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The growing demand for sustainable textile manufacturing has intensified the search for renewable alternatives
to petroleum-based dyes and binders used in textile printing. However, the industrial adoption of natural dyes
remains limited by poor dye fixation, inadequate durability, and the lack of bio-based binder systems capable of
delivering high printing performance. In this study, a bio-based, water-borne printing paste was developed by
combining a chitosan—cationic starch binder with a natural dye extracted from sea buckthorn pomace, an
agricultural by-product, for screen printing of cellulosic textiles. The formulation was optimized using zeta
potential, quartz crystal microbalance with dissipation (QCM-D), and rheological analyses to understand dye--
binder interactions and establish suitable printing conditions. At 3% dye concentration, the biobased paste
produced uniform prints with approximately twice the color strength of the commercial polyurethane-based
binder (K/S = 3.07 vs. 1.53). The printed textiles also demonstrated good wash, rub, and perspiration fast-
ness, with tactile comfort comparable to that of the commercial system. In addition, the bio-based formulation
exhibited antimicrobial activity against Escherichia coli and Staphylococcus aureus, which was retained in the
printed textiles after washing. The sea buckthorn dye showed no skin-sensitizing potential under the tested
conditions, while cytotoxicity and oxidative stress were observed only at high concentrations. Overall, this study
demonstrates that agricultural waste-derived natural dyes, combined with a biobased binder, can produce du-
rable, multifunctional, and skin-compatible printed textiles, offering a promising platform for biobased textile
printing systems with natural dyes.

1. Introduction fossil resources. Many synthetic dyes are also reported to be toxic,

carcinogenic, and resistant to degradation, which leads to environ-

The textile industry is one of the most resource-intensive and envi-
ronmentally impactful sectors, primarily due to its dependence on fossil-
based chemicals, high water consumption, and the generation of haz-
ardous effluents. Textile dyeing and printing processes significantly
contribute to this issue, responsible for approximately 17-20% of in-
dustrial water pollution due to the discharge of dyes and auxiliaries
containing wastewater [1]. A large fraction of the dyes remains unfixed
during processing and is released into the aquatic environment without
proper treatment, where they persist due to their complex structures and
pose risks to both ecosystems and human health [2]. In addition, the
conventional textile printing industry relies extensively on petroleum-
derived polymeric binders, creating an additional dependence on
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mental contamination [3]. These challenges have driven increasing in-
terest toward biobased dyes and fully biobased binder systems for textile
printing applications that can reduce fossil-resource dependence while
maintaining performance required for the textile printing process.
Textile printing is an important and unique method for introducing
color and design to textile materials. From a methodological standpoint,
textile printing is one of the most accessible and versatile techniques to
bring design ideas, diverse shades of color, and a textile substrate
together. A variety of printing systems, including pigment, reactive, and
disperse printing, are utilized depending on the fiber composition and
end-use applications [4,5]. Among these, pigment-based printing is
widely used due to its compatibility with different fiber types and
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relatively simple processing conditions.

A typical formulation in textile printing consists of dyes, binders,
thickeners as a rheology modifier, antifoaming agents, and softeners.
Almost all these materials originate from fossil-based sources. In
pigment printing, the dye itself lacks inherent affinity for the textile
substrate, particularly toward cellulosic fibers like cotton [6]. Therefore,
a film-forming binder is essential to attach pigments or dye particles to
the fabric surface during the drying and curing process [7]. While syn-
thetic binders provide excellent durability and colorfastness properties,
they are often non-biodegradable, non-renewable, and potentially toxic
[8]. During textile printing and subsequent washing, unfixed binder
components and other printing auxiliaries can enter the wastewater,
increasing its chemical and organic load and potentially leaving
persistent polymeric residues. Furthermore, the conventional textile
printing methods generate large volumes of wastewater and release
harmful chemicals like formaldehyde, urea, and melamine into the
environment [9,10], further increasing wastewater treatment burden.
The extensive use of fossil-based binders, particularly acrylics and
polyurethane, contributes to the overall environmental footprint of the
textile printing process [11].

The revival of natural dyes and colorants extracted from various
plant sources, non-food materials, and insects has gained attention in the
textile industry owing to their biodegradability, lower toxicity, and
alignment with sustainable development goals [12]. Despite their
ecological advantages, the widespread adoption of natural dyes has
remained limited due to the lack of standardized shade cards and
application protocols [13]. Additionally, the low substantivity of natural
dyes toward textile substrates is a key challenge, particularly in pigment
printing, where the dye is deposited on the surface rather than pene-
trating the fibers [14]. In surface-based printing applications, insuffi-
cient dye—substrate interactions can result in poor wash fastness and
light fastness. Binders therefore play an important role by anchoring the
colorant to the fiber surface and forming a continuous film that improves
durability [15]. Despite increasing interest in natural colorants, fully
biobased binder systems specifically suited to natural-dye textile print-
ing remain limited, and petroleum-derived binders are still commonly
used to achieve adequate fixation and colorfastness.

In parallel, low-water or waterless coloration technologies have been
increasingly explored to reduce water consumption and wastewater
generation in textile wet-end processing. Advanced technologies such as
digital printing, low-liquor processing, and non-aqueous systems using
supercritical carbon dioxide or polalkylsiloxanes can substantially
decrease or, in some cases, even eliminate the need for water during
coloration [16-18]. However, these processes primarily address water
and process efficiency and do not necessarily resolve the material-
related challenges associated with the composition of printing formu-
lation. Therefore, the development of renewable binder systems
compatible with natural dyes represents a complementary material-level
strategy toward the natural dye textile printing process.

Recent studies have explored various biobased-binder systems for
natural dye printing, which often involve multifunctional additives,
chemical crosslinkers, mordanting strategies, or complex formulations
to enhance dye-substrate interactions. These systems, while effective,
consist of multi-step preparation protocols [8], additional crosslinkers
[9], or mordants [19], complicating scalability and reproducibility.
Therefore, naturally derived polymers such as chitosan- and starch-
based derivatives can provide an eco-friendly option due to their
biodegradability, biocompatibility, and low toxicity, along with their
widespread use in various sectors such as textile, biomedical, and food-
related applications.

To address the gap in natural-dye textile printing, we introduced a
water-borne biobased binder formulation free of fossil-based auxiliaries,
designed to improve compatibility with natural dyes while enhancing
durability and user safety. Unlike conventional approaches that rely on
metal mordants or petroleum-derived binders for adequate dye fixation
and durability, our formulation provides a biobased alternative. The
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formulation was systematically optimized by utilizing surface-sensitive
techniques such as zeta potential and Quartz Crystal Microbalance
with dissipation (QCM-D), and rheological profiling to elucidate dye-
binder interactions and define suitable printing conditions. The perfor-
mance of the printed textiles was evaluated via colorfastness testing and
sensorial assessment using the Fabric Touch Tester (FTT). We also
investigated the antimicrobial activity of the biobased binder, dye, and
printed substrates and, considering the growing emphasis on skin-
friendly materials, assessed the skin-sensitization of the sea buckthorn-
derived dye. Altogether, this work demonstrates a comprehensive
strategy for developing an eco-friendly, multifunctional biobased binder
system tailored to natural-dye textile printing.

2. Experimental
2.1. Materials

The fabric used in printing was a bleached knitted cotton (single
jersey, 24 Ne course and wale, 150 g/m?) obtained from Orneule Knit-
ting Company (Tampere, Finland). The reference sample exhibited a
whiteness value of 77.09, with corresponding CIELAB color coordinates
of L* = 93.91, a* = —40, and b* = 1.73.

