presence of saponins, but also the proportion of macro-
molecular compounds are important factors which affect the surface-active properties of 
natural surfactants. 

Further important indications were provided by the analysis of infrared spectra of 
liposome samples, which are presented in Figure 5. Among the outstanding signals, one 
should point out those at approximately 1730 cm−1 originating from the stretching vibra-
tions of the carbonyl group. Significant differences between the spectra can be seen at 
approximately 1240 cm−1 and 1090 cm−1, which most likely originate from the P=O bond 
vibrations of the phosphate group of phospholipids. Changes in these regions may indi-
cate that the compounds present in the GgC and GgP extracts interact mainly with the 
hydrophilic parts of the phospholipid molecules. Since there are no significant changes in 
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signals from the hydrocarbon chain, it can be assumed that the compounds present in the 
extracts, including saponins, do not penetrate deeper into the liposome membrane. 

 
Figure 5. FTIR spectra of DPPE/GgC and DPPE/GgP. 

3. Discussion 
Model biological membranes prepared using the Langmuir technique are used to 

mimic real membrane conditions and represent a useful tool for characterizing membrane 
component interactions with active substances present in saponins extract at the molecu-
lar level. Through the use of a model membrane, the effects of licorice concentrations and 
its impurities on the surface properties of a lipid DPPE film were investigated. For all 
analyzed systems, it was established that interactions between saponins and phospholip-
ids occur. This is evidenced by the incorporation of molecules into the structure of the 
film, which is confirmed by the obtained test results, e.g., shift of the π–A isotherm to-
wards higher surface values as well as an increase in surface pressure during the DPPE 
relaxation process. Undoubtedly, it has been shown that the surface properties are influ-
enced by the concentration of saponins and the purity of the applied extract. Stronger 
interaction effects were observed for the purified extract. Moreover, purified extracts GgP 
introduced into the DPPE monolayer cause the formation of mixed films characterized by 
greater condensation and packing, as evidenced by the estimated values of maximum 
compressibility. The obtained results also showed significant interference of saponins in 
the morphology of the model lipid membrane. 

In addition, differences between purified and crude extracts were also found in terms 
of their interaction with liposomal systems. Changes in particle size distribution and zeta 
potential show that GgC may contain macromolecular compounds that form relatively 
large agglomerates. In addition, changes in the infrared spectra may suggest that the in-
teraction of extract components with phospholipids mainly involves their hydrophilic 
parts, i.e., phosphate groups. 

In summary, it can be concluded that the GgP extract exhibited better surface activi-
ties in reference to the two-dimensional lipid monolayer. The exclusion of other surface-
active compounds present in the extract by filtration promoted the increase of interactions 
of saponins with lipid molecules. Moreover, filtration of the extract reduces the amount 
of other surface-active compounds which could be competitive with saponins during ad-
sorption at the interface. The stronger surface-active properties of GgP compared to GgC 
directly indicate the importance of the extract purification process. The exclusion of large-
molecular compounds above 3kDa and small-molecular compounds below 0.5 kDa 
clearly improved the homogeneity of the plant surfactant composition. Moreover, it can 
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be concluded that the percentage of saponins, as the key group of compounds responsible 
for the surface properties of the purified extract fraction, increased significantly in GgC. 

4. Materials and Methods 
Chemicals 
Extract from Glycyrhizza glabra roots from FLOS (Mokrsko, Poland) was obtained by 

methanol extraction in a Soxhlet apparatus. Then, the extract was subjected to two nano-
filtration processes, first using a 3-kDa (Merckmilipore, Darmstadt, Germany) membrane, 
then, the second, with the use of a 0.5-kDa membrane (TriSep, Sterlitech, Auburn, WA, 
USA). The process was conducted using Amicon Stirred Cell with a total volume of 200 
mL (Merkmilipore). As a result, two fractions of extracts were used during the research, 
crude extract marked as GgC and purified extract (with molecules size between 3 kDa and 
0.5 kDa), GgP. 

In the presented studies, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE, 
99%; from Avanti Polar Lipids (Alabaster, AL, USA)) was used as the film and liposome 
forming substance. Chloroform of high-purity Uvasol (Merck, Warszawa, Poland) was 
used to prepare the Langmuir monolayer. Dulbecco′s Phosphate Buffered Saline (Sigma 
Aldrich, Poznań wielkopolskie, Poland) was applied as a solvent to prepare saponins so-
lution or as a subphase. 

Deuterium oxide was purchased from Merck KGaA (Darmstadt, Germany) 

4.1. Research Regarding Monolayer Membranes 
π–A isotherms 
The subphase was placed in a Teflon trough (KSV Nima, Helsinki, Finland) with a 

surface area of 238 cm2. During the measurements, the temperature was kept constant at 
25.0 ± 0.1 °C with a Julabo circulator. Before each measurement, the subphase was cleaned 
to the surface pressure below π = 0.35 mN/m reached in maximum compression. 

First, the DPPC solution (with c = 1 mg/mL) was spread on the buffer surface with a 
Hamilton microsyringe (25 µL), and chloroform was allowed to evaporate for 15 min. One 
minute before the compression of the monolayer was started, the appropriate concentra-
tion of saponins solution was injected into the well and stirred. The monolayer was com-
pressed by symmetrical movement of the barriers with a velocity of 10 mm/min. 

The surface pressure π (mN/m) was measured as the function of the area per DPPE 
molecule A (Å2/molec.). 

Surface potential measurements 
The surface potential (∆V) was measured simultaneously with surface pressure using 

surface potential sensor. The non-destructive, non-contact vibrating capacitor method 
was applied (SPOT; KSV Nima). The instrument worked with two electrodes: the first 
immersed in the subphase and the vibrating electrode located just above the water surface. 
The surface potential was measured with the sensitivity of ±1 mV. 

Brewster angle microscopy 
Brewster angle microscopy (MicroBAM; KSV Nima) was used to visualize the mon-

olayer morphology. The images were captured during the monolayer compression. A 
black glass plate was placed under the subphase to absorb the refracted beam. The reso-
lution of the image was equal to approximately 6 microns pixel−1. 

Relaxation measurements 
The relaxation of the DPPE film was observed when additional molecules were in-

troduced into the monolayer using a peristaltic pump (MINIPULS 3, Gilson, Middleton, 
WI, USA). After formation of the DPPE monolayer, the subphase (DPBS buffer) was re-
placed with a new solution which contained various concentrations of saponins. A de-
tailed description of the measurement has been provided in our previous publication [12]. 
The relaxation experiments were performed for the pure DPPE monolayer and mixed sys-
tems: DPPE/saponins. The DPPE film was initially compressed to a desired surface pres-
sure of 30 mN/m and after that the solution of saponins was pumped underneath the film 
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to the subphase. The observed changes in surface pressure were recorded over time. The 
obtained results were presented as π/π0, which is the ratio of the actual surface pressure 
in time t to the surface pressure at the moment of injection at a constant molecular area 
between barriers. The temperature of the experiments (25 °C) was kept constant and con-
trolled during measurements by a Julabo F-12 circulator (Cole-Parmer, Wertheim-Mond-
fel, Germany). 

4.2. Research Regarding Spherical Membranes 
Liposomes preparation 
Liposomes were prepared as described by Costa et al. [33]. Briefly, DPPE was dis-

solved in chloroform, followed by evaporation of the organic solvent in a nitrogen stream 
to obtain a thin phospholipid film. Then, 5 mg/mL of the extract in H2O PBS buffer was 
used for hydronation of the obtained film, to achieve a final concentration of liposomes 
equal to 2.5%. Then, the solution was subjected to 10 freeze-thaw cycles as a form of ho-
mogenization of the systems. For FTIR measurements, H2O was replaced by D2O. 

FTIR 
Fourier-transform infrared spectroscopy–attenuated total reflectance (FTIR–ATR) 

was used to analyze the possible wavelength shift as a result of interaction between sap-
onins and phospholipids. In this method, infrared radiation with a vibration frequency 
close to that of the particles’ bonds is used. Because of that, radiation which penetrates the 
tested sample is absorbed selectively and increases the vibration amplitude of the func-
tional groups. This allows the characteristic absorption spectrum to be obtained. Meas-
urements was conducted for liposomes suspended in D2O/PBS using Vertex 70 (Bruker, 
Billerica, MA, USA). 

Zeta & Size 
The hydrodynamic diameter of the particles was measured by using the dynamic 

light scattering method. Zeta potential was calculated using the Smoluchowski equation 
based on electrophoretic light scattering results. Both analyses were conducted Zetasizer 
Nano ZS (Malvern Panalytical, Malvern, UK). Measurements were performed at a stable 
pH equal to 7.4. 

5. Conclusions 
Studies carried out using the Langmuir technique as well as the experiments with 

liposomes allow to conclude that the tested plant extracts rich in saponins interact with 
phospholipids present in model biological membranes. However, the strength of these 
interactions is determined by both the concentration of saponins and the purity of the 
extract used. The addition of the purified extract to the phospholipid forms a mixed mon-
olayer. It has been proven that the presence of saponins affects the structure and morphol-
ogy of the model phospholipid membrane, both in the case of flat membrane and spherical 
liposomes. The results may suggest that the effects of natural surfactants on membranes 
are mainly caused by their interaction with the hydrophilic part of liposomes. 
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According to Gawdzik et al. (2019), from among 11 000 
patients from southwest Poland, mycosis was diagnosed in 
1653 cases, from which 716 people were infected by yeasts, 
and Candida spp. was responsible for 67.66% of contagion. 
Moreover, Pfaller et al. have confirmed that invasive candi-
diasis is a leading cause of mycosis-associated mortality in 
the United States of approximately 0.4 death per 100 000 
people and Brown et al. have shown that mortality related 
to invasive candidiasis is more than 50% (Pfaller et al. 2007; 
Brown et al. 2012). The main fungal pathogens that cause 
candidiasis are Candida albicans, C. krusei, C. glabarta, C. 
parapsilosis, and C. tropicalis (Dąbrowska et al. 2019).

Even though the Candida genus is an indispensable 
part of human flora, the candidacies affect many different 
types of human systems, tissues, and organs, such as oral 
infections, vulvovaginal candidacies, skin illnesses, blood-
stream, urinary tract infections, and gastrointestinal inflam-
mation (Vila et al. 2020; Sobel et al. 2007; Kühbacher et al. 
2017; Ortega et al. 2011; Behzadi et al. 2015; Kumamoto 
et al. 2012). On the other hand, the global trend of increas-
ing drug resistance of microorganisms has also affected 
Candida fungi. Increasing drug resistance includes lower-
ing the number of substances needed for the cell wall and 

Introduction

Mycosis is a worldwide problem. It is estimated that 
over 20–25% of the global population is affected by skin 
mycosis. This medical condition is mostly caused by der-
matophytes from the genera Trichophyton, Microsporum, 
and Epidermophyton (Havlickova et al. 2008). Hence the 
name of this type of mycosis – dermatophytosis. On the 
other hand, the second type of mycosis - candidiasis is an 
infection caused by pathogenic species of Candida genus. 
This opportunistic yeast genus is responsible for superfi-
cial, as well as deep-seated mycosis (Douglas et al. 2003). 
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Abstract
Saponins are a large group of compounds, produced mostly by plants as a side product of their metabolic activity. These 
compounds have attracted much attention over the years mostly because of their surface activity and antibacterial, anti-
inflammatory and antifungal properties. On the other hand, most of the hitherto research has concerned the action of 
saponins against microbial cells as a whole. Therefore, knowing the possible interaction of saponins with biomembrane, 
we decided to check in-vitro the influence of saponin-rich extract of Saponaria officinalis on spheroplasts of two Candida 
sp. The obtained results show that 10 mg L− 1 of extract increased the permeability of spheroplasts up to 21.76% relative to 
that of the control sample. Moreover, the evaluation of surface potential has revealed a decrease by almost 10 mV relative 
to that of the untreated samples. Such results suggest its direct correlation to integration of saponins into the biomembrane 
structure. The obtained results have proved the antifungal potential of saponins and their ability of permeabilization of 
cells. This proves the high potential of saponins use as additives to antifungal pharmaceutics, which is expected to lead 
to improvement of their action or reduction of required dosage.
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biomembrane creation, reducing the uptake of pharmaceuti-
cals from the environment, or gene modification (Bondaryk 
et al. 2013). Moreover, misuse of antifungal drugs, as well 
as repeated therapy may lead to increase in drug resistance 
(Pristov et al. 2019; Tsuzuki et al. 2007).

One possible approach to overcome this phenomenon is 
the use of compounds capable of interacting with a biologi-
cal membrane. Saponins are an example of plant-derived 
biosurfactants capable of either embedding the hydropho-
bic part into the structure of the cell membrane, or forming 
holes in the structure of the cell membrane (Dawid et al. 
2020). This is a diverse group of compounds that differ in 
the type of hydrophobic group (steroid or triterpene) and the 
structure of the sugar chain, which is the hydrophilic part 
of the saponin molecule. Moreover, these compounds can 
be found in many plants such as liquorice, soap tree, and 
soapwort (Podolak et al. 2010).

Saponaria officinalis L., commonly known as soapwort, 
is a plant renowned for its abundant saponin content, par-
ticularly concentrated in its root, reaching levels as high as 
21% (Jurado Gonzalez et al. 2020). Indigenous to the Eur-
asian region, it thrives predominantly in the Mediterranean 
and Irano-Turanian zones, as well as across Central Europe 
(Jurado Gonzalez et al. 2020; Chandra et al. 2021). Its wide-
spread presence has historically led to its holistic utilization, 
with various parts of the plant employed for medicinal pur-
poses since antiquity. It has been traditionally applied in the 
treatment of skin ailments, such as eczema and acne, as well 
as for addressing rheumatism, bone deformities, respiratory 
issues, and liver disorders (Chandra et al. 2015). Moreover, 
it is recognized for its antibacterial and antifungal attributes, 
notably effective against Candida yeasts (Smułek et al. 
2017; Sadowska et al. 2014).

Hence, this investigation concentrates on exploring the 
effects of a pure and nanofiltration-purified extract of Sapo-
naria officinalis L. on Candida albicans and Candida kru-
sei cells that have been enzymatically depleted of their cell 
walls, commonly referred to as spheroplasts. Although the 
interaction of saponins with Candida cells has been studied, 
the main concern was the presence of the cell wall, which 
is an important barrier between the fungal cell and the 
external environment (Coleman et al. 2010). In this study, 
knowing the properties of saponins, we decided to check 
the properties of the cell membrane after treatment with a 
saponin-rich extract, such as its permeability and adsorp-
tion capacity, which has never been described before. As we 
showed elsewhere, the concentration 10 mg L− 1Sapindus 
mukorossi saponin-rich solution, was simultaneously non-
toxic to intestinal epithelial cells for which the dependence 
of metabolic activity on saponin concentration was deter-
mined (Grzywaczyk et al. 2023). Therefore, our previous 
studies led to the selection of concentrations − 5, 10, and 

15 mg L− 1, of Saponaria officinalis L. both crude and puri-
fied, which may potentially have a slight impact on non-
target cells including epithaphial cells, while demonstrating 
an effect on the permeability and adsorptive capacities of 
Candida biomembrane. The obtained results may provide 
important information on a possible usage of plant saponin 
as a drug adjuvant, cellular response to biosurfactants, and 
thus, constitute the next step in the research on counteract-
ing the growing antibiotic resistance.

