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Abstract: Low-temperature laundry washing prompted the formulation of a new biobased detergent
that meets sustainability criteria. A soapnut extract conferred good cleaning performance on the
standard soiling agents EMPA 101 and EMPA 114 but showed rather weak performance on EMPA
116 and EMPA 160. The results indicated the good disinfection properties of the soapnut extract—
Carvacrol emulsion (>6 log CFU/carriers), whereas the commercial detergent and sole soapnut
extract were less effective. Comparable results were observed for cross-contamination assessment
and wash water, whereas total elimination was achieved only for the soapnut extract-Carvacrol
emulsion. We demonstrated significantly decreased water surface tension for all three compounds.
The microorganism cell membrane integrity assessment showed the highest number of dead cells on
cotton carriers washed with the soapnut extract-Carvacrol emulsion. All this indicated that the newly
formulated biobased laundry detergent made of soapnut extract and Carvacrol could effectively
remove standard soiling agents and ensure good disinfection.

Keywords: biobased laundry detergent; soapnut extract; Carvacrol; standard soiling agents; critical
Cmicelle concentration; emulsification index

1. Introduction

The consequences of global climate change and significant pressure on the environ-
ment caused by both the developed and developing worlds require urgent action [1].
Numerous initiatives warn that the per capita environmental impact must be reduced by
substantially changing people’s behaviour [2]. Among different sectors, the textile industry
causes approximately 40% of greenhouse gas emissions, taking into account the entire life
cycle of textiles, from raw material and production to washing, ironing, and, finally, textile
disposal [3]. Laundry care can be especially burdensome, with momentous pressure on the
aquatic environment and enormous energy consumption, waste disposal, and air pollu-
tion [4,5]. Therefore, to prevent these hazards to the environment and people, advances
are being made in green chemistry, by which the attributes of biological-inspired cleaning
products are developed. An advantage of this approach is that cleaning products are
developed with elevated safety profiles, e.g., lower toxicity, increased biodegradability, and
decreased bioaccumulation, while maintaining functional effectiveness [6]. In recent years,
trends in the field of laundry washing have been focused on reducing washing temperature
to <40 °C [7]. This approach can substantially reduce energy consumption but negatively
impacts washing quality [8-10]. Studies show that the removal of soiling agents from
textiles is temperature dependent [11,12], and low temperatures cannot assure a proper
reduction in microorganisms [12,13]. For example, Bockmiihl and colleagues [14] tested the
hygiene of domestic laundry and found that higher concentrations of laundry detergent
are required to inactivate fungi and Gram-negative bacteria. Furthermore, Monleén-Getino
and colleagues [10] demonstrated that low-temperature laundry washing can meet 5 log
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CFU reduction only if perborate is added to the detergent. Thus, researchers are urged to
find laundry detergents that have the lowest possible impacts on the environment while
sustaining good hygiene practices. One possible response to that can be a formulation
of saponins from plants. For example, soapnut (Sapindus mukorossi) is the fruit of the
soapnut tree grown in Asia, America, and Europe [15]. The pericarp is rich in saponins,
both triterpenoids and steroid glycosides [16]. As many as 103 different compounds have
been isolated from the fruit, and many are bioactive components [17]. They can potentially
decrease water surface tension sufficiently and emulsify fats, two of the most important
cleaning properties [18]. The chemical composition of the soapnut was assessed in a study
by Chaudhary and colleagues [19], showing 95.16% dry matter, 7.49% total ash, 5.01%
crude protein, 2.21% crude fibre, 1.78% ether extract, 0.41% phosphorous, and 0.24% cal-
cium. Furthermore, the presence of various functional groups forming the hydrophilic
and hydrophobic parts of soapnuts was confirmed by Pradhan and colleagues via FTIR
(Fourier transform infrared) analysis [20]. They found that the soapnut consists mainly
of hydroxyl groups as well as acids and carbohydrates. Similarly, Sohacki and Vogt [21]
reported that soapnut plants contain compounds like alkaloids, flavonoids, and phenols,
whereas the pericarps are especially rich in saponin. The most common saponins that
occur in the pericarp are three types: oleanane, dammarane, and tirucallane-type saponins.
Panda and colleagues [22] tested a soapnut extract, synthetic sodium dodecyl sulphate, and
Tween80® and found a better cleaning ability for soapnut extract. Soapnut can be a good
candidate for replacing synthetic scouring products due to reduced shrinkage, fibre loss,
dye fastness, scouring, and water absorption [23]. Furthermore, natural plant saponins are
environmentally friendly, sustainable, and less toxic than synthetic surfactants [24]. Du
and colleagues [25] tested the toxicity of soapnut on rats and found a lethal dose to be
(LDsp) > 5000 mg/kg; dermal irritation tests on rabbits were considered negative. Adding
soapnut pericarp to poultry feed provides better immunity and is used for antibiotic-free
chickens [26]. Due to its good emulsification capacity, soapnut extract can be combined
with natural essential oils to form emulsions and strengthen antimicrobial properties. For
example, Sedaghat Doost and colleagues [27] found that a saponin—oregano essential oil
emulsion has great antimicrobial potential. Similar results were found by Ahmadi and
colleagues [28] testing a saponin—-thyme essential oil formulation against S. aureus. Due
to this encapsulation, the essential oil becomes physically and chemically stable in the
aqueous medium; therefore, fine droplets can be efficiently absorbed through bacterial cell
walls, resulting in cell lysis [29].

