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ABSTRACT KEYWORDS

Mulberry silkworms have provided many valuable byproducts to humans for Silk; fluorescent pigment;
5,000 years. However, numerous possibilities for their utilization still exist textile; chemosensor;
owing to the countless varieties of silkworms. Here, we report the application environmental sensor;

of Yeonnokjam silk (pistachio silk, PS), one of the characteristic silk varieties in natural fiber

Korea, as a smart fabric environmental sensor. Unlike the previously reported 38T

extrinsically modified silk varieties, this new silk textile emits fluorescence 2 W NTRL: GRS A2
under external stimuli. PS cocoons were exposed to different concentrations AR IR, PREEAL RS RAR
of HCl vapors. Due to the large surface-to-volume ratio of the cocoon textile, 214k

a very low concentration (5 ppm) of HCl vapor can be detected by reading

the decrease in the fluorescence intensity. At a lethal concentration (3000

ppm), an instantaneous fluorescence response is obtained. Additionally, the

fluorescent pigment in PS can respond to temperature and can be extracted

using ethanol, indicating that PS exhibits temperature and ethanol-sensing

capabilities. The findings of this study prove that natural PS can be used in

bio-optical applications.
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Introduction

Smart textiles are attractive for environmental and biological applications owing to their fascinating
functions. Such textile platforms are sensitive to external stimuli, such as pH, pressure, mechanical
stress, temperature, light, and electrical signals (Chen et al. 2020; Libanori et al. 2022; Stuart et al.
2010). Porous structures with large surface-to-volume ratios, present in smart textiles, enhance the
interaction between the textile and external stimuli as well as increase the flexibility and permeability
of the textile material (Guan, Gong, and Xu 2020; Hong et al. 2021). In addition, incorporating light
manipulation functions into a textile platform facilitates wireless, fast, and sensitive sensing operations
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(Shin et al. 2023; Zhang et al. 2023). Especially, fluorescent textiles can transform their color and
exhibit light-illuminating patterns and pictures upon exposure to light. Therefore, fluorescence-
emitting smart textiles provide protection and are suitable for developing flexible displays, sensory
systems, and security barcodes (Han et al. 2022; Lin et al. 2023). However, most pigments and dyes
used to manufacture fluorescent textiles are highly toxic and environmentally persistent and are thus
hazardous to humans and ecosystems (Jia and Zhang 2023; Subaihi et al. 2022; Tang et al. 2019).
Although nanomaterials, such as quantum dots and nanowires, have been used in previous studies, the
potential risk is still an ongoing issue (Alas et al. 2020; Du et al. 2021; Y. Han et al. 2022). Additionally,
natural textile materials are viable for biocompatible and eco-friendly smart textile applications (Tat
et al. 2022; Vivekananthan et al. 2018).

The mulberry silkworm, called Bombyx mori, has been providing numerous byproducts to humans
for almost five millennia (Omenetto and Kaplan 2008, 2010). High-quality natural fabrics obtained
from silkworm cocoons are well-known products (Wang et al. 2023). Its pupae have been used as
a source of proteins and oils, and silkworms have been used in medicines in East Asian countries
because of their health-promoting constituents (Pan et al. 2022). Recent research has demonstrated
that the silk protein derived from Bombyx mori cocoons possesses numerous properties including
biocompatibility, biodegradability, and optical transparency (Chung et al. 2022; Kim et al. 2012; Umar,
Min, and Kim 2018). Furthermore, silk protein is enriched with all the capabilities to act as
a functional material in the fabrication schemes involving micro and nano processes (Kim et al.
2014). Owing to such advantageous properties, mulberry silkworms have been used to develop various
optical and electrical devices for biomedical and environmental applications and have thus opened
new possibilities in biomedicine and biology (Gogurla et al. 2019; Gogurla, Wahab, and Kim 2023;
Min, Kim, and Kim 2017). However, the diversity of silkworm species remains hitherto unexplored
(Hu et al. 2023; Prakash et al. 2021). Notably, there are over 340 pure breeds of silkworms in the
National Academy of Agriculture Sciences (NAAS), Korea alone (Kwak et al. 2019). For the last two
decades, the NAAS has developed several new colored cocoon silkworm strains due to farmhouse
demands. To tackle the small size and weak larvae of the strains producing yellow cocoons, a new
strain of green silk was bred through crossbreeding, with improved traits, which is called Yeonnokjam
(Kang et al. 2011). Nevertheless, only selected varieties have been studied thus far, indicating that the
potential of silk materials remains largely untapped to date.