Materials & methods

Chemicals

All chemicals used in this study were of the highest purity 
grade and were purchased from Merck KGaA (Darmstadt, 
Germany). Saponaria officinalis roots were obtained from 
Flos (Mokrsko, Poland). Sabouraud agar dextrose 2% and 
Sabouraud agar glucose 4% were purchased from BTL 
(Łódź, Poland).

Extract preparation & nanofiltration process

The Saponaria officinalis extract was obtained via metha-
nol extraction as described by Smułek et al. (2016). The 
plant roots were placed in a Soxhlet apparatus and sub-
jected to methanol extraction for 6  h. After that, metha-
nol was removed using a rotary evaporator. As a results, 
crude extract was obtained, marked as a SoC. In our previ-
ous research, we established the presence of Gypsogenin, 
Hydroxygypsogenic acid, Quillaic acid, Hederagenin, and 
Hydroxyhederagenin within this extract, each containing 
pentose or hexose sugar groups. Notably, the CMC of this 
extract was determined to be 1.50 g/L (Grzywaczyk et al. 
2023).

Nanofiltration process was used in order to obtain a sapo-
nins-rich fraction of Saponaria officinalis extract. Amicon 
Stirred Cells (Merck Milipore, USA) equipped with 3 kDa 
filtration discs were used in the first step (Merck Milipore, 
USA), and 0.5 kDa discs were used in the next stage of the 
process (Sterlitech, USA).

As mentioned before, the nanofiltration process was 
divided into two steps. In the first step, crude extract was 
filtered through 3 kDa membranes, the permeate was col-
lected and used in the second nanofiltration process. So, in 
the first step, a fraction with particles < 3 kDa was obtained. 
The second filtration was carried out using 0.5 kDa mem-
brane and the retentate was collected. As a results, a fraction 
0.5 kDa – 3.0 kDa was obtained as a rich-saponin Saponaria 
officinalis fraction and marked as a SoP.
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Yeast strain & culture conditions

Two strains of yeast from Candida strain were used in the 
research: Candida albicans (Polish Collection of Microor-
ganisms no. 2566) and Candida krusei (Polish Collection 
of Microorganisms no. 2706). The yeasts were stored, C. 
krusei on Sabouraud agar dextrose 2% and C. albicans on 
Sabouraud agar glucose 4% agar plates. For incubation, the 
fungal biomass was suspended in a nutrient broth until it 
reached the exponential growth phase. The fungal cultures 
prepared were then centrifuged at 4500 rcf and re-suspended 
in an isotonic PBS solution with a constant pH of 7.4.

To evaluate the growth curves of both strains, they were 
cultured with the presence of Saponaria officinalis L. crude 
and purified extracts respectively in the range of final con-
centration of 5.0, 6.25, 12.5, 25.0, 50.0, 62.5, 125.0, 250.0 
and 500.0 mg L− 1.

Spheroplasts preparation

Spheroplasts were prepared as described by Stirke et al. 
(2019). The cells were centrifuged, suspended in lyticase 
pH 6.0 buffer (0.112 M of boric acid, 0.028 M of citric acid, 
and 0.082 M tertiary sodium phosphate) and adjusted to 1.5 
OD600. Then, 50 U/mL of lyticase was added and incubated 
for 2 h at 30 ℃. After that, the cells were centrifuged and 
washed twice with PBS. For analysis, the spheroplasts at 
OD600 = 1.0 were used. The changes in structure of cells and 
spheroplasts were analysed with TEM microscopy. Hence-
forth, the spheroplasts of C. albicans and C. krusei strains 
will be referred to as C.albSP and C.krsSP respectively. The 
spheroplast were then incubated for 24  h with Saponaria 
officinalis L. crude and purified extract at concentrations 
of 5, 10, and 15 mg L− 1 respectively. The positive control 
consisted of spheroplasts not treated with saponins, while 
the negative control included saponin-untreated and wall-
containing cells.

Transmission electron microscopy

Morphological evaluation of the cells and their spheroplasts 
was made on the basis of transmission electron microscope 
(TEM) data, HT7700 (Hitachi, Tokyo, Japan). The cells 
or spheroplasts suspensions were placed on a copper grid 
coated with carbon film and negatively stained with 2% 
tungstic acid.

Cell surface properties

The surface properties were assessed using Crystal Violet 
assay for cell permeability determination and Congo Red 
assay for cells adsorption capacity evaluation. Fungal cells 

and the spheroplasts were prepared as described above. 
Then, they were resuspended in PBS buffer to obtain the 
OD600 = 1.0. Total membrane permeability was tested 
according to Devi et al. (2013) by colorimetric measure-
ments of the rate of crystal violet absorbed by the cells/
spheroplasts. Moreover, cell surface hydrophobicity was 
studied by measuring the adsorption of Congo red dye on 
the surface of microbial cells (CR assay) (Ambalam et al. 
2012). Cell/spheroplasts surface zeta potential analyses 
were conducted as described by Smułek et al. (2016) at a 
constant pH of 7.4.

Cytotoxicity analysis

To evaluate fungal cells’ viability, MTT assay was applied 
according to a modified protocol described by Oh and Hong 
(2022). Briefly, the test was based on the colorimetric reac-
tion of yellow 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT) which is transformed to its violet 
formazan by living cells.

Statistical analysis

The results presented in the study were calculated as an 
average value from at least three independent experiments. 
The variance analysis and t-Student test were applied to 
determine the statistical significance of differences between 
the average values. The differences were considered statisti-
cally significant at p < 0.05. All calculations were conducted 
using Excel 2019 (Microsoft Office) software.

Results & discussion

Transmission electron microscopy observation

The morphology of Candida cells is typical of yeast cells. 
After the growth in the liquid culture, the Candida cells 
may have elongated. However, the mechanism responsible 
for the changes in the cell shape are still unknown (Huang 
et al. 2008). Figure  1A presents a compact structure of a 
cell not subjected to enzymatic lysis of a cell wall. The 
visibly lighter area is most likely the vacuole (Figs.  1A), 
and the darker area is the cell nucleus (Fig. 1A). After the 
enzymatic reaction the image is changed. Major vacuoles 
can be noticed, i.e. the outer layer of the cells (Figs. 1A) 
becomes thinner, which may indicate the lack of a cell wall 
(Figs. 1B). Moreover, the uptake of the dye used for TEM 
observations increased, as the blackening of cell increased 
when compared to that of the control sample. In case of 
5 mg L− 1 SoC treatment (Fig. 1C), no visible changes in 
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the cell lysis. As presented by Huang et al. (2008), the dam-
age of E. coli cell wall can be compensated by cytoplas-
matic bulge, without changes in the cell shape. Moreover, 
modification of the cell wall by bacteria may even be one 
of the mechanisms of their antibiotic resistance (Claessen et 
al. 2019). The cells of C.krsSP treated with 5 mg L− 1 SoC 
do not show any observable structural changes. However, 5 

morphology of spheroplasts were observed. However, the 
inner part of the cell can still be visible (vacuoles, nucleus).

The morphology of Candida krusei cells, is similar to that 
obtained for C. albicans. In comparison to Ctrl sample, the 
inner part of the cell structure, to a small extent expands the 
outer membrane of a spheroplast, which is protected against 
lysis in an isotonic PBS buffer environment (Fig. 2B). The 
lack of cell wall does not have to be directly correlated with 

Fig. 1  TEM pictures of Candida albicansA – control (untreated cells), B – spheroplasts, C – SoC treatment, D – SoP treatment, 1-nucelus, 2-vacu-
ole, 3, 3’ – outer cell layer
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Coleman et al. (2010) used concentrations in the range 
of 16 and 32  µg mL− 1 in their research, Sadowska et al. 
(2014) used Medicago sativa extract with a concentration of 
500 µg mL−1, while Li et al. (2020), reported the suppres-
sion of hyphae growth in the presence of saponins. During 
their studies, the series of concentration used was 0, 16, 32 
and 64 µg mL− 1. They showed that the C. albicans hyphal 
growth inhibitory effect of tea saponin in the concentration 

mg L− 1 of SoP caused the lysis of cells (Figs. 2D) which is 
evidenced by the higher uptake of the contrast dye.

As we mentioned before, saponins are able to integrate 
into the structure of biomembrane, but due to the possible 
toxic effect of saponins on human biological membranes, it 
is very important to use them in the right amount. The use 
of similar concentrations of saponins against yeasts of the 
Candida genus has been described in the existing literature. 

Fig. 2  TEM pictures of Candida kruseiA – control (untreated cells), B – spheroplasts, C – SoC treatment, D – SoP treatment, 1-nucelus, 2-vacuole, 
3, – outer cell layer, 4 – lysed cell
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ergosterol (De Groot et al. 2016; Akiyama et al. 1980; Story 
et al. 1984; Coleman et al. 2010). Sterols are vital compo-
nents of eukaryotic biomembrane and they act as stiffen-
ing agents, hence, their absence can effectively disrupt the 
structure of the cell membrane (Doole et al. 2022). Cole-
man et al. (2010) have suggested, that saponins may have 
even higher affinity to binding to the fungal ergosterol rather 
than cholesterol. Increased permeability of spheroplast can 
be correlated to the reduction of the level of ergosterol 
in the biomembrane structure. As reported by Sudji et al. 
(2015), saponins are able to disintegrate the biomembrane 
through formation of complexes with cholesterol, leading 
to membrane leakage or even pore formation. In contrast, 
the results of spheroplasts’ adsorption capacity may also 
indicate the second mechanism of saponin action on bio-
membrane that is integration of hydrophobic part into the 
structure of biomembrane (Rojewska et al. 2020). As pre-
sented in Fig. 3B, the addition of 5 mg L− 1 SoC leads to a 
decrease in the adsorption capacity of C.krsSP. The addi-
tion of the same concentration of SoP causes a decrease in 
the adsorption capacity of C.albSP. The decrease in Congo 
Red adsorption is also noticeable for C.albSP and C.krsSP 
treated with 15 mg L− 1 SoP. The treatment of C.albSP. and 
C.krsSP with SoP in the amount of 10 mg L− 1 resulted in 
significant differences only for C.albSP. What is more, the 
results indicate an increase in Congo Red binding by 5.52%. 
A similar increase by 11.51% relative to that of the control 
sample was also observed for C.krsSP spheroplasts treated 
with 15 mg L− 1 SoP. In the remaining cases, the statistical 
test showed no significant changes. The treatments leading 
to no change in Congo Red adsorption may be interpreted as 
connected to the aforementioned saponin-ergosterol interac-
tion (Lorent et al. 2013). Loosening the tight structure of 
the cell membrane results in increased adsorption capacity 
of the surface of the cell membrane. The observed decrease 
in the adsorption capacity may be related to the incorpora-
tion of saponins in the space where cholesterol is missing. 
Ondevilla et al. (2021) have examined the effect of one of 
saponins, diosgenin (DGN). They suggested that DGN at 
concentrations of up to 18 mol% reproduced the functions 
of cholesterol i.e. acted as a stiffening agent.

The outer layers of the cell i.e. wall or biomembrane, are 
dynamic structures, in which many phenomena may occur. 
Each cell action, may eventually have impact on its compo-
sition. What is more, any unwanted change in the membrane 
or wall structure such as disruption or hole, may affect the 
zeta potential of cells (Ferreyra Maillard et al. 2021). In this 
study, the surface potential decreased from − 5.44 to −7.38 
mV after lysis of C. krusei. cell wall, whereas it increased 
from − 9.36 to −8.80 mV for C. albicans (Table 1). How-
ever, the change in the surface potential for C.albSP was 
statistically insignificant. What is worth noting, however, is 

of 32 µg mL− 1might be rather connected to reduction of the 
level of cyclic adenosine monophosphate. It is worth not-
ing that analogous changes in cell wall and cell outer mem-
branes morphology were observed in Pseudomonas bacteria 
treated with saponins from Sapindus mukorossi, as reported 
elsewhere (Grzywaczyk et al. 2023). However, the MIC 
curves determined by us did not show an effect of SoC and 
SoP solutions, even at a concentration of 500 mg L− 1 (see 
supplementary materials), on the growth of Candida cells.

Surface properties of spheroplasts

Cell surface properties are strictly related to the membrane 
and/or cell wall properties. In order to explain the activ-
ity of saponins targeted at the biomembrane, it is crucial 
to assess the spheroplasts surface properties. As presented 
in Fig.  3A., the addition of extracts in the amounts of 10 
and 15 mg L− 1 causes an increase in the uptake of Crys-
tal Violet. Thus, we can assume, that both SoC and SoP 
increase the permeability of Candida spheroplasts. For 
C.albSP, the addition of SoC in the amount of 5, 10 and 15 
mg L− 1 caused an increase in the uptake of Crystal Violet 
by 12.31%, 21.76% and 16.74%, respectively. The addition 
of SoP in the amount of 5 mg L− 1 caused an insignificant 
decrease in the CV uptake, by -3.97%, whereas its addition 
in the amounts of 10, and 15 mg L− 1 caused an increase in 
the CV uptake by 26.10% and 16.54%, respectively. Similar 
observations were made for C.krsSP. While the addition of 
either SoC or SoP in the amount of 5 mg L− 1 caused a sig-
nificant decrease in permeability of about 22%, their addi-
tion in the amount of 10 and 15 mg L− 1 caused an increase 
in permeability, the greatest, by 30.52%, after the addition 
of 15 mg L− 1 SoC.

The well-known mechanism of saponin-biomembrane 
interaction involves complex formation with cholesterol or 

Fig. 3  Spheroplasts surface properties of Candida albicans and Can-
dida kruseiA - spheroplasts permeability, B - Congo Red adsorption. 
The results are presented in relation to the control samples, whose 
permeability and adsorption, respectively, were taken as 0. Each col-
umn marked with different number of dots are significantly different 
(p < 0.05, LSD test) considering the reactions of Candida strains
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activity of the cells was assessed. After treatment with 5 
mg L− 1 of SoC or SoP the metabolic activity of each strain 
decreased by 50% compared to Ctrl, i.e. untreated samples 
(Fig. 4). However, 10 mg L− 1 of SoP caused a decrease in 
the metabolic activity of C.krsSP, but the treatment with 
SoP brought a high increase in that of C.albSP. Similar 
observation was made after the treatment of C.albSP. with 
15 mg L− 1 of SoP, which increased the C.albSP activity by 
50% relative to the control sample.

