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Abstract

Natural plant-based resources are rich in bioactive compounds that offer promising alter-
natives for developing sustainable, functional textiles. This study focuses on the extraction
and application of natural dyes from Gardenia jasminoides as an eco-friendly substitute for
conventional synthetic dyes. The dye was extracted using methanol–water (50:50) and
ethanol–water (50:50) solvent systems, alongside conventional aqueous extraction, followed
by characterization through column chromatography. The characterization of the extracted
powders confirmed the presence of gardenia yellow pigments with strong coloration poten-
tial. Among the tested extraction methods, ultrasonic-assisted methanol–water extraction
(M.W.U.) exhibited the highest dye yield of 29.5%, followed by ethanol–water ultra-sound
extraction (E.W.U.) at 24.9%, water ultrasound extraction (W.U.) at 18.35%, and the lowest
yield obtained from the water-heater method (W.H.) at 18.25%. The dyed cotton fabrics
were tested for color strength (K/S), CIELAB, colorfastness (washing, light, rubbing), and
functional properties (antibacterial and vector protection) according to standard operating
procedures. The results revealed that an optimal mordant concentration produced the
maximum color strength (K/S = 1.7730), with good rubbing (4–5), washing (4–5), and light
fastness (5). The dyed fabrics also exhibited excellent antibacterial activity against both
Staphylococcus aureus and Escherichia coli, as evaluated by the AATCC 100 test method. For
instance, the vector protection property of the cotton dyed fabrics was also excellent, as
confirmed by the cage test. Overall, the use of Gardenia jasminoides seed-based natural dye
demonstrates not only desirable coloration and functional performance but also significant
ecological advantages, reducing chemical pollution and supporting the transition toward
environmentally sustainable textile processing.
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1. Introduction
Researchers around the globe are exploring the natural and sustainable counterparts

for synthetic dyes to safeguard the environment and ensure a safer world for future gen-
erations [1]. In general, there is an urgent need to prioritize environmentally sustainable
products across all aspects of life [2]. This requires reducing the reliance on synthetic
chemicals and maximizing the use of eco-friendly alternatives [3]. In the context of col-
oration for textiles, food, and other materials, synthetic dyes and pigments are extensively
employed worldwide [4]. However, these chemically manufactured colorants are often
toxic, allergenic, and carcinogenic, posing significant risks to agricultural land, aquatic
organisms, and entire ecosystems [5,6]. During the production and application of synthetic
dyes, large quantities of harmful chemicals are discharged into the environment, further
exacerbating ecological concerns [7]. Consequently, in recent decades, the use of natural
dyes has gained renewed attention as a sustainable alternative [8]. Natural dyes are mostly
biodegradable, non-toxic, less allergic, non-carcinogenic, antimicrobial, renewable, and are
not harmful to human health and the environment [9]. Historically, the earliest develop-
ments in coloration technology were entirely reliant on natural dyes, which highlights their
long-standing significance and potential for re-adoption in modern applications [10]. The
application of natural dyes in textiles has been extensively reviewed, with particular focus
on their characterization and chemical/biochemical analysis, extraction methodologies,
the role and application of mordants, dyeing techniques, and color fastness properties [11].
Extensive research has been devoted to the extraction of natural dyes from diverse botanical
and biological resources, with particular focus on their application in the dyeing of textile
substrates [12].