Sea buckthorn berry pomace remaining after juice extraction was
obtained from a local producer in southern Finland. Polyamide (PA)
filters with a 200 pm mesh opening were from Sefar Nitex (Switzerland),
and filter paper with a pore size of 12-15 pm was from VWR (Finland).
The printing screen was obtained from A. Wennstrom Ltd. (Artjarvi,
Finland). The non-ionic detergent for soaping and washing fastness
procedures was from SDC-Germany. Cellulose nanofibrils (CNF) used for
cellulose model surfaces in QCM-D studies were prepared from a 1.95 wt
% fluidized never-dried hardwood birch pulp suspension. QCM-D gold
crystals were from Biolin Scientific (Sweden). Polyethylenimine (PEIL,
Mw 50,000-100,000), used as an anchoring agent for CNF deposition,
was obtained from Sigma-Aldrich. The high molecular weight chitosan
(HMW Cht, Mw 310,000-375,000, >75% deacetylated) was purchased
from Sigma-Aldrich (Merck, Darmstadt, Germany), and Cationic Starch
was from Chemigate Oy (Lapua, Finland). A polyurethane (PU) based
binder (A-5001, aroma-free and hydrocarbon-rich weighted paste) was
obtained from Wennstrom Oy (Artjarvi, Finland). Ethanol (EtOH,
>99.9%) for dye extraction was obtained from Anora Group Oy
(Finland). Glycerol (1,2,3-propanetriol, >99.9%), used as a plasticizer,
and acetic acid (glacial, ACS reagent, >99.7%), used as a pH adjuster,
were from Sigma-Aldrich.

The reagents used for the toxicity assessment of the sea buckthorn
extract included 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide (MTT), dimethyl sulfoxide (DMSO), menadione, propidium
iodide (PI), Triton X-100, and fetal bovine serum (FBS), all obtained
from Sigma-Aldrich (USA/Germany). The CyQUANT lactate dehydro-
genase (LDH) cytotoxicity assay kit and MitoSOX Red reagent were from
Invitrogen (USA/UK). Digitonin was from Calbiochem (Germany), and
dihydroethidium (DHE) from Fluka BioChemica (Switzerland). Cell
culture reagents, including Dulbecco's Modified Eagle Medium (DMEM),
Dulbecco's Phosphate Buffered Saline (DPBS), L-glutamine, and trypsin-
ethylenediaminetetraacetic acid (EDTA), were from Gibco (UK). Hanks'
Balanced Salt Solution (HBSS) was from Euroclone (Italy). Erythrosin B
stain was from Logosbio (South Korea). The in vitro skin sensitization
testing was conducted using the instaCELL™ KeratinoSens™ assay kit
from acCELLerate (Germany). Penicillin/streptomycin was from Lonza
(Switzerland). All reagents were used as received without further
purification.

The chemicals used in the antibacterial assessment, including Tryp-
tone (peptone from casein), yeast extract (bacteriological), and sodium
chloride (AnalaR), were from VWR Chemicals. Ampicillin sodium salt
(BioScience Grade) was from Carl Roth, and erythromycin (BioReagent,
suitable for cell culture) was from Sigma-Aldrich.
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2.2. Methods

2.2.1. Dye extraction

The dye was extracted from 300 g of Sea Buckthorn berries pomace
using a 1:3 material-to-liquor ratio with a solvent mixture of 75%
ethanol and 25% deionized water. The mixture was blended to a ho-
mogeneous consistency and allowed to stand for 24 h. The liquor was
separated using a Sefar Nitex PA filter with a mesh opening of 200 pm,
followed by filtration with a 12-15 pm pore size filter paper. The filtrate
was centrifuged at 9900 rpm for 30 min, and the supernatant was
collected. The supernatant was freeze-dried using a Labconco FreeZone
2.5 L system at —40 °C and 0.250 mBar for 24 h, yielding approximately
24 g of dry extract (8% yield, based on the initial dry mass of sea
buckthorn pomace).

2.2.2. Preparation of chitosan and cationic starch solutions for binder
formulation

To formulate the fully biobased binder, an initial formulation opti-
mization was carried out using various weight-to-volume (w/v) con-
centrations of chitosan and cationic starch (Table S1). Through a
systematic evaluation of rheology and printing performance supported
by previously reported biobased binder formulation [20,21], the com-
bination of 2% chitosan (w/v) and 4% cationic starch (w/v) was found
optimal.

For solution preparation, 2 g of high-molecular-weight chitosan
(HMW Cht) was dissolved in 100 mL of distilled water at 60 °C with the
dropwise addition of 1% (v/v) acetic acid (1 mL) under continuous
stirring using a Heidolph RZR 2051 mechanical overhead stirrer. The
solution was stirred continuously for 4 h at 500 rpm until a clear and
homogeneous solution was obtained.

Similarly, the cationic starch solution was prepared by dissolving 4 g
of cationic starch in 100 mL of distilled (DI) water. First, DI water was
heated to 95 °C, and then the cationic starch was gradually added while
stirring constantly at 500 rpm using a Heidolph RZR 2051 overhead
stirrer until homogeneous.

2.2.3. Preparation of printing pastes and textile screen printing process

To formulate a fully biobased printing paste, a previously dissolved
chitosan solution (2% w/v) was added gradually with pregelatinized
cationic starch solution (4% w/v) at a 1:1 ratio and stirred for 30 min to
promote homogeneous mixing and electrostatic interaction between the
two polysaccharides. Glycerol (5% w/w), acting as a plasticizer, was
added to the formulation to enhance the flexibility and film-forming
ability of the binder and stirred for 30 min to ensure uniform disper-
sion. Finally, the required concentration of natural dye (1, 3, and 5% w/
w) was added, and the entire formulation was stirred for an additional 1
h to obtain a uniform, viscous printing paste (Table 1).

Prior to printing trials, the final formulation was allowed to equili-
brate for 30 min to ensure rheological stability.

Textile printing on cotton fabric was carried out using a manual flat-
bed screen printing technique. A screen-printing mesh T43,

Table 1
Formulation of a biobased (BB) and synthetic (SB) binder system.

Sample Chitosan Cationic Synthetic Dye Glycerol Total
code” 2% w/v starch binder (g) (€3] ® (€3]
(€] 4% w/v
(€3)
BB1os, 23.5 23.5 - 0.50 2.50 50
BB3y, 23 23 - 1.50 2.50 50
BBso, 22.5 22.5 - 2.50 2.50 50
SB1; - - 49.50 050 - 50
SB3o - - 48.50 1.50 - 50
SBso, - - 47.50 2.50 - 50

@ BB = Biobased binder, SB = Synthetic binder; 1%, 3%, and 5% refer to the
dye concentration used.
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characterized by 43 threads/cm and a yarn thickness of 64 pm, was
employed. Printing was carried out under ambient conditions, using a
rubber squeegee with an angle to maintain uniform paste application
across all samples.

The printed samples were dried in an oven at 80 °C for 30 min,
followed by curing in a hydraulic hot press (Vakomet KRO-260, Lake-
uden Hydro Oy, Finland) at 160 °C for 2 min under 100 kN pressure to
promote color fixation. To remove any unfixed dyes, the printed samples
were washed with a non-ionic detergent (2 g/L) at a liquid-to-fabric
ratio of 1:20 at 40 °C for 30 min.