An increase in C.albSP. activity as a result of treatment 
with 10 mg L− 1 and 15 mg L− 1 of SoP is most likely related 
to cellular response mechanisms that counteract negative 
phenomena resulting from a toxic environment. A similar 
phenomenon has been observed by Zdarta et al. (2019) who 
have reported that 1 g L− 1 of a saponin-rich extract from 
Hedera helix leaves increased the metabolic activity of 
Raoultella ornitinolytica M03 by 60 ± 8%. Moreover, simi-
larly to our results, they also observed that the application 
of SoP in only one concentration of 10 g L− 1 resulted in a 
toxic effect. On the other hand, Tsuzuki et al. (2007), have 
shown the antifungal activity of Sapindus saponaria extract 
against a clinical isolate from vaginal secretions of Candida 
parapsilosis yeast with Minimal Inhibitory Concentration of 
400 µg mL− 1. Similar observations were made by Hu et al. 
(2018), who reported that olean-type saponin from Sapindus 
mukorossi showed inhibitory activity against both Tricho-
phyton rubrum and Candida albicans with MIC80 values of 
8 mg mL− 1. However, the differences of enzymatic activity 
that occur maybe also correlated to the specificity of action 
of compounds present in crude and purified fraction. As we 
showed elsewhere, the fractions differ in terms of saponin 
content and composition, which is related to the porosity of 
the membranes used for nanofiltration (Grzywaczyk et al. 
2023). Appropriate observations were made by Soberón et 
al. (2017), who investigated the cytotoxic effect of saponins 
derived from Anagallis arvensis L. They suggested that of 
the 4 compounds, triterpenoids monodesmosidic saponins: 
Anagallisin C, Anagallisin A, Anagallisin B, and Desgluco-
anagalloside A, the compound with the highest inhibitory 

a significant decrease in the value of zeta potential value 
after treatment of each strain with SoP or SoC. As a result of 
the treatment of C.albSP with SoC and SoP, the zeta value 
decreased to approx. −17 mV and − 25 mV, respectively. 
The treatment of C.krsSP. with SoC and SoP resulted in 
a decrease in the zeta potential value to approx. −18 mV 
and − 14 mV, respectively. Saponin integration into the 
biomembrane may cause such a decrease in surface poten-
tial. As observed by Lorent et al. (2013), the integration of 
alfa-Hederin or Hederagenin in the biomembranes caused 
a decrease in the DMPC multilamellar vesicles surface 
potential from − 1.89 mV to −14.17 mV and − 5.09 mV. On 
the other hand, Halder et al. (2015) have suggested a link 
between the cell permeability and zeta potential. Similarly 
to the results we obtained, they observed a change in the 
surface potential of E. coli and S. aureus cells after treat-
ment with Polymyxin B and CTAB.

Enzymatic activity

To more deeply investigate the effect of Saponaria offici-
nalis extract on Candida sp. spheroplasts, the metabolic 

Fig. 4  Enzymatic activity of Candida albicans and Candida krusei 
spheroplasts. The results are presented in relation to the control sam-
ples, whose metabolic activity was taken as 0. Each column marked 
with different number of dots are significantly different (p < 0.05, LSD 
test) considering the reactions of Candida strains

 

Candida albicans cells surface potential (mV)
Cell Ctrl Spheroplasts Ctrl 5 mg L− 1 10 mg L− 1 15 mg L− 1

-9.36 ± 1.54c -8.80 ± 0.75c SoC
-17.78 ± 2.61a -17.62 ± 0.96a -16.96 ± 1.56a

SoP
-24.85 ± 2.77b -24.19 ± 1.93b -25.19 ± 2.16b

Candida kruseicells surface potential (mV)
Cell Ctrl Spheroplasts Ctrl 5 mg L− 1 10 mg L− 1 15 mg L− 1

-5.44 ± 1.69e -7.38 ± 0.81a SoC
-4.68 ± 0.31e -13.72 ± 0.47b -14.40 ± 0.82c

SoP
-17.89 ± 2.35d -18.43 ± 2.02d -18.70 ± 1.40d

Table 1  Zeta potential of cells 
and spheroplasts of Candida 
albicans and Candida krusei

Values marked with the same 
letter do not differ significantly 
(p > 0.05)
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effect against C. albicans is Anagallisin C. On the other 
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unpurified extract and after the nanofiltration process, with 
an emphasis on the effect on the cell membrane, hence the 
answer to the question which saponin compound derived 
from Saponaria officinalis has the greatest cytotoxic effect 
requires further research.

Conclusions

The impacts of crude extract of Saponaria officinalis as well 
as the extract purified by nanofiltration on the biomembrane 
properties and permeability of spheroplast of C. albicans 
and C. krusei were studied. For Candida albicans, the crude 
extract showed a stronger effect of increasing the perme-
ability of the cell membrane than the purified one. More-
over, the extract concentration of 10 mg L− 1 turned out to be 
the most effective for increasing permeability. On the other 
hand, for C. krusei, the surface properties of spheroplasts 
subjected to the purified or crude extract were comparable. 
Moreover, zeta potential analysis showed a higher decrease 
for the spheroplasts affected by the purified S. officinalis 
extract. This may by correlated to the process of saponins 
binding to the cells biomembrane. The most important out-
come of the study is showing a high potential of saponins 
used as excipients which increase the permeability of patho-
genic cells. Hence, the next step of the research will be to 
assess the interaction of the extracts used with antifungal 
antibiotics.
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Growth curves 

 

Candida albicans and Candida krusei fungal strains were cultured with the presence of 

Saponaria officinalis L. crude and purified by nanofiltration extract respectively in the range of 

final concentration of 5.0, 6.25, 12.5, 25.0, 50.0, 62.5, 125.0, 250.0 and 500.0 mg L-1. 75 uL of 

0.5 McFarland standards of cells in M9 salts, 25 uL of YPD medium, and 100 uL of extract in 

M9 salts were combined to the final volume of 200 uL. The growth curves are as follows: 

 

 

 
S1. Growth curve of Candida albicans 
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S2. Growth curve of Candida albicans exposed to 500 mg L-1 of Saponaria officinalis L. crude 

extract 

 

 
S3. Growth curve of Candida albicans exposed to 250 mg L-1 of Saponaria officinalis L. crude 

extract 
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S4. Growth curve of Candida albicans exposed to 125 mg L-1 of Saponaria officinalis L. crude 

extract 

 

 
S5. Growth curve of Candida albicans exposed to 62.5 mg L-1 of Saponaria officinalis L. crude 

extract 
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S6. Growth curve of Candida albicans exposed to 50 mg L-1 of Saponaria officinalis L. crude 

extract 

 

 
S7. Growth curve of Candida albicans exposed to 25 mg L-1 of Saponaria officinalis L. crude 

extract 
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S8. Growth curve of Candida albicans exposed to 12.5 mg L-1 of Saponaria officinalis L. crude 

extract 

 

 
S9. Growth curve of Candida albicans exposed to 6.25 mg L-1 of Saponaria officinalis L. crude 

extract 
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S10. Growth curve of Candida albicans exposed to 5 mg L-1 of Saponaria officinalis L. crude 

extract 

 

 

 
S11. Growth curve of Candida krusei 
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S12. Growth curve of Candida krusei exposed to 500 mg L-1 of Saponaria officinalis L. crude 

extract 

 

 
S13. Growth curve of Candida krusei exposed to 250 mg L-1 of Saponaria officinalis L. crude 

extract 
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S14. Growth curve of Candida krusei exposed to 125 mg L-1 of Saponaria officinalis L. crude 

extract 

 

 
S1. Growth curve of Candida krusei exposed to 62.5 mg L-1 of Saponaria officinalis L. crude 

extract 
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S16. Growth curve of Candida krusei exposed to 50 mg L-1 of Saponaria officinalis L. crude 

extract 

 

 
S17. Growth curve of Candida krusei exposed to 25 mg L-1 of Saponaria officinalis L. crude 

extract 
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S18. Growth curve of Candida krusei exposed to 12.5 mg L-1 of Saponaria officinalis L. crude 

extract 

 

 
S19. Growth curve of Candida krusei exposed to 6.25 mg L-1 of Saponaria officinalis L. crude 

extract 
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S20. Growth curve of Candida krusei exposed to 5 mg L-1 of Saponaria officinalis L. crude 

extract 

 

 
S21. Growth curve of Candida albicans exposed to 500 mg L-1 of Saponaria officinalis L. 

purified extract 
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S22. Growth curve of Candida albicans exposed to 250 mg L-1 of Saponaria officinalis L. 

purified extract 

 

 
S23. Growth curve of Candida albicans exposed to 125 mg L-1 of Saponaria officinalis L. 

purified extract 
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S24. Growth curve of Candida albicans exposed to 62.5 mg L-1 of Saponaria officinalis L. 

purified extract 

 

 
S25. Growth curve of Candida albicans exposed to 50 mg L-1 of Saponaria officinalis L. 

purified extract 
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S26. Growth curve of Candida albicans exposed to 25 mg L-1 of Saponaria officinalis L. 

purified extract 

 

 
S27. Growth curve of Candida albicans exposed to 12.5 mg L-1 of Saponaria officinalis L. 

purified extract 
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S28. Growth curve of Candida albicans exposed to 6.25 mg L-1 of Saponaria officinalis L. 

purified extract 

 

 
S29. Growth curve of Candida albicans exposed to 5 mg L-1 of Saponaria officinalis L. purified 

extract 
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S30. Growth curve of Candida krusei exposed to 500 mg L-1 of Saponaria officinalis L. purified 

extract 

 

 
S31. Growth curve of Candida krusei exposed to 250 mg L-1 of Saponaria officinalis L. purified 

extract 
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S32. Growth curve of Candida krusei exposed to 125 mg L-1 of Saponaria officinalis L. purified 

extract 

 

 
S33. Growth curve of Candida krusei exposed to 62.5 mg L-1 of Saponaria officinalis L. 

purified extract 
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S34. Growth curve of Candida krusei exposed to 50 mg L-1 of Saponaria officinalis L. purified 

extract 

 

 
S35. Growth curve of Candida krusei exposed to 25 mg L-1 of Saponaria officinalis L. purified 

extract 
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S36. Growth curve of Candida krusei exposed to 12.5 mg L-1 of Saponaria officinalis L. 

purified extract 

 

 
S37. Growth curve of Candida krusei exposed to 6.25 mg L-1 of Saponaria officinalis L. 

purified extract 
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S38. Growth curve of Candida krusei exposed to 5 mg L-1 of Saponaria officinalis L. purified 

extract 
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ABSTRACT: The global challenge of antibiotic resistance
necessitates innovative approaches to improving the efficacy of
existing therapeutics while mitigating their environmental impact.
This study investigates the role of saponins derived from
Glycyrrhiza glabra root extract in modulating interactions of
tobramycin, a broad-spectrum aminoglycoside antibiotic, with
model bacterial membranes composed of phosphatidylglycerol.
Using Langmuir monolayers and vesicle models, we demonstrated
that GgC saponins disrupt lipid packing, increasing membrane
fluidity and altering biophysical properties. The addition of
saponins at concentrations between 1.25 and 10 mg/L reduces
the compressibility modulus of the lipid monolayer, with a decrease
ranging from 25 to over 50%. ζ potential and dynamic light
scattering analyses indicated that GgC−tobramycin interactions modify the surface charge without causing membrane lysis. These
membrane changes could potentially facilitate enhanced interactions of antibiotics with bacterial cells. Importantly, these findings
suggest the potential of natural surfactants such as saponins to improve antibiotic efficacy, possibly enabling reduced antibiotic
dosages. This study provides insights into using saponins alongside antibiotics as a sustainable approach to addressing antibiotic
resistance.

■ INTRODUCTION
The escalating resistance of microorganisms to antibiotics is a
critical global health threat, driven largely by their overuse in
human medicine and agriculture.1,2 Overexposure accelerates
the evolution of resistant bacteria, diminishing the effectiveness
of the currently available antibacterial agents. With limited
therapeutic options for resistant infections and a slow pace of
new antibiotic development, there is an urgent need to explore
alternative strategies. Addressing this global challenge requires
a multifaceted approach, including improved surveillance,
restricted antibiotic use, and collaborative action among
national and international organizations.1 One promising
approach within the realm of chemical research is the
identification of adjuvants that can enhance the efficacy of
existing antibiotics, potentially overcoming resistance, broad-
ening the antibiotic spectrum, and reducing required dosages.3

Aminoglycosides, including tobramycin, are potent anti-
biotics effective against Gram-negative bacteria, particularly in
severe infections.4 Despite declining use due to toxicity
concerns, there is renewed interest in aminoglycosides to
combat multidrug-resistant pathogens. Tobramycin, known for
its broad-spectrum activity, is being explored as part of
nanoparticle formulations that enhance efficacy and reduce

side effects.5 To enhance its efficacy, tobramycin is also often
used in combination with β-lactams or other cell-wall-
disrupting agents to exploit synergistic effects and mitigate
resistance development.6−8

Saponins, natural surfactants derived from plants, present a
promising approach when used in tandem with traditional
antibiotics. Saponins can insert into microbial cell membranes.
Notably, bacterial membranes lack cholesterol (a major target
of saponins in eukaryotic cell membranes); therefore, in
bacteria, saponins likely interact with other lipid constituents.
This interaction disrupts the membrane structure, leading to
changes in its packing.9 By an increase in bacterial membrane
fluidity, saponins may enhance membrane permeability,
potentially facilitating antibiotic entry and their subsequent
effects. For instance, saponins from Sapindus mukorossi L.
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significantly increased the antibacterial activity of nitro-
furantoin against Pseudomonas aeruginosa.7,8 Similarly, glycyr-
rhizin (GC) acid enhanced the susceptibility of vancomycin-
resistant enterococci to gentamicin, teicoplanin, and daptomy-
cin.10 Interactions between saponins and model phospholipid
membranes are important in the context of biogeochemical
phospholipid cycles, which govern the movement and
transformation of phospholipids in the environment. In natural
bacterial ecosystems, changes in the composition and structure
of lipid membranes can affect key biological processes, such as
organic compound degradation and nutrient exchange, mean-
ing saponins are particularly valuable in overcoming the
protective barriers that resistant bacteria often employ. Using
saponins to weaken the bacteria cell membrane could reduce
the required dosage of antibiotics, decreasing the risk of side
effects and slowing the development of resistance. Their
natural origin and potential for synergy with antibiotics make
them compelling candidates in the fight against antibiotic-
resistant bacteria, offering a novel approach to enhance the
efficacy of existing treatments.
In light of this, our study aimed to evaluate whether

Glycyrrhiza glabra L. root extract (GgC) affects membrane
properties that could influence tobramycin interactions with a
model phospholipid membrane. The transportation of drugs
across cell membranes is a complex and dynamic process, and
model lipid membranes are invaluable tools when examining
these processes. These models mimic key features of cellular
lipids, enabling researchers to elucidate the roles of lipids in
cellular interactions.11 Phospholipids are important constitu-
ents of all cell membranes. The chemical structure of individual
phospholipids in the membrane is of significant importance
because changes in the composition of acyl chains or
headgroups affect the fluidity and stability of the bilayer and,
consequently, affect the membrane’s response to external
stimuli.10−12 The ability of bacteria to modify their
phospholipid compositions leads to variations in the structure
of their membranes. The most common phospholipids in
bacterial membranes are phosphatidylglycerol (PG) and
phosphatidylethanolamine (PE), which contain different
polar headgroups. In our previous work, we have shown how
saponins interact with model membranes composed of PE.8,13

This study examines interactions between saponins and
antibiotics using a phosphatidylglycerol (DOPG) monolayer,
aiming to determine whether saponins modulate membrane
properties that are potentially relevant for antibiotic transport.
The choice of DOPG, which is one of the predominant
phospholipids found in bacterial membranes, provides a
biologically relevant system to evaluate interactions between
bacterial membranes, antibiotics, and saponins under con-
trolled experimental conditions. We envisaged that this study
would provide deeper insights into the mechanisms by which
saponins can enhance the efficacy of antibiotics. Improving our
understanding of how saponins interact with bacterial
membranes, specifically through their impact on phospholipid
composition and membrane fluidity, could help identify new
ways to facilitate the penetration of antibiotics into bacterial
cells. Advancements in this field have the potential to
overcome one of the key barriers posed by resistant bacteria:
their ability to modify membrane structures to impede drug
entry. Additionally, these insights could reveal how saponins
may disrupt bacterial defense mechanisms or synergize with
antibiotics to improve treatment outcomes.