Fabrication of fluorescent silk textiles can be accomplished through several means. For example,
a dye can be added to a silk solution, which can then be electrospun to form nanofibers (Gogurla and
Kim 2021; Joshi et al. 2022; Min et al. 2017). Else ways, inorganic nanoparticles (quantum dots) when
embedded in silk fibers can facilitate colored silk materials (Lin et al. 2016). Feeding methods
involving dye-containing diets and generic modifications can be applied to silkworms to achieve
inherent modifications (Tansil, Koh, and Han 2012). Although all these methods can be successfully
applied to obtain fluorescent silk materials, each method exhibits certain disadvantages. The feeding
method does not ensure dye addition into silk (Das and David 2022; Zheng et al. 2018). Transgenic
methods exhibit low efficiencies and are expensive as well as complex (Chambre et al. 2020; Y. Wang
et al. 2022). Post-processing methods involving additional chemical and physical processes are also
expensive, and avoiding the use of toxic materials like quantum dots remains a challenge (He et al.
2022). Further, although mulberry leaves can be used to develop fluorescent textiles because of the
autofluorescence (natural fluorescence) displayed by its constituent nutrients, the fluorescence inten-
sity is extremely weak for practical applications (Lee et al. 2020).

Bombyx mori silkworm cocoons display a wide range of colors and can be sorted into three
categories based on the presence and type of pigments they contain: 1) Yellow-red cocoons, such as
Golden silk (GS), deriving their coloration from carotenoids, exhibit various shades like golden, flesh,
pink, or rust-colored. 2) Green cocoons, such as Pistachio silk (PS), colored by flavonoids, span
a spectrum from light to deep green hues. 3) White cocoons, such as White Jade (W]), lack significant
pigment content (Daimon et al. 2010; Lu et al. 2023; Sakudoh et al. 2007). Exploring the genetic
mechanisms governing the color variations in cocoons from wild to domestic silkworms offers
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valuable insights into the molecular foundation of animal pigmentation and enhances comprehension
of the processes shaping phenotypic diversity. In silkworms producing pigmented cocoons, carote-
noids and flavonoids sourced from mulberry leaves are initially absorbed in the midgut and then
conveyed into the hemolymph. Subsequently, these pigments are assimilated by the silk glands and
bind to the silk protein. Finally, mature caterpillars utilize these pigmented silk proteins to construct
colored cocoons, a process that may entail chemical modifications of the pigments.

In this study, we observed a strong fluorescence from the PS variety and assessed its applicability in
textile-based environmental sensing. PS silkworms naturally generate fluorescent pigments, such as
flavonoids, which are rich in the sericin cladding layer of the silk fiber. PS cocoon mats exhibit clear
green fluorescence under ultraviolet (UV) excitation, and the fluorescence intensity is comparable to
those of conventional biological dye-doped silk layers. Since the functionality of flavonoids changes
under stimuli, we investigated the feasibility of using a fluorescent PS cocoon fiber as an environ-
mental sensor. The PS cocoon mats were exposed to different environments, including HCI vapors,
rising temperatures, and ethanol (EtOH) in water. Under all these conditions, the fluorescence
intensity decayed, and the decay rate was proportional to the exposure time and concentration of
the analytes. In addition, the analytes were detected with high sensitivity because of the large surface-of
-volume ratios of the fiber mats, indicating the feasibility of using natural cocoon fibers, which
produce natural pigments, as a sensing platform.

Materials and methods
Collection of silkworm cocoons

All the silkworm cocoons used in this study were collected from the National Academy of Agriculture
Sciences, Korea. The W7 is the F1 hybrid of Jam 123 and Jam 124 PBs (relatively large white cocoons).
The GS is the F1 hybrid of Jam 311 and Jam 312 PBs (yellow cocoons). The PS, our target variety, is
also the F1 hybrid of Jam 315 and Jam 316 PBs (light-green cocoons).