Accordingly, this study aimed to systematically assess the efficacy of a natural-based
soapnut extract-Carvacrol emulsion for laundry washing for the first time. Addition-
ally, it details the efficacy of standard soiling agent removal, its possible redeposition,
microorganism disinfection, cross-contamination, water surface tension assessment, and
cell membrane integrity.

2. Materials and Methods
2.1. Commercial Laundry Detergent, Soapnut Extract, and Soapnut Extract with Carvacrol

A commercial laundry detergent containing 5-15% anionic surface-active components,
<5% non-ionic active components, phosphonates, soap, enzymes, benzothiazolinone, alpha
iso-methyl ionone, citronellol, geraniol, and linalool was purchased at a grocery store. The
washing experiment was carried out according to the producer’s instructions at 40 °C in
a concentration of detergent in wash water at 4 g/L. Soapnuts (Sapindus mukorossi) were
obtained from Greenwill (Greer, SC, USA). Plant material was identified through a series
of comparative macroscopic and organoleptic analyses. Voucher No. 116/19 ULZF was
deposited at the Faculty of Health Science, University of Ljubljana. The plant material was
stored in a dry location in the absence of light at room temperature before the analysis.
The soapnut pericarp was dried at 60 °C for 24 h and crushed in powder. The extraction
of saponins from soapnut powder was provided according to the work of Chen and
colleagues [30]. Briefly, 100 g of dried soapnut powder was dissolved in 600 g of 60%
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ethanol and stirred on a magnetic stirrer at 200 rpm for 24 h. After that, the liquid was
filtered through Whatman filter No. 41, and all the liquid was evaporated by constantly
stirring the samples at 60 °C for 24 h. The yield of soapnut extract was 43%. For the
washing experiment, 10 g/L of soapnut extract was used. Carvacrol (Sigma Aldrich, St.
Louis, MO, USA) in the concentration of 1 g/L was added to 10 g/L of soapnut extract.
The suspension was sonicated for 5 min at 37 kHz to achieve emulsion.

2.2. Standard Strains of Microorganisms

Standard strains of microorganisms Pseudomonas aeruginosa ATCC 15442, Escherichia
coli ATCC 10536, Staphylococcus aureus ATCC 6538, Enterococcus hirae ATCC 105041, and
Candida albicans ATCC 10231 were obtained from laboratory collection. The bacteria from
the collection were transferred to nutrient agar (Biolife, Milan, Italy) and incubated at 37 °C
for 24 h.

