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ABSTRACT

Textile waste poses a serious environmental challenge, contributing significantly to landfill accumulation, water
pollution, and resource depletion. Effective recycling and valorisation of these materials are critical to reducing
environmental burdens and recovering high-value resources. Innovative approaches to textile waste disposal are
required to ensure sustainability. New protocols were here developed for recovering polymers from textile waste,
leading to the production of textile waste-derived plastic and textile silk fibroin (TSF). TSF was used to develop
tunable hydrogels (TSFHy) for 3D hydrogel-based cell culture systems of triple-negative breast cancer cells and
mesenchymal stem cells (MDA/cMSCTSF). 3D-cMSCTSF systems exhibited cell viability and proliferation com-
parable to that of 3D-cMSCSF systems, in which SF was extracted from cocoons. Moreover, the expression of
muscle differentiation markers in cMSCTSF systems was observed after two weeks. Overall, we provide a sus-
tainable strategy to transform textile waste into high-value bio-inspired products, offering environmental and

economic benefits while advancing circular economy, biomedicine and future food production.

1. Introduction

Textile waste represents an inexpensive source of valuable bio-
products for the development of innovative sustainable biomaterials for
biomedical applications, as well as a new research avenue for the reuse
and renewal of waste products, thus helping to address the costly
problem of waste disposal. Improved waste management could increase
opportunities to exploit biowaste and reduce environmental impact,
while also enhancing competitiveness through the production of new
bioproducts at lower cost [1-3,]. Developing sustainable processes to
reuse textile waste as a source of basic materials (such as pigments and
polymers) offers a promising strategy to reduce environmental impact
and recover valuable resources [3,4].

Each year, >92 million tonnes of textile waste are generated
worldwide, a staggering amount that reflects deep inefficiencies in
current fashion and textile systems [5]. According to the Ellen Mac-
Arthur Foundation, this waste represents a lost economic value of
approximately $500 billion annually [6] largely due to the underuse of
garments and the lack of effective recycling systems. The financial
burden extends further: managing textile waste is also costly for

governments and municipalities. In Europe, disposing of textile waste
can cost between €500 and €1000 per tonne, accounting for trans-
portation, sorting, and treatment [7,8]. In the United States alone,
around 11 million tonnes of textiles are sent to landfills annually, costing
over $3 billion in disposal [9].

Beyond financial costs, there are severe environmental impacts that
translate into long-term economic risks. Textile production and waste
contribute significantly to water pollution, mainly from the toxic
chemicals used in dyes and finishes [10,11]. They also generate over 1.2
billion tonnes of CO: emissions annually and are linked to land degra-
dation, particularly through resource-intensive crops such as cotton
[12]. The majority of used clothing, approximately 87%, is either
incinerated or sent to landfill, causing serious environmental pollution
[13]. The United Nations has warned that if these issues remain unad-
dressed, they could lead to systemic economic losses in the trillions of
dollars, especially as climate change and resource scarcity intensify.
Despite the scale of the problem, recycling remains very limited:
approximately 1% of materials used to make clothing are recycled into
new garments [7]. However, there is substantial potential for
improvement. A more circular economy in fashion could unlock over
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$100 billion in savings annually, according to the Circular Fibres
Initiative [14]. Consumer behaviour also plays a crucial role in
addressing this challenge. In this context, the urgent need for new
strategies to recycle raw materials from post-consumer textile waste is
clear. A range of approaches, including mechanical, thermal, and
chemical processes, can be employed to recycle discarded textiles
[15-23]. Biotechnological methods have also been highlighted as highly
valuable for the valorisation of textile waste [24-26]. Current man-
agement of textile waste enables the production of diverse high-value
materials, including bioethanol, biogas, monomers, polymers, and bio-
chemicals such as succinic acid and cellulase [27-31]. Additionally,
textile waste can be repurposed for the fabrication of construction ma-
terials [32]. Recycling fibres into value-creating products such as bio-
fuel, bioplastic, chemicals, carpets, enzymes, acids, synthetic fibres, and
resins is now achievable [33,34]. A major gap in the field of textile waste
recycling is the lack of strategies capable of converting dyed textile
waste into functional biomaterials for biomedical applications, partic-
ularly for tissue regeneration, while also enabling dye recovery. Opening
a new frontier in multidisciplinary sustainable research, we present a
strategy based on the recovery of polymers and biopolymers from textile
waste, with new protocols developed for the dye and polymers extrac-
tion, reuse, and revalorisation (see Graphical Abstract) of synthetic and
natural polymers, such as silk fibroin (SF), for biomedical applications.
SF has recently attracted considerable attention for the development of
innovative protein hydrogels in biomedicine [35-37]. SF derived from
textile waste (textile silk fibroin, TSF) was purified using an optimised
protocol and employed for the production of hydrogels for 3D cell cul-
tures. The recycling protocols developed here from post-consumer tex-
tiles could provide a sustainable strategy to recover high-value
biopolymers and dyes, reducing the environmental and economic
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impacts of the textile industry and lowering costs in biomedical research
and therapy. In this context, this work contributes to filling this gap by
demonstrating a reprocessing route to obtain regenerated fibroin-based
materials that support stem cell growth, viability, and differentiation,
thereby highlighting their functional potential in biomedicine.