2.3. Characterization

2.3.1. Zeta potential measurement

To find an optimal pH for the printing paste, the electrophoretic
mobility of sea buckthorn extract, chitosan, cationic starch, and bio-
based binder in different pH buffer solutions was measured with a
Zetasizer Nano ZS 90 Solutions (Malvern Instruments, UK). The zeta
potential was obtained from electrophoretic mobility data using the
Smoluchowski model. All the measurements were performed in tripli-
cate, and the results are reported as mean values with corresponding
standard deviations.

2.3.2. Quartz crystal measurements with dissipation (QCM-D)

To investigate the adsorption kinetics of dye, chitosan, and cationic
starch on cellulosic substrates, QCM-D measurements were carried out
using a Q-Sense E4 instrument (Q-Sense, Sweden). In these experiments,
cellulose nanofiber (CNF) thin films were used as a model substrate to
represent cellulosic fibers. The CNF thin films were prepared via a spin-
coating process on 14 mm diameter QCM-D quartz crystal resonators
with gold electrodes (Biolin Scientific, Sweden). PEI with a concentra-
tion of 2.5 mg/mL was used as an anchoring layer to facilitate a strong
attachment of CNF fibrils to the crystal surface. A CNF suspension (0.1
wt%), containing primarily the finest fibrils, was spin-coated onto res-
onators at 4000 rpm for 1 min.

The adsorption studies were carried out at pH 5, selected based on
the zeta potential optimization. Initially, the CNF-coated crystals were
equilibrated with a 1% acetic acid buffer (pH 5) until a stable baseline
was achieved. Subsequently, chitosan and cationic starch (0.1 g/L, pH 5)
were sequentially introduced into the chamber, and frequency and
dissipation shifts (3rd overtone) were monitored. Once a plateau in
frequency was reached, indicating complete adsorption of chitosan and
cationic starch onto CNF films, the excess solution was rinsed using the
same pH 5 buffer. Next, a dye solution (0.1 g/L) at pH 5 was introduced
into the chamber under similar conditions to monitor their adsorption
kinetics for 90 min. A final rinse step was performed to remove any
loosely bound dye.

The adsorbed mass on the CNF film surface was calculated using the
Sauerbrey equation [22]

Af

n

Am = —C. (€D)]
where Am represents the adsorbed mass change per unit area (ng/cm?),
C is the sensitivity constant of the quartz crystals (17.7 ng/cm? for gold
crystals), Af denotes the measured frequency shift (Hz) during the
adsorption process, and n is the overtone number corresponding to the
oscillation frequency.

2.3.3. Rheological properties of binder and printing paste

The rheological behavior of the formulated biobased binder, corre-
sponding bioprinting paste, commercial synthetic binder, and synthetic
binder with natural dye was studied to understand their flow and
viscoelastic properties, which are critical for printability and film for-

mation. Flow curves (n = f (y) ) were performed with a setting of 6 =
0.1-1000 Pa, covering a wide shear stress range to simulate both low-
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shear storage and high-shear application that occurs during textile
screen printing. The samples were subjected to a controlled stress mode
using a Physica MCR 301 rotational rheometer (Anton Paar GmbH,
Austria), equipped with a cone-plate geometry with a 25 mm diameter
and a 1° angle. All the measurements were carried out at 25 °C. The
equipment was a computer-controlled Rheometer software program
with temperature control.

2.3.4. Thermogravimetric analysis (TGA) of binder formulation and
printing paste

TGA was carried out using a NETZSCH STA 449 F3 Jupiter (Netzsch,
Selb, Germany) simultaneous thermal analyzer. Approximately 5-10 mg
of each freeze-dried sample (i.e., biobased binder, PU-based synthetic
binder, printing paste (dye-loaded formulation), and dye powder) was
individually placed in an alumina crucible (@ 6.8 mm, 85 pL). Ther-
mogravimetric analysis was performed from 40 to 800 °C at a 10 °C
min~! heating rate under a nitrogen atmosphere.

2.3.5. Invitro toxicity testing of sea buckthorn dye

Human hepatic (ATCC HB-8065) HepG2 cells were used to deter-
mine the cytotoxicity and reactive oxygen species (ROS) production of
sea buckthorn extract. The extract was also tested for skin sensitization
potential. The cells were cultured in DMEM (1.0 g/L glucose), supple-
mented with 10% FBS, 1% r-glutamine, 100 U/mL penicillin, and 100
pg/mL streptomycin. For the experiments, 100,000 cells per well were
seeded in 48-well plates 24 h prior to exposure. Cell cultures were
maintained in 75 cm? cell culture flasks in a humidified incubator, with
5% CO3 at 37 °C.

Powdered extract (100 mg) was dissolved in 1 mL of DMSO to obtain
a 100 mg/mL stock solution. The highest concentration of DMSO was
kept below 1%, since DMSO may influence cell viability and prolifera-
tion [23]. The extract solution was diluted with DMSO and cell culture
medium to reach the final concentrations of 0.03-1 mg/mL. In addition,
1% DMSO was used as a vehicle control, and Triton X-100 or menadione
was used as a positive control in toxicity studies.

After 24 h of exposure to the extract, cell viability in HepG2 cells was
assessed with the MTT assay. Further, apoptotic and necrotic cytotox-
icity was measured using the LDH and propidium iodide assays
following the test outline of our previous research [24,25]. Cytoplasmic
ROS and mitochondrial superoxide production were quantified after 24
h exposure to the extract using the fluorescent probes DHE and MitoSOX
Red, respectively [24,25]. DHE is a probe that reacts with intracellular
ROS to form fluorescent oxidation products that can be measured, while
MitoSOX Red is a DHE derivative that enters mitochondria and reacts
with mitochondrial superoxide to form a fluorescent compound.

2.3.6. Skin sensitization

A preliminary study with the commercial KeratinoSens assay kit was
performed to assess the skin sensitization potential of the dye, similar to
our previous studies [24-26]. The assay is based on luciferase Nrf2 gene
activation in skin keratinocytes, which is considered the second key
event in the skin sensitization Adverse Outcome Pathway [27].

In brief, the assay-ready keratinocytes were thawed and seeded onto
96-well plates at 10,000 cells per well and pre-incubated for 24 h in a
humidified incubator at 37 °C with 5% CO,, after which the cells were
exposed to the extract for 48 h. In exposure experiments, 12 extract
concentrations (from 0.49 to 1000 pg/mL) were used, with three parallel
wells per concentration. In addition, 1% DMSO was used as a vehicle
control, and ethylene glycol dimethacrylate was used as a positive
control. After 48-h exposure, cell viability was defined with resazurin,
and reporter gene activation with One-Glo reagent. Induction results
were considered positive if gene activation was increased by 50%.
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2.3.7. Antibacterial assessment

2.3.7.1. Antibacterial assays using luminescent bacterial strains. The
antibacterial activity was assessed using luminescent Gram-negative
E. coli K12+pcGLS11 and Gram-positive S. aureus RN4220+pAT19,
both expressing chromosomally integrated lux genes that produce
continuous bioluminescence. Antibacterial effects were quantified as
concentration-dependent reductions in light signal, enabling rapid
viability assessment [28]. Detailed methods and bacterial cultivation
conditions have been published [29]. In brief, strains were stored at
—80 °C in 80% glycerol and cultivated on lysogeny agar with ampicillin
and phosphate buffer (E. coli) and erythromycin (S. aureus) to ensure
selection pressure. Overnight pre-cultures were grown under shaking at
300 rpm at 30 °C (E. coli) or 37 °C (S. aureus).