Preparation of silkworm cocoon samples

Pristine cocoon fibers were prepared by drying and cleaning the cocoons with an N,-gun. These fibers
were then cut into 1 cm x 1 cm pieces and flattened. Degummed fibers were prepared by boiling the
dried cocoons for 30 min in an aqueous solution of 0.02 M Na,COj3, which removed globular sericin
proteins. Then, the extracted silk fibroin fibers were rinsed three times with deionized water for 20
min, stored in 1cm x 1cm molds, and dried for 24 h. These dried degummed fibers were then
flattened.

An aqueous silk fibroin solution was prepared by dissolving the degummed fibers in a 9.3 M LiBr
solution and incubating them in a vacuum oven at 60°C for 4 h. These solutions were dialyzed against
deionized water using dialysis cassettes (Cellu-Sep T'1, Membrane Filtration Products, MWCO 3.5K)
at room temperature for 48 h. The obtained solutions were then twice centrifuged for 20 min at — 1°C
and 9000 rpm to remove impurities, and finally, aqueous silk fibroin solutions with an approximate
concentration of 6 wt% were obtained.

Silk fibroin films were prepared by drop-casting the aqueous silk solution on arbitrary 3 cm x 3 cm
substrates. These coated substrates were then dried at normal room temperature inside a fume hood
for 24 hours. The dried silk fibroin films were peeled off, and the resulting free-standing films were
used in the experiments.

Preparation of HCI vapor environment

To establish the HCI vapor environment on ppm scales (Jeon et al. 2012), we used a micropipette to
introduce liquid HCl into a beaker, as illustrated in Figure 2a. Subsequently, the beaker was sealed, and
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we allowed 2h at room temperature for the complete vaporization of the liquid HCI droplet. For
a concentration of 1 ppm (v/v), we adjusted the ratio of HCI vapor volume to the beaker volume to 1
uL/L. This concentration was achieved by evaporating 1.63 ug of liquid HCI, calculated based on the
molar mass to molar volume ratio at room temperature. In chemosensing experiments conducted at
concentrations of 5, 10, 50, 100, 300, 1300, and 3000 ppm of HCI vapor, we evaporated 8.15, 16.3, 81.5,
163, 489, 2119, and 4890 pg of liquid HCI, respectively, in each 1L beaker.

Optical measurements and characterizations

The fluorescence spectra of the PS pristine fibers were measured using a visible/near-infrared spectro-
meter (USB-2000+VIS-NIR-ES, Ocean Optics, USA, spectral resolution: 1.2 nm). The samples were
optically illuminated by a 365-nm continuous-wave LED (M365LP1 UV Mounted LED, Thorlabs Inc.,
USA). To excite a large area on the samples, the illuminating spot of the LED was expanded using
a plano-convex optical lens (f=10 cm). High-quality PS pristine fibers were prepared with spatial
homogeneities in diameter and fluorescence emissions. The exact distance between the spectrometer
detector tip and the sample was adjusted, the focused beam size was maintained, and the detection
angle was fixed by placing the detector tip normally to the sample. To observe the microscale
luminescence properties of the PS cocoon mats, an optical microscope (Olympus, BX53M) with
dedicated software was utilized, which was used in collaboration with a 365-nm continuous-wave
LED and a long pass filter (FGL515-©25 mm OG515 colored glass filter, Thorlabs Inc., USA). This
microscope was equipped with objective lenses with magnifications of 5, 10, 20, 50, and 100x, and the
measurements were performed in the bright-field mode. Field-emission SEM (Apreo S Hivac, Thermo
Fischer Scientific Inc.) was used to examine the morphological and structural characteristics of the
cocoon samples.

Time-Resolved Photoluminescence (TRPL) measurement

A Fluorometer (Fluorolog-QM, Horiba) was utilized to analyze the emission fluorescence spectra for
determining the lifetime of the PS cocoon mat. The device captured excitation and emission spectra,
measuring the intensities of the incident and emitted light energies across different wavelengths via
integration. Lifetime measurements were performed using time-correlated single photon counting,
employing a 375 nm laser for excitation. The lifetimes were determined by fitting decay profiles with
a mono-exponential model.