■ MATERIALS AND METHODS
Chemicals and Membrane Model Structures Preparation. A

chloroform of high-purity Uvasol (Merck, Warsaw, Poland) was used
to prepare the Langmuir monolayer. Dulbecco’s phosphate buffered
saline (Merck KGaA, Darmstadt, Germany) was applied as a solvent
to prepare saponin solutions or as a subphase. 8-Hydroxypyrene-1,3,6-
trisulfonic acid trisodium salt (HPTS) and 5(6)-carboxyfluorescein
(5(6)-CF) were obtained from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany). The saponins utilized in this study were
obtained through a methanolic extraction process from G. glabra
roots, employing a Soxhlet apparatus for 6 h. G. glabra extract is
characterized by a complex chemical composition, which includes a
variety of compounds, including flavonoids and polysaccharides. The
key component of this extract is glycyrrhizic acid, which can vary in
content from 2 to 25%.14 Tobramycin of 95% purity was obtained
from Angene Chemical (Nanjing, Jiangsu, China).

Monolayer experiments were conducted by using the Langmuir
technique. Two-dimensional (2D) models of biomembranes consist
of DOPG (1,2-dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium
salt), 99%, from Avanti Polar Lipids (Alabaster, AL). Likewise, DOPG
vesicles were prepared as liposomal bilayers (a three-dimensional
membrane model�3D) via freeze−thaw and extrusion through a 200
nm porous membrane as described by Gilchrist et al.15

Stability Measurements and Particle Size Distribution. To
assess the stability of DOPG vesicles before and after treatment with
tobramycin and GgC, we employed electrophoretic light scattering
(ELS) to measure the ζ potential, utilizing the Smoluchowski
equation for its determination. In this procedure, GgC, tobramycin,
and their combination were added to 0.01% DOPG vesicles
suspended in phosphate buffer solution (pH 7.0), achieving final
concentrations of 5 mg/mL for tobramycin and 10 mg/mL for GgC.
Additionally, the particle size distribution and polydispersity index
(PDI) of the vesicles were assessed by using dynamic light scattering
(DLS). Both analyses were conducted using a Litesizer 500
instrument (Anton Paar, Graz, Austria).
HPTS and 5(6)-Carboxyfluorescein. To evaluate the potential

leakage and damage to vesicles upon treatment with tobramycin and
GgC, separate experiments were completed with either HPTS or
5(6)-CF dyes encapsulated within the liposomes. This was achieved
by using aqueous solutions as the rehydration medium for the
phospholipid film before freeze−thawing, following the method
described by Gilchrist et al.15 After the freeze−thaw process, the
liposomes were extruded through a 200 nm membrane before being
separated from the unencapsulated dye using Sephadex size exclusion
chromatography (SEC). This was achieved using specific buffered
solutions as the rehydration medium. For the HPTS assay, the
internal liposome solution was 100 mM NaCl, 10 mM N-(2-
hydroxyethyl)piperazine-N′-ethanesulfonic acid (HEPES), 1 mM
HPTS (pH 7.2), and after SEC purification, the external buffer was
100 mM NaCl, 10 mM HEPES. For the 5(6)-carboxyfluorescein
assay, the internal solution was 451 mM NaCl, 20 mM phosphate
buffer (pH 7.2) with 50 mM 5(6)-carboxyfluorescein, and the
external solution after SEC was 150 mM Na2SO4, 20 mM phosphate
(pH 7.2). The liposomes, containing 0.1% of the dye, were
subsequently treated with tobramycin and GgC, reaching final
concentrations of 5 and 10 mg/mL, respectively. Triton-X100 was
added at the end of the experiment to lyse the liposomes and
determine the maximum possible fluorescence, serving as a reference
for total leakage. Fluorescence emission was monitored in real-time
using the GloMax Explorer System (Promega).

π−A Isotherm Measurement. All of the experiments were
performed using the KSV NIMA Langmuir film balance system (KN
0033). The surface pressure was measured using a Wilhelmy platinum
plate with an accuracy of ±0.1 mN/m. The lipid monolayer (DOPG)
was formed by dropping 25 μL of phospholipid solution onto a
subphase interface. As the subphase, ultrapure water with a
conductivity of 0.055 μS/cm and a pH of 6.7 was used (PureLab
System, ELGA, Poland). The subphase was placed in a Teflon trough
(KSV Nima, Helsinki, Finland) with a surface area of 238 cm2. During
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the measurements, the temperature was kept constant at 25.0 ± 0.1
°C with a Julabo circulator. Before each measurement, the subphase
was cleaned to a surface pressure below π = 0.35 mN/m reached at
maximum compression. After spreading the phospholipid solution
onto the subphase, it was followed by 15 min evaporation of the
chloroform, the Langmuir monolayer was compressed at a constant
barrier speed equal to 10 mm/min. One minute before the
compression, the saponin solution was injected into the Langmuir
trough and stirred. Saponin solution (10 mg/mL) was added in an
appropriate volume to achieve the following final subphase
concentrations: 1.0; 2.5; 5.0, and 10.0 mg/L. The surface pressure
π (mN/m) was measured as a function of the area per DOPG
molecule, A (Å2/molec.).

A compressional modulus (Cs
−1) is a rheological quantity related to

monolayer rigidity, and it is calculated from the π−A isotherm data
using eq 1:

C A
A T

s
1 i

k
jjj y

{
zzz= ×

(1)

The magnitude of this parameter provides information about the
monolayer packing and the elasticity of the monolayer during
compression. According to the Davies and Rideal classification,15 the
values of 12.5 < Cs

−1 < 50 mN/m and 50 < Cs
−1 < 250 mN/m

indicate that the monolayer is formed in a liquid-expanded (LE) state
and liquid-condensed (LC) state, respectively. Each experiment was
repeated at least three times to ensure that the reproducibility of the
curves was within ±2 Å2.
Relaxation Measurements. To introduce additional molecules

into the monolayer using a peristaltic pump, the monolayer was
formed first, and then the subphase was replaced with a new solution.
The exchange was performed through silicone tubing placed on a
stand before the inlet and outlet hoses were inserted into the
Langmuir trough on opposite sides. Both hoses were connected to the
same pump head, which ensured a steady supply and the removal of
liquid from the trough. All relaxation experiments described in this
article were carried out with subphase exchange using a MINIPULS 3
(Gilson) peristaltic pump.
Statistical Analysis. Statistical analyses were performed using

Python (v3.9) with the statsmodels and seaborn libraries. Data
preparation involved simulating distributions based on the provided
means and standard deviations for each treatment group. Normality
was assessed using histograms and Q−Q plots, while Levene’s test
was applied to evaluate the homogeneity of variances. One-way
analysis of variance (ANOVA) was conducted to determine the effect
of the treatments. Post hoc comparisons were performed using
Tukey’s Honest significant difference (HSD) test to identify pairwise
differences between groups.

■ RESULTS AND DISCUSSION
Glycyrrhizin Saponins and Tobramycin Effect on

DOPG Vesicle. Initial experiments focused on evaluating the
effects of G. glabra saponins and tobramycin on DOPG vesicles
in order to assess how these compounds influence vesicle
stability, size distribution, and surface charge. Concentrations
of 5 mg/mL for tobramycin and 10 mg/mL for GgC were
chosen to align with typical therapeutic dosages, ensuring
relevance to clinical applications.
The control sample, consisting of untreated DOPG

liposomes, exhibited a narrow size distribution with a peak
particle diameter centered around 100−120 nm (Figure 1),
indicating a uniform population with minimal size variability.
Treatment with GgC extract maintained the size distribution
peak at 100−120 nm, similar to the control. However, a slight
broadening of the distribution was observed (Figure 1),
suggesting an increase in size variability among the liposomes.
This implies that while GgC slightly affects the homogeneity of
liposome sizes, it does not significantly alter their overall mean

size. In contrast, liposomes treated with tobramycin exhibited a
peak size distribution shifted toward larger diameters (115−
130 nm) compared to both the control and GgC-treated
samples. The distribution also appeared broader than that of
the control, indicating an increased heterogeneity. This
suggests that tobramycin induces mild structural changes in
the liposomes, contributing to the size variability. When GgC
and tobramycin were combined, the size distribution remained
centered around 100−120 nm but exhibited a more
pronounced broadening and a slight shift toward larger
diameters compared to the individual treatments. This broader
distribution suggests an interaction between GgC and
tobramycin, likely enhancing structural alterations in the
liposomes and potentially leading to aggregation, or GgC
may inhibit the structural alterations caused by the antibiotic.
Volume-weighted size distributions are reported here to
provide a representative vesicle size profile that is less biased
by very large or small particles. For completeness, intensity-
weighted and number-weighted distributions are included in
the Supporting Information, showing similar trends. Despite
these observed shifts, the polydispersity index (PDI) values
(Table 1) remained low across all samples, confirming a

generally uniform size distribution under all conditions. The
combination of GgC and tobramycin, however, caused subtle
changes in the distribution peak and variability, indicating
enhanced structural effects on the liposome population.

The ζ potential of untreated DOPG liposomes was
measured at −50.0 mV, reflecting a strongly negative surface
charge (Figure 2). This high level of negative charge indicates
that the control DOPG liposomes have a strongly charged
surface with significant electrostatic repulsion between vesicles.
Upon treatment with GgC, the zeta potential showed minimal

Figure 1. G. glabra L. root extract (GgC) and tobramycin affect the
vesicle size distribution. Ctrl�untreated sample was treated with
GgC (5 mg/L), Tbrm (10 mg/L) with tobramycin, GgC/Tbrm (5
mg/L) with GgC (10 mg/L) with tobramycin effect. The p-value is
greater than 0.05, indicating that variances across groups are not
significantly different.

Table 1. Polydispersity Index (PDI) of Samplesa,b

Ctrl 0.13 ± 0.02*
GgC 0.15 ± 0.02*
Tbrm 0.13 ± 0.03*
GgC/Tbrm 0.13 ± 0.04*

aCtrl�untreated sample, GgC�5 mg/L treated, Tbrm�10 mg/L
tobramycin, GgC/Tbrm 5 mg/L, GgC + 10 mg/L of tobramycin
effect. bOne-way ANOVA indicated no significant differences among
the PDI (*: p > 0.05).
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influence on the stability of the liposomes (within experimental
error). The marginal decrease in surface charge suggests that
the electrostatic repulsion remains largely comparable to that
of the untreated liposomes. In contrast, treatment with
tobramycin led to a significant decrease in ζ potential,
recorded at −22.1 mV. This substantial reduction in surface
charge indicates that tobramycin compromises the stability of
the DOPG vesicles, likely by neutralizing some of the negative
charges on the liposome surface. The resulting decrease in
repulsive forces increases the likelihood of liposome
aggregation. When the liposomes were exposed to both GgC
and tobramycin, the ζ potential further decreased to −17.7
mV. This additional reduction in surface charge, compared to
that of tobramycin alone, suggests that the combination of
saponin extract and tobramycin severely undermines liposome
stability. The interaction between these compounds appears to
further neutralize the liposome surface charge, making the
liposomes even more prone to aggregation.
The stability of DOPG liposomes treated with GgC

tobramycin and their combination was assessed using two
complementary methods: the HPTS assay and the carboxy-

fluorescein release assay. These techniques provide a
comprehensive evaluation of the liposome stability and
membrane permeability. The HPTS assay monitors internal
pH changes, which reflect ion leakage and membrane
transport, while the carboxyfluorescein assay measures the
release of an encapsulated dye, directly assessing membrane
integrity. By using both methods, we can gain valuable insights
into the effects of GgC, tobramycin, and their combination on
the structural stability and ion permeability of the liposomal
membrane. In the HPTS assay, the stability of the liposomes
was tracked by measuring the internal pH changes. Before the
addition of Triton-X100, liposomes treated with GgC resulted
in little change in fluorescent output, indicating a minimal
passage of H+ into the membrane, and therefore preservation
of integrity (Figure 3). Similarly, tobramycin-treated liposomes
and liposomes exposed to the combination of GgC and
tobramycin exhibited stable fluorescence, demonstrating that
neither the antibiotic alone nor the combination of GgC and
tobramycin destabilized the membrane. Overall, these results
indicate that before the detergent lysis step, none of the
treatments (GgC, tobramycin, or their combination) caused
significant ion leakage or compromised the liposome
membrane integrity.

The carboxyfluorescein release assay provided further
confirmation of membrane stability by measuring the release
of the encapsulated dye (Figure 4). As in the HPTS assay,
Triton-X100 was added at the end to lyse the liposomes and
establish maximum fluorescence. Liposomes treated with GgC,
tobramycin, and their combination did not exhibit a change in
fluorescence before Triton-X100 addition, indicating minimal
dye leakage and intact membranes. Importantly, the combina-
tion of GgC and tobramycin also did not result in membrane
rupture. Together, the results of the HPTS and carboxy-
fluorescein assays provide comprehensive evidence that DOPG
liposomes remain structurally intact and stable when exposed
to GgC, tobramycin, and their combination.
Impact of GgC Saponins Extract and Antibiotic on

the DOPG Monolayer. The second phase of the study
explored the impact of GgC and tobramycin on the DOPG
monolayer, a model system mimicking bacterial membranes.
Higher concentrations of both GgC and tobramycin were used
in this stage to thoroughly examine their influence on the
structural properties of the lipid monolayer. The goal was to
assess how these compounds affect membrane packing, surface

Figure 2. ζ potential of DOPG liposomes under different conditions
(Ctrl: untreated control; GgC: G. glabra crude saponin extract at 5
mg/L; T: tobramycin at 10 mg/L; GgC/T: combination of GgC +
tobramycin). Asterisks indicate statistically significant differences: *: p
< 0.05, ***: p < 0.001.

Figure 3. HPTS release assay; (A) GgC 5 mg/L treatment; (B) tobramycin 10 mg/L effect; and (C) tobramycin and Glycyrrhiza extract action.
After 210 s, liposomes were lysed by adding a surfactant to obtain the maximum fluorescence signal.
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pressure, and fluidity, providing insight into their potential to
enhance antibiotic penetration.
Figure 5 illustrates the surface pressure−area per molecule

(π−A) isotherms obtained for the DOPG monolayer with
different concentrations of saponin extract in the bulk
subphase. For all analyzed systems, the π−A isotherms are
shifted markedly to larger molecular areas relative to the pure
DOPG monolayer. The lift-off area, Alift‑off, defines the area per
molecule at which the isotherm begins to rise, indicative of the
onset of intermolecular interactions. The Alift‑off values increase
with a higher concentration of saponins in the system. We have
shown in our previous research9 that expanded lipids film is
caused by interactions of saponin molecules with phospholi-
pids.
The obtained Alift‑off values for systems DOPG + GgC are

higher than those for a pure DOPG monolayer. Therefore, one
can expect that saponin molecules are incorporated into the
lipid structure and strongly expand the phospholipid
membrane. Table 2 gives detailed information about the π−
A isotherm parameters.
There is a smaller increase in the surface pressure within the

monolayer compression for higher saponin concentrations in
the subphase. Although the observed effects vary somewhat
with concentration, at higher concentrations, a strong steric

crowding effect of molecules may occur. Moreover, for some
considered systems, a high extract concentration leads to the
collapse of the monolayer at low surface pressure (πcollapse). At
the collapse pressure, the Langmuir monolayer undergoes a
phase transition from a two-dimensional (2D) fluid into the
subphase to a three-dimensional (3D) bulk phase. The collapse
or maximum surface pressure point is reached at the lower
surface pressure (πcollapse ca. 24 mN/m) and the greater area
occupied by molecules at the interface. These results suggest
that a higher concentration of GgC decreases the stability of
the DOPG film and enhances its structural deformation.