2.3.7.2. Microplate-based luminescence inhibition assay. Samples (0.25,
0.5, and 1 mg/mL) were tested in triplicate in opaque white 96-well
plates with positive (ethanol) and negative (double-distilled water)
controls. Equal volumes of bacterial suspension were added, and lumi-
nescence was recorded every 5 min for 60 min using a Varioskan LUX
Multilabel Reader (ThermoFisher Scientific, Waltham, MA, USA). Anti-
bacterial activity was expressed as % inhibition at 60 min relative to the
negative control, after the signal had stabilized [30].

o _ [y (RLU(sample)
Inhibition (%) = {1 (RL4U (control))] x 100 2)

where RLU represents Relative light units, corresponding to the biolu-
minescence signal emitted by the bacterial cells.

2.3.7.3. Soft agar overlay imaging assay. Surface activity was evaluated
using a soft agar overlay method [29]. Bacteria were mixed with soft
agar and poured over samples on 6-well agar plates. Luminescence was
imaged using a SPECTRAL Lago X in vivo imaging system (Spectral In-
struments Imaging, AZ, USA) and quantified as photons/s/cm?/sr. Sig-
nals were normalized to control wells and expressed as inhibition
percentages [31].

2.4. Evaluation of printing quality

2.4.1. Determination of color depth by CIELab and K/S of printed cotton
fabrics

The color properties of the printed samples were evaluated in terms
of CIEL*, a*, and b* coordinates together with reflectance values using a
Ci7600 Sphere (X-Rite, USA) spectrophotometer equipped with a D65
illuminant, a wavelength range of 360-780 nm, and a 10° standard
observer. The color strength value (K/S) was calculated by the Kubel-
ka-Munk Eq. (3)
K (1-R)?
S~ 2R ®
where K is the absorption coefficient of the fabric to be tested, S is the
scattering coefficient of the fabric to be tested, and R is the reflectance at
the maximum absorption wavelength. The wavelength of 420 nm was
used for the reflectance values.

2.4.2. Print sharpness

Print sharpness was evaluated using high-resolution digital photo-
graphs of the standardized pattern (Aalto University logo) with well-
defined fine edges on the fabric substrates. The selected regions of the
printed motifs were digitally magnified and visually examined. The
magnified images were evaluated for potential paste spreading, edge
definition, and line continuity.



R. Sharma et al.

2.4.3. Ink penetration

Ink penetration of the samples was calculated by determining the
ratio of the K/S value obtained from the back of the printed fabric with
respect to the value obtained from the face of the printed fabric [32]. Ink
penetration was expressed as the penetration factor (P) and calculated
using Eq. (4).

100 (Ig) b

where (K/S)y, is the K/S value of the back face of the printed fabric, and
(K/S) is the K/S value of the front face of the printed fabric.

P (%) = @

2.4.4. Colorfastness properties of printed fabric

Colorfastness to washing was conducted according to the colorfast-
ness to domestic and commercial laundering ISO 105-C06:2010 using
reference detergent type 1 (SDC, England) without optical brightening
agent, DW (Diacetate-Wool) multifiber adjacent fabric, and following
the test number A1S.

Furthermore, to understand the stability of the binder, colorfastness
to laundering: Accelerated washing cycles were conducted following
AATCC Test Method 61-2009. All the printed samples were subjected to
5 washing cycles that correspond to 25 typical careful hand launderings
at a temperature of 40 + 2 °C.

Colorfastness to rubbing (dry and wet conditions) was carried out by
following ISO 105-X12:2016. Colorfastness to perspiration was con-
ducted following AATCC Test Method 15-2009. The assessment of
colorfastness to washing, rubbing, and perspiration was evaluated using
the standard grey scale grading method. The samples were assessed on a
scale of 1 to 5, where 1 indicates very poor fastness and 5 represents
excellent performance.

The colorfastness to light test was conducted according to the ISO
105-B02:2014 lightfastness test method using the Light Fastness Tester
(TruFade 1800, James Heal, UK) equipped with a xenon arc and mer-
cury-tungsten fluorescent lamp. The change in color for the samples
subjected to the lightfastness test was assessed by comparing the sam-
ples with the blue wool reference standard as specified in the ISO
standard. Lightfastness of the printed samples was graded on a blue scale
ranging from 1 to 8, where increasing values correspond to higher
resistance to fading. Categorized in ascending order of quality, the levels
are very poor, poor, moderate, fairly good, good, very good, excellent,
and outstanding.

2.5. Scanning electron microscopy (SEM)

The surface morphology of the printed fabric was examined using
field emission scanning electron microscopy (FE-SEM; Zeiss Sigma VP,
Germany) equipped with an InBeam detector operated at an acceler-
ating voltage of 20 kV. This analysis was carried out to evaluate the
structural stability of the biobased binder formulation before and after
repeated washing cycles. The washed and unwashed fabric specimens
were mounted on aluminium stubs using adhesive carbon tape to ensure
proper electrical contact. A thin layer of gold/palladium (80Au/20Pd)
was sputter-coated (EM 600, Leica Microsystems, Wetzlar, Germany)
onto the samples prior to imaging to enhance surface conductivity.

2.6. Fabric touch test for printed fabric using the fabric touch tester (FTT)

The tactile properties of printed fabric were evaluated using a Fabric
Touch Tester device (SDLATLAS, USA), which provides an objective
assessment of fabric hand. Since chitosan and cationic starch are known
for their strong film-forming ability, which can increase fabric stiffness,
the sample printed with 1% dye concentration (containing the highest
relative biobased binder content) was selected for this analysis. Before
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the measurement, all the samples were carefully ironed to eliminate
creases that might affect the results and then conditioned for 24 h under
standard atmospheric conditions (65 + 2% RH, 20 + 2 °C). The samples
were prepared according to the FTT manufacturer's guidelines in Wales
direction orientation, referring to vertical columns of loops of the knit-
ted fabric. In this study, the key sensorial comfort indices were assessed,
focusing on smoothness, softness, and warmth, which represent key
predictors of perceived fabric comfort. In addition, the two global
comfort indices representing active (hand) and passive (touch) sensa-
tions were assessed for both outer and inner sides of the fabric. These
indices, together with the primary ones, are normalized on the scale of
0 to 1 and then classified into five comfort grades: very low (1), low (2),
middle (3), high (4), and very high (5) quality [33].

3. Results and discussion
3.1. Zeta potential and QCM-D measurements

Zeta potential measurements were conducted across a range of pH
values for the dye, chitosan, cationic starch, and the formulated bio-
based binder to determine the optimal pH for the printing paste prior to
printing trials. The pH plays a significant role in governing the elec-
trostatic interactions between charged biomacromolecules by changing
the ionization state of their functional groups. Chitosan exhibits a
strongly positive zeta potential at acidic pH values due to the proton-
ation of its primary amine groups [34], reaching approximately +48 mV
at pH 3.5 (Fig. 1a). This value gradually declined with increasing pH and
approached neutrality around pH 7.5-8, aligned with the known pro-
tonation constant (pK,) of chitosan [35]. In contrast, sea buckthorn
extract showed consistently negative zeta potential values at higher pH,
suggesting the presence of deprotonated acidic moieties such as
phenolic and carboxylic groups [36,37]. Cationic starch, on the other
hand, showed a moderate positive charge throughout the pH range, with
relatively stable zeta potential values between +20 mV and +10 mV,
highlighting its cationic nature.