2. Results
2.1. Textile waste for TPLAST production

Pre-treatment of textile waste with mechanical, chemical, or thermal
methods is generally used with the aim to eliminate contaminants such
as dyes and finishes while also altering the fibre structure. This step is
essential for the efficient recovery of valuable fibres and for converting
textile waste into high-quality, value-added products. Fig. 1 illustrates
the protocol used for the production of textile waste-derived plastic
(TPLAST) where polyester textile waste was pre-treated with 50% tri-
chloroacetic acid (TCA) solution (w/v), dimethyl sulfoxide (DMSO), or
hexane at room temperature for 1 h. Only treatment with 50% TCA
resulted in the extraction of a blue dye, as shown in Fig. 1. Neither
hexane nor DMSO led to dye release, even after several days of incu-
bation. The UV-vis spectrum of the TCA extract shows (Figs. 1 and S1A)
absorption bands at 610 nm and 570 nm, with a shoulder at 520 nm,
which are consistent with the presence of indigo and a complex disperse
azo dye [38,39], respectively. The TCA extract was then reused for
fabric staining, demonstrating efficient recycling and reuse of this
component. The reduction of the percentage of TCA in the extract
determined a reduction of solubility of the hydrophobic molecules, such
as pigments. Therefore, we used a dilution with 44H0 up-to 10% of TCA
or even less to determine a precipitation of these molecules and an easy
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Fig. 1. Scheme of the experimental TPLAST production from synthetic textile waste. The synthetic textile waste was treated for 1 h with a solution of TCA 50% (w/
v), DMSO or Hexane. Only the TCA treatment led to the dye recovery. a) Dye recovery, UV-vis spectrum of the TCA extract (1:19 dilution) in 50% TCA is shown and
textile staining using the recovered dye; b) TFA treatment of the textile polymer. After drying the textile polymer at room temperature, the treatment with TFA was
performed for 30 min (b). Then, the textile waste was completely dissolved and the mixture cast in the molds to obtain the TPLAST.
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elimination of the TCA solution (as supernatant) from the pigments by
centrifugation (5 min at 12,000 g) or sedimentation overnight at room
temperature (see Figure S1B). The pigments present in the pellet can be
freeze-dried or directly resuspended in organic solvents (such as ethanol
or others solvents). We used this approach to recover the dye and
analyse it by UV-vis spectroscopy in ethanol, as shown in the Figure S1.
Furthermore, the TCA solution (as supernatant) can be freeze-dried to
obtain TCA in crystalline form, which can then be reused in subsequent
extraction processes, thereby improving the sustainability of the
method.

Following TCA pre-treatment, the textile waste was washed in water
and dried at 50 °C. The dried material was subsequently treated with
trifluoroacetic acid (TFA, 5 mL) for acid cleavage. Within a few minutes,
the textile transformed into a resinous mixture that was cast into moulds
to yield, after air exposure, TPLAST.

2.2. Silk textile waste for TSF production

The revalorisation of silk textile waste was also investigated, and a
new protocol for fibroin extraction was developed. Fig. 2 shows the
protocol for fibroin recovery. Prior to protein extraction, the textile
waste was treated with 50% TCA solution for dye recovery. The dried
fabric was then dissolved completely after only 30 min at room tem-
perature in 9.0 M LiBr. The solution was dialysed against water for 3
days and subsequently lyophilised. After dialysis the TSF was analyzed
by XRD and compared to SF: the patterns in Fig. 2b show the presence of
silk I (20 =12.2°,19.7°, 24.7° and 27.8°) and silk II characteristic peaks
(20 = 20.6° and 24.7°) [40,41].