Several studies have investigated the potential of Cuminum cyminum L. (cumin seeds)
as a natural dye source for cotton fabrics, with particular emphasis on its performance
in comparison to conventional synthetic dyes. Cotton fabrics treated with the aqueous
extract demonstrated promising coloration outcomes, highlighting cumin seeds as a viable
alternative to synthetic dyes [13]. Several studies exploring the coloration of cotton with
natural dye sources using pre-mordanting methods yielded dyed fabrics with excellent
color strength (K/S values) and colorfastness ratings [14]. Alamoudi and Salem investigated
the use of myrrh extract (Commiphora molmol) as an eco-friendly dye for wool and silk fabrics
in combination with natural mordants such as sumac (Rhus coriaria) and manjakani (Quercus
infectoria) [15]. The dyeing conditions were optimized, and the dyed fabrics were evaluated
for color strength (K/S), tensile strength, and stiffness. The best results were achieved
using 100% myrrh extract at pH 4.5, a temperature of 100 ◦C, and a dyeing duration
of 60 min. An eco-friendly dye derived from the red prickly pear (Opuntia lasiacantha
Pfeiffer) plant was investigated for textile application [16]. The results indicated that higher
mordant concentrations reduced color strength, while overall dye uptake and colorfastness
properties were satisfactory. The potential of eucalyptus leaves as a source of natural dye
was demonstrated through application on silk and wool textiles [17]. The color fastness
properties revealed that the dyed fabrics achieved good to excellent results (color strength
and colorfastness), although the light fastness performance was relatively moderate, falling
within the fair-to-good range [18]. The use of natural dyes extracted from biological and
mineral sources, in their unprocessed form, provides an environmentally sustainable option,
as they are inherently non-toxic and possess renewable availability [19]. To address the
narrow chromatic spectrum of natural dyes, Khan et al. utilized a blend of Ficus carica and
Eucalyptus extracts. The resulting coloration on cotton fabrics displayed an expanded range
of shades, highlighting the technique’s potential in environmentally responsible textile
processing [20].
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Gardenia jasminoides Ellis (Rubiaceae) is a traditional medicine in China, which is
an evergreen shrub commonly cultivated in temperate regions. It also has a Chinese
name, “Zhi zi,” and has antioxidant, anti-inflammatory, antifungal, and antimicrobial
properties [21]. The major bioactive components present in Gardenia jasminoides extracts are
iridoid glucosides, crocetin derivatives, and some phenylpropanoids [22]. The extraction of
this herb can produce various colors such as yellow, red, and blue, depending on the species
type and climatic conditions. The yellow pigment is widely used in the food processing
industry, such as juice, jelly, candy, and noodle coloration, due to its water solubility and
attractive, esthetic color [23–25]. Several studies established the characterization of Gardenia
jasminoides extracts using advanced analytical techniques [26,27]. Some comparative studies
explored silk dyeing with Rheum emodi, gardenia yellow, and turmeric extracts. Curcumin
(a potential coloring compound in turmeric) provided the strongest color, followed by
gardenia yellow [28]. In general, the application of gardenia yellow has been largely
established on protein-based fibers, but its application to cellulosic fibers is unexplored.
Thus, we devoted our research to extracting natural dyes from Gardenia jasminoides and
applying them to cotton fabrics. In addition, previous studies were mainly devoted to
extraction, characterization, and color strength assessment, while this study focuses on
dyeing and functionalization of cotton fabrics for their potential use in medical textiles.

In this study, gardenia yellow dye was extracted from Gardenia jasminoides using
different solvent systems, including water, ethanol–water (50:50), and methanol–water
(50:50) mixtures. The obtained liquid extract was converted into powdered form for
characterization and subsequent application to cotton fabric using the exhaust dyeing
method with aluminum potassium sulfate as a mordant, which is considered a relatively
sustainable metallic salt mordant. The dyed samples were evaluated for color strength,
color fastness properties, vector protection (mosquito repellency), and antibacterial activity
following standard testing protocols.

2. Materials and Methods
2.1. Materials

A 100% cotton knitted fabric (Single jersey, 120 g/m2 and 40S yarn count) was pur-
chased from the local market of Wuhan, Hubei, China. Gardenia jasminodies (see Figure 1)
plants were purchased from Wuhan, Hubei, China, for the extraction of yellow dyes. Garde-
nia jasminoides seeds were kept under room temperature conditions, packaged in polyethy-
lene bags to prevent moisture absorption. The solvents, ethanol (≥99%) and methanol
(≥99%), were bought from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China); Micro
porous D101 resin was collected from Donghong Chemical Co., Ltd. (Dongguan, Guang-
dong, China); Potassium aluminum sulfate dodecahydrate [KAl(SO4)2·12H2O] mordant
(≥99%, hydrous) was arranged from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). A domestic detergent Pioguan (≥99%) was purchased from Dongguan PiaoQiang
Detergent Company, China. All chemicals except the plant seeds were of laboratory grade
and used without further purification.

2.2. Extraction Process

The dyes were extracted from Gardenia jasminoides seeds using a range of solvent-
based and equipment-assisted techniques to evaluate their efficiency and suitability for
sustainable textile coloration. Gardenia seeds are rich in diverse phytochemicals, primarily
iridoid glucosides such as geniposide and crocins (as shown in Figure 1), the latter being
responsible for their characteristic yellow pigmentation. All the employed extraction
methods are discussed in separate subsections.
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Figure 1. Gardenia seeds with (a) shell and (b) without shell purchased from a local market in Wuhan,
Hubei, China. Chemical structures of major bioactive components in Gardenia seeds: (c) geniposide,
(d) crocins.

2.2.1. Aqueous Extraction

The aqueous extraction process was performed using water as the solvent. Initially,
40 g of Gardenia jasminoides seeds were added to 1000 mL of water in a beaker, maintaining
a material-to-solvent ratio of 1:25. The mixture was subjected to extraction by heating
on an electric hotplate (Infitek Laboratory Digital Hotplate, Shanghai, China) at 70 ◦C
for 1 h. The mixture was cooled down and subjected to filtration. A Whatman filter
(Z240079, Sigma-Aldrich, Shanghai, China) with a pore diameter of 90 mm was applied in
the vacuum-assisted filtration process. The filtrate was characterized and subjected to a
powdered form for further application.