The biobased binder exhibited a distinct pH-dependent zeta poten-
tial, increasing from approximately +21 mV at pH 3 to a maximum of
around +33 mV at pH 5, followed by a decrease at higher pH. This non-
linear trend can be related to the combined effects of polymer-polymer
interactions and conformational rearrangements within the multicom-
ponent binder system [38,39]. The increase in zeta potential value of the
binder systems up to pH 5 suggests a higher positive surface charge and
enhanced colloidal stability under these conditions.

Based on these observations, the optimal pH range for the printing
paste formulation was identified between pH 4 and 5.5, where the
charge contrast between the positively charged biobased binder and
negatively charged sea buckthorn extract was maximized. Such charge
difference promotes effective electrostatic interaction between the dye
molecules, the cationic binder components, and the anionic cellulosic
substrate, enhancing dye retention within the printing matrix [40].
Since the sea buckthorn dye showed maximum deprotonation at pH
5-5.5, and further lowering the pH would risk degrading the carotenoid-
rich components, known to be sensitive to acidic conditions due to their
chemical structure [41] pH 5 was selected as the optimum pH for
printing paste preparation.

To investigate the interactions between the sea buckthorn dye and
biopolymer-based binder on CNF, QCM-D measurements were con-
ducted at pH 5. The sequential adsorption of biopolymers and dye on a
CNF thin film-coated QCM sensor is shown in Fig. 1b. The changes in
frequency (Af) provide information regarding the adsorbed mass:
negative shifts indicate higher mass uptake (adsorption), and positive
shifts indicate mass loss (desorption).

On adsorption of chitosan and cationic starch at pH 5, the largest
frequency decrease was observed for cationic starch, reflecting its higher
affinity for the CNF-coated surface. After sensor stabilization at
approximately 50 min, introduction of cationic starch led to a steep and
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Fig. 1. (a) Zeta-potential measurements for sea buckthorn dye, chitosan, and cationic starch, and biobased binder across different pH ranges; (b) QCM-D adsorption
change in oscillation frequency (3rd overtone) after injection of chitosan, cationic starch, and sea buckthorn dye.

immediate decline in frequency, suggesting rapid adsorption on the
negatively charged CNF surface. This interaction can be attributed to the
strong electrostatic attractions between the positively charged quater-
nary ammonium groups in cationic starch and the anionic carboxyl
groups on the CNF surface [42]. Following the first rinsing step (at 100
min), the frequency remained relatively stable, indicating the formation
of a stable cationic starch layer under the QCM-D rinsing conditions.
Subsequent injection of the sea buckthorn dye solution produced a
further decline in frequency (at 125 min), indicating dye adsorption
facilitated by the pre-adsorbed cationic starch layer. The cationic starch
likely promoted dye adsorption by providing additional binding sites
and enabling secondary interactions such as van der Waals forces
[43,44]. The final rinsing step (at 225 min) caused only slight desorption
of loosely bound dye molecules, suggesting that a substantial fraction of
the adsorbed material remained associated with the model CNF surface.

For comparison, the adsorption of chitosan on the CNF-coated sur-
face at pH 5 was moderate relative to cationic starch. Based on the
Sauerbrey equation, the adsorbed mass of chitosan was approximately
38 ng/cm?, compared with 164 ng/cm? for cationic starch (Fig. S1). This
is likely due to a lower fraction of protonated amine groups in chitosan
at this pH, leading to electrostatic attraction to the negatively charged
CNF [45]. Furthermore, chitosan's relatively rigid and semi-crystalline
structure, together with possible intermolecular association in solu-
tion, can limit chain spreading and reduce the amount of polymer
adsorbed [46]. Chitosan typically exhibits stronger adsorption at lower
pH (around 4), where amine groups are nearly fully protonated. How-
ever, in our system, we balanced dye stability and functionality with
polyelectrolyte protonation. Despite its moderate adsorption at pH 5,
the chitosan layer remained stable after rinsing, suggesting firm binding
via electrostatic interactions [39]. Together with the zeta-potential re-
sults, these observations support the proposed interfacial interactions
among the binder components, dye, and cellulosic surface under the
selected formulation conditions. However, the QCM-D measurements
represent adsorption behavior on a model CNF surface and were not
used to establish a quantitative relationship between interfacial
adsorption and the colorfastness of the printed textiles.

3.2. Rheological and thermal properties of binder formulation and
printing pastes

The shear-dependent viscosity and shear stress behavior of the bio-
based binder and synthetic binder, along with their dye-containing

formulations, were evaluated for screen-printing suitability. All sam-
ples exhibited shear-thinning behavior, which is highly desirable for
screen printing pastes. Viscosity (1) versus shear rate (y) and shear stress
(z) versus shear strain rate curves are presented in Fig. 2a, b. The in-
crease in viscosity at low shear prevents paste spreading on the screen,
while a rapid decrease in viscosity at high shear facilitates smooth flow
through the mesh [47,48]. After passing through the mesh, the ink
should rapidly recover its structural integrity and elasticity to maintain
sharp and uniform print patterns and avoid slumping or deformation
[49].

The biobased binder formulations (Fig. 2a) showed a stable, clear
shear-thinning profile consistent with pseudoplastic fluids. The viscosity
values, even at lower shear rates (0.0151), were within the optimal range
reported for textile printing pastes [50-52]. This suggests that the bio-
based binder possesses suitable flow and film-forming characteristics for
screen printing applications. Incorporation of natural dye slightly
altered the flow behavior but preserved the overall shear-thinning trend,
confirming good compatibility between the sea buckthorn dye and the
biopolymer matrix.

The shear stress and shear rate relationships for the biobased binder,
the synthetic binder, and their dye-containing formulations show a non-
linear increase in shear stress value with increasing shear rate, con-
firming the non-Newtonian behavior of the biobased binder system
(Fig. 2b). Moreover, the smooth stress response across the shear range
demonstrates structural stability and good recovery behavior, which are
critical attributes for achieving sharp, uniform prints; this aspect is
examined further in Section 3.7. Overall, these results confirm that the
biobased binder exhibits rheological characteristics suitable for textile
printing applications.

Thermogravimetric analysis (TGA) was performed to evaluate the
thermal stability and decomposition profiles of the biobased binder, its
sea buckthorn dye-loaded formulation, sea buckthorn dye alone, and the
PU-based synthetic binder (Fig. 2c). This is crucial for assessing the
suitability of the biobased binder in textile applications, particularly
under processing conditions involving heat, such as drying and curing
steps.

A notable difference in the thermal stabilities between the samples
could be observed from the thermograms and the corresponding deriv-
ative (DTG) curves (Fig. 2d). The biobased binder exhibits an initial
mass loss between 35 °C and 125 °C, attributed to the removal of free
and bound water [53]. As reported in earlier studies, dehydration is not
considered to affect the thermal degradation of biobased binder
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Fig. 2. (a) Viscosity () vs shear rate (y) curves and (b) shear rate(y) vs shear stress (z) curves for comparison of biobased binder and synthetic binder properties, (c)
TGA and (d) DTG curves of biobased binder, synthetic binder, and their dye-containing formulations.

constituents [54,55]. A second mass loss between 125 and 190 °C can be
associated with glycerol decomposition [56]. The third stage began
above 245 °C, corresponding to the chemical degradation of glycosidic
bonds in cationic starch and chitosan [57,58].