Gel filtration of the extracted TSF was performed to purify fibroin,
assess the presence of other proteins, and compare retention times with
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fibroin extracted from Bombyx mori cocoons (Fig. 3A). After gel filtra-
tion, complete dye removal was achieved, as shown in Fig. 2, where the
lyophilised TSF product is presented. SDS-PAGE was also performed in
order to assess the molecular weight of the purified TSF (about 200
kDa), thus demonstrating the absence of the fibroin degradation (see
Figure 3Ac). A structural analysis of the TSF protein in water solution
was performed by Circular Dichroism (CD) (see Fig. 3Ba). The CD
spectrum of TSF exhibits a negative band at 218 nm and increased
ellipticity below 210 nm, indicative of a predominantly p-sheet struc-
ture, which is also characteristic of the silk fibroin extracted by cocoon
[42-44]. The SF and TSF CD spectra are also compared in the
Figure S2B. The XRD pattern of the lyophilized TSF (Figure 3Bb) is
characteristic of an amorphous state characterized by the broad
featureless peak in XRD spanning from 12° to 32°, comparable to the SF
purified by cocoon showed in the literature [40,41]. The microstructural
analyses of the TSF before and after purification in gel filtration chro-
matography, were performed by scanning electron microscopy (SEM)
and the micrographs are shown in the Fig. 3C. In both samples fibrose
structures, characteristic of the fibroin polymerization, were observed,
along with microfibers with diameters ranging from 0.2 to 10 um. In the
SEM micrographs of TSF not purified by gel filtration chromatography it
is also possible to observe the presence of round particles (from 2 to 4 ym
of diameter) on the material surface, not present in the TSF after gel
filtration, probably ascribable to the pigments present in the not
completely purified sample. The SEM micrographs of SF are also per-
formed and shown in Figure S2.

2.3. TSF for 3D cell cultures

The extracted TSF was used to fabricate protein-poly(ethylene
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Fig. 2. Scheme of the extraction protocol for Textile silk fibroin (TSF) production from textile waste. Pretreatment with a solution of TCA 50% (w/v) for 1 h was
performed for a) Dye and b) Fibroin recovery. Fibroin was obtained by treating the dried textile with 9.0 M of LiBr for 30 min at room temperature, dialysis against
water and freeze-drying. XRD spectra of the TSF before the gel filtration and the SF are compared showing the presence of silk I and silk II characteristic peaks.
Finally, the extracted TSF was purified by gel-filtration chromatography and freeze-dried.
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Fig. 3. TSF purification and characterization. A) Gel filtration chromatography of TSF (a) and SF (b) and SDS-PAGE (10% gel acrylamide) of TSF after gel filtration
and molecular weight markers (STDs) (c); B) CD spectrum of about 10 uM of TSF in H,O (a) and XDR spectrum of the lyophilized TSF (b); C) SEM micrographs of
freeze-dried TSF before and after gel filtration were acquired using 2.0 kV and Mag. 500 X, 1, 2, 10, 20 and 50 KX. Scale bars were 200 nm and 1, 2 and 10 pm. The
arrows in the TSF before purification by gel filtration micrographs indicate the presence of round particles likely associated to the presence of pigments, that are not

present in the TSF after purification.

glycol) diacrylate (PEGDa) hydrogel-based 3D cell culture systems. Two
types of 3D cellular constructs were produced: moulds (Fig. 4a) and
spheres (Fig. 4b). Hydrogel stiffness was modulated by incorporating
two different PEGDa concentrations (4.5% or 9% w/v) and evaluated by
nano-indentation. Cell growth within the 3D systems was analysed using
tunable hydrogels (TSFHy) of low (L; 2250 + 51.96 Pa) and high (H;
8020 + 91.09 Pa) stiffness (Fig. 4Ab).

The 3D cell cultures obtained embedding cells in TSFHy was
compared to those obtained using SFHy, previously characterized for its
cell-scaffolding properties [45,46]. Figure 5Aa,b shows breast cancer 3D
cellular moulds generated using SF- and TSF-based PEG hydrogels of
high stiffness, embedding human triple-negative breast cancer
MDA-MB-231 cells. Fig. 5B presents a fluorescence Live/Dead cell
viability assay after 7 days of culture. No differences in viability were
observed between MDASFy and MDATSFy groups, confirming the suit-
ability of TSF for producing 3D cancer cell models for cellular studies
and drug discovery.

2.4. TSFHy as a scaffold for tissue regeneration

The production of 3D stem cell culture systems is highly relevant for
studying the molecular mechanisms underlying cell growth, migration,
and differentiation. These systems also hold applications in tissue
regeneration and repair, as well as in cellular food and leather

production. TSFHy was therefore tested for 3D stem cell culture
applications.

Fig. 6A and B show micrographs of cMSCTSF and cMSCSF spheres at
low and high stiffness and their cell growth over time. Results demon-
strated no significant differences in cell growth between the two
hydrogel types (see also Figure S5). A proliferation reduction in
cMSCSF/TSFH spheres at higher stiffness may reflect the onset of early
differentiation processes. To investigate this, we assessed the expression
of muscle differentiation markers by western blotting and immunoflu-
orescence confocal microscopy (Fig. 6C and D).