Pigment extraction and separation from PS, AY, and GS cocoons

The pigments in the PS, AY, and GS cocoons were separated by paper chromatography. The PS, AY,
and GS cocoons were cut into small pieces and separately extracted using EtOH via heating at 75°C for
2 h (at 1400 rpm) with a cocoon-to-solvent ratio of 1:10 w/v. The EtOH extracts of the PS, AY, and GS
co-coons were further heated at 80°C for 2h (at 1400 rpm) to obtain their concentrated solutions,
which were poured into different vials. Next, filter papers were immersed in these vials to absorb the
pigment solutions, and therefore the pigment molecules, via the capillary force. These immersed filter
papers were then exposed to UV light to observe the sky-blue, strong green, and weak fluorescence
intensities emitted by the GS (due to the presence of carotenoids), PS (due to the flavonoid quercetin
5-O-glucoside), and AY pigments, respectively.

Results and discussion

Three varieties of silkworm cocoons, W] (known as Baegokjam in Korea), GS, and PS (known as
Yeonnokjam in Korea), were provided by the National Academy of Agricultural Sciences in Korea.
Figures la—c represent the daylight images of the WJ, GS, and PS cocoons, respectively, where the
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Figure 1. Response of the various forms of Bombyx mori silk under 365-nm UV LED excitation. (a-b) WJ, GS, and PS co-coons,
respectively. The picture on the top right shows the PS cocoon when excited by a 365-nm UV LED light source. (a;, a,), (b, b,), and
(¢4, ¢) WI, GS, and PS threads under daylight and UV excitation, respectively. (c3) PS thread under 5X optical magnification. The scale
bars represent 2 cm. (d) SEM images of the PS cocoon where scales indicate 100 um (left) and 10 ym (right), respectively. (e)
Schematic for fluorescence measurement using 365-nm continuous-wave UV-LED source. (f) Comparison of the fluorescence spectra
of the WJ, GS, and PS cocoons. (g) Comparison of the fluorescence spectra of the natural and degummed PS fibers. The inset shows
the fluorescence spectrum of the degummed PS fiber. (h) Comparison of the fluorescence spectra of PS film with 1 wt% riboflavin5'—
monophosphate sodium salt hydrate/WJ fibroin film and 1 wt% sodium fluorescein salt/WJ fibroin film.

respective colors of W], GS, and PS cocoons are white, yellow, and light green. Because of the nutrients
absorbed by the mulberry leaves, the silk fibers of all the varieties display fluorescence under UV
excitation where Figure la,;, by, and ¢, as well as Figure la,, b,, and c, represent the daylight and UV-
excited images of WJ, GS, and PS cocoon threads, respectively (Liu et al. 2011). The W7 silk thread
shows a weak blue fluorescence, whereas the fluorescence intensities of the colored silkworm cocoons
increase; notably, the PS cocoons exhibit a strong green fluorescence (upper right of Figure 1c).
A microscopy image of a single PS-cocoon thread, captured under UV light, confirms the emission of
a strong and uniform green fluorescence from the fiber surface, indicating the existence of fluorescent
materials in sericin (Figure 1c;). Scanning electron microscopy (SEM) images show that the surface of
a PS cocoon is smooth and contains microfibers (diameter: ~16 um), resulting in a large surface-to-
volume ratio, which increases the sensitivity of the PS cocoon (Figure 1d). Fourier-transform infrared
(FTIR) spectroscopy was used to examine the molecular conformation and crystallinity of the PS
cocoon and Figure. S1 shows the FTIR spectra of raw silk (outside of the cocoon) where it can be seen
that the absorption peak of the PS cocoons at 1,627.2 cm™" is protein amide I band absorption peak;
peak at 1,518.7cm™" is amide II-a-helix structure, whereas peak at 1,404.9 cm™' are the curved
vibrations of the C-H bond, peak at 1,236.2cm ™" is amide III-B-sheet structure, and there is char-
acteristic absorption peak at 1,058.8 cm™' (amide V -B-sheet structure).