Likewise, aqueous extraction was carried out using the ultrasonic-assisted method,
following the same extraction parameters as discussed above, and the obtained extract was
subjected to filtration and subsequently converted to powdered form.

2.2.2. Ethanol–Water and Methanol–Water Extraction

The ethanol–water (50:50 v/v) mixture was employed as the solvent for the ultrasonic-
assisted extraction method. A Benchtop ultrasonic extractor (AntiTeck Life Sciences Lim-
ited, Guangzhou, China) was applied for the extraction process. The ultrasonic extractor
needs 220 V power, an operating frequency of 30 kHz, and an ultrasonic power range of
100–650 W. Initially, 20 g of gardenia seeds were added to a beaker containing 250 mL of
ethanol and 250 mL of water. The mixture was stirred with a glass rod to ensure homogene-
ity prior to extraction. Subsequently, the solution was subjected to ultrasonic treatment at
70 ◦C for 1 h using an ultrasonic chamber operating at a frequency of 30 kHz. Finally, the
mixture was cooled down and subjected to filtration.

A similar extraction procedure was followed for the methanol–water (50:50 v/v) mixture.

https://doi.org/10.3390/chemistry8020019
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2.3. Extraction Efficiency

The extraction efficiency was calculated following the procedure reported by Richardo
et al. (2021) [29]. Liquid extract was added to a pre-weighed beaker and kept overnight
at 90 ◦C to get a concentrated, dried extract. The next day, the beaker containing the
dried extract was cooled down and weighed again to calculate the extraction yield (%) by
substituting the corresponding weight values in Equation (1):

Extraction yield (%) =
weight of the beaker with extract (g)− weight of the beaker (g)

weight of the dry raw material (g)
× 100% (1)

2.4. Powder Formulation by Spray Dryer Machine

Following extraction and purification, the Gardenia yellow dye solution was processed
into powdered form using a spray-drying technique employing a spray dryer (SUS304,
Xi’an Toption Instrument Co., Ltd., Xi’an, China). A 1000 mL sample of the liquid extract
was introduced into the spray dryer, operating at approximately 200 ◦C with an efficiency of
1.2 L/h. The resulting powdered dye was collected separately and subsequently subjected
to quality evaluation.

2.5. Dyeing Process

The exhaust dyeing of cotton was performed on an oscillating lab dyeing machine
(TESTEX, Model TD 230, Dhaka, Bangladesh) to evaluate the affinity of the extract for
the substrate. For the dyeing process, 4 g of cotton fabric was treated with 60 mL of
Gardenia yellow dye solution, maintaining a liquor ratio of 1:15. Aluminum potassium
sulfate (40 g/L) was used as the mordant and applied in varying volumes (0, 0.5, 1.0, 1.5,
and 2.0 mL) to assess its effect on the colorfastness properties and shade depth of the
dyed fabrics. Dyeing was performed at 70 ◦C for 1 h, as illustrated by the dyeing curve in
Figure 2. During the first 20 min of the dyeing process, the bath temperature was gradually
increased from room temperature to 70 ◦C at a controlled rate of approximately 2–3 ◦C per
minute. This initial phase allowed the fabric to become fully impregnated with the dye
liquor, facilitating a gradual exhaustion of dye onto the fiber surface. Once the temperature
reached 70 ◦C, it was maintained for the remaining 40 min to complete dye diffusion and
fixation within the fiber matrix, as illustrated by the dyeing curve in Figure 3. To remove
the unfixed dye molecules from the fabric surface, the dyed samples were subjected to hot
washing for 2–3 min. This was followed by soaping with a domestic Pioguan detergent
solution (5 g/L) prepared at a liquor ratio of 1:30, using 120 mL of solution maintained at
60 ◦C for 10 min. After soaping, the samples were thoroughly rinsed with cold water and
dried in a woven dryer.

Figure 2. Dyeing curve of a cotton knitted fabric dyed with gardenia yellow dyes using the exhaust
method on an oscillating lab dyeing machine.

2.6. Material Characterization

Gardenia yellow powdered samples were analyzed using Fourier transform infrared
spectroscopy utilizing an FTIR spectrophotometer and a KBr (>99%, Sinopharm Chemical
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Reagent Co., Ltd., Shanghai, China) plate holding the dye particles. The FTIR spectra were
recorded at a resolution of 4 cm−1 within a range of 4000–400 cm−1 using a Bruker Vertex
100 spectrometer, Hanover, Germany. The HPLC analysis was performed using a BIKAI
Model 1511 HPLC system (BIKAI Technology Co., Ltd., Tokyo, Japan) equipped with an
Eclipse XDB-C18 column (4.6 mm × 150 mm, 5 µm) at 25 ◦C. The applied mobile phase
was acetonitrile and water (15:80, v/v), having a flow rate of 1.0 mL/min. An ultraviolet
spectrophotometer with dual light beams was used to test the dye absorbency of a fabric
sample (N6000, Beijing Purkinje General Instrument Co., Ltd., Beijing, China). The UV–
visible spectra of the extracts were recorded using a UV–visible (UV-vis) spectrophotometer
ranging from 300 to 700 cm−1.