After 7 days of culture, both cMSCSFy and cMSCTSFy exhibited ~10-
fold and ~20-fold increases in a-smooth muscle actin (a-SMA) and
smooth/skeletal myosin expression, respectively, compared to cells
cultured on tissue culture plate (TCP). After 1week, high expression of
smooth/skeletal myosin was also confirmed by immunofluorescence
microscopy (Fig. 6D). Although the sarcomeric a-actinin, specific to
cardiac muscle differentiation, was absent after only 1 week of culture
(Fig. 6C), it was observed in cMSCTSFy molds after 2 weeks of culture by
confocal microscopy, as shown in representative micrographs in the
Fig. 7. These findings indicate commitment towards muscle differenti-
ation of cMSCTSF systems.
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Fig. 4. TSFHy rheological characterization and 3D TSFHy-cell cultures production. A) a) digital image of TSFHy cell-loaded mold; b) 3D plot of the rheological
analysis of SFHy and TSFHy at low and high stiffness with their effective Young’s Modulus (E.s, Pa) measured scanning a 4 x 4 matrix; B) a) TSFHy cell spheres
dropped onto the nanostructured superhydrophobic surface using a cell density of 10* cells/pL; b) micrographs of MDATSF and cMSCTSF spheres. See also in
Figure S4 the rheological analyses. Scale bars are of 100 pm. All the data are the results of three or five independent experimental replicates.

3. Discussion

The textile industry in the EU generates approximately 16 billion
kilograms of waste each year, yet only about one-quarter is recycled,
with the remainder sent to landfills [47]. In recent years, companies
have begun addressing this challenge by promoting recycled materials
and adopting more sustainable production practices. These initiatives
contribute to environmental protection and support the transition to a
sustainable fashion industry. The Chinese government has set targets to
increase textile waste recycling to 25% by 2025 and 30% by 2030 [48].
Textile waste is composed of both synthetic and natural polymers,
making it a valuable source of raw materials after reprocessing. How-
ever, chemicals used in dyes, finishes, and additives pose a major
obstacle to recycling, complicating the recovery process compared to
less complex materials. Mechanical methods such as shredding and
thermo-mechanical recycling are generally cost-effective but often yield
lower-quality products than virgin fibres. In contrast, chemical recy-
cling, though more expensive, has the advantage of preserving fibre
quality. Sustainable chemistry can therefore play a central role in opti-
mising textile waste recycling protocols.

Compared with conventional solvent-based reprocessing routes, the
proposed protocol may offer potential sustainability advantages because
it requires relatively small working volumes, potentially reducing sol-
vent consumption, processing time, and energy demand per unit of
recovered material; it is rapid, which may further improve process ef-
ficiency, lower operational costs, and support future scalability; and it

relies on an aqueous TCA system rather than on purely organic solvent-
based routes, which may simplify processing and reduce some of the
handling and environmental concerns typically associated with organic
solvents. Conversly, the use of anhydrous TCA, which can be stored and
handled as a solid and dissolved only at the point of use, may addi-
tionally facilitate transport, storage, and scale-up, contributing to
reduced operational risks and more controlled process management.
Additionally, we demonstrated the possible TCA and dye separation by
simple water dilution (Fig. 1S) leading to a more sustainable approach.
Our bench protocol shows the feasibility to recovery the pigments from
the TCA solution by a simple dilution and to reuse the TCA for other
extraction, leading to a great sustainability of the process. Moreover,
although the TCA is a strong acid, the use of TCA at concentrations up to
50-80% (w/v) has been also recently investigated in biomedical appli-
cations, including venous ulcer treatment and dermatological proced-
ures [49,50], supporting its use as a manageable reagent under
controlled conditions.

Acid cleavage of synthetic textile waste has previously been explored
[51-54]. In this study, we developed a novel protocol employing acid
cleavage with anhydrous TFA, a more sustainable option than those
reported in the literature [55,56].

The synthetic polymers obtained using this method can be applied in
the casting of TPLAST objects or optimised further for the production of
printable TPLAST resins. Protocol optimisation may also enable the se-
lective recovery of polymers from mixed-textile waste streams, poten-
tially combined with dye recovery.
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Fig. 5. TSFHy for 3D cancer cell culture. A) a) digital images of MDATSF molds production using a cell density of 10* cells/puL and culturing; b) brightfield mi-
crographs of MDASFy and MDATSFy and B) LIVE/DEAD cell viability fluorescence assay after 7 days of cell growth. Scale bars are of 20 and 100 pm. The results were
obtained by 3 independent biological replicates.
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Fig. 6. 3D cMSCTSF cultures for in vitro muscle tissue production. A) Brightfield micrographs of cultured cMSCSF and cMSCTSF spheres (5 uL with a cell density of
10* cell/uL) at high and low stiffness over time; B) WST-1 cell viability assay after 4 and 7 days of cell-growth; C) WB analysis of a-actinin, a-SMA and myosin
expression in cMSCs grown in SF and TSF compared to TCP; D) Confocal microscopy of cMSCTSFy after 1 week of cell growth, where nuclei of live cells are stained
with Hoechst (in blue) and myosin recognized by Alexa Fluor- 546 nm is in red. Scale bars are of 20 and 100 pm. The results were obtained by three independent
biological replicates. Error bars indicate S.D. ns: non-significant; *p value < 0.05; ** p value < 0.01; *** p value < 0.005.