On the other hand, sea buckthorn dye shows an initial mass loss
below 130 °C, attributable to the evaporation of residual moisture, fol-
lowed by secondary loss beginning around 180 °C associated with
thermal cleavage of labile functional groups in carotenoid and flavonoid
compounds. The major mass loss occurred between 200 and 300 °C,
reflecting thermal degradation of phenolic and flavonoid compounds
[59]. Interestingly, when the dye is incorporated into the biobased
binder matrix, the onset of substantial formulation degradation remains
above 250 °C, indicating that the polysaccharide network provides a
protective environment for the dye molecules [60,61]. This stability is
particularly relevant here, since the sample curing is conducted at
160 °C, which is well below the decomposition threshold. This ensures
that the dye retains its structural integrity and functional properties
during the curing process.

As expected, the PU-based synthetic binder exhibits higher thermal
stability than the biobased binder. Its initial mass loss begins around
225 °C, which could be attributed to the breakdown of urethane linkages
[62]. A second region was observed between 350 and 400 °C, associated
with thermal degradation of the PU hard segments [63]. The final
weight loss observed between 355 and 440 °C is related to the hydro-
carbon chain decomposition of polyester amide polyols [64].

3.3. Toxicity analysis of sea-buckthorn dye

Sea buckthorn dye exhibited concentration-dependent effects across
cell viability, cytotoxicity, oxidative stress, and skin sensitization assays
(Fig. 3), with pronounced responses at the highest concentration of 1.0
mg/mL. In the MTT assay, cell viability decreased by 47% at 1.0 mg/mL
versus control (p < 0.001), and a similar decrease was observed in the
PI-digitonin assay (Fig. 3a). Consistently, this cytotoxic effect was
further supported by an increase in lactate dehydrogenase (LDH) release
into the cell-free culture medium that increased by 1.8-fold at 1.0 mg/
mL (p < 0.01) versus control (Fig. 3b).

The oxidative stress response normalized to total cell number
(Fig. 3¢, d) demonstrated a 7.4-fold increase in mitochondrial super-
oxide production (MitoSOX assay, p < 0.001) (Fig. 3c), and a 12.4-fold
increase was found in intracellular ROS production (p < 0.0001) at 1.0
mg/mL of extract compared to the control (Fig. 3d). This indicates that
the extract can elevate oxidative stress reactions at this concentration.

From the skin sensitization assay outcomes (Fig. 3e, f), a marked
reduction in keratinocyte viability (approximately 80%) was observed
at the two highest extract concentrations. Nevertheless, no reporter gene
induction was detected at any concentration despite the cytotoxicity,
indicating no skin-sensitizing potential under the tested conditions for
the sea buckthorn extract. However, this should be confirmed with
another sensitization assay to validate results, as recommended by
OECD guidelines [27]. Overall, to produce unfavorable effects in HepG2
cells, high dye concentrations were needed, suggesting that the extract
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Fig. 3. Effect of 24-hour exposure to sea buckthorn extract on cell viability and cytotoxicity in human hepatic HepG2 cells: (a) MTT and PI-digitonin assay, (b) LDH
assay; Oxidative stress responses following 24-hour exposure, showing (c¢) mitochondrial superoxide production (MitoSOX assay), (d) intracellular reactive species
(ROS) levels; Skin sensitization assessment after 48 -hour exposure, presenting (e) reporter gene induction relative to control, with the 1.5-fold induction threshold
indicated by a dashed line, and (f) corresponding cell viability. Data are expressed as mean + SD (n = 3-6 for viability and cytotoxicity assays; n = 3 for oxidative
stress and skin sensitization assays). Statistical significance is indicated by **p < 0.01; ***p < 0.001; ****p < 0.0001.

has potential as a natural colorant, although further studies are needed
to verify its safety profile. Following these in vitro findings, we also
conducted perspiration-fastness testing, as described in detail in Section
3.6, the results of which supported a low dermal exposure scenario
during wear.

In this study, toxicity assessment was conducted only for the sea
buckthorn dye, as it is the primary component with potential biological
activity. The biobased binder components, chitosan, cationic starch, and

glycerol, are well-established, renewable, biodegradable, and widely
regarded as biocompatible polymers, with extensive prior use in
biomedical, pharmaceutical, and textile applications [65-67]. There-
fore, based on their well-documented safety profiles, no additional
toxicity tests were conducted for these constituents in this work.
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3.4. Antibacterial assessment

The antibacterial performance of untreated, printed, and washed
cotton textiles was evaluated against the luminescent E. coli and
S. aureus using an imaging assay after overnight incubation (Fig. 4). The
assay enables visualization and quantification of bacterial metabolic
activity directly on textile surfaces, providing information on localized
antibacterial effects following longer exposure.

The antimicrobial activities of the biobased binder and sea buck-
thorn dye were assessed individually to determine their respective
contributions to the antibacterial performance of the printed textiles.
Both materials exhibited antibacterial effects, with responses depending
on bacterial strain and concentration (Fig. S2). The biobased binder
showed consistent inhibition against both strains and reached over 60%
inhibition against S. aureus at the highest concentration. Sea buckthorn
dye was particularly active against E. coli, while a concentration-
dependent adaptive response was observed for S. aureus. Real-time
luminescence monitoring confirmed strain-dependent differences in
bacterial response and revealed transient metabolic adaptation at higher
dye concentrations (Fig. S3).

Against E. coli (Fig. 4a), untreated cotton exhibited negative inhibi-
tion values, indicating higher luminescence relative to the bacterial
control. This response suggests that untreated fabric may support bac-
terial metabolic activity by retaining moisture or providing attachment
sites. Cotton printed with the biobased binder alone also yielded nega-
tive inhibition, indicating limited antibacterial efficacy under these
conditions. In contrast, cotton printed with the sea buckthorn dye and
biobased binder showed clear 5-20% inhibition, which declined slightly
after 25 washing cycles, demonstrating partial retention of antibacterial
effect.

Against S. aureus (Fig. 4b), all textile samples exhibited higher
antibacterial activity than against E. coli. Untreated cotton showed some
inhibition, possibly due to residual textile treatment chemicals with
activity against the Gram-positive bacteria, and biobased binder-printed
cotton showed low or negative inhibition. The sea buckthorn biobased
binder-printed sample exhibited the strongest antibacterial activity,
reaching 45-50% inhibition, with a slight reduction after repeated
washing.

The differences between the two bacteria align with known struc-
tural and physiological distinctions between Gram-negative and Gram-
positive species. The greater sensitivity of S. aureus may be attributed
to the absence of an outer membrane, which generally makes Gram-
positive bacteria more susceptible to surface-associated antibacterial
compounds. In contrast, the outer membrane of E. coli likely provides
greater resistance to antibacterial substances immobilized on or released
from textile surfaces. Similar behavior has been reported for cellulose
fabrics and hand sheets [29,68]. Kunnas et al. [69] also observed high
activity against S. aureus but only moderate activity against E. coli in
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Jacquard textiles treated with micro-encapsulated supercritical carbon
dioxide extracts of Angelica archangelica and Rhododendron tomentosum.
The reduced efficacy observed after washing, particularly for the sea
buckthorn-treated cotton, suggests that at least part of the antibacterial
activity arises from weakly bound or surface-associated compounds that
are susceptible to removal during laundering. Background effects from
finishing agents or processing residues in untreated cotton may also
influence the baseline antibacterial or growth-supporting behavior,
which was reduced after washing. Efficiency further depends on anti-
bacterial agent dose and mode of action when considering the test
method suitability [29,31,70].

Overall, the imaging-based assay following overnight incubation
highlights clear strain-dependence and treatment-specific antimicrobial
effects on cotton textiles. The results emphasize the importance of
considering washing stability and textile background effects when
evaluating the antimicrobial performance of bio-based textile
treatments.