2.7. Color Strength Testing

Color strength (K/S) and CIELAB values of the dyed fabrics were determined using a
Datacolor 110 spectrophotometric system (Datacolor (Suzhou) Co., Ltd., Suzhou, China),
enabling accurate quantification of color strength. By substituting this reflectance value into
the Kubelka–Munk equation, color strength (K/S) can be determined by Equation (2) [30].

Color Strength (K/S) =
(1 − R)2

2R
(2)

where R = reflectance of an incident light from the dyed material, K = absorption, and
S = scattering coefficient of the dyed fabric. A lower K/S value signifies lower color strength,
while a higher K/S value signifies higher color strength.

2.8. Color Fastness Testing

The ISO 105-D02 standard rubbing fastness test method was applied in the case of
the cotton knitted fabric dyed with gardenia yellow extract [31]. Rubbing fastness was
determined on a crock meter (Wenzhou Darong Textile instrument Co., Ltd., Wenzhou,
China). Dyed cotton knit fabrics (14 × 5 cm) were tested against white cotton standards
(5 × 5 cm) under both dry and wet conditions. Each test involved 10 rubbing cycles, and
staining on the standard fabric was graded using the gray scale (1–5). Wet rubbing fastness
tests were conducted by soaking the specimen in water and removing excess moisture prior
to rubbing.

The ISO-105-C06 standard washing fastness test method was applied in the case of the
dyed cotton knit fabric [32]. The washing fastness was tested using a Gyrowash (XHF-13,
Jinan Xinghua Instruments Co., Ltd., Jinan, China) at 70 ◦C for 30 min. The washing liquor
was composed of 4 g of detergent, 1 g of sodium perborate, and 1000 mL of water. Dyed
cotton specimens (10 × 4 cm) were attached to multifiber fabrics of the same size, placed
in conical flasks with 50 mL solution and 25 steel balls, and subjected to washing. After
rinsing and drying, fastness was assessed with a gray scale (1–5).

The light fastness test was measured to check the resistance to fading of cotton knit
dyed samples when exposed to daylight. A Q-SUN Xenon test chamber Model Xe-1 was
used for the light fastness test, which was brought from Qinsun Instruments Co., Ltd.,
Shanghai China. The ISO 105-B02 standard light fastness test method was applied in the
case of dyed cotton knit fabric [32]. A 10 cm × 5 cm cotton knit dyed sample was cut for
the light fastness test and set in the specimen holder. Then the holder was set into the light
fastness testing machine. Then the experiment continued for 12 h. After 12 h, the specimen
was taken from the light fastness tester. Then the test specimen was compared with the
blue wool scale (1–8).

https://doi.org/10.3390/chemistry8020019

https://doi.org/10.3390/chemistry8020019


Chemistry 2026, 8, 19 7 of 20

2.9. Antibacterial and Vector Protection Testing

The antibacterial test of the dyed fabrics was carried out using AATCC test method 100
(liquid assay-based quantitative standard protocol). This method reveals the fabric’s ability
to kill (bactericidal efficacy) or inhibit (bacteriostatic efficacy) bacteria (Gram-positive or
Gram-negative) following a 24 h incubation time. Staphylococcus aureus (S. Aureus, >99%
Sigma-Aldrich, Merck KGaA, St. Louis, MO, USA) and Escherichia coli (E. coli, >99.5%,
Sigma-Aldrich, Merck KGaA, St. Louis, MO, USA) bacterial strains were employed, and
the bacterial reduction % were calculated from colony-forming units (CFUs) as follows.

% Reduction =
No. of CFUs on Untreated Fabric − No. of CFUs on Treated Fabric

No. of CFUs on Untreated Fabric
× 100 (3)

The dyed cotton samples were sent to a specialized laboratory at the University of
Veterinary and Animal Sciences (UVAS), Lahore, Pakistan, for vector protection assessment.
Aedes aegypti-type mosquitoes were grown at UVAS and used for the vector protection
test following the detailed procedure established by Tariq et al. (2022) [33]. The vector
protection was assessed by calculating the number of mosquitoes landing on undyed and
dyed samples; finally, a percent value was established.