To investigate the fluorescence quantitatively, we constructed a spectrometer set-up as shown in
Figure le. The UV light emitted by a 365-nm light-emitting diode (LED), mounted on the spectro-
meter set-up, was collimated, and focused on the silkworm cocoon samples. The emitted fluorescent
light was collected by an optical fiber and sent to the spectrometer to record fluorescent spectra.
Figure 1f shows the fluorescent spectra of the WJ, GS, and PS cocoon mats. Interestingly, the PS mat
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Figure 2. Natural PS cocoon as an HCl sensor. (a) Schematic of the preparation of HCl vapor environment. (b) Absorption and
fluorescence spectra of HCl-exposed and non-exposed PS pristine fibers. (c) Character expression using PS cocoons and a shadow
mask, representing HANYANG UNIV the LAB2, under daylight and UV-excitation, before and after HCl vapor exposure. Scale bars
represent 2 cm.

exhibits a strong green fluorescence with a central wavelength of 552 nm and full width at half
maximum of 65 nm, whereas the fluorescence intensities of the W] and GS cocoon mats are negligible
(magnified plot in the right panel of Figure 1f). Because silk fiber is composed of two proteins (fibroin
in the core and sericin in the sheath), identifying the location of the fluorescent pigment is essential.
The PS fiber mat was fully degummed to remove the outer sericin layer and excited by the UV LED. As
shown in Figure 1g, the fluorescence disappears after the degumming, indicating that the pigment
molecules are mainly present inside the sericin layer (Ma et al. 2016). The reflectance spectra of the GS
and PS cocoons indicate the existence of color pigments in both samples (Fig. S2). However, the colors
expressed by the GS and PS cocoons can be attributed to absorption and fluorescence, respectively. In
addition, the PS fluorescence was compared to those of the commercial fluorescent dyes, i.e., riboflavin
and sodium fluorescein, which are widely used in biological and medical applications, and their gains
are sufficient to induce lasing. We prepared separate silk fibroin films containing 1% riboflavin and
sodium fluorescein and demonstrated the strong optical gain of the dye-containing silk fibroin film for
lasing. The fluorescence emitted from the PS cocoon mat was relatively weaker than that emitted by
sodium fluorescein, but comparable to that of riboflavin (Figure 1h). Notably, qualitative analysis
revealed that the quantum yield of the fluorescent pigment in the PS sericin was comparable to that of
a commercial dye, where the quantum yield of a fluorescent pigment can be estimated by measuring
the fluorescence intensities under the same excitation conditions (Figure. S3). We can observe the
emission spectra emitted from the PS cocoon and riboflavin solution with a similar concentration to
the fluorochrome in the PS.

The PS is the progeny of Japanese-originated green silk (Jam 315) and Chinese-originated white silk
(Jam 316) cross-species and can therefore simultaneously carry two genes Ga and Gb, which comple-
ment each other to produce a light green color. Dietary quercetins are glucosylated by a quercetin
5-O-glucosyltransferase (Q5GT) encoded by Gb in the midgut and are likely transported via the
glucose transporter encoded by Ga into the silk glands. Therefore, Ga controls the permeation of
flavonoids from the blood to the silk gland and Gb is involved in the process of releasing flavonoids
produced in the gastrointestinal tract from the gastrointestinal tract into the blood. Another



JOURNAL OF NATURAL FIBERS (&) 7

independently inherited Gc gene, which is dominant in white cocoons, produces green cocoons with
a stronger color. Silkworms produce two main pigments, viz. flavonoids, which impart green color to
the cocoons, and carotenoids, which control the yellow and pinkish colors of cocoons (such as the GS)
(Daimon et al. 2010; Sakudoh et al. 2007). A green silkworm species (Antheraea yamamai, AY) was
prepared and its fluorescent spectra were measured for comparison (Fig. S4). The green silkworm
cocoon exhibited a sky-blue fluorescence due to the existence of biliverdin (Leem et al. 2018), but the
intensity was much weaker than that emitted by the PS cocoon (Fig. S5). The pigments in the PS, AY,
and GS cocoons were extracted using EtOH, and the resulting pigment solutions were absorbed on
filter papers. The capillary force drove the upward movement of the pigment molecules and EtOH
(Fig. S6). Under UV light, the GS pigment showed a sky-blue fluorescence due to the presence of
carotenoids (Sakudoh et al. 2007). The fluorescence intensity emitted by the AY pigment was
extremely weak and could not be observed with our naked eyes (Leem et al. 2018). The PS pigment
exhibited a strong green fluorescence, confirming the existence of quercetin 5-O-glucosides, which are
the major constituents of cocoon flavonoids (Daimon et al. 2010).