3.5. Color parameters of the printed textiles

The color strength (K/S) values of the printed fabrics varied signifi-
cantly depending on the choice of the binder and the dye concentration
(Table 2). Increasing the dye concentration from 1% to 3% and 5% for
both biobased binder and synthetic binder systems resulted in greater K/
S values, indicating better surface coloration with higher loading. The
samples printed with a biobased binder exhibited notably higher K/S
values compared to those with a synthetic binder at matched dye con-
centrations. This suggests that the biobased binder leads to more
effective dye-fiber interaction and better pigment fixation. At 3% dye
concentration, the K/S value of the biobased binder printed samples
reached 3.07 + 0.24 compared to 1.53 + 0.09 for the synthetic binder,
while at 5% dye concentration, the biobased formulations achieved a K/
S of 4.15 £ 0.35.

This superior color yield in biobased formulations can be attributed
to chitosan and cationic starch, whose protonated amino and quaternary
ammonium groups promote electrostatic interaction with anionic
polyphenolic dye molecules, enhancing dye retention within the printed
fabric. Such strong electrostatic binding is widely known as the domi-
nant mechanism governing dye adsorption in cationic polymer systems
[42,71,72]. Beyond electrostatic binding, hydrogen bonding and cation-
n interactions with aromatic dye molecules, along with reduced dye
aggregation in the cationic polysaccharide matrix, can enhance
apparent chromatic intensity [73]. The CIELAB results further support
these findings, as fabrics printed with biobased formulation showed
lower L* (darker shades) and slightly higher a* and b* values with
increasing dye concentration.

Ink penetration plays an important role in textile printing, as it in-
fluences how ink diffuses through the fabric structure. Generally, higher
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Fig. 4. Antibacterial inhibition of untreated, printed, washed cotton samples and the negative and positive controls against (a) E. coli and (b) S. aureus in the imaging
assay. Results are shown as means + standard deviation of three replicates in separate 6-well plates.
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Table 2
K/S, L*a* b* values, and Ink penetration of printed cotton fabrics.
Sample  K/S Ink penetration (%) L* a* b* Spectrophotometer
image
BB 0.71+0.05 44 82.05 4.07 22.02
BB:y, 3.07£0.24 35 60.54 921 2373
BBsv, 4.15£0.35 36 5690 9.50 24.69 _
SBiv 0.64+0.08 39 86.06 191 2095
SBsy, 1.53+0.09 28 77.64 470 2826
SBsy, 1,73£0.13 21 69.34 454 1427

ink penetration indicates greater ink diffusion through the fabric
structure, which may result in reduced color intensity in printed fabric.
Consistent with this, samples printed with lower dye concentration
exhibited higher ink penetration and correspondingly smaller K/S
values, indicating reduced surface color yield. This inverse relationship
between ink penetration and color strength agrees with previous ob-
servations on cotton [32]. Notably, both the biobased and synthetic
binders produced comparable ink penetration behavior. Overall, the
biobased binder promotes efficient color fixation and uniform layer
formation while maintaining optimal ink penetration suitable for textile
printing applications with natural dyes.

3.6. Colorfastness assessment

The wash fastness testing showed excellent color stability for both
the biobased and synthetic binder systems (Table 3). After a single wash,
all samples achieved good-to-excellent (4/5) color-change ratings and
no staining on adjacent multifiber fabrics (grey scale grade 5), indicating
strong dye fixation and binder-fiber interactions. After 5 accelerated
washing cycles, equivalent to 25 typical careful hand launderings at 40
+ 2 °C [74], color change decreased slightly, while staining grades
remained unchanged. Notably, the biobased binder maintained com-
parable performance with the synthetic binder even after repeated
washing cycles, confirming resistance to washing-induced dye removal.
Overall, these results demonstrate durable color fixation suitable for
repeated laundering, making the biobased binder a promising alterna-
tive for natural-dye textile printing.

Lightfastness testing revealed moderate to low resistance to photo-
fading. Higher dye concentrations showed slightly reduced lightfastness
(blue scale grading 2-3) for both biobased and synthetic binders,
whereas lower dye concentrations performed marginally better (blue
scale 4). This decline with increasing dye concentration aligns with the
inherent photodegradation nature of bio-based dyes. Sea buckthorn dye
is rich in carotenoids, including B-carotene, lycopene, zeaxanthin, and
lutein, as well as phenolic compounds such as flavanol glycosides, cat-
echins, and phenolic acids [75]. These compounds contain highly con-
jugated chromophores that impart a characteristic yellow color but are
also prone to photo-oxidation under prolonged UV exposure. In partic-
ular, carotenoids can easily undergo oxidation, isomerization, and chain

Table 3
Color fastness of printed samples.

cleavage, which results in fading [76]. These reactions disrupt the
chromophoric structures and lead to color fading. At higher loadings,
excess dye molecules that are not strongly adhered to the polymer ma-
trix remain exposed on the surface, where they degrade faster. There-
fore, the moderate light fastness observed is consistent with the known
photodegradation behavior of sea-buckthorn-derived dyes. The light-
fastness of natural dyes may be improved by incorporating biobased UV-
absorbing or antioxidant additives, such as lignin- or tannin-based
compounds, or by protecting the colorants through microencapsula-
tion or surface coating [77]. UV-absorbing additives can offer a rela-
tively simple formulation-based approach but may affect paste rheology,
shade, and color strength. Microencapsulation may provide a stronger
barrier against light and oxygen but can increase formulation
complexity and influence dye release, fixation, and fabric handle
[41,78]. Further optimization should therefore include screening
compatible UV absorbers and antioxidants, evaluating encapsulated sea
buckthorn colorants, and assessing their effects on printability, color
strength, shade, tactile properties, and lightfastness under standardized
accelerated exposure.

Rubbing fastness of both binders was excellent in both wet and dry
conditions (grey scale 4-5). Although wet rubbing fastness is typically
one grade lower than dry rubbing fastness due to increased dye mobility
in the presence of moisture [79] both binders maintained consistently
high performance in wet and dry rubbing conditions. This suggests a
strong adhesion between the dye-binder complex and the textile sub-
strate. For the biobased binder-printed samples, the chitosan-cationic
starch matrix likely forms a cohesive polymeric film that effectively
encapsulates dye molecules, minimizing surface migration during me-
chanical abrasion.

The perspiration fastness results showed excellent resistance to color
change and staining for both biobased and synthetic binder systems
(Table 3). All printed samples achieved a grey scale grading of 4/5 for
color change and 5 for staining on adjacent fabrics, regardless of dye
concentration. This result confirms that the printed fabrics maintained
color integrity with minimal dye migration under acidic conditions.
Given that the cytotoxic effects on keratinocytes occurred only at high
concentrations, the perspiration test results provide complementary
evidence for a low dermal exposure scenario. Accordingly, dermal
exposure to the sea buckthorn dye from the printed textiles is expected

Sample Washing (change in color) single* Washing (change in color) multiple** Rubbing dry Rubbing wet Light Perspiration (change in color)
BB, 4/5 3/4 5 4/5 4 4/5
BB3o, 4/5 3/4 5 4/5 2 4/5
BBsg, 4/5 3/4 5 4 2 4/5
SB1o, 4/5 3/4 5 5 4 4/5
SB3o 4/5 3/4 5 5 2 4/5
SBs, 4/5 3/4 5 5 3 4/5

*Single wash; ** Five accelerated washes equal to 25 washes. Staining on wool, acrylic, polyester, polyamide, cotton, and diacetate was grade 5 for all samples for wash

(single and multiple washes) and perspiration fastness in a grey scale grading.
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to be very low, supporting the printed fabric's suitability for skin-contact
applications under tested conditions.