3. Results and Discussions
3.1. Extraction Efficiency

The extraction results revealed significant variation in yield across the different meth-
ods, as shown in Figure 3. Methanol–water extraction assisted by ultrasound (M.W.U.)
achieved the highest extraction ratio at 29.5%, as appears in the graph below, followed by
ethanol–water ultrasonic extraction (E.W.U.) at 24.9%, water ultrasound extraction (W.U.) at
18.35%, and the lowest yield from the water-heater method (W.H.) at 18.25%. The ultrasonic
vibrations accelerate molecular motion, significantly increasing the diffusion rate and, con-
sequently, the mass transfer during extraction [34], and conducting the process under mild
heating further improved extraction efficiency by facilitating the release of dye compounds.
Moreover, methanol’s complete miscibility with water and its strong penetration capability
into Gardenia jasminoides seeds contributed to the higher yield observed. These combined
effects explain why methanol–water ultrasonic extraction achieved a higher extraction ratio
compared to other solvent-based methods. However, in statistical analysis via one-way
ANOVA indicated no significant difference between the mean groups Table S1.

 

Figure 3. Extraction yield (%) from raw Gardenia jasminoides seeds obtained with different extraction
methods following the methodology adapted from Ricardo et al. [29].
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3.2. FTIR Analysis

As shown in Figure 4, the FTIR peak at 1051 cm−1 suggests the presence of the C-O
functional group, while the peak at 1190 cm−1 denotes the bending of C-N [35]. The
absorption peak at 1386 cm−1 is the identification of the strong S=O stretching vibration
of sulfonyl chlorides. The strong absorption peak at around 1635 cm−1 is likely to C=O
stretching vibration of keto units, which may be part of the chromophore of the color com-
ponent. The peak centered at 2924 cm−1 is ascribed to the C-H group. The peak positioned
at 3443 cm−1 is ascribed to the O-H groups [36]. Hence, it was found that the presence of a
hydroxyl group and alkene groups is dominant among the various functional groups that
are necessary for a coloring dyestuff [37]. The above-mentioned peaks correspond to the
functional groups found in the major bioactive constituents of Gardenia yellow, such as
crocin, crocetin, carotenoids, iridoids, flavonoids, and terpenes [38].

 

Figure 4. FTIR spectra of Gardenia jasminoides seed extracts obtained under different extraction
methods: (a) W.H., (b) W.U., (c) M.W.U., and (d) E.W.U.

Besides these major peaks, there are some minor peaks that may originate from the
changes in the extraction medium. However, it is evident that no other major peaks are
observed, confirming the presence of Gardenia jasminoides-based dominant compounds.
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3.3. UV–Visible Spectral Analysis

The UV–visible spectral analysis of the four extracts was performed to see the domi-
nant peaks. The major peak was observed at 440 nm, corresponding to the yellow region
of the UV–visible spectrum (Figure 5). All four extracts revealed very similar spectra
with slight variations that could have come from changes in the extraction media. Our
UV–visible results are in considerable agreement with earlier published works devoted
to the exploration of Gardenia yellow species [39,40]. In the case of the W.H. extraction
method, a second peak at 480 nm was observed, which also corresponds to the yellow
region and thus confirms the presence of yellow-colored components in extracts.

 
Figure 5. UV–visible spectra of Gardenia jasminoides seed extracts obtained under different extrac-
tion methods.

3.4. High-Performance Liquid Chromatography (HPLC)

High-Performance Liquid Chromatography (HPLC) was employed to further in-
vestigate the components of gardenia yellow extract. For this purpose, we selected the
M.W.U. extract, which revealed the highest extraction yield% (see Figure 3). In the chro-
matogram, the horizontal axis represents retention time (minutes), and the vertical axis
denotes absorbance (mAU). Figure 6A shows the standard peaks (1, 2, 4), (3), and (5), which
correspond to crocin, geniposide, and crocetin, respectively. The test specimen revealed
several peaks that align with those observed in the standard, confirming the presence of
potential functional compounds in the obtained extract. The peaks observed at 9.65 min
and 10.22 min retention times correspond to the dominant peaks of crocin [41]. The peak
observed at 13.83 min corresponds to geniposide, while the peak at 22.32 min corresponds
to crocetin (Figure 6B). Several other smaller peaks were also observed with relatively lower
intensities; they may confirm the presence of other functional compounds. The Gardenia
jasminoides typical HPLC peak around 9.65 retention time validates successful extraction of
yellow pigments.
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Figure 6. (A) The HPLC profile of crocin (1, 2, 4), geniposide (3), and crocetin (5) standards.
(B) The HPLC profile of the extract of the Gardenia jasminoides obtained under the methanol–water
ultrasonic-assisted extraction method (M.W.U) was quantified by BIKAI Model 1511 HPLC, Tokyo.
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3.5. Color Strength