The π−A (surface pressure−molecular area) isotherm
typically possesses distinct regions that correspond to different
molecular packing arrangements in different surface pressure
regimes. The run of π−A isotherm for DOPG is consistent
with the literature data.16 The DOPG monolayer with
saponins forms only a liquid-expanded phase (LE) according
to the estimated maximum Cs

−1 value.17 If the surface pressure
increased, then the Cs,max

−1 value also became greater and
reached ca. 66 mN/m. This phenomenon is particularly visible
when analyzing the behavior of lipid layers in the presence of
10 mg/L saponin extract. The collapse surface pressure value
for DOPG + 10 mg/L GgC is ca. 24 mN/m. Films formed by
DOPG and GgC extract molecules characterized a compres-

Figure 4. CF release assay: (A) GgC treatment; (B) tobramycin effect; and (C) tobramycin and Glycyrrhiza extract. After 175 s, the destruction of
liposomes was forced by the addition of surfactant.

Figure 5. Surface pressure−area per molecule isotherms (π−A): (a) compression modulus−area per molecule (Cs
−1−π), (b) for the analyzed

system: DOPG with various concentrations of the crude saponins extract GgC.
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sion modulus value lower than that for the DOPG monolayer.
Generally, the obtained Cs,max

−1 value decreases with the rise of
the extract concentration in the subphase. The formed mixed
monolayers DOPG + GgC refer to the LE state. The findings
demonstrate that saponins incorporated into the phospholipid
monolayers cause strong fluidization. Likely, only the hydro-
philic sugar part is generally submerged in the aqueous phase,
while the aglycone part extends toward the air.18 This effect
was observed for other systems’ lipid monolayer-saponins.9,17

Moreover, Krochowiec et al.19 have shown that the fluidizing
effect was more significant in the case of saponins bearing a
large aglycone moiety.

Based on our previous results,12 we also state that the
appropriate concentrations of saponin extract could improve
the penetration of the antibiotic molecules through the lipid
bilayer of the bacterial membrane. Our results allow us to
assume that the concentrations of GgC saponins strongly
impact the structure and packing of lipid monolayers.

In the next step, the impact of tobramycin on the surface
properties of the DOPG monolayer was analyzed.

1 mL of antibiotic solution was added to the subphases,
resulting in the final concentration of 5 mg/L. At the beginning
of compression, the injected tobramycin does not strongly
interact with the DOPG monolayers (blue line, Figure 6a).
Practically, the run of π−A isotherm for pure DOPG and
DOPG + tobramycin is similar. However, the Cs

−1 parameter
obtained for DOPG + tobramycin for strong compression is
much lower than that for a pure DOPG monolayer. These data
showed that tobramycin can alter the elastic properties of
DOPG lipid monolayer by decreasing the cohesion between
DOPG molecules. A similar effect was observed by Fa and co-
workers20 who studied interactions between azithromycin with
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) bilayers.
The characteristic parameters of the π−A isotherms are listed
in Table 3.

A clear difference in the course of the π−A isotherm was
obtained for the DOPG + tobramycin + GgC system. The
presence of tobramycin and saponins in the subphase impacts

Table 2. Characteristic Parameters of π−A Isothermsa,b

Alift‑off
(Å2/molec.)

Acollapse/maximum
(Å2/molec.)

πcollapse/maximum
(mN/m)

Cs,max
−1

(mN/m)

DOPG 137.1 50.4 43.2 66.4
DOPG +
1.25 mg/L
GgC

145.3 55.3 41.0 50.3

DOPG +
2.5 mg/L
GgC

170.6 50.0 34.3 31.1

DOPG +
5.0 mg/L
GgC

190.2 62.1 39.1 42.2

DOPG +
10.0 mg/L
GgC

245.0 80.1 24.2 30.7

aAlift‑off�lift-off area of surface pressure. Acollapse/maximum�area
corresponding to the monolayer collapse or maximum surface
pressure, πcollapse/maximum�collapse pressure or maximum pressure
reached by compressing [mN/m], max. Cs

−1�maximum value of the
compression modulus [mN/m], phosphatidylglycerol (DOPG).
bAlift‑off values for DOPG film are ca. 137 Å2/molec., while the
addition of 10 mg/L GgC extract to subphase caused a nearly 2-fold
increase compared to the Alift‑off for DOPG monolayers only. This
effect may be a consequence of the formation of aggregates, which can
occupy a much larger surface area at the interface than a single
phospholipid molecule. Moreover, the addition of a higher
concentration of GgC extract changes the inclination angle of the
π−A curve, which also confirms the interactions between saponins
and phospholipid molecules.

Figure 6. Surface pressure−area per molecule (π−A) isotherms: (a) compression modulus−area per molecule (Cs
−1−π), (b) for the analyzed

systems: DOPG with the crude saponins extract GgC and antibiotic, phosphatidylglycerol (DOPG).

Table 3. Characteristic Parameters of π−A Isothermsa

Alift‑off
(Å2/molec.)

Acollapse/maximum
(Å2/molec.)

πcollapse/maximum
(mN/m)

Cs,max
−1

(mN/m)

DOPG +
tobramycin

163.1 42.3 40.2 46.8

DOPG +
tobramycin +
10 mg/L
GgC

200.3 72.4 35.6 45.4

aAlift‑off�lift-off area of surface pressure. Acollapse/maximum�area
corresponding to the monolayer collapse or maximum surface
pressure, πcollapse/maximum�collapse pressure or maximum pressure
reached by compressing (mN/m), max. Cs,max

−1�maximum value of
the compression modulus (mN/m), phosphatidylglycerol (DOPG).
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the interactions between molecules at the interface, which is
demonstrated by a greater increase in the surface pressure (π)
during compression of the DOPG + tobramycin + GgC
monolayer. Adding tobramycin to the subphase changes the
character of interactions; the mixed monolayer of these three
components is characterized by higher compressibility and
elasticity. In consequence, the DOPG + tobramycin + GgC
monolayer reaches higher surface pressure values than the
DOPG + GgC system (Table 3). As shown in Figure 6,
tobramycin molecules do not strongly interact with the DOPG
monolayer; the additional compressibility in the mixed system
is likely determined by interactions between the antibiotics and
saponin molecules.
These studies were followed by an experiment examining the

relaxation process of the DOPG monolayer in the presence of
GgC extract and an antibiotic in the subphase. For this
purpose, the DOPG film was compressed to the surface
pressure of 30 mN/m, and after compression, the surface per
molecule was estimated as A0. At this surface pressure, the lipid
packing density is similar to that of a cell membrane (pure
DOPG), and the lipid monolayer mimics the outer surface of a
cell membrane. By keeping the film area constant, changes in
surface pressure are recorded upon addition of drugs to the
subphase. Therefore, when injecting saponin extract into the
subphase, a change in surface value per molecule in the DOPG
monolayer (A(t)) is observed. The increase in (A(t))
compared to A0 indicates the increase in the area per molecule
caused by the incorporated saponin molecules into the
phospholipid monolayer. Otherwise, if A(t)/A0 < 1, there is
a surface area loss in the monolayer, which could result in their
desorption from the monolayer to the subphase. Consequently,
the monolayer stability can be estimated as the A/A0
parameter.
No interaction effect of saponins with the DOPG monolayer

was observed for their low concentrations in the subphase, 5 or
10 mg/L. Therefore, saponin extract was added across a
concentration range of 50−1000 mg/L in the subphase to
determine the concentration when molecules are absorbed into
the lipid monolayer. Figure 7a shows how the stability of the
DOPG monolayer depends on saponin concentration and that
the incorporation of saponin molecules into the DOPG film is

only visible for higher concentrations of extract injected into
the subphase. For concentrations greater than 300 mg/L, the
relaxation curves changed the run A/A0 = f(t) in comparison to
that of the pure DOPG monolayer. The addition of saponin
improved the stability of the DOPG monolayer, indicating that
interactions between the saponin present in the subphase and
the lipid polar headgroups lead to some conformational
disordering of the lipid molecules and formation of a more
stable mixed monolayer.

Figure 7b shows the behavior of the DOPG monolayer in
the presence of tobramycin. The injection of antibiotics into
the subphase altered the relaxation behavior of the lipid film.
After a maximum was reached, the normalized area A(t)/A0
gradually decreased below 1.0, indicating a net loss of
monolayer area over time. This could be due to a portion of
the adsorbed saponin leaving the interface (desorbing) or due
to molecular rearrangements that reduce the occupied area.
The pure DOPG monolayer shows a significant decrease in A/
A0 after 500 s, which corresponds to a 25% decrease in area. In
contrast, for the DOPG + 25 mg/L tobramycin system, only a
10% decrease in area is observed. Moreover, the higher
concentration of tobramycin added resulted in the formation
of a more stable mixed film.

The impact of mixtures of GgC extract and antibiotic on the
model lipid membrane is shown in Figure 8. The relaxation of
monolayers was registered for saponin extract at concen-
trations: 300 and 500 mg/L and tobramycin: 5 or 25 mg/L. A
mixture of saponins and antibiotics was injected into the buffer
subphase beneath the DOPG monolayer.

Generally, for all considered systems of DOPG + tobramycin
+ GgC, an expanding film at the interface was observed. The
increasing relative area for molecules at the interface indicates
that saponins and tobramycin strongly interact with the
phospholipid monolayer and are incorporated into the
membrane structure. The introduction of the saponin extract
into the subphase results in increased membrane expansion
due to its amphiphilic nature, which disrupts lipid packing and
enhances lipid mobility. The surface area doubles after 15 min
in a system with the addition of 500 mg/L GgC and 25 mg/L
tobramycin. A similar tendency was observed for 300 mg/L
GgC, but the adsorption process took more time. By

Figure 7. Relative area−time curves for the DOPG monolayer in the control sample (with buffer only) and (a) with saponins injected into the
subphase in concentrations 50, 100, 300, 500, and 1000 (mg/L) and (b) with tobramycin in concentrations 5 and 25 mg/L. The plot shows the
normalized area per molecule (A/A0) as a function of time, where A0 = A (for t = 0), phosphatidylglycerol (DOPG).
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comparing the results for the GgC + tobramycin mixture
(Figure 8) with the obtained relaxation curves for component
systems (Figure 7a,b), it can be concluded that the
simultaneous addition of saponin and antibiotic had a more
pronounced expanding effect on the DOPG film than either
agent alone. This suggests a potentially cooperative interaction
between GgC and tobramycin in disrupting the membrane.
The incorporation of GgC into DOPG monolayers

significantly increased the molecular area per lipid, indicating
that saponin inserts into the film and expands the lipid packing.
Moreover, the GgC-induced reduction in the monolayer’s
compressional modulus (greater compressibility) and the
decrease in collapse pressure point to a more fluid, less rigid
film in the presence of saponin. This expansion effect,
evidenced by shifts in the π−A isotherms, aligns with previous
research highlighting saponins’ capacity to enhance membrane
permeability and reduce lipid rigidity. Glycyrrhetinic acid
(GA), the aglycon of glycyrrhizin (GC), was found to disrupt
lipid raft models by reducing domain size and promoting fluid
networks.21 At higher concentrations, GgC reduced the
collapse surface pressure (πcollapse) and compressional modulus
(Cs

−1), confirming its membrane-destabilizing and fluidizing
properties. The incorporation of GgC into DOPG monolayers
at the air−liquid interface was marked by a significant shift in
the π−A isotherms toward larger molecular areas. For instance,
the area per molecule increased from 137 Å2 for pure DOPG
to 245 Å2 when 10 mg/L GgC was added, indicating
disruption of lipid packing. This aligns with our previous
studies demonstrating that some saponins expand lipid bilayers
and reduce membrane rigidity.9,12,18,19 Additionally, glycyr-
rhizin, a key bioactive component of G. glabra, has been shown
to integrate into DOPG vesicles, modifying their structure
while enhancing stability.22 At higher GgC concentrations, the
reduction in πcollapse and Cs

−1 values further validated its role in
destabilizing the monolayer and promoting fluidity. These
findings align with reports of saponins reducing lipid packing
density to enhance membrane fluidity and disrupt structural
integrity.23,24 Tobramycin alone, however, exhibited minimal
interaction with the DOPG monolayer, as evidenced by only
slight reductions in the level of Cs

−1. This suggests weak
interactions between tobramycin and the lipid layer, consistent
with its known reliance on active transport mechanisms for

bacterial cell penetration.25 When combined with GgC,
notable changes in the π−A isotherms were observed,
characterized by a decreased surface pressure and slightly
lower monolayer compressibility, suggesting that GgC
increases the membrane fluidity. Such an increased fluidity
seems to facilitate interactions between tobramycin and the
lipid membrane.

The combined use of saponins and antibiotics has been
previously investigated, with some saponins shown to alter
bacterial membrane properties.19,26,27 ζ potential measure-
ments revealed a progressive increase (less negative values)
following treatment with GgC, tobramycin, and their
combination, indicative of alterations in the liposome surface
charge. Positively charged tobramycin interacts electrostatically
with negatively charged phospholipid headgroups of DOPG,
partially neutralizing the surface charge.28,29 When GgC was
combined with tobramycin, a more pronounced reduction in
the surface charge was observed. This may result from
additional interactions at the lipid−water interface facilitated
by the amphiphilic nature of saponins. The hydrophilic sugar
moieties of saponins could partially mask negative charges on
the liposome surface, while the lipophilic aglycone regions
insert into or associate with the lipid bilayer.9 Despite these
surface interactions, dynamic light scattering (DLS) data
indicated no significant detrimental effect on particle size or
polydispersity (PDI), suggesting that the liposome population
remained uniform and stable under the studied conditions.
While some reports have noted vesicle disruption and fusion in
the presence of saponins,22,23 our membrane integrity assays
(HPTS and carboxyfluorescein leakage) demonstrated minimal
membrane disruption, indicating vesicles remained structurally
intact under the tested conditions.

Collectively, these observations demonstrate that G. glabra
saponins modify biophysical membrane properties, potentially
affecting antibiotic−membrane interactions. Although en-
hanced fluidity and reduced membrane rigidity suggest
conditions favorable for antibiotic entry, direct evidence of
increased tobramycin penetration into membranes was not
obtained in this study. Further direct transport assays would be
necessary to confirm such antibiotic uptake. Nonetheless, the
observed biophysical membrane modulation is consistent with
previous studies highlighting saponin-mediated effects that
could aid antibiotic action.10,26,28,30,31

■ CONCLUSIONS
This study highlights that G. glabra L. saponins (GgC) modify
the biophysical properties of bacterial model membranes,
influencing their interaction with tobramycin. GgC incorpo-
ration into DOPG monolayers significantly disrupted lipid
packing, altering membrane properties, such as molecular area
and compressibility. The combination of GgC and tobramycin
led to changes in the vesicle surface charge and size
distribution but did not compromise membrane integrity.
The combined presence of GgC and tobramycin showed an
enhanced effect on the membrane fluidity (relative to each
alone). These biophysical modifications suggest a potential for
GgC to enhance antibiotic interactions with bacterial
membranes, offering a promising strategy to address antibiotic
resistance through sustainable coformulations. Further research
is warranted to validate these findings across different bacterial
systems and antibiotics in clinical and environmental settings.