2.3. Fourier Transform Infrared Spectroscopy (FTIR)

The soapnut extract was analysed by identification of the presence of characteristic
functional groups. For this purpose, Attenuated Total Reflection integrated Fourier trans-
form infrared (ATR-FTIR) spectra of the soapnut extract and standard saponin powder
(Sigma Aldrich, St. Louis, MO, USA) were collected using a Spectrum 3 FI-IR spectrometer
(PerkinElmer, Inc., Shelton, CN, USA) equipped with a diamond crystal (n = 2.0). The
spectra were recorded over the range of 4000-600 cm ! with a resolution of 4 cm~! and an
average of 16 spectra per sample, according to the work of Almutairi and Ali [31].

2.4. Quantification of Saponins in Soapnut Extract

The quantification of total saponins in soapnut extract was determined via vanillin-
sulphuric acid colourimetry, according to Li and colleagues [32]. This method allowed
measuring the absorbance of the purple complex because of the reaction of oxidized
triterpene saponins with vanillin. Briefly, 0.5 mL of sample was mixed with 0.5 mL 4%
(w/v) vanillin (Sigma-Aldrich, St. Louis, MO, USA) in a 50% water—ethanol solution, and
2.5 mL of 72% sulphuric acid was added. The suspension was heated to 60 °C for 15 min.
The absorbance was measured at 527 nm using an Ultraviolet-Visible spectrophotometer.
The standard curve was prepared with oleanolic acid (Sigma Aldrich, St. Louis, MO, USA).
As oleanolic acid is pentacyclic triterpenoid saponin, it was the appropriate standard for
total saponin quantification [33]. The results of the soapnut extract were compared to
a standard curve of oleanolic acid and expressed as an oleanolic acid equivalent. The
experiment was carried out with three parallels and three repetitions.

2.5. Laundry Detergent’s Characteristics

The emulsification index (E-24) enabled assessing the potential of fat emulsification
and, therefore, cleaning ability. The E-24 was determined according to the work of Bezzerraa
and colleagues [34]. The 2 mL of paraffin liquid in the tube (Sigma-Aldrich, St. Louis,
MO, USA) was mixed (2 min, 1500 rpm) with a 2 mL of commercial laundry detergent,
soapnut extract, and soapnut extract with carvacrol in the concentration range from a 0.02%
to 10% solution. The resulting mixture stood for 24 h and was allowed to separate into an
emulsified layer and the remaining aqueous layer. The emulsification index was measured
as the ratio of the height of the thickness of the emulsified layer to the total height of
the solution.

To determine the critical micelle concentration (CMC), the surface tension of all three
substances was measured using a tensiometric method (Leconde Du Nouy Tensiometer)
according to the work of Basu and colleagues [18]. The CMC was defined as a concentration
of surfactants above which micelles formed, and all additional surfactants added to the
system formed micelles. The CMC was determined by plotting surface tension as s function
of surfactant concentration since the slope abruptly changed at the CMC [35]. All selected
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substances’ E-24 and surface tension values were measured for all ten concentrations and
three repetitions.

2.6. Standard Soil Remouval

Washing efficiency was tested according to the standard method Textiles—Tests for
colour fastness—Part C06: Colour fastness to domestic and commercial laundering (ISO
105-C06) using four different EMPA (Swiss Federal Laboratories for Materials Science
and Technology) standard soiled fabrics, i.e., EMPA 101—100% cotton soiled with carbon
black/olive oil, EMPA 114—100% cotton soiled with red wine, EMPA 116—100% cotton
soiled with blood /milk/ink and EMPA 160—100% cotton soiled with chocolate (Materials
Research Products, UK). The dimension of each studied soiled fabric was 100 mm x 40 mm,
whereas 100% bleached plain weave cotton fabric of the same dimension was used as an
adjacent sample to study the soiling agent re-deposition. The samples of the standard
soiled fabrics with adjacent white cotton were washed in a Girowash machine (James Heal,
Halifax, UK) at 40 °C for 45 min. After washing, the samples were rinsed in distilled water
at 40 °C for 1 min, followed by rinsing in tap water, and then air dried at room temperature.