cMSCTSF,

Moreover, for the first time, this study associated textile waste reprocessing route for existing silk textile waste rather than the pro-
management with the production of SF hydrogels for tissue regeneration duction of a new material from virgin resources. Accordingly, despite
and 3D tumoroid fabrication. Although the use of LiBr involves eco- the burden associated with LiBr use, this approach has the potential to
nomic and environmental concerns, the proposed protocol represents a offset a relevant share of the upstream impacts of virgin silk production
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Fig. 7. Muscle differentiation of cMSCTSF system. Confocal microscopy of cMSCTSFy; (produced using a cell density of 10 cells/uL) after 2 weeks of culture, where
nuclei of cells are stained with Hoechst (in blue) and a-actinin recognized by Alexa Fluor- 546 nm is in red. Scale bars are of 50 and 10 pm. The results were obtained

by three biological replicates.

by avoiding a substantial part of the inputs and processing steps asso-
ciated with primary silk generation, particularly sericulture, cocoon
production, and raw silk manufacturing. Combining textile waste
reprocessing with SF production can enhance the sustainability of both
processes. Owing to its superior biocompatibility, SF stands out from
traditional synthetic polymers as a highly promising candidate for
biomedical applications. SF derived from B. mori silkworms is a
biocompatible, biodegradable protein with a unique structure, making it
a key material for tissue repair [57]. In recent years, tunable
protein-based hydrogels have been developed as promising biomaterials
that mimic human tissues, support cell growth and repair, and can be
adapted to damaged sites using minimally invasive techniques. In
particular, SF-based hydrogels, obtained from B. mori cocoons, combine
biocompatibility, biodegradability, and mechanical strength, making
them attractive materials for tissue regeneration. SF hydrogels have also
emerged as valuable scaffolds for bone tissue engineering. Implantation
of SF hydrogels has been shown to significantly enhance bone regener-
ation [58], offering therapeutic potential in conditions such as bone
defects, osteoporosis, osteoarthritis, dental tissue loss, intervertebral
disc degeneration, chronic osteomyelitis, osteosarcoma, and tendon or
ligament injuries [59-67]. Furthermore, because of their excellent
biocompatibility, controlled immune activation, extracellular matrix
(ECM)-mimicking properties, ability to provide sustained drug release,
and modulation of cellular behaviour, SF hydrogels have been applied in
the repair of bone and skin tissue and in anti-infective strategies.
Additional applications include the repair of myocardial, neural, he-
patic, uterine, corneal, and other tissues [68-72]. A key step in pre-
paring SF for biomedical use is degumming, which removes sericin (SS)
from silkworm silk to obtain regenerated SF. Incomplete separation can
cause allergic reactions. Early studies showed that type I allergic re-
sponses to certain silk materials were linked to incomplete degumming,
leaving residual SS on silk threads, and causing severe asthma, allergic
pneumonitis, and elevated serum IgE levels [72-75]. This occurs
because SS triggers T-cell-mediated allergic responses, whereas silk
fibroin (SF) does not increase IgE levels [76,77]. This important and
costly step is generally already performed during the preparation of
textile silk. Therefore, in the protocol for TSF production, degumming
was bypassed, making TSF production less expensive and faster than
extraction from cocoons. Additives and dyes in the textile silk were
removed by pre-treatment with TCA and, finally, by gel filtration, a step

also required in cocoon SF extraction, to obtain a pure protein. The TSF
characterization by SDS-PAGE, SEM, XRD and CD analyses demonstrates
the presence of not degraded fibroin able to form fibres in beta-sheet
structure comparable to the SF. The functional properties of TSF as
cellular scaffold were also here investigated. TSF promoted the
myogenic commitment of cMSCs, as demonstrated by the increased
expression of a-SMA and sarcomeric a-actinin, indicating its ability to
drive stem cell differentiation without the addition of myogenic
biochemical cues. The Young's modulus of skeletal muscle typically
ranges from 10 to 15 kPa, and scaffolds with a stiffness of 8-17 kPa have
been reported to induce the myogenic differentiation of MSCs [78-81].
Accordingly, our SFHyy and TSFHyy scaffolds can mimic the mechani-
cal properties of skeletal muscle, as the effective Young's modulus of the
acellular SF/TSFHyy scaffolds was approximately 8 kPa. Furthermore,
the presence of silk fibroin nanofibers and the f-sheet secondary struc-
ture in TSF may also provide physical cues that promote the spontaneous
myogenic commitment of MSCs, in agreement with previous studies
[82-84]. This result suggests possible applications of TSFHy not only in
tissue repair and fabrication but also in the production of cell-based
foods. Another relevant research field in recent years is the production
of spheroids and tumoroids for pharmaceutical research and precision
medicine [85,86]. TSF-based microspheres and moulds embedding
cancer cells were produced and characterised to obtain low-cost, sus-
tainable 3D cancer cell models. Preliminary results show that cell
viability in MDATSF systems is comparable with that in MDASF systems.