PS cocoons can be utilized as large fluorescent gas sensors because of their large surface-to-volume
ratios. HCI vapor was adopted as an analyte because it is widely used to produce organic compounds
but is corrosive and harmful to humans. The lowest concentrations (LCLo) of HCl vapors, lethal for an
individual human, are 1300 and 3000 ppm for 30-min and 5-min exposures, respectively (Lestari et al.
2005). The RDs, (i.e., exposure concentration that decreases the respiratory rate by 50%) test is
another standard method used as an indicator of the hazards of vapors. The 10-min RDs5, value for
mice has been reported to be 309 ppm (Barrow et al. 1977). Moreover, the permissible HCl-vapor
exposure limit for an 8-h time-weighted average (TWA-PEL) in working spaces is 5 ppm (Baron,
Narayanaswamy, and Thorpe 1996). Safety limits are very low compared to lethal concentrations
because they are set by considering a long-time exposure over many hours. To examine the gas-
sensing response of the fluorescent PS, the PS cocoons were placed in a beaker containing HCI vapors
(Figure 2a), whose concentration was controlled by modulating the evaporated content of an HCI
droplet. Figure 2b shows the absorption and emission spectra of the PS cocoons before (solid) and
after (dotted) exposure to HCI vapors. Due to the exposure to a strong acid (300 ppm for 2 min), the
absorbance and fluorescence intensities simultaneously deteriorate, and this feature can be used for
fluorescent chemosensing. The effect of the HCI vapor exposure could be recognized with the naked
eye. As shown in Figure 2¢, the PS mats that were cut to express letters revealed a bright green
fluorescence under UV light. After the HCI vapor exposure, the daylight color and fluorescence
gradually faded as evident from Fig. S7. Here, we also compared the fluorescence properties of the
digital images of the PS cocoon mats by evaluating RGB values and compared their intensity for
different quenching images. The decrement in the Green (G) pixels from the sets of RGB for the PS
cocoon mats exposed under HCI vapor ranging from 0 s to 60 s signified that the intensity can be
affected (decreased) by the analytes, in this case, HCI, over an extended period of exposure. Similarly,
the GS mats showed a similar fading upon HCl-vapor exposure (Fig. S8); however, the rates at which
the fluorescence intensity and absorbance decreased were relatively lower than those of the PS mats,
and a weak fluorescence was detected.

For quantitative analysis, the PS cocoon mats were exposed to different concentrations of HCI
vapors (from 5 to 3000 ppm). A distinct fluorescence decay (fading) is evident even at a concentration
of 5 ppm (TWA-PEL limit) as shown in Figure 3a. The fluorescence intensity decreases by 25% for
a 5-min exposure, and this intensity decay can be easily detected by a simple photodetector. These
results indicate the feasibility of using PS cocoon mats as cost-effective and compact sensing systems.
Further, the fluorescence decay rate increases with the increasing HCI vapor concentration. For
a 5-min exposure, the fluorescence ratios decrease to 65% and 79% at 100 and 300 ppm, respectively
(Figures 3b and Figure. S9¢), and at a concentration of > 1000 ppm, the fluorescence completely
vanishes/fades after 5min (Figures 3c and Figure. S9d). Figure 3d shows that the fading rate,
determined by the ratio of the relative peak intensity change and exposure time, is high in the as-
exposed stage and becomes constant. At 5 ppm, the fading rate is 15.0%p/min for 30 s and 3.6%p/min
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Figure 3. Quantitative illustration of HCl-imposed variations in the fluorescence of PS cocoon. (a—c) Time-dependent fluorescence
spectra of PS cocoons at HCl concentrations of 5 ppm (low), 100 ppm (high), and 3000 ppm (lethal), respectively. (d) Change in
relative fluorescence peak intensities for different HCl exposure durations.

afterward, whereas the rates are 40.8%p/min and 10.0%p/min at 100 ppm. Notably, the fluorescence
decays linearly and vanishes completely at all the HCI vapor concentrations, although the fading rate
depends on the HCI concentrations. A calibration plot of fluorescence quenching efficiency versus the
HCI concentration was deduced, from where the limit of detection (LoD) was calculated using the
equation:

SD
LoD = 3.3 x ?

where SD is the standard error of the calibrated curve and S is the slope. Using the equation, we
obtained the LoD value of 0.62 ppm, indicating very high sensitivity of our sensor platform (Fig. S10)
(Goswami and Sarma 2023; Goswami, Boruah, and Sarma 2023; Goswami, Sultana, and Sarma 2023).
Fig. S11 shows the fluorescence decay of the PS cocoon mat under single-pulse excitation, where we
numerically fitted the experimental decay profiles with a mono-exponential function e “* and 7, was
obtained as 4.30 and 4.43 ns for the PS cocoon mat in pristine and HCI vapor exposed cases,
respectively. Significantly, a pristine PS cocoon mat endured a lifetime like that of the cocoon mat
exposed to a lethal concentration of HCI vapor analyte.