To determine the washing effect, colour measurements were made in the International
Commission on [llumination (CIE) Lab colour space for unwashed and washed samples of
the standard soiling agents and adjacent cotton samples. For this purpose, a Datacolour
Spectraflesh 600 spectrophotometer PLUS-CT controlled with Datacolour Datamaster soft-
ware (Colortools 1.X) was used. The following settings were used in the measurements:
uminance D65, small area view, specular light excluded, ultraviolet included, and stan-
dard observation angle of 10°. The soiling agent removal efficiency was determined by the
difference in CIE L (International Commission on Illumination Lightness) value, AL (dif-
ference in lightness), between washed and unwashed standard soiling agents or adjacent
cotton samples were calculated as follows:

AL =Lw — Lyn 1)

where Ly and Ly represent the CIE L value of the washed and unwashed standard
soiling agent samples or adjacent cotton samples, respectively. Five measurements were
performed per sample.

2.7. Laundry Disinfection

The disinfection potential of all three substances was tested according to the standard
Chemical disinfectants and antiseptics—Chemical textile disinfection for the domestic
area SIST EN 17658:2021 [36], as follows. The bacteria working cultures were prepared by
streaking them onto Tryptic Soy agar and incubating them at 37 °C for 24 h. C. albicans was
prepared by streaking it on Malt Extract agar. The microorganism was transferred from
solid media to 0.9% NaCl, and the concentration was adjusted using a spectrophotometer at
620 nm. In the next step, the solution was centrifuged for 5 min at 4700 g, the supernatant
was removed, and the pellet was resuspended in a 0.3% Bovine serum albumin (BSA)
solution. The sterilized cotton samples (160 g/ m?) 1 x 1 cm were inoculated with 30 pL
of bacterial solution in BSA and dyed in a flow cabinet. The samples were washed in
a Girowash machine (James Heal, Halifax, UK). Each experiment included 5 samples
of contaminated carriers for each microorganism, 4 non-contaminated carriers for cross-
contamination, and 5 contaminated carriers that were not treated and served as control.
A metal canister of 500 mL with 50 g of ballast (65% polyester/35% cotton) and 4 steel
beads were autoclaved. The interfering substance Soil ballast systems (SBL No. 2004) 1.75 g
were added to the canister. The tested detergents were diluted to desired concentration
in standard hard water to obtain wash water (500 mL). The washing time was 45 min,
and the washing temperature was 40 °C. No rinsing was performed. Immediately after
the washing cycle, the cotton samples were transferred to 2 mL microtubes containing
neutralizer (lecithin 3 g/L; polysorbate 80 30 g/L; sodium thiosulphate 5 g/L; saponin
30 g/L in PBS—Phosphate buffer solution). The 20 mL of wash water was aspirated with a
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syringe and neutralized with 20 mL of neutralizer double concentration. The tubes were
mixed at 18 °C at 1000 rpm using a Plateshaker LLG (Lab Logistic Group, Meckenheim,
Germany) device. In the next step, the samples were serial diluted, and 0.4 mL of each
dilution was inoculated using the pour plate technique. The bacteria were incubated at
37 °C for 24 h, whereas C. albicans was at 30 °C for the same time. After that, the number
of colonies was counted. The control represented cotton carriers with selected strains
without washing. The microorganisms on the control carriers were treated the same as
the samples. The initial load for bacteria on the cotton carriers was >6.6 log CFU (Colony
Forming Units)/carrier and > 5.6 CFU/carrier for C. albicans. The reduction was calculated
(log CFU/ carrier) regarding control.

2.8. Microorganisms’ Membrane Integrity Assessment

The non-exposed and washed cotton samples were exposed to 30 uL of BacLight®
fluorescence stain, containing Syto9 and propidium iodide DNA stain, for 15 min in the
dark. After that, the samples were washed with 1 mL of PBS and observed under an
inverted fluorescence Motic AE31 microscope Elite (Motic, Richmond, BC, Canada) at
40x magnification with TRIC and MB filters.

2.9. Statistical Analysis

Statistical analysis was provided using R software version 4.1.1. (R Core Team, Vienna,
Austria). Normality was checked using the Shapiro-Wilk test (p > 0.05). One-way analysis
of variance (ANOVA), and the Duncan test was used to determine the significant differences
at a significance level of p < 0.05.