Colorimetric properties of the cotton knit fabrics dyed with gardenia yellow powdered
extract under different solvent systems and parameters were evaluated using a Datacolor
spectrophotometer, as shown in Table 1. As shown in Figure 7, the color strength (K/S)
of the dyed samples varied notably with different mordant proportions. For all sample
types (using extracts such as M.W.U., E.W.U., W.U., and W.H), the changes in mordant
concentration significantly influenced dye uptake. The M.W.U.-extract-dyed samples ex-
hibited the highest K/S values across all mordant levels, indicating superior color strength
values. The W.H.-extract-dyed samples also showed a moderate increase in K/S with
higher mordant dosage, while E.W.U.- and W.U.-extract-dyed samples displayed a rise
up to about 1.5 mL, followed by a slight decline at 2.0 mL. This trend suggests that an
optimal mordant concentration enhances dye–fiber bonding. The measured attributes
included CIE L* (lightness), a* (red–green axis), b* (blue–yellow axis), and color strength
(K/S value), shown in Table 1. The results indicated that dyeing with mordants consistently
produced higher K/S values than processes without mordants. Among all tested condi-
tions, the highest K/S value of 1.7730 was achieved using a methanol–water-extracted dye
solution in an ultrasonic machine. This was followed by ethanol–water extraction with
1.5 mL mordant in ultrasound (K/S = 1.2126), water extraction with 1.5 mL mordant in
ultrasound (K/S = 1.1802), and water extraction with 1.5 mL mordant in an electric heater
(K/S = 1.2375). The superior performance of the methanol–water ultrasonic method is
attributed to high extraction efficiency of the methanol–water ultrasonic method. This inter-
action improved dye uptake, resulting in greater color strength and uniformity compared
to other solvent extraction methods.

Table 1. Results of color strength (K/S), other CIELAB values, and images of the dyed samples
obtained using a spectrophotometer.

Extraction
Process

Mordant
(mL) CIE L* CIE a* CIE b* K/S Shade λmax of

Maximum K/S

M.W.U.-
extract-dyed

cotton samples

0 82.65 −3.31 63.86 1.3789
 

534 nm

0.5 81.37 −3.44 64.06 1.3944
 

532 nm

1.0 79.38 −3.94 65.64 1.4182
 

531 nm

1.5 78.16 −4.38 67.64 1.6531
 

525 nm

2.0 77.69 −4.04 67.05 1.7730
 

525 nm
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Table 1. Cont.

Extraction
Process

Mordant
(mL) CIE L* CIE a* CIE b* K/S Shade λmax of

Maximum K/S

E.W.U.-extract-
dyed cotton

samples

0 88.37 −2.80 59.03 0.9059
 

533 nm

0.5 87.09 −2.91 60.15 0.8259
 

533 nm

1.0 86.82 −2.03 61.32 0.9617
 

531 nm

1.5 84.01 −3.04 62.92 1.2126

 
527 nm

2.0 85.90 −2.25 61.49 0.9746
 

527 nm

W.U.-extract-
dyed cotton

samples

0 87.02 −2.51 60.27 0.9901
 

531 nm

0.5 88.34 −2.08 62.26 0.8126
 

530 nm

1.0 86.04 −2.89 61.32 1.1022
 

530 nm

1.5 84.09 −3.20 60.92 1.1802
 

525 nm

2.0 85.90 −2.41 62.01 0.8905

 
529 nm
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Table 1. Cont.

Extraction
Process

Mordant
(mL) CIE L* CIE a* CIE b* K/S Shade λmax of

Maximum K/S

W.H.-extract-
dyed cotton

samples

0 89.90 −1.92 55.17 0.9208
 

530 nm

0.5 86.68 −2.24 58.67 1.0794
 

530 nm

1.0 84.54 −2.73 59.92 1.0968
 

527 nm

1.5 83.87 −3.18 60.92 1.2375
 

527 nm

2.0 84.21 −3.46 59.10 1.2214
 

527 nm

Figure 7. The color strength (K/S) of the dyed samples varies with different mordant concentrations.

The seeds of Gardenia jasminoides are known to contain iridoid-derived pigments (such
as geniposide) that can form reactive complexes in the presence of metallic ions. During
mordanting, Al3+ ions establish coordination linkages with functional groups present in
the dye molecules (Figure 8).
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Figure 8. Proposed mechanism of Gardenia jasminoides seeds extract–mordant–cotton fabric interaction.

This represents a possible mechanism governing dyeing and subsequent retention of
color in cotton using Gardenia jasminoides seed dyes in the presence of aluminum potassium
sulfate mordant.

3.6. Color Fastness to Rubbing

The dry rubbing fastness tests were performed (10 cycles) on cotton knit fabrics dyed
with Gardenia yellow powdered extracts using different solvent systems. During the dyeing
process, aluminum potassium sulfate mordant was applied in varying concentrations to
assess its influence on rub resistance. The rubbing fastness was evaluated using a crock
meter, and the results showed noticeable variation depending on the extraction method
and mordant concentration, as shown in Table 2. Among all samples, the highest dry
rubbing fastness rating, five on the gray scale, was obtained for the fabric dyed with an
ethanol–water-extracted dye solution in an ultrasonic machine using 1.5 mL of mordant.
This result indicates excellent resistance to color transfer during dry rubbing, suggesting
strong dye–fiber bonding and uniform fixation under these conditions.