Figure 8. Relative area−time curves for the DOPG monolayer in the
control sample (with buffer only) and with saponins injected into the
subphase in concentrations: 300, 500 mg/L, and/or with tobramycin
in concentrations: 5 and 25 mg/L. The plot shows the normalized
area per molecule (A/A0) as a function of time, where A0 = A (for t =
0), phosphatidylglycerol (DOPG).
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S1. Vesicle volume size distribution affected by Glycyrrhiza glabra L. root extract (GgC) and 

tobramycin. Ctrl - untreated sample, GgC - 5 mg/L treated, Tbrm - 10 mg/L Tobramycin, GgC/Tbrm 5 

mg/L, GgC + 10 mg/L of Tobramycin effect 

 

S2. Vesicle intensity size distribution affected by Glycyrrhiza glabra L. root extract (GgC) and 

tobramycin. Ctrl - untreated sample, GgC - 5 mg/L treated, Tbrm - 10 mg/L Tobramycin, GgC/Tbrm 5 

mg/L, GgC + 10 mg/L of Tobramycin effect 
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S3. Vesicle number size distribution affected by Glycyrrhiza glabra L. root extract (GgC) and 

tobramycin. Ctrl - untreated sample, GgC - 5 mg/L treated, Tbrm - 10 mg/L Tobramycin, GgC/Tbrm 5 

mg/L, GgC + 10 mg/L of Tobramycin effect 

Dynamic light scattering (DLS) analysis can represent particle size distribution according to three 

distinct weighting models: number, volume, and intensity. To facilitate clarity and comprehensive 

interpretation, all three distribution models are provided here, in the supplementary material. Each of 

these representations offers valuable insights, yet the selection of an appropriate model depends on the 

specific research questions or experimental requirements being addressed.  

The volume-based distribution illustrates the size distribution based on the total volume occupied by 

particles. This distribution provides a balanced representation, moderately sensitive to both small and 

large particles, and thus often serves as a good general representation of sample heterogeneity. Intensity-

based distribution, on the other hand, emphasises larger particles, as intensity scales strongly 

(proportionally to the sixth power) with particle size. Consequently, even a small number of large 

particles can dominate the intensity profile. This distribution is particularly useful for identifying 

aggregation or the presence of larger contaminants within the sample. The number-based distribution, 

reflects the actual numeric proportion of particles present, emphasising smaller particles, which are 

typically the most numerous in colloidal systems. However, this distribution can, on occasion, result in 

an underestimation of the significance of larger particles due to their low count. 
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Abstract
Large-scale use of nitrofurans is associated with a number of risks related to a growing resistance to these compounds and the 
toxic effects following from their increasing presence in wastewater and the environment. The aim of the study was to investi-
gate an impact of natural surfactant, saponins from Sapindus mukorossi, on antimicrobial properties of nitrofuran antibiotics. 
Measurements of bacterial metabolic activity indicated a synergistic bactericidal effect in samples with nitrofurantoin or 
furazolidone, to which saponins were added. Their addition led to more than 50% greater reduction in viable cells than in the 
samples without saponins. On the other hand, no toxic effect against human colon epithelial cell was observed. It was found 
that exposure to antibiotics and surfactants caused the cell membranes to be dominated by branched fatty acids. Moreover, 
the presence of saponins reduced the hydrophobicity of the cell surface making them almost completely hydrophilic. The 
results have confirmed a high affinity of saponins to the cells of Pseudomonas strains. Their beneficial synergistic effect on 
the action of antibiotics from the nitrofuran group was also demonstrated. This result opens promising prospects for the use 
of saponins from S. mukorossi as an adjuvant to reduce the emission of antibiotics into the environment.

Keywords  Antibiotics · Cytotoxicity · Fatty acids · Natural surfactants · Pharmaceutics

Introduction

Nitrofurantoin (NFT), nitrofurazone (NFZ), furaltadone 
(FTD) and furazolidone (FZD), i.e. antibiotics from the 
nitrofuran group, are recognized as a group of the most 
popular antimicrobials all over the world. The nitrofuran-
toin only has been prescribed 2,957,359 times in 2019 in 
the USA, which is not an impressive result, but it can still 
be concluded that nitrofuran drugs are widely used (Nitro-
furantoin Drug Usage Statistics, United States, 2013–2020, 
2020). NFT has been used in the treatment of the urinary 
tract, while FZD has been used to treat diarrhea, cholera 
and bacteremic salmonellosis. In 1995, their use as a food 
additive for farm animals was banned due to concerns about 
the carcinogenicity of the drug residues and their potentially 
harmful effects on human health (Vass et al. 2008).

The increase in antibiotic intake is one of the main rea-
sons for the increase in antimicrobial resistance (AMR). 
Increasing therapeutic doses, forced by greater drug resist-
ance of pathogenic strains, contributes to the increasing 
presence of antibiotics in the environment. This phenom-
enon is a feedback loop, as it results in the spread of antibi-
otic resistance (Polianciuc et al. 2020). This process can be 
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interrupted by increasing the bioavailability of the antibiotic, 
allowing the use of lower doses of the antibiotic while main-
taining the expected effectiveness (Price and Patel 2022). 
Moreover, the World Health Organization (WHO) has pub-
lished a list of bacteria that are characterized by high drug 
resistance so that effective treatments for infections caused 
by them are running out (Asokan et al. 2019). At the top 
of the list are bacteria of the genus Acinetobacter bauman-
nii, Enterobacteriaceae, and also Pseudomonas aeruginosa 
(Ropponen et al. 2021).

One of the possible methods of increasing drug bioavail-
ability is to modify the permeability of the cell membrane 
with surface active properties (Smułek and Kaczorek 2022). 
One group of surfactants that is attracting increasing atten-
tion are saponins, natural surfactants of natural origin (Liao 
et al. 2021). The structure of their molecules is most likely 
responsible for the ability to integrate the hydrophobic part 
of their molecules into the structure of the cell membrane, 
while the hydrophilic part remains on the surface. There are 
also suggestions that saponin monomers can incorporate into 
the outer part of the membrane and increase the distance 
between membrane components on the surface, which leads 
to a positive membrane curvature and the formation of spe-
cific domains, whose size increases with time (Rojewska 
et al. 2023). The presence of sugar chains helps develop 
membrane defects and gradually increases the membrane 
permeability, even by creating holes in the membrane (Lor-
ent et al. 2014; Rojewska et al. 2020).

The aim of our study was to determine the influence of 
the co-action of saponin-rich Sapindus mukorossi extract 
and nitrofuran antibiotics: nitrofurantoin (NFT) and furazo-
lidone (FZD), on the cellular response of gram-negative bac-
teria of the Pseudomonas genus. Pseudomonas aeruginosa 
is outside the action spectrum of nitrofurans, and therefore, 
we were able to observe the properties of living cells and 
the effect of drug-saponin interaction on the cell membrane. 
The toxicity of the saponin extract on human intestinal epi-
thelial cells was also assessed. Intestinal cells are the first 
barrier limiting drug penetration into the body from gas-
trointestinal tract. Analysis of the influence of saponins on 
these cells may help establish ways of reusing nitrofuran 
antibiotics in combination with biosurfactants. As absorp-
tion of nitrofurans by the human body is severely restricted, 
it is important to check saponins’ toxic effects on the cells 
constituting the intestinal barrier in the drug absorption 
process (Huttner and Harbarth 2017). Although there are 
many studies on the modification of the permeability of 
model membranes as well as the bactericidal properties of 
the saponins themselves, there have been few reports so far 
on the possible synergistic effect between antibiotics and 
saponins (Jurek et al. 2019; Lorent et al. 2014; Rojewska 
et al. 2020; Sreij et al. 2018). Such an effect may contribute 
to achieving a desired therapeutic effect at a lower dose of 

the drug. Thus, in our study we focused on modifying the 
properties of the outer membrane of gram-negative bacteria 
by employing the co-interaction of the antibiotic with sapo-
nins. Using Electrophoretic light scattering and Dynamic 
light scattering, and analysis of Congo Red adsorption and 
Crystal Violet permeability, we tried to more deeply under-
stand the possible mechanism of interaction of antibiotics 
and surfactants on the biological membranes. For this pur-
pose, we also performed lipidomic analysis. The performed 
basic analyses of the metabolic activity of both bacterial 
cells and human intestinal epithelial cells provide important 
information about the toxicity and safety of saponins derived 
from Sapindus mukkorosi, and also indicate a possible syn-
ergistic effect between chosen antibiotics and saponins. The 
obtained results provide new, important information on the 
possible interaction of surfactants with nitrofuran antibiotics 
and allow a better understanding of their interference in the 
lipid profile of biological membranes. The use of saponins 
may contribute to reduction of the growing bacterial resist-
ance to antibiotics through the use of compounds of natural 
origin.

Materials and methods

Chemicals

All chemicals used in the study, including two nitrofuran—
NFT and FZD, were of the highest purity grade and were 
purchased from Merck KGaA (Darmstadt, Germany). The 
nutrient agar, nutrient broth and other microbiological sup-
plements came from BTL sp. z o.o. (Łódź, Poland). Sap-
indus mukorossi nuts were obtained from Mohani (Psary, 
Poland). The saponins-rich extract was obtained via metha-
nol extraction as described by Smułek et al. (2016).

Cytotoxicity analysis

The cytotoxicity of S. mukorossi extract combined with anti-
biotics was assessed using human CCD 841CoN (ATCC​
®CRL-179™) cells derived from normal colon mucosa 
and obtained from the American Type Culture Collection 
(ATCC, Manassas, VA, USA). The cells were cultured in 
Dulbecco’s Modified Eagle’s Medium (Sigma-Aldrich, 
Poznań, Poland) supplemented with 10% fetal bovine serum 
(Gibco BRL, USA) and 1% nonessential amino acid solu-
tion 100 × (Sigma-Aldrich). They were grown at 37 °C in 
a humidified atmosphere (5% CO2, 95% air) and subcul-
tured twice a week after reaching ca. 80% confluence. A 
trypsin-EDTA solution (0.25%) was used to harvest the CCD 
841CoN cells.

In the cytotoxicity experiments, the cells were grown 
in 96-well plates at the initial density of 1.5 × 104 cells 
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cm−2. Twenty-four hour cell cultures were treated with 
S. mukorossi extract at concentrations ranging from 0 to 
1000 μg  mL−1 with the addition of antibiotics at a final 
concentration of 5 μg mL−1. After 48 h of treatment, cell 
viability and metabolic activity were assessed using the 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) test (Sigma-Aldrich), as described by Smulek et al. 
(2020). Briefly, the MTT solution was added to each well to 
obtain a concentration of 0.5 mg MTT mL−1. The microplate 
was incubated at 37 °C for 3 h, and then formazan crystals 
were extracted with acidic isopropanol for 20 min at room 
temperature. Absorbance was measured at 570 and 690 nm 
using a Tecan M200 Infinite microplate reader (Tecan Group 
Ltd., Männedorf, Switzerland).

Bacteria strain and culture conditions

Three strains of bacteria of the genus Pseudomonas were 
used in the study: Pseudomonas plecoglossicida IsA (NCBI 
GenBank Accession No. KY561350), Pseudomonas sp. 
MChB (NCBI GenBank Accession No. KU563540), 
Pseudomonas sp. OS4 (NCBI GenBank Accession No. 
KP096512). The bacteria were stored on nutrient agar plates. 
For incubation, the bacterial biomass was suspended in a 
nutrient broth until it reached the exponential growth phase. 
The bacterial cultures were then centrifuged at 4500 rcf and 
re-suspended in a PBS (Phosphate-Buffered Saline) solution 
at a constant neutral pH.

A growth curves of pure bacteria cultures and in presence 
of xenobiotics are presented in Supplementary Data with 
additional explanation. The measurements were performed 
with a microplate reader (Multiskan 152 Sky, Thermo Fisher 
Scientific, Waltham, MA, USA) and the 96-well clear bot-
tom sterile microplates as described by Pacholak et  al. 
(2023) 100 μL of the prepared bacterial cultures were trans-
ferred to the microplate wells. The plates were maintained 
at 30 °C with pulse shaking. The OD600 of each well were 
read every 10 min for 24 h.

In order to determine the action of 5 mg L−1 FZD and 
NFT antibiotics in combination with 10 mg L−1 of sapo-
nins or without saponins on bacterial cells, liquid cultures 
were prepared. The bacteria were centrifuged from growth 
medium and then re-suspended in the 1 mL of described 
mixtures for 24 h. The control sample consisted of the bac-
teria suspended in the PBS solution. After 24 h, the tests 
described in the further experiments were carried out.

Fatty acids profile of bacterial strains

The procedure of fatty acid methyl ester extraction, analysis 
and identification using gas chromatography, and data inter-
pretation were analogous to the methodology described by 

Nowak and Mrozik (2016). The mean fatty acid chain length 
was expressed by the following equation:

where: %FA is the percentage of fatty acid, and C is the 
number of carbon atoms. To prevent the alterations caused 
by fatty acids occasionally detected, the analysis of FAMEs 
included only fatty acids with a content of at least 1%.

The obtained results were evaluated by analysis of vari-
ance, and statistical analyses were performed on three bio-
logical replicates of data obtained from each treatment. The 
statistical significance (p < 0.05) of differences was treated 
by one-way ANOVA, considering: (1) the effect of each 
treatment on tested bacterial strains and (2) the influence 
of NFT and FZD on each bacterial strain. Next, differences 
between particular samples were assessed by post-hoc com-
parison of means using the lowest significant difference 
(LSD) test.

Cell surface properties measurements

The above analyses were performed on cultures of bacte-
ria suspended for 24 h in solutions containing the drug and 
saponins. The analysis of cell surface properties included 
evaluation of Congo red binding to microbial cells, accord-
ing to Ambalam et al. (2012). Moreover, the cell membrane 
permeability test using crystal violet was performed, as well 
as an MTT enzymatic activity test, as described by Smulek 
et al. (2020). The zeta potential was calculated from the 
Smoluchowski equation after measurements of electrophore-
sis mobility using a Zetasizer Nano ZS instrument (Malvern 
Instruments Ltd. UK). Additionally, the cells’ sizes were 
measured using a Mastersizer 2000 instrument (Malvern 
Instruments Ltd.) equipped with a Hydro 2000S unit that 
enables the analysis of samples in the form of a wet dis-
persion. The cells diameters were measured in the range 
of 0.02–2000 μm. For this purpose, an appropriate quan-
tity of the material was dispersed in a water medium, and 
after establishing the instrument background, appropriate 
measurements were made. An atomic force microscope Park 
NX10 from Park Systems (Suwon, South Korea) was used 
to analyze changes in the cell topography of the bacteria as 
described by Pacholak et al. (2023).