3. Results

The results of the quantification of saponins in the soapnut extract showed that the
extract contained, on average, 21 wt% =+ 0.5 wt% of total saponins expressed as oleanolic
acid equivalents (Figure S1). The chemical composition of soapnut extract was determined
in greater detail via FTIR analysis, and the corresponding IR spectrum was compared
with the IR spectrum of the standard saponin powder (Figure 1a). The two IR spectra are
shown in Figure 1a. The absorption band at 3307 cm ™! corresponded to the -OH vibration
originating from the hydroxyl groups on the surface, whereas the absorption band at
2932 cm ™! related to the aliphatic C-H groups. The presence of the absorption bands at
1724 cm~! and 1600 cm ! related to the vibrations of the C=0O functional group of the
esters and the C=C bonds of the saponin moiety, respectively. The absorption bands in the
spectral region 1450-1200 cm ! corresponded to the bending vibrations of the —CHj and
—CHj, groups, whereas the absorption bands in the spectral region 1200-950 cm ! were
ascribed to the C-O vibrations of carbonyl groups within the structures of the saponins,
and the absorption band at 1038 cm ™! confirmed the presence of the O-glycosidic bond
(C-O-C) that linked the two structural parts of the saponins, i.e., the hydrophobic skeleton
known as the aglycone and the hydrophilic saccharide known as glycone. Furthermore,
the results of Elyy for the commercial detergent, soapnut extract, and soapnut extract
with Carvacrol showed that increasing the product concentration resulted in higher El,4
values (Figure 1b). More specifically, the lowest El4 was observed for commercial laundry
detergent, followed by soapnut extract with Carvacrol, whereas the most efficient in the
standard fat emulsification was the soapnut extract (Figure 1c). Microscope images of the
foam structures showed the sizes and distributions of bubbles with quite equal distributions
and ticker lamellae (Figure 1d).
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Figure 1. Commercial laundry detergent, soapnut extract, and soapnut extract with carvacrol. (a) ATR-
FTIR, (b) emulsification index—El,4, (c) critical micelle concentration—CMC, and (d) microscope

foam structure.

The results of the cleaning efficacies of the studied commercial detergent and the
soapnut extracts without and with Carvacrol are shown in Figure 2. As expected, the
commercial detergent showed the best removal of the standard soiling agents tested due
to its complex structure designed to remove soiling agents of different types. The higher
the AL value, the brighter the standard soiling agent samples studied and the better the
cleaning efficiency (Figure 2a,c; Table S2). The soapnut extract showed excellent removal of
the soiling agents EMPA 101 and EMPA 114, which was comparable to that of a commercial
laundry detergent, whereas the removal of the soiling agents EMPA 116 and EMPA 160 was
the poorest. The AL results showed that the addition of Carvacrol had no significant effect
on the effectiveness of the soapnut extract in soiling agent removal. In addition to soiling
agent removal, the commercial laundry detergent proved to be the best at preventing
soiling agent redeposition from the wash bath to the fibres. In this case, positive AL values
indicated improved lightness/brightness of the adjacent cotton sample after washing and
thus the effective dispersion and suspension of the soiling agent in the wash bath, whereas
negative AL values indicated greying and/or yellowing of the adjacent cotton sample
after washing and thus the re-deposition of the soiling agent from the wash bath on the
fibres. In contrast to the efficiency of soiling agent removal, the addition of Carvacrol to
the soapnut extract greatly prevented the redeposition of the EMPA 114 and 116 standard
soiling agents, whereas no significant differences were observed for the EMPA 101 and
160 standard soiling agents (Figure 2b, Table S2).