Table 2. Assessment of colorfastness to rubbing (dry condition) of the dyed cotton samples recorded
on a gray scale (1–5).

Dyed Samples Control Samples
Mordant Quantity (mL)

0.5 1.0 1.5 2.0

W.H.-extract-dyed cotton samples 4 4–5 4 4 4–5

W.U.-extract-dyed cotton samples 4–5 4 4 4–5 4–5

E.W.U.-extract-dyed cotton samples 4 4–5 4–5 5 4–5

M.W.U.-extract-dyed cotton samples 4–5 4–5 4 4 4–5
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The wet rubbing fastness was assessed using a crock meter (10 cycles), and the results
showed variation depending on both the extraction method and mordant concentration
(Table 3). The highest rating, five on the gray scale, was achieved for the fabric dyed with a
methanol–water-extracted dye solution in an ultrasonic machine using 2.0 mL mordant.
Although the rubbing fastness values of all samples are very similar, this suggests better
fixation with cotton samples. It is pertinent to mention that mordanting with metallic salts
helps enhance the rubbing fastness rating of natural dyed samples [42].

Table 3. Assessment of colorfastness to rubbing (wet condition) of the samples dyed with Gardenia
jasminoides extract recorded on a gray scale (1–5).

Dyed Samples Control Samples
Mordant (mL)

0.5 1.0 1.5 2.0

W.H.-extract-dyed cotton samples 4–5 4 4–5 4–5 4

W.U.-extract-dyed cotton samples 4 4–5 4–5 4 4–5

E.W.U.-extract-dyed cotton samples 4–5 4 4 4–5 4

M.W.U.-extract-dyed cotton samples 4 4 4–5 4 5

3.7. Color Fastness to Washing

The color fastness to washing of the dyed samples was evaluated using a standard
testing protocol, and the values were recorded according to the gray scale (1–5). Only the
wool and cotton portions of the multifiber strip showed some staining, while others were
totally clear. The wool portion exhibited the best performance, achieving a gray scale rating
of 4–5. For the cotton section, the highest ratings (3–4 on the gray scale) were observed
for fabrics dyed with M.W.U.-extracted dye solution without mordant, aqueous-extracted
solution with 2.0 mL mordant, and E.W.U.-extracted solution with 1.5 mL mordant in an
ultrasonic machine. W.U. without mordant in an electric heater also produced comparable
results (3–4 gray scale) relative to other processes (Table 4).

Table 4. Assessment of colorfastness to washing of the samples dyed with Gardenia jasminoides
extracts recorded on a gray scale (1–5).

Dyed Samples
Control
Samples

Mordant Quantity (mL)

0.5 1.0 1.5 2.0

SC SW SC SW SC SW SC SW SC SW

W.H.-extract-dyed cotton samples 3–4 4–5 3 4–5 3 4–5 3 4–5 3 4–5

W.U.-extract-dyed cotton samples 3 4–5 3 4–5 3 4–5 3 4–5 3–4 4–5

E.W.U.-extract-dyed cotton samples 3 4–5 2–3 4–5 3 4–5 3–4 4–5 3 4–5

M.W.U.-extract-dyed cotton samples 3–4 4–5 3 4–5 2–3 4–5 2–3 4–5 3 4–5
SC stands for staining on cotton, and SW stands for staining on wool.

3.8. Color Fastness to Light

Light fastness testing was conducted on cotton knit fabrics dyed with gardenia yellow
dyes using a xenon arc light source for 12 h, and the values were recorded on the blue
wool scale (1–8). The samples, prepared from different solvent extraction methods, were
evaluated under a D65 light source to assess the degree of fading, and ratings were assigned
using the gray-scale method. The highest light fastness rating (five on the blue-wool scale)
was obtained for fabrics dyed with an E.W.U. dye solution in an ultrasonic machine using
2.0 mL mordant. Comparable ratings (five on the blue wool scale) were also recorded
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for the M.W.U. dye with 1.5 mL mordant and the W.U. dye with 1.0 mL mordant in the
ultrasonic machine (Table 5). These results suggest that both solvent type and mordant
concentration play a pivotal role in improving light fastness performance [43].

Table 5. Light fastness assessment of the samples dyed with Gardenia jasminoides extract according to
the blue wool scale (1–8).