Statistical analysis

The results presented in the study were calculated as an aver-
age value from at least three independent experiments. The 
variance analysis and t-Student test were applied to deter-
mine the statistical significance of differences between the 
average values. The differences were considered statistically 
significant at p < 0.05. All calculations were conducted using 

Mean fatty acid chain lenght =
∑

(%FA × C)∕100
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Excel 2019 (Microsoft Office) software. The FAME profiles 
were also subjected to principal component analysis (PCA). 
All analyses were performed using the Statistica 13.3 PL 
software package.

Results and discussion

Cytotoxicity analysis

Cytotoxicity of saponins from S. mukorossi and nitrofuran 
antibiotics was determined in normal human cells to evaluate 
their safety in antibiotic therapy. The effect of saponins-rich 
plant extract on the proliferation, viability, and metabolic 
activity of colon epithelial CCD 841CoN cells is shown in 
Fig. 1.

The experiments revealed that S. mukorossi saponin 
extract at concentrations up to 10 μg mL−1 is not cytotoxic 
to the normal intestinal cells. The lowest cytotoxic dose, that 
is the concentration of the extract causing a decrease in cell 
viability by 10%, was calculated as 16.79 ± 2.87 µg mL−1 
(Table 1). Figure 1 shows a dose–response relationship 
between saponin-rich extract and colon mucosa cells. 
Based on the experimental results and model fitting, a half 
maximal inhibitory concentration (IC50) was determined at 
32.72 ± 2.63 µg mL−1. For comparison, the IC50 of the anti-
biotics were estimated to be 1.28 µg mL−1 and 2.92 µg mL−1 
for FZD and NFT, respectively (Table 1). Notably, the sapo-
nin extract combined at the concentration of 10 µg mL−1 
with the antibiotics did not significantly affect their cyto-
toxicity; the extract supplementation did not change the 
cytotoxic potential of the antibiotics at every concentra-
tion tested (Fig. 2). The obtained results indicate that the 
use of S. mukorossi saponins at non-cytotoxic doses does 
not cause any additional cytotoxic effect on normal human 

colon cells. Therefore, the concentration of saponin extract 
of 10 µg mL−1 was chosen for further experiments.

As follows from peruse of literature, the results presented 
in our study are one of the few concerning the impact of 
saponin-rich extracts on unmutated human cells. The vast 
majority of studies reported to date have described the 
cytotoxicity of saponins mainly against cancer cells to 
assess their antitumor potential. For example, Hashemi 
et al. (2021) have observed that ginsenosides belonging to 
the saponin group have the ability to induce apoptosis and 
arrest the cell cycle. Moreover, gypensapogenin H derived 
from Gynostemma pentaphyllum significantly inhibited the 
growth of human breast cancer cells (MDA-MB-231), while 
exhibiting low toxicity to normal human breast epithelial 
MCF-10a cells (Zhang et al. 2015). Zhang et al. (2022) have 
reported that asiaticoside saponin at concentrations of 20, 
40, and 80 µg mL−1 is not toxic to human retinal pigment 
epithelium ARPE-19 cells. Duewelhenke et al. (2007) have 
indicated the suppression of the proliferation of primary 
human osteoblasts by antibiotics fluoroquinolones, mac-
rolides, clindamycin, chloramphenicol, rifampin, tetracy-
cline, and linezolid at doses up to 20 or 40 µg mL−1. It has 
been suggested that a significant problem of the group of 
antibiotics, such as fluoroquinolones, is that they cause mito-
chondrial dysfunction induced by oxidative stress in human 
cells (Nadanaciva et al. 2010; Xiao et al. 2019).

Bacterial cells viability

The strains utilized in this study exhibit high resistance to 
both antibiotics. The Minimal Inhibitory Concentration 
(MIC) for NFT and FZD against the IsA strain reached 
100  µg  mL−1, while for the OS4 and MChB strains, it 
exceeds 200 µg mL−1. Given the solubility limitations of 
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Fig. 1   Dose–response curve for normal colon CCD 841CoN cells 
treated with S. mukorossi extract at concentrations ranging from 1 to 
1000 g mL−1. Cell viability was measured by MTT assay. IC10; IC50; 
IC90

Table 1   Cytotoxic doses expressed as inhibitory concentrations (IC) 
of Sapindus mukorossi extract and/or nitrofuran antibiotics deter-
mined in human normal colon mucosal CCD 841CoN cells. Data 
present first (IC10), half-maximal (IC50) and lethal (IC90) inhibitory 
concentrations

Values marked with the same letter do not differ significantly 
(p > 0.05)

Extract and/or antibiotic IC (μg mL−1)

IC10 IC50 IC90

S. mukorossi extract 16.79 ± 2.87 32.72 ± 2.63 64.12 ± 1.57
FZD 0.33 ± 0.06a 1.28 ± 0.11b 4.98 ± 0.29d

FZD S. mukorossi 
10 μg mL−1

0.27 ± 0.02a 1.13 ± 0.07b 4.22 ± 0.30d

NFT 1.43 ± 0.12b 2.92 ± 0.02c 6.02 ± 0.51e

NFT S. mukorossi 
10 μg mL−1

1.28 ± 0.12b 2.94 ± 0.16c 6.76 ± 0.17e
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these antibiotics in an aqueous environment, achieving 
higher concentrations is not feasible. Our investigation 
involved the addition of Sapindus mukorossi extract at con-
centrations up to 30 µg mL−1, which demonstrated no impact 
on bacterial growth and division (see Supplementary Data). 
This confirms the absence of a cytostatic effect of the extract 
on the selected Pseudomonas strains. However, in the pres-
ence of Sapindus mukorossi extract MIC for NFT decreased 
the MIC nearly 20% for all tested strains, however, for FZD 
no significant decrease was observed.

To investigate deeper, the saponins-antibiotics co-
action, the enzymatic activity of Pseudomonas spp. was 
assessed by MTT assay (Smułek et  al. 2020) and the 
results are presented in Fig. 3. For each tested strain, a 
decrease in the enzymatic activity was observed after 
the FZD antibiotic addition. Interestingly, a very slight 
increase in the activity of Pseudomonas sp. MChB strain 
exposed to NFT was observed, which may suggest no 
toxic effect in this case. However, the addition of sapo-
nins caused a significant decrease in the enzymatic activity 
relative to that of the samples without the saponins added. 
The highest decrease in enzymatic activity was observed 
for P. plecoglossicida IsA strain, of even up to 39% rela-
tive to that of the control sample. The addition of saponins 
to the NFT also caused a toxic effect (a decrease in activ-
ity of cells by 41% relative to that of the control sample) 
on the Pseudomonas sp. MChB strain, on which the drug 
itself did not cause such an effect. Such results may sug-
gest the presence of a synergistic effect between nitrofuran 
antibiotics and saponins, which enhance the toxic effect 
of the antibiotic. Moreover, pure saponins also caused a 
decrease in the metabolic activity of P. plecoglossicida 
IsA strain of up to 52% compared to that of the control. 
Both phenomena may be related to the formation of holes 
and the incorporation of saponins into the outer cell mem-
brane, which is the first barrier between the bacterial cell 

and the environment. Zaynab et al. (2021) have suggested 
that saponins have a toxic effect on both gram-positive 
and gram-negative bacteria as well as fungi. The results 
obtained in our study correlate well with those obtained by 
Khan et al. (2018). The saponins obtained from green tea 
seeds show antibacterial activity against Escherichia coli, 
Salmonella spp., and Staphylococcus aureus. For most of 
the tested strains, a decrease in OD600 to a value close to 
0 was observed for the saponin concentration equal to the 
minimal inhibitory concentration, as well as a decrease in 
OD600 with increasing concentration of saponins. On the 
other hand, Zdarta et al. (2019) have observed no toxic 
effect of saponins derived from Hedera helix, and even 
their stimulating effect towards Raoultella ornithinolytica 
and Achromobacter calcoaceticus. A fairly large variety 
of saponins, as well as the presence of a sugar part in 
the molecule, which can be used as an alternative carbon 
source for bacteria, determine the possibility of obtain-
ing different results of toxicity assessment for different 
bacteria strains.

Regarding cell morphology (refer to AFM images in 
Supplementary Data) of the control samples, a regular 
structure without defects and uniformity in all directions 
can be observed. The dimensions of the cells for all strains 
are approximately 2 µm in length. Notably, exposure to 
NFT resulted in distinct changes such as visible furrows 
and irregularities, particularly prominent in the IsA and 
OS4 strains, and to a lesser extent in MChB. The addition 
of saponins does not appear to have a significant impact 
on cell topography, as the effects are primarily attrib-
uted to NFT itself. These changes may indicate cellular 
damage caused by the antibiotic; however, complete cell 
lysis is not evident, as supported by the obtained growth 
curves that indicate no cytostatic effect. Similar observa-
tions were made by Pacholak et al. (2023), who found that 
Stenotrophomonas acidaminiphila N0B, Pseudomonas 
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indoloxydans WB, and Serratia marcescens ODW152 
exhibit discernible alterations in cell structure after pro-
longed exposure to nitrofurantoin, with greater severity 
observed after 28 days.

Bacterial fatty acid profile

Because the study focuses on bacterial cells membrane and 
wall properties, the first step of the study was to determine 
the profile of membrane fatty acids (FA) and the reaction 
of the strains to the contact with antibiotics. Figure 4 and 

Table 2 present the share of particular groups of FA in the 
membranes. In Pseudomonas plecoglossicida IsA strain, the 
straight-chain and saturated FA dominated. The branched 
FA had the relatively smallest share in the total amount of 
FA. In the case of two other strains, Pseudomonas sp. MChB 
Pseudomonas sp. OS4, the branched FA accounted for over 
90% and 50% of total FA, respectively. In contrast to IsA and 
OS4 in whose cell membranes hydroxy and cyclopropane 
FA can be found, the FA profile of P. MChB cell membrane 
is limited only to unsaturated and 12:0 aldehyde (Fig. 5).

It should be emphasized that the addition of saponins 
significantly changed the membrane fatty acid profile for 
IsA and OS4 strains, but had rather limited influence on 
MChB strain membrane. After the addition of saponin, the 
percentage of branched fatty acids in OS4 strain membrane 
increased from 56 to 94% for Sap/FZD and to 97% for Sap 
and Sap/NFT, whereas the share of unbranched fatty acids 
decreased from 35 to 3.06% and 6.75% for Sap/NFT and 
Sap/FZD, respectively. For MChB strain cell membrane a 
small fluctuation can be noticed for unsaturated acids after 
treatment with saponins—the share of unsaturated acids 
increased from 0.79 to 2.29% for Sap/FZD and 2.9% for Sap 
and Sap/NFT, at the expanse of branched and straight chain 
fatty acids. Nonetheless, the share of unsaturated FA was 
about 95% for each sample of MChB strain. The IsA strain 
cell membrane has the most complex composition with 45% 
straight-chain, 10.5% hydroxylated, 11% cyclopropane, 5.5% 
branched, 8.5% 12:0 aldehyde, and 27.5% unsaturated FAs. 
In this case, the addition of pure saponin did not change the 
membrane FA profile. Interestingly, the synergistic effect 
between saponin and FZD/NFT might occur, and as a result, 
only in this combination, the branched FA share increased 
from 5.5% to 18.30% and 16.74% for Sap/NFT and Sap/
FZD, respectively. What should also be noted, after Sap/
FZD treatment the share of straight chain FA increased to 
48%. This also confirmed that bacteria modify their cells 
biomembrane in response to a toxic environment.

The modulation of the length, branching, and saturation 
of the FA acyl chains is one of the main bacteria mecha-
nisms in response to stress conditions. The increased amount 
of unsaturated and branched FA increase membrane fluidity 
and enhance the diffusion processes through it (Willdigg 
and Helmann 2021). Such a change can be noticed for IsA 
and OS4 strains after treatment with saponins. Górny et al. 
(2019) have studied the interaction of naproxen with Bacil-
lus thuringiensis B1 and observed, after contact with the 
pharmaceutic, a decrease in the content of unsaturated FA, 
which were replaced by hydroxy FA. Similarly, Pacholak 
et al. (2021) have found for Pseudomonas hibiscicola strain 
FZD2 that after its contact with NFT and furazolidone, the 
proportion of branched FA increased at the expense of unsat-
urated and straight-chain FA. Hence, the results obtained 
in our study indicate that the tested Pseudomonas strains 

0

20

40

60

80

100

120

Ctrl NFT FZD NFT +

Sap

FZD +

Sap

Sap

M
et

ab
o
li

c 
ac

ti
v

it
y
 (

%
)

A

0

20

40

60

80

100

120

Ctrl NFT FZD NFT +

Sap

FZD +

Sap

Sap

M
et

ab
o
li

c 
ac

ti
v

it
y
 (

%
)

B

0

20

40

60

80

100

120

Ctrl NFT FZD NFT +

Sap

FZD +

Sap

Sap

)
%(

yti
vitca

cil
o

bate
M

C

** ***
***

***

**
**

*

**

**

***

***

*

*

**
**
**

*****

**
**

***** *****
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appeared to be relatively resistant to the antibiotics studied, 
from among which particularly strongly resistant to NFT. 
This antibiotic seemed to have no significant effect on the 
cell membrane. What is more, no changes in FA profile after 
exposed to saponins were observed. Moreover, in P. pleco-
glossicida IsA cell membranes the share of straight-chain FA 
increased in response to the toxic environment.

Cell membrane permeability

Low permeability of the bacteria cell membrane is one 
of the key factors limiting the effectiveness of antibiot-
ics. Lowering the membrane permeability is also one of 
the possible mechanisms of cellular response to stressful 
conditions. The cell membrane permeability was assessed 

Fig. 4   Proportions of fatty acids in IsA (A, D, G, J), MChB (B, E, 
H, K), and OS4 (C, F, I, L) growing on nutrient broth (A, B, C), 
and nutrient broth supplemented with Sap (D, E, F), nutrient broth 
supplemented with Sap and FZD (G, H, I), and nutrient broth supple-
mented with Sap and NFT (J, K, L). The class of hydroxyl fatty acids 
contains additionally the branched hydroxyl fatty acids. In each col-
umn, samples with the same bacterial strain but with different treat-
ments (with or without Sap, NFT and FZD) with different lowercase 
are significantly different (p < 0.05, LSD test). It means that lower-
case indicates differences in FAME profiles within the same bacte-

rial strain. Results without any lowercase are statistically equal at a 
significance level p < 0.05. The means with the same treatment with 
a different capital letter are significantly different (p < 0.05, LSD test) 
considering the effect of treatment (addition of NFT, FZD, or without 
additional carbon source) between tested bacterial strains. It means 
that one test was done for control samples (A, B, C), the second for 
samples with Sap (D, E, F), the third for samples with Sap and fura-
zolidon (G, H, I)), and fourth for samples with Sap and NFT (J, K, 
L)
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using the absorption of crystal violet by bacterial cells, on 
a scale where 100% meant complete dye absorption, 0% 
meant no crystal violet absorption and thus, a complete 
stop of the transport process through the cell membrane. 
The effect of reducing the permeability of the cell mem-
brane can be observed when treated with pure antibiotic 
solutions without the addition of saponins (Table 3). The 
greatest decrease in the dye absorption was obtained for 
the Pseudomonas sp. OS4 strain—from 59.9 to 36.2% for 
FZD. A subtle increase in cell membrane permeability 
was obtained for the P. pleocglossicida IsA strain from 
65.6 to 66.4%. Such a small increase is within the limit 
of the measurement error and may indicate practically 
no effect. A significant increase in the permeability for 
each of the tested strains was observed after adding the 
extract of S. mukorossi. In the case of the P. plecoglossi-
cida IsA strain, the obtained results suggested an increase 
in the permeability of the cell membrane by about 20–25 
percentage points as compared to the control sample. 
Comparing the results for pure antibiotics, the addition 
of saponins increased the permeability by 23 percent-
age points for P. plecoglossicida IsA exposed to FZD or 
FZD and S. mukorossi extract, and even by 53 percentage 
points for the Pseudomonas sp. MChB strain and the NFT 
drug. Knudsen et al. (2008) have come to similar conclu-
sions. In their study they observed that the presence of 
soyabean saponins increase the intestinal epithelial per-
meability as determined by both reduced transepithelial 
resistance and increased apparent permeability of [14C]
mannitol (Knudsen et al. 2008). The increase in perme-
ability may be related, as suggested by Jacob et al. (1991) 

and Zheng and Gallot (2021), to the ability of saponins 
to solubilize cholesterol, thereby creating tears without 
disturbing the remaining structure of the biomembrane. 
Sudji et al. (2015) on the other hand, have suggested that 
it is the presence of cholesterol in the cell membrane that 
determines the action of saponins. The absence of cho-
lesterol in the cell membrane means that saponins do not 
have the effect of increasing the membrane permeability 
(Sudji et al. 2015).