The results of the laundry washing microbial management showed that, in general,
soapnut extract was the least effective in microorganism reduction, followed by commercial
detergent, whereas soapnut extract with Carvacrol was the most powerful (Figure 3a). Soap-
nut extract could reduce up to log 4 CFU/ carrier; in particular, the reduction in E. coli was
the most successful, followed by E. hirae, S. aureus, and C. albicans. Furthermore, commercial
laundry detergent was the most effective against E. hirae (up to 6 CFU/carrier), followed
by S. aureus, E. coli, and C. albicans, whereas it was less effective against P. aeruginosa.
The soapnut extract with Carvacrol was the most effective for all tested microorganisms.
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Reduction > 6 logs CFU/ carrier was achieved for E. coli, S. aureus, and E. hirae, whereas it
was >5 logs CFU/ carrier for P. aeruginosa and C. albicans. Regarding cross-contamination,
the highest transfer of bacteria and yeast from contaminated carriers to sterile ones dur-
ing washing was observed for the soapnut extract, followed by the commercial laundry
detergent and the soapnut extract with Carvacrol (Figure 3b). Similar results could also be
observed for wash water, for which the highest number of bacteria were found in the case
of soapnut extract, followed by commercial laundry detergent and total elimination in the
case of soapnut with Carvacrol (Figure 3c).

(a.) Cleaning efficiency (b.) Soil deposition
40+ 2-
304 04
, 201 _'-z-
< <
10 -4
04 =6
10 -8 T T T T
EMPA EMPA EMPA  EMPA EMPA  EMPA  EMPA  EMPA
101 114 116 160 101 1% e 180
Standard soil type Standard soil type
Commercial laundry El Soapnut extract Soapnut extract +
detergent Carvacrol

(c.) Images before and after washing

Soapnut extract, S0apnut extract
+ Carvacrol

Commercial laundry
detergent Unwashed

Commercial laundry Soapnut extract
detergent Soapnut extract

EMPA 101 EMPA 116

i )

EMPA 114 EMPA 160

Figure 2. Cleaning efficiency (a) and soiling agent redeposition (b) of the studied commercial laundry
detergent, soapnut extract, and soapnut extract + Carvacrol, and images of the standard soiling
agented samples before and after washing (c).

The results of the microorganisms’ membrane integrities on the non-washed and
washed cotton carriers showed that the observations were in line with the reduction
assessment. The soapnut extract slightly reduced the number of live (green) cells relative
to the control, followed by the commercial laundry detergent, where the areas with more
dead (red) cells were present, and most cells showed compromised membranes with the
soapnut extract with Carvacrol (Figure 4).
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Figure 3. P. aeruginosa, S. aureus, E. coli, E. hirae, C. albicans reduction in cotton (a), cross-contamination
(b), and wash water (c) for commercial laundry detergent, soapnut extract, and soapnut ex-
tract with Carvacrol. Red dashed lines with arrows represent criteria according to the standard

SIS EN 17658:2021.
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Figure 4. P. aeruginosa, S. aureus, E. coli, E. hirae, C. albicans cell membrane integrity assessments on
cotton before and after washing with commercial laundry detergent, soapnut extract, and soapnut
extract with Carvacrol.

4. Discussion

Green chemistry enables natural-origin chemicals to be as efficient as synthetic ones
while reducing environmental pressure. This is especially important, as the global popu-
lation is rising, and the impact on nature per capita is increasing [37]. Biosurfactants are
characterized by higher biodegradability, lower toxicity, and eco-friendliness; therefore,
they can be substitutes for synthetic surfactants [38]. The results of our study show that ex-
tracts from soapnut are rich in saponins (21 wt%). These results corroborate the findings of
many previous studies. For example, Kose and Bayraktar [16] analysed saponin extraction
protocols from soapnut and found that extraction yield significantly varied among solvents.
They found water to be the least effective solvent, ranging from 10 to 12 wt%, whereas
ethanol-water was the most effective, yielding 19-30 wt%. Similar results were reported
by Lu and colleagues [38], demonstrating 7-27 wt% total saponin extraction from soapnut.
The results of the ATR-FTIR analysis showed the presence of an O-glycosidic bond C-O-C
that formed saponin by binding the hydrophobic aglycone and hydrophilic saccharide
containing glycone, whereas the C=C bond corresponded to saponin moiety-oleanane-
type triterpenoid saponins. Similar results were reported by Almutairi and Ali [31] and
Yekeen [39], who found that C-O-C and C=C typically bonded for triterpenoid saponins.
Furthermore, a good cleaning product should substantially decrease water tension, allow-
ing water to spread out and wet the surface. The results showed that commercial laundry
detergent substantially decreased the water’s surface tension. However, for the soapnut
extract, the minimum surface tension was observed at 49 mN/m. These results reflected
those of Wojtoni and colleagues [40], who found the lowest surface tension for soapnut to be
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47 mN/m. Yekeen and colleagues [39] extracted the saponins from soapnut and found the
CMC to be 0.2%, which corresponded to our study results of 0.26% CMC for the soapnut
extract. In contrast, Ghagi and co-workers [41] found the CMC to be a lower concentration
(0.13%), but they extracted the saponins from soapnut solely for three hours.