The development of 3D cellular cultures for biological studies, drug
discovery, tissue regeneration, and cell-based food production is often
limited by the high cost of biomaterials. Here, a sustainable process is
proposed, where textile waste recycling is combined with biomaterial
production to achieve high-value revalorisation of waste. This study
demonstrates the feasibility of the proposed approach at laboratory
scale, whereas further investigations will be necessary to assess its
scalability and economic feasibility. Nevertheless, the proposed protocol
is rapid, operationally simple, and potentially cost-effective compared
with more complex multi-step recycling strategies. A further strength of
this approach is its versatility, since a single dyed silk waste stream can
generate multiple value-added products, including recovered dye, re-
generated fibroin, and a residual fraction suitable for plastic-like mate-
rials. Importantly, the recovered fibroin-based hydrogel was shown to
support stem cell growth, viability, and differentiation, highlighting the
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potential of this waste-derived material for biomedical valorisation.
Although further studies are needed to clarify the potential appli-
cations of these recycled materials and their effects on stem cell growth
and differentiation in food and biomedical contexts, our results indicate
that silk recycling from post-consumer textiles may offer a sustainable
strategy for recovering high-value biopolymers and reducing both the
environmental and economic impact of the textile industry.

4. Conclusions

Addressing the problem of textile waste requires innovative, cross-
disciplinary research exploring a range of biotechnologically advanced
strategies. Textile waste management could play a pivotal role in
advancing a sustainable bio- and circular economy. New approaches to
textile waste valorisation and the development of sustainable bio-
materials are essential for the bioeconomy. Our results demonstrate that
textile waste could represent a valuable source of polymers for pro-
ducing 3D cellular scaffolds to support the growth of both stem cells and
cancer cells for tissue repair and anti-tumour drug discovery. Further-
more, this research may pave the way for the in vitro production of novel
cell-based foods with reduced costs and enhanced sustainability. Several
products with applications ranging from biomedicine to the food in-
dustry could be fabricated entirely from these versatile biomaterials,
giving new life and value to abundantly produced waste.

5. Materials and methods
5.1. Dyes extraction protocol

The extraction of the pigments from the textile waste was performed
using 50% of TCA solution (w/v) (Sigma-Aldrich, Milan, Italy). After
only 1 h of incubation at room temperature a great amount of acid dyes
was recovered from the textile waste. The UV-vis spectra of the TCA
extracts (1:19 dilution in 50% TCA; 1:5 dilution in 10% TCA and in 80%
ethanol acidic pH) were performed using UV-31 SCA ONDA spectro-
photometer (Prodotti Gianni, Milan Italy) and a quartz cuvette of 1 cm
optical path.

5.2. TPLAST preparation

After dye-recovery, the textile wastes were dried at room tempera-
ture and treated with TFA (Sigma-Aldrich, Milan, Italy). After 30 min the
textile waste was completely dissolved and the mixture cast in the
molds. The TPLAST was then washed with water several times for the pH
neutralization.

5.3. SF and TSF extraction and purification

Silk fibroin (SF) solution was obtained using the previous protocol
[46] and described in Figure S3 (see Supplemental Information). Briefly,
silk Bombyx mori cocoon was cut into pieces and boiled, at bain-marie, in
buffer 50 mM Tris-buffered saline (TBS), 8.0 pH, for 3 h. Then the
cocoon was washed in TBS and incubated with trypsin (Sigma-Aldrich,
Italy) (1:50 trypsin: cocoon ratio w/w), in TBS at 37 °C for 3 h. Super-
natant was removed, the solid residue was treated with 9 M of LiBr
(Sigma-Aldrich, Italy) solution and incubated at 37 °C overnight. The
solution was then dialyzed against bi-distilled water at 4 °C, using a
dialysis membrane with a cut-off of 12 kDa (Medicell International Ltd),
for four days. Finally, the purification was performed by gel filtration
chromatography in bi-distilled water/ or phosphate-buffered saline
(PBS), 7.2 pH, monitoring the elution at a wavelength of 280 nm. The
textile-derived silk fibroin (TSF) was obtained by the textile waste as
follows. Briefly, the pretreatment with a solution of TCA 50% (w/v) for 1
h was performed for the dye recovery. Then, the dried textile was treated
with 9 M of LiBr for 30 min at room temperature leading to complete
dissolution of the fabric. The solution was then dialyzed as above.
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Finally, the gel filtration of the extracted TSF was performed in
bi-distilled water monitoring the absorbance at a wavelength of 280 nm.