To investigate the versatility of fluorescence sensing, the PS cocoon mats were exposed to different
environments, and temperature and EtOH content, which play a crucial role in biological and
environmental research, were analyzed as the sensing parameters. The sensing performance of
a material is determined by its ability to detect the decay in fluorescence under external stimuli
(Figure 4a). Especially, the fluorescent pigment found in PS cocoons is a kind of flavonoid, and thus,
these cocoons can efficiently respond to temperature changes and EtOH in water. Similar to the
response of the cocoons under HCl exposure, the fluorescence of the cocoons diminished with a linear
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Figure 4. Versatility of PS cocoons as fluorescent materials. (a) Cocoon mat comprising WJ, GS, and PS cocoons with an arbitrary Lego
character placed on it. The mat was exposed to heat and EtOH to demonstrate the fluorescence-sensing nature of the cocoons. (b)
Temperature sensing characteristics of the PS cocoon to express the fading out of the fluorescence in the cocoon when the
temperature is increased from 20°C to 200 °C. (c) EtOH sensing characteristics of the PS cocoon to express the fading of the
fluorescence in the cocoon when the cocoon-immersion time in EtOH is increased up to 30 min, for four different concentrations of
EtOH.

decay rate with the increasing heating time and/or immersion time in the EtOH solution at different
concentrations of EtOH in water. Figure 4b shows the thermally induced changes in fluorescence
exhibited by the PS cocoons upon heating where the temperature was increased slowly from 20 to
40°C. We observed that the transition to the fluorescence decay started at ~ 35°C, and above 40°C, the
fluorescence decay followed a linear pattern up to 200°C; the total fluorescence decay was ~ 75% at
200°C (Figure 4b and Fig. S12). Moreover, the fluorescence peak intensity of the PS cocoon sensor was
measured at humidity levels of 30%, 40%, 50%, and 60%. There was less than 3% fluorescence
enhancement for humidity levels ranging from 30% to 60%. It is well known that the ideal relative
humidity level for maximum comfort and health is between 40% and 50%, and anything below 30% is
considered too dry. Therefore, our PS cocoon sensor is stable under an ideal relative humidity level of
40-50% (Fig. S13). To investigate the EtOH sensing response, the PS cocoon mats were immersed in
an EtOH-water solution with different EtOH concentrations at room temperature. Here, it is obvious
that when the cocoons were immersed in EtOH at room temperature, the dissolution of dye to EtOH
was not possible because the protocol that we used allows the dissolution of dye to EtOH only at 75°C
and above. The fluorescence intensity of the PS cocoon mats rapidly faded during the first 60 s, and the
highest decay rate was observed at an EtOH concentration of 100%. However, as the cocoon immer-
sion time in EtOH increased, the fluorescence decayed linearly; a decay of ~ 80% was observed in the
pure EtOH case after 30 min of immersion (Figures 4c, Figure. S14 and Figure. S15).