Another characteristic of a good cleaning product is the capability to emulsify fats.
Our study showed that the soapnut extract could emulsify up to 55% of fat, which was even
better than commercial laundry detergent (52%). Moreover, Basu and colleagues [18] tested
saponins from soapnut and found that a 20 wt% saponin yield could emulsify up to 59% of
paraffin, which was consistent with the finding of our study. Tmakové and colleagues [42]
tested saponins from different plants and found an emulsification capacity between 30%
and 60%; they concluded that the natural saponin emulsification index exceeded the index
for standard Tween 80® and sodium dodecyl sulphate.

Laundry cleaning is a complex process influenced by many factors, of which the
type of soiling agent and the composition of the detergent play an important role. The
cleaning efficiency results indicated different washing performances regarding the type
of soiling. Both the saponin-rich soapnut extract and the soapnut extract with Carvacrol
showed comparable soiling agent removal performances of EMPA 101 to the commercial
laundry detergent. EMPA 101 indicated the general performance of the detergent, as it was,
above all, a surfactant-related soiling agent. Other studies [43,44] found lower oil removal
performances by soapnuts, but these studies only used nutshells during the washing
process. As mentioned earlier, water was the least effective solvent for the extraction
of saponins. As the main washing phase in these studies did not exceed 45 minutes, the
concentrations of extracted saponins may have been too low to ensure the adequate removal
of oily stains. Removal of the standard EMPA 114 soiling agent by the soapnut extract and
the soapnut extract with Carvacrol was also comparable to that of the commercial laundry
detergent, as neither contained a bleaching agent in their compositions. A red wine stain is
oxidizable and thus bleachable [45]. Therefore, it is important to note that liquid detergent
was used in this study, which did not contain a bleaching agent, as it was not stable in
liquid formulations. In contrast, the low effectiveness of the removal of EMPA 116 and
160 standard soiling agents by soapnut extract was understandable and expected, ascribed
to the absence of enzymes in the soapnut extract, whereas four to five types of enzymes
were present in commercial detergents for the effective removals of protein-, starch-, and
fat-related soiling [45].