The protein concentration of SF and TSF solutions were evaluated
using the bicinchoninic acid (BCA) colorimetric assay (Sigma-Aldrich,
Italy). The molecular weight of the purified TSF was assessed by SDS-
PAGE analysis using a 10% (w/v) of polyacrylamide gel and the mo-
lecular weight markers (Precision Plus Protein standards Kaleidoscope
-Bio-Rad, Milan, Italy).

5.4. Circular dichroism (CD) spectroscopy and X-ray diffraction (XRD)

Far-UV CD spectra of TSF and SF (about 5 uM in water solution) were
recorded between 250 and 200 nm of wavelengths at 21 °C, using a
Jasco 600 spectropolarimeter (Jasco, Tokyo, Japan) calibrated using
camphorsulfonic acid. The used parameters were: 0.1 cm of path length,
1.0 s of time constant, 0.5 nm band width, 0.2 nm/ min of scan rate and
20 mdeg of sensitivity.

The crystallinity of the TSF before and after gel filtration and that of
SF were measured via X-ray diffraction using a Philips PANalytical
X’Pert Pro diffractometer, equipped with a Cu Ka radiation (40 mA, 40
kV). The XRD patterns were recorded between 20 = 5° and 60°, with a
step size of 0.02° and 2 s time per step.

5.5. Scanning electron microscopy (SEM) analyses

The scanning electron microscopy micrographs of the TSF samples
before and after gel filtration were acquired using a Zeiss Leo Supra™ 35
field emission gun scanning electron microscope (Carl Zeiss SMT,
Oberkochen, Germany). The samples of TSF were prepared using freeze
drying, placed on carbon tape and subjected to metallization with Au
using an RF Emitech K550x sputter. Sputtering was performed for 3 min
at 25 mA to obtain a homogeneous coating of about 20 nm. The mi-
crographs were acquired using 2.0 kV and Magnification 500 X, 1, 2, 10,
20 and 50 KX.

5.6. SF and TSF hydrogels spheres and molds production

The SF or TSF hydrogels were obtained by photopolymerization of
precursor solutions constituted by: 70 pl of 3 mg/ml SF or TSF in PBS
buffer, 30 pl (high) or 15 pl (low) of 30% w/v PEGDa 10 kDa, 1% w/v of
Irgacure 2959 for a total volume of 100 ul in PBS [36,46]. To produce
the spheres the photopolymerization was performed on a nano-
structured  superhydrophobic  surface obtained using poly-
dimethylsiloxane (PDMS) and PVDF membrane following a procedure
described by Patent LDO0252 [87]. The triple negative breast cancer
cells of the MDA-MB-231 cell line (MDA) or Lin" Sca-1" human cardiac
mesenchymal stem cells (cMSCs) were used for 3D cell systems pro-
duction. cMSCs line was obtained as previously described [88,89]. Cells
at a density of 10* cells/ul were resuspended in the gel precursor solu-
tion and spheres of 5 pl were deposited on the superhydrophobic surface
and photopolymerized by exposure under UV at 365 nm (5 mW/cm?) for
2 min. Further, the precursor solutions with breast cancer cells or with
stem cells (50 pl) were photopolymerized on a cut syringe for 5 min to
obtain the mould hydrogels. These 3D culture preparations result in
minimal variability of the cell number embedded within spher-
oids/moulds, owing to the photopolymerization process of the precursor
solution at a defined cell density (10* cells/pl) [45,46]. 3D cell systems
were incubated in culture medium at 37 °C with 5% CO, and monitored
over time by microscopy using a Zeiss microscope (Primovert, Zeiss,
Italy).

5.7. Rheological analysis
The rheological analyses of SF/TSFHy molds (without cells) were

performed by nanoindentation using PIUMA nano-indenter equipment
(Optics11 Life, Amsterdam, The Netherlands). The analyses were
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conducted in PBS buffer using a probe having a 0.45 N/m cantilever
stiffness and a 49.5 pm radius spherical tip. The effective Young’s
Modulus (Eefr, Pa) was obtained in peak load poking mode performing a
matrix scan of 4 x 4 with a displacement on X and Y axes of 20 pm (max
load 0.50 pN and piezo speed 30.0 um/s). Data were analyzed setting an
Hertzian contact model and obtaining a 3D plot of E¢ values across the
matrix. In Figure S4 are reported the histograms of the collected Eeg
values and a Load-Indentation curve. The rheological analysis was
performed using three experimental replicates for each gel.