3.7. SEM imaging and print sharpness

The surface morphology of the printed samples was examined using
FESEM to investigate the stability of the printed samples after repeated
washing cycles. The biobased binder-printed fibers exhibited a thin,

Cotton fabric printed

AT

#
-3

Cotton fabric printed with a biobased binder

with a synthetic binder
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uniform surface coating, indicating good initial adhesion (Fig. 5a). After
one wash, the coating remained largely intact, with only minor surface
irregularities (Fig. 5b), consistent with strong interaction between the
biobased binder components and the fiber. Even after five repeated
washing cycles, fibers retained the paste, although localized erosion was
observed (Fig. 5c). This result is in line with the washing fastness
gradings (Table 3). The synthetic binder printed samples showed a more
continuous and smoother film surface (Fig. 5d), as expected for a PU-

O

P

Fig. 5. SEM images of cotton fabrics before and after washing: Sample (a) printed with biobased binder, (b) after 1 wash, (c) after 5 accelerated washes; Sample (d)
printed with synthetic PU binder, (e) after 1 wash, and (f) after 5 accelerated washes; (g) Visual print sharpness assessment of Aalto University logo printed

with biopaste.
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based synthetic binder. After one washing cycle, no huge changes were
observed on the surface (Fig. 5e), indicating minimal disruption even
after five consecutive cycles (Fig. 5f). Overall, the SEM observations
support the washing fastness results, demonstrating that the biobased
binder provides washing resistance comparable to the synthetic PU
binder.

In addition to wash durability, the printing quality of the developed
biobased binder was evaluated by examining the printed pattern's edge
sharpness and definition. The printed logo exhibited well-defined edges
and a uniform color distribution across the printed area (Fig. 5g). The
magnified region, the triangular inner section of the letter “A”, shows
distinct boundaries between printed and unprinted fabric areas with
minimal edge feathering or dye migration, indicating controlled paste
spreading and excellent rheological behavior of the printing paste. The
absence of spreading reflects sufficient viscosity and shear-thinning
behavior to allow the paste to transfer cleanly through the screen. As
a result, the biobased binder enabled controlled paste deposition and
high print resolution.

3.8. Sensorial properties of printed fabric

The sensorial properties of fabrics printed with biobased binder were
evaluated using FTT to assess the influence of the binder composition on
the tactile performance, which is an end-use critical parameter for
textile applications. Several parameters govern the hand-feel of a prin-
ted fabric, including surface morphology, printed layer flexibility, and
the structural characteristics of the binder components [80].

The sensorial properties of fabrics printed with biobased binder
showed hand-feel comparable to synthetic binder prints (Table 4).
Smoothness was similar in active and passive modes with FTT grades of
4, indicating consistently smooth surfaces regardless of the binder type.
Softness assessments also matched, as both binders achieved the same
FTT grades of 3-4, indicating minimal perceptible difference to human
touch. Warmth perception was comparable as well, receiving grade 3 for
both, aligning with their similar thermal and surface characteristics.

These observations can be attributed to the structural behavior of the
biopolymer components of the binder. Both chitosan and cationic starch
are semi-crystalline polysaccharides [81]. However, when blended
together, their native crystalline regions can be partially disrupted due
to intermolecular interactions, resulting in increased chain mobility and
enhanced flexibility of the material, as reported in previous studies
[82,83]. Moreover, heat treatment can also induce changes in the
crystallinity of the binder components, and the presence of glycerol in
the binder formulation as a plasticizer promoted the disruption of native
crystalline polymer chains by forming hydrogen bonds with cationic
starch during processing [84].

Overall, these findings demonstrate that the biobased binder offers
tactile properties equivalent to that of the synthetic binder used in this
study, supporting its suitability for clothing applications where hand-
feel is crucial.

4. Conclusion
We developed a biobased binder formulation composed of chitosan,

Table 4
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cationic starch, and glycerol that performs effectively with a sea
buckthorn-derived natural dye for textile screen printing. The paste
exhibited strong shear-thinning and rapid structural recovery, enabling
smooth mesh flow and sharp, uniform patterns. Printed fabrics exhibited
excellent wash durability, retaining color even after 5 accelerated
laundering cycles, and FESEM confirmed a stable biopolymer film on the
fiber surface, with strong binder-fiber adhesion and minimal surface
degradation. The biobased system also provided antimicrobial func-
tionality, with both the biobased binder and sea buckthorn dye inhib-
iting E. coli and S. aureus without additional antimicrobial agents.
Importantly, in vitro testing indicated no skin sensitization potential for
the sea buckthorn dye under the conditions used. Also, Fabric Touch
Tester measurements showed tactile properties like smoothness, flexi-
bility, and overall hand feel, comparable to those of a PU-based syn-
thetic binder.

Overall, the present study shows the successful development of a
biobased binder for natural dye printing with suitable rheological and
printing characteristics, good wash durability and print definition, and
satisfactory tactile performance. However, its broader environmental
and industrial performance requires further investigation. Future work
should therefore address lightfastness optimization, long-term storage
stability, scale-up and process economics, and extended antibacterial
durability under washing, abrasion, and perspiration. Comprehensive
toxicological assessment of printing effluents and quantitative envi-
ronmental assessment in comparison with conventional binder systems
should also be considered to support further development and evalua-
tion of the proposed formulation for practical natural-dye textile print-
ing applications.

CRediT authorship contribution statement

Ritesh Sharma: Writing — review & editing, Writing — original draft,
Visualization, Methodology, Investigation, Formal analysis, Data cura-
tion, Conceptualization. Mikko Herrala: Writing — review & editing,
Writing — original draft, Validation, Formal analysis, Data curation.
Jenni Tienaho: Writing — review & editing, Writing — original draft,
Investigation, Data curation. Riikka Haapala: Writing — original draft,
Investigation. Jaana Rysa: Writing — review & editing, Methodology.
Ali Tehrani-Bagha: Writing — review & editing, Supervision, Project
administration, Funding acquisition, Conceptualization. Paula Nou-
siainen: Writing — review & editing, Writing — original draft, Supervi-
sion, Resources, Project administration, Methodology, Funding
acquisition, Formal analysis, Conceptualization.

Declaration of Generative AI and Al-assisted technologies in the
writing process

Aalto University's Al assistant tool was used to improve the language
and readability of the manuscript. After using this tool, the authors
reviewed and edited the content as needed and take full responsibility
for the content of the publication.

FTT-based evaluation of primary and global comfort indices (mean + standard deviation) and FTT grading.

Property Evaluation mode Biobased binder (index) Biobased binder FTT grading Synthetic binder (index) Synthetic binder FTT grading
Smoothness Hand (active) 0.63 + 0.15 4 0.64 + 0.09 4
Touch (passive) 0.72 + 0.05 4 0.76 + 0.07 4
Softness Hand (active) 0.64 + 0.13 4 0.67 + 0.07 4
Touch (passive) 0.53 £+ 0.04 3 0.55 + 0.07 3
Warmth Hand (active) 0.48 £ 0.16 3 0.44 +£0.13 3
Touch (passive) 0.37 £ 0.01 3 0.32 £ 0.01 3
Total comfort Hand (active) 0.59 + 0.07 4 0.60 + 0.03 4
Touch (passive) 0.59 + 0.03 4 +0.06 4
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