Aside from soiling agent removal, the secondary effects of laundry cleaning, such as
greying/yellowing of white or light-coloured laundry, are also important and reflect the
ability of a detergent to effectively dissolve, emulsify, and/or disperse soil particles in a
wash bath to prevent their redepositions on fibres. For this purpose, various polymers
and optical brighteners are added to commercial detergents. The soiling agent deposition
results clearly showed that the soapnut extract could not prevent the redeposition of the
standard soiling agents tested, with the EMPA 116 standard soiling agents performing
the worst, consistent with the lowest cleaning performance of this standard soiling agent.
Therefore, for efficient removal of proteinaceous soiling agents, a stain removal agent is
recommended for adequate cleaning performance. However, in the case of the standard
soiling agents EMPA 101, EMPA 114, and EMPA 160, the much lower AL values of the
adjacent cotton fabric washed with the soapnut extract and Carvacrol compared to the
soapnut extract alone undoubtedly demonstrated the benefits of the Carvacrol addition in
efficiently dispersing and/or suspending these types of soiling agents, thereby improving
the overall cleaning performance of the soapnut extract. The results of the laundry dis-
infection showed that the commercial laundry detergent sufficiently reduced most of the
bacteria on the cotton carriers (>4 logs CFU/ car; only the reduction in P. aeruginosa did not
meet the standard criteria. Also, C. albicans was sufficiently reduced (>3 log CFU/ carrier).
Similarly, Monledn-Getino and Cavalleri [10] tested a normal laundry detergent with a
perborate and found a reduction for P. aeruginosa, E. coli, S. aureus, E. hirae, and C. albicans
ranging from 2.97 to 5.51, which was similar to our commercial laundry detergent. Fur-
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thermore, we demonstrated that washing solely with soapnut extract could not meet the
SIST EN 17658:2021 standard criteria. For most model organisms, the reduction in cotton
carriers was <log 4 CFU. Only the E. coli reduction met the standard criteria. Kose and
Bayraktar [16] analysed the antibacterial potential of soapnut extract and found that E. coli
was the most susceptible, followed by S. aureus and C. albicans, which was consistent with
our findings. To enhance the disinfection potential, Carvacrol in a concentration of 1 g/L
was added to the soapnut extract. Interestingly, the addition of Carvacrol caused a total
reduction in microorganisms (>log 6 CFU/carrier; >log 5 carriers). Ryu and colleagues [46]
tested the Tween80®~Carvacrol complex and found a significantly higher antibacterial
potential for the complex than for a single component. They concluded that saponins al-
lowed the transport of Carvacrol from one hydrophobic phase to another and mimicked the
transport from oil droplets to bacterial cell membranes. Similarly, Felici and colleagues [47]
tested saponins, Thymol, and Carvacrol and reported that saponins alone did not have
strong antibacterial activities but acted synergistically with both Thymol and Carvacrol.
Similar results could be observed in our study, where the solely soapnut extract did not
significantly impact microorganism reduction, whereas the addition of Carvacrol busted
the efficacy. Cross-contamination is a relevant parameter of laundry washing efficiency
when assessing the risk of infection and bad odours in textiles [48]. While the commercial
laundry detergent, on average, represents low cross-contamination potential for both bacte-
ria and yeast, the soapnut extract did not meet the standard requirements. Furthermore,
the addition of Carvacrol substantially reduced the cross-contamination, even lower than
commercial laundry detergent. Schages and colleagues [13] tested the efficacy of laundry
washing on a laboratory scale and found that only the higher temperatures or the addition
of activated oxygen bleach could prevent cross-contamination. Moreover, testing wash
water also showed a similar trend. Soapnut extract alone could not sufficiently reduce the
number of microorganisms in wash water; consequently, cross-contamination appeared.
Adding the Carvacrol to the soapnut extract caused the elimination of both the bacteria
and yeast in the wash water.

5. Conclusions

Reducing the impact of laundry washing on the environment requires lowering en-
ergy consumption. However, a lower washing temperature can be justified solely when
maintaining the same level of washing quality. Our study demonstrated that our soapnut
extract was rich in saponin, which could substantially reduce water surface tension and
increase fat emulsification. The latter was even better than in the case of commercial de-
tergent. Accordingly, our soapnut extract showed comparable cleaning performance for
greasy—oily stains, as well as oxidizable stains, to a commercial laundry detergent, whereas
the removal of proteinaceous stains was the poorest since the latter were enzyme related.
Except for the proteinaceous stains, the soapnut extract also showed satisfactory secondary
washing performance, determined by the prevention of greying/yellowing of the laundry
due to the redeposition of the soiling agent. In this case, the addition of Carvacrol to the
soapnut extract proved beneficial. The soapnut extract showed promising results in both
bactericidal and pesticidal criteria. In contrast, we found a high number of cells for cross-
contamination assessment tests and the presences of both bacteria and yeast in the wash
water. Therefore, Carvacrol was added to the soapnut extract to boost the antimicrobial
effects. The emulsion showed great results in cotton disinfection properties (>6 logs CFU/
carrier), low cross-contamination potential, and total reduction in the wash water. All
this indicated that the formulated soapnut extract with Carvacrol met all the standard SIS
EN 17658:2021 criteria and even exceeded the commercial synthetic laundry detergent.
Undoubtedly, a cooperative effect of Carvacrol on soapnut extract was obtained, as the
presence of Carvacrol influenced and improved the cleaning performance and hygienic
effect of the laundry.
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