Dyed Samples Control Sample
Mordant Quantity (mL)

0.5 1.0 1.5 2.0

W.H.-extract-dyed cotton samples 2–3 3 3 4 4

W.U.-extract-dyed cotton samples 2–3 3 3 4 4

E.W.U.-extract-dyed cotton samples 2–3 4 4 4 5

M.W.U.-extract-dyed cotton samples 2–3 4 4 5 5

3.9. Antimicrobial and Vector Protection Assessment

The antimicrobial assessment of the few samples was performed according to AATCC
test method 100, and the results are given in Table 6. Three samples were taken to check the
efficacy of dyed materials without adding any mordants (metallic salt mordants themselves
have some antimicrobial properties) by counting bacterial colony-forming units (CFUs) at
zero time and after 24 h incubation. The decrease in the CFUs revealed the antibacterial
activity of the dyed samples against the applied bacterial strains. It was observed that
the cotton dyed samples using ethanol–water (50:50 v/v) rendered excellent reduction
in both Gram-negative and Gram-positive bacterial strains, followed by methanol–water
(50:50 v/v), and finally the aqueous extract. However, in the case of no mordants and pure
water extracts, the antibacterial activity against S. aureus was 70%, while the same against
E. coli was 58%, confirming the satisfactory antibacterial activity of the Gardenia yellow
extract. The bioactive compounds present in the Gardenia yellow extract are the key to the
antibacterial activity of the dyed samples and a step toward the development of functional
textiles [44].

Table 6. Quantitative antibacterial test (AATCC test method 100) results of the undyed and dyed
cotton samples against Gram-positive and Gram-negative strains.

Sample Bacterial Strains Zero-Time CFUs Count CFUs Count After 24 H % Reduction in CFUs

Untreated cotton
S. aureus 1.93 × 103 1.98 × 103 ------

E. coli 2.36 × 104 2.39 × 104 ------

W.U. extract,
no mordant

S. aureus 1.93 × 103 5.65 × 102 70.72
E. coli 2.36 × 104 9.82 × 103 58.38

M.W.U. extract,
no mordant

S. aureus 1.93 × 103 2.65 × 102 86.26
E. coli 2.36 × 104 4.28 × 103 81.86

E.W.U. extract,
no mordant

S. aureus 1.93 × 103 1.98 × 102 88.36
E. coli 2.36 × 104 2.10 × 103 91.10

The vector protection of the dyed samples using all the obtained extracts was estab-
lished in a cage test, and the % protection was calculated as reported by Blythe et al. [45].
Almost all the dyed samples revealed excellent vector protection properties against the
applied mosquito species, with percentage values of more than 80% (Table 7). In com-
parison to the undyed samples, all the dyed ones rendered significant vector protection
to the textile substrate. Thus, it is clear that these naturally dyed fabrics, Gardenia jasmi-

https://doi.org/10.3390/chemistry8020019

https://doi.org/10.3390/chemistry8020019


Chemistry 2026, 8, 19 17 of 20

noides extracts, possess strong potential for their use in prevalent mosquito areas to combat
mosquito-related diseases.

Table 7. Vector protection assessment of cotton samples dyed with Gardenia jasminoides extracts.

Extraction Process Mordant (mL) Mosquitos Added Mosquitos Landed Protection %

Untreated cotton sample --- 30 29 3.33

W.U.

0 30 5 ± 1 83.33

0.5 30 4 ± 1 86.67

1.0 30 4 ± 1 86.67

1.5 30 4 ± 1 86.67

2.0 30 4 ± 1 86.67

E.W.U.

0 30 3 ± 1 90

0.5 30 2 ± 1 93.33

1.0 30 4 ± 1 86.67

1.5 30 4 ± 1 86.67

2.0 30 3 ± 1 90

M.W.U.

0 30 3 ± 1 90

0.5 30 3 ± 1 90

1.0 30 5 ± 1 83.33

1.5 30 4 ± 1 86.67

2.0 30 3 ± 1 83.33

4. Conclusions
Gardenia yellow dyes were successfully extracted from Gardenia jasminoides using

different solvent systems—water, ethanol–water (50:50), and methanol–water (50:50). The
obtained extracts were characterized via UV–visible, FTIR, and HPLC techniques and ap-
plied on cotton knitted fabrics using metallic salt mordant with the exhaust dyeing method.
The dyed fabrics demonstrated good color strength, rubbing fastness, washing fastness,
and light fastness. The functional properties (antibacterial and vector protection) were
assessed according to standard protocols, and it was observed that all the dyed samples
were active against the applied pathogens. Overall, the study highlights the potential of
Gardenia jasminoides extracts as sustainable and functional natural dyes, while acknowledg-
ing that additional research involving advanced natural mordants, process optimization,
and scale-up trials is required to establish broader reliability and industrial feasibility.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemistry8020019/s1, Table S1. One-way ANOVA analysis of
the efficiencies of the efficiencies of the extraction methods.
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