Cell surface properties

Zeta potential may be one of many determinants of cell 
behavior in stress conditions. Both antibiotics, NFT and 
FZD, cause an increase in electrokinetic potential accumu-
lated on the surface of bacterial cells (Table 3). Only for 
Pseudomonas sp. MChB with FZD added a slight decrease, 
from − 16.2 to − 16.6 mV, in zeta potential was observed. In 
the case of treatment with pure antibiotics, the zeta potential 
changes slightly fluctuated by approx. 1–2 mV; the addition 
of saponins from Sapindus mukorossi caused a significant 
decrease in the zeta potential of bacterial cells. For each of 
the tested strains, there was a twofold decrease in the value 
of the zeta potential. Saponin molecules accumulated on the 
cell surface, embedding themselves in the outer cell mem-
brane, may be responsible for such a large decrease. Amphi-
philic saponin molecules can be incorporated into biological 
membranes by their hydrophobic (aglycon) part, while the 
glyconic part remains outside the outer membrane region, 
thus causing a decrease in the stability of the colloidal 

Table 2   Mean fatty acid chain 
length and ratio of saturated to 
unsaturated fatty acids of tested 
bacterial strains in response 
to different antibiotics and/
or S. mukorossi extracts: a) 
Pseudomonas plecoglossicida 
IsA, b) Pseudomonas sp. OS4, 
c) Pseudomonas sp. MChB

In each table row, the means with different lowercases are significantly different (p < 0.05, LSD test) con-
sidering the effect of treatment (Sap, Sap/NFT, Sap/FZD) on bacterial strain. In each column, the means 
with the same treatment marked with different letters are significantly different (p < 0.05, LSD test) consid-
ering the reactions of bacterial strains. It means that one test was done for Control samples, the second for 
Sap, third for NFT samples, and the fouth for FZD samples

Treatment Ctrl Sap Sap/NFT Sap/FZD

Strain Pseudomonas plecoglossicida IsA
Mean fatty acid chain length 16.92 ± 0.06 17.40 ± 0.78 16.14 ± 0.52 15.93 ± 0.61a

Sat./Unsat. ratio 2.96 ± 0.17 3.08 ± 10.89 3.63 ± 0.07a 3.43 ± 0.07a,b

Strain Pseudomonas sp. MChB
Treatment Ctrl Sap Sap/NFT Sap/FZD
Mean fatty acid chain length 15.72 ± 0.01a 15.70 ± 0.01a,b 15.68 ± 0.00c 15.75 ± 0.02a,d

Sat./Unsat. ratio 55.14 ± 6.54 34.55 ± 0.56a 32.98 ± 0.91 49.54 ± 26.40a

Strain Pseudomonas sp. OS4
Treatment Ctrl Sap Sap/NFT Sap/FZD
Mean fatty acid chain length 15.67 ± 0.53 15.74 ± 0.00 15.73 ± 0.01 15.95 ± 0.028a

Sat./Unsat. ratio 5.97 ± 2.08 0.00 ± 0.00a 0.00 ± 0.00a 43.64 ± 24.11b
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solution of bacterial cells, which causes a decrease in zeta 
potential (Lorent et al. 2014; Rojewska et al. 2020). Similar 
observations have been were made by Muniyan et al. (2017).

The Congo red adsorption test permitted evaluation 
of the cell adhesivity (Table 3). Comparing the results 
obtained for the cells treated with NFT, even 72.03% of 
the dye was adsorbed on cells of MChB strain. The low-
est cell adhesivity value was obtained for the OS.4 strain 
with NFT—51.44%. It is worth noting that in the case of 
this series of tests, the cell adhesivity value does not drop 

below 50%, which proves that the dye is incorporated into 
the structure of bacterial cells membrane (Smułek et al. 
2020). The addition of the extract caused a significant 
drop in the Congo Red adsorption, even below 2%. The 
highest value of Congo Red adsorption, of almost 30%, 
was obtained for the samples of MChB strain exposed to 
saponins only. As noted by Rojewska et al. (2020), the 
decrease in the Congo Red adsorption due to the pres-
ence of saponins is most likely related to the incorporation 
of biosurfactant molecules into the structure of the cell 
membrane. This results in a restriction of the space for the 
incorporation of the dye molecules (Rojewska et al. 2020).

Conclusions

The results obtained in our study provide a broad perspec-
tive on the effects of nitrofuran derivatives and saponins 
from Sapindus mukorossi on the living cells. The aim of 
the experiments carried out was to check the possibility 
of enhancement of the effect of antibiotics through the 
supporting activity of natural surfactants on the bacte-
rial membrane. As found, the synergistic effect was par-
ticularly evident in the systems containing both FZD 
and saponins, leading to a pronounced reduction in the 
metabolic activity of cells of s Pseudomonas sp. OS4 
and P. plecoglossicida IsA strains. On the other hand, the 
strongest biocidal effect on Pseudomonas sp. MChB was 
observed in the samples with NFT and saponins. At the 
same time, the tested compounds were found to affect the 
fatty acid profile in the cell membranes in different ways. 
The cell membrane of Pseudomonas sp. MChB strain did 
not show significant modifications as a result of a contact 
with antibiotics and saponins, but in the cell membranes 
of Pseudomonas OS4 strain after exposition to antibiot-
ics and surfactants were found to show dominant pres-
ence of branched fatty acids. The proportion of branched-
chain fatty acids also increased significantly in the P. 
plecoglossicida IsA skeleton. The changes were evident 
at the level of cell surface properties. The saponins very 
strongly reduced the hydrophobicity of the cell surface 
and decreased its zeta potential. This result may indicate 
strong adsorption of saponins on the cell surface. In view 
of potential use of saponins as an antibiotic adjuvants in 
pharmaceutical preparations, the toxicity of antibiotics 
and/or saponins to colon epithelial cells was also inves-
tigated, which permitted determination of a safe dose of 
saponins from S. mukorossi at which they are not toxic 
and do not increase the toxicity of antibiotics. The results 

Fig. 5   PCA analysis of fatty acids profile of bacterial strains in 
response to different antibiotics and/or S. mukorossi extracts. The test 
systems are marked with capital letters: A – IsA strain growing on 
nutrient broth; B—MChB strain growing on nutrient broth; C – OS4 
strain growing on nutrient broth; D—IsA strain growing on nutrient 
broth supplemented with Sap; E—MChB strain growing on nutri-
ent broth supplemented with Sap; F – OS4 strain growing on nutri-
ent broth supplemented with Sap; G—IsA strain growing on nutrient 
broth supplemented with Sap and FZD; H—MChB strain growing on 
nutrient broth supplemented with Sap and FZD; I – OS4 strain grow-
ing on nutrient broth supplemented with Sap and FZD; J—IsA strain 
growing on nutrient broth supplemented with Sap and NFT; K—
MChB strain growing on nutrient broth supplemented with Sap and 
NFT; L—OS4 strain growing on nutrient broth supplemented with 
Sap and NFT
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obtained represent significant scientific novelty and pro-
vide a basis for further research into the use of saponins 
for supporting the effects of antibiotics.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11274-​023-​03669-2.
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Growth curves 

Each bacteria strain was cultured with the presence of antibiotic in the concentration range of 

0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10, 20, 25, 50, 75, 100, 125, 150, 175 and 200 µg 

mL-1 of nitrofurantoin or furazolidone respectively. To 75 µg mL-1 of antibiotics for P. 

plecoglossicida IsA and 200 µg mL-1 for Pseudomonas sp. OS4 and MChB, Sapindus mukorossi 

extract in athe range of 30, 20, 10 and 5 µg mL-1 was added. Selected curves are presented. 

 

 
 

S1. Growth curve of Pseudomonas plecoglossicida IsA  

 

 
 

S2. Growth curve of Pseudomonas plecoglossicida IsA exposed to 75 µg mL-1 of nitrofurantoin 
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S3. Growth curve of Pseudomonas plecoglossicida IsA exposed to 100 µg mL-1 of 

nitrofurantoin 

 

 
 

S4. Growth curve of Pseudomonas plecoglossicida IsA exposed to 200 µg mL-1 of 

nitrofurantoin 
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S5. Growth curve of Pseudomonas plecoglossicida IsA exposed to 75 µg mL-1 of nitrofurantoin 

and 30 µg mL-1 of Sapindus mukorossi 

 

 
 

S6. Growth curve of Pseudomonas plecoglossicida IsA exposed to 75 µg mL-1 of nitrofurantoin 

and 5 µg mL-1 of Sapindus mukorossi 
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S7. Growth curve of Pseudomonas plecoglossicida IsA exposed to 75 µg mL-1 of furazolidone 

 

 
S8. Growth curve of Pseudomonas plecoglossicida IsA exposed to 100 µg mL-1 of 

furazolidone 

161:9826753312



 
 

S9. Growth curve of Pseudomonas plecoglossicida IsA exposed to 200 µg mL-1 of 

furazolidone 

 

 
 

S10. Growth curve of Pseudomonas plecoglossicida IsA exposed to 75 µg mL-1 of furazolidone 

and 30 µg mL-1 of Sapindus mukorossi 
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S11. Growth curve of Pseudomonas plecoglossicida IsA exposed to 75 µg mL-1 of furazolidone 

and 5 µg mL-1 of Sapindus mukorossi 

 

 
 

S12. Growth curve of Pseudomonas sp. OS4 
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S13. Growth curve of Pseudomonas sp. OS4 exposed to 75 µg mL-1 of nitrofurantoin 

 

 
 

S14. Growth curve of Pseudomonas sp. OS4 exposed to 100 µg mL-1 of nitrofurantoin 
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S15. Growth curve of Pseudomonas sp. OS4 exposed to 200 µg mL-1 of nitrofurantoin 

 

 
S16. Growth curve of Pseudomonas sp. OS4 exposed to 200 µg mL-1 of nitrofurantoin and 30 

µg mL-1 of Sapindus mukorossi 
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S16. Growth curve of Pseudomonas sp. OS4 exposed to 200 µg mL-1 of nitrofurantoin and 5 

µg mL-1 of Sapindus mukorossi 

 

 
 

S17. Growth curve of Pseudomonas sp. OS4 exposed to 75 µg mL-1 of furazolidone 
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S18. Growth curve of Pseudomonas sp. OS4 exposed to 100 µg mL-1 of furazolidone 

 

 

 
S19. Growth curve of Pseudomonas sp. OS4 exposed to 200 µg mL-1 of furazolidone 
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S20. Growth curve of Pseudomonas sp. OS4 exposed to 200 µg mL-1 of furazolidone and 30 

µg mL-1 of Sapindus mukorossi 

 

 
S21. Growth curve of Pseudomonas sp. OS4 exposed to 200 µg mL-1 of furazolidone and 5 

µg mL-1 of Sapindus mukorossi 
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S22. Growth curve of Pseudomonas sp. MChB 

 

 
S23. Growth curve of Pseudomonas sp. MChB exposed to 75 µg mL-1 of nitrofurantoin 
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S24. Growth curve of Pseudomonas sp. MChB exposed to 100 µg mL-1 of nitrofurantoin 

 

 
 

S25. Growth curve of Pseudomonas sp. MChB exposed to 200 µg mL-1 of nitrofurantoin 
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S26. Growth curve of Pseudomonas sp. MChB exposed to 200 µg mL-1 of nitrofurantoin and 

30 µg mL-1 of Sapindus mukorossi 

 

 
 

S27. Growth curve of Pseudomonas sp. MChB exposed to 200 µg mL-1 of nitrofurantoin and 

5 µg mL-1 of Sapindus mukorossi 
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S28. Growth curve of Pseudomonas sp. MChB exposed to 75 µg mL-1 of furazolidone 

 

 
 

S29. Growth curve of Pseudomonas sp. MChB exposed to 100 µg mL-1 of furazolidone 
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S32. Growth curve of Pseudomonas sp. MChB exposed to 200 µg mL-1 of furazolidone 

 

 
 

S33. Growth curve of Pseudomonas sp. MChB exposed to 200 µg mL-1 of furazolidone and 

30 µg mL-1 of Sapindus mukorossi 
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S34. Growth curve of Pseudomonas sp. MChB exposed to 200 µg mL-1 of furazolidone and 5 

µg mL-1 of Sapindus mukorossi 

 

 

Cell topography 

 

 
 

S35. Surface two-dimensional height images illustrating the Pseudomonas plecoglossicida 

IsA topography, Control sample 
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S36. Surface two-dimensional height images illustrating the Pseudomonas plecoglossicida 

IsA topography, Exposed to 5 µg mL-1 of NFT  

 

 
S37. Surface two-dimensional height images illustrating the Pseudomonas plecoglossicida 

IsA topography, Exposed to 5 µg mL-1 of NFT and 10 µg mL-1 of saponins 

  

175:6922741151



 
 

S38. Surface two-dimensional height images illustrating the Pseudomonas sp. OS4 

topography, Control sample 

 

 
S39. Surface two-dimensional height images illustrating the Pseudomonas sp. OS4 

topography, Exposed to 5 µg mL-1 of NFT  

 

 
S40. Surface two-dimensional height images illustrating the Pseudomonas sp. OS4 

topography, Exposed to 5 µg mL-1 of NFT and 10 µg mL-1 of saponins 

176:3256809555



 

 
S41. Surface two-dimensional height images illustrating the Pseudomonas sp. MChB 

topography, Control sample 

 

 
 

S42. Surface two-dimensional height images illustrating the Pseudomonas sp. MChB 

topography, Exposed to 5 µg mL-1 of NFT  
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S43. Surface two-dimensional height images illustrating the Pseudomonas sp. MChB 

topography, Exposed to 5 µg mL-1 of NFT and 10 µg mL-1 of saponins 
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