5.8. Cell cultures and cell viability analyses

Tumor cells of the MDA-MB-231 cell line and human cardiac Lin
Sca-1t mesenchymal stem cells (cMSCs), obtained as previously
described [88,89] by extraction from auricular biopsies, during coro-
nary artery bypass surgery with formal consent from patients, were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Italy),
containing 10% (v/v) of Fetal Bovine Serum (FBS) (Gibco, Italy), 1%
(v/v) of Pen/Strep/Glutamine solution (Gibco, Italy). The cell prolifer-
ation in the SF or TSF hydrogels after 4 and 7 days of cell growth was
evaluated using the cell viability WST-1 assay
(4-[3-(4-lodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolium] —1,3-ben-
zene disulfonate (Cell Proliferation Reagent WST-1, Roche, Mannheim,
Germany) [90]. The cell culture medium was replaced with fresh DMEM
high glucose without phenol-red (GIBCO, Italy) with 5% (v/v) of
tetrazolium salt WST-1. The cMSCSF/TSF spheres were cultured for 3 h
and the absorbance of the 1:1 diluted medium using PBS was assessed at
a wavelength of 450 nm using the microplate reader iMark™ Microplate
Absorbance Reader (Bio-Rad). All the experiments were performed in
triplicate, and each sample containing 3 cell-spheres. The viability of
MDASF/TSF molds was evaluated by LIVE/DEAD assay using a LIVE/-
DEAD® Cell Imaging Kit (488/570) (Invitrogen, Thermo Fisher Scien-
tific, Milan, Italy) and the fluorescence microscopy using a Zeiss
fluorescence microscope Axio Observer 7. The results were obtained by
3 independent biological replicates.

5.9. Immunofluorescence microscopy analyses

Immunofluorescence analysis of cMSCTSFy spheres was obtained
performing a live-cell fluorescent staining of the nuclei with Hoechst
33342 (Sigma-Aldrich, Italy) for four hours. After the spheres were fixed
with 4% paraformaldehyde (PFA) in PBS for 30 min at room tempera-
ture, the cells were permeabilized using 0.3% Triton X-100 solution for
15 min and placed in a blocking buffer (10% of BSA (w/v), 0.1% of
Triton X- 100 (v/v) and 1% of glycine (w/v) in PBS) at 4 °C overnight.
cMSCTSFy were then incubated overnight with a PBS solution with 20
mM of Gly and 1% (w/v) of BSA containing the primary antibody for
myosin (smooth and skeletal) rabbit (M 7648, Sigma-Aldrich, Milan,
Italy) or Ab- a-actinin sarcomeric mouse (A 7811, Sigma-Aldrich, Milan,
Italy) followed by the rabbit or mouse Alexa fluorochrome-conjugated
secondary antibody (546 nm, red) (Thermo Fisher Scientific, Invi-
trogen, USA). Confocal fluorescence microscopy was performed using a
Stellaris Leica microscope platform. Immunofluorescence analyses were
performed on three independent biological samples.

5.10. Protein expression analysis

The protein cellular extractions were performed by washing the
cMSCSF/TSF spheres in PBS, resuspension in sample buffer for SDS-
PAGE (50 pl) and boiling. For SDS-PAGE a 12% (w/v) of poly-
acrylamide gel was used. Polyvinylidene fluoride (PVDF) membranes
(Bio-Rad, Italy) and a semi-dry Trans-Blot Turbo Transfer System (Bio-
Rad, Italy) were used for electroblotting. After this, the membrane was
incubated with blocking solution and probed with the following primary
monoclonal antibodies: Ab-a-smooth muscle actin («x-SMA) mouse
(A7607, Sigma-Aldrich, Milan, Italy), Ab- a-actinin sarcomeric mouse (A
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7811, Sigma-Aldrich, Milan, Italy), Ab-myosin (skeletal and smooth)
rabbit (M 7648, Sigma-Aldrich, Milan, Italy). The recognition of the
primary antibodies was obtained incubating with the mouse or rabbit
secondary antibody (dilution 1:3000) (7076#,7074#, Cell Signaling
Technology, USA) for 4 h at room temperature. For controlling the
protein loading the immunoblots were also probed with Ab-GAPDH
rabbit (G9545, Sigma-Aldrich, Milan, Italy). An Amersham™, ECL
Select Western Blotting Detection Reagent kit (RPN2235, cytiva, UK)
was used to visualize signals, followed by exposure to a FluorChem
Imaging system (Alpha Innotech Corporation-Analitica De Mori, Milan,
Italy). Three independent biological samples were used for each quan-
titative evaluation of protein expression and were 3 spheres for each 3D
sample, which therefore is also inherently mediated.

5.11. Quantification and statistical analysis

The statistical data analysis was performed using GraphPad Prism
version 8.0 for Windows (GraphPad Software, San Diego, CA, USA).
Data were quantified and analysed for each variable using an indepen-
dent Student t-test (Mann-Whitney test) and were obtained from three or
more experimental independent biological replicates. A p-value < 0.05
was considered statistically significant. Data are presented as mean +
standard deviation (S.D.). ImageJ software was used for the densito-
metric analysis of the western blot protein bands and for analysing the
fluorescence micrographs.
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