Understanding the sensor selectivity is crucial for accurate measurements, detecting only target
analytes to enhance precision and prevent errors. High selectivity ensures reliable results, boosting
confidence across applications, while also saving resources by reducing sample preparation needs. In
this work, the selectivity of the PS cocoon sensor was investigated among the three analytes HCI vapor,
Heat, and EtOH solution, where three separate PS cocoon mats were utilized, one exposed to HCl
vapor with a concentration of 3000 ppm for 5 min, another heated at 200°C for 5 min, and the last
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immersed in EtOH solution for 5 min. We observed that the fluorescence quenching obtained from
HCI, heat, and EtOH analytes were ~ 95%, ~77%, and ~ 69%, respectively. This result confirmed that
the PS cocoon sensor has the highest selectivity toward HCI vapor (Fig. S16). Furthermore, to validate
our selectivity results, we investigated the luminescence properties of the PS cocoon mats and their
quenching effects under the fluorescence microscope. We observed from the fluorescent images that
the EtOH-immersed cocoon mat showed the slowest decay in fluorescence, the heated cocoon mat
showed substantially higher fluorescence quenching than the EtOH-immersed cocoon mat, and the
HCIl vapor-exposed cocoon mat showed the highest quenching where the fluorescence almost died at
3000 ppm HCI vapors after 5 min exposure. The fluorescence of the PS cocoon mats also verified the
microscopy results via RGB pixels where the green fluorescence decayed substantially from the control
cocoon mats (RGB: 205, 220, 18) to EtOH-immersed (RGB: 192, 200, 38), Heated (RGB: 156, 138, 35),
and HCl-exposed (RGB: 98, 83, 35) cocoon mats (Fig. S17).

To verify the effectiveness of an ideal sensor, it’s essential to assess how various factors such as
different acid vapors and laboratory reagents might impede the sensor’s ability to efficiently quench
fluorescence during the detection of HCl vapor and EtOH sensing. We investigated the interference of
various acid vapors, including sulfuric acid (H,SO,), nitric acid (HNO3), and phosphoric acid (H;
PO,) on the PS cocoon sensor to detect HCl vapor. Following a 5-minute exposure of PS cocoon mats
to H,SO,4, HNO3, and H5PO, at a concentration of 3000 ppm, we observed fluorescence quenching
rates of approximately 53%, 36%, and 30%, respectively. Consequently, H,SO,, HNO3, and H;PO, do
not significantly interfere with the PS cocoon sensor’s ability to detect HCI vapor (Fig. S18). Similarly,
we examined the interference caused by different laboratory reagents, including methanol (MeOH),
isopropanol (IPA), and acetone, on the fluorescence intensity of PS cocoons serving as an ethanol
(EtOH) sensor, where we immersed the cocoon mats in fixed concentrations (v/v) of EtOH, MeOH,
IPA, and acetone, respectively. Interestingly, there was no change in the fluorescence intensity of the
PS cocoon mat in acetone. However, the quenching was observed as 28.7%, 37.4%, and 69% for the
cocoon mats in IPA, MeOH, and EtOH, respectively. As a result, MeOH, IPA, and acetone do not
notably impede the PS cocoon sensor’s ability as an EtOH sensor (Fig. S19).

Based on the existing research findings, we conducted a comparative analysis (referenced in Table
S1) to assess the strengths and effectiveness of our proposed PS cocoon sensor system in detecting HCI
vapors. Our PS cocoon sensor stood out for its heightened selectivity compared to alternative methods
owing to its unique characteristics and emission behavior when exposed to the sensing analytes.
Especially, the LoD that our sensor possesses to the HCI vapor analyte is the smallest among the listed
findings in Table S1. Additionally, the features such as biocompatibility and biodegradability of the PS
cocoon sensor offer the advantage of a straightforward and speedy sensing platform for on-site analyte
detection with superior selectivity. These results collectively suggest that because of the presence of the
fluorescent pigment in PS, PS cocoons can be used as sensors under various biological and environ-
mental stimuli. These sensing abilities of PS can be attributed to the changes in the flavonoid activity
induced by various agents.

Conclusions

In summary, we demonstrated the feasibility of using light-green PS cocoons as fluorescent
environmental sensors. The PS cocoon mats exhibited a strong green fluorescence, whose intensity
was comparable to those emitted by commercial fluorescent dyes. We found out that the
fluorescent pigment molecules were a kind of flavonoid and existed in the outer sericin cladding
layer. Especially, the PS cocoon mat was instantly responsive and highly sensitive to HCI vapors.
A low concentration (a few ppm) of HCl vapors was sufficient to induce a detectable change in the
fluorescence intensity, and at a lethal concentration (3000 ppm), an instantaneous decrease in the
fluorescence intensity was observed. In addition to chemosensing, the fluorescence from the PS
cocoons responded to temperature and EtOH concentration in water. The decrease in the
fluorescence intensity was strongly correlated to the changes in temperature and EtOH
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concentrations. Although further studies are required to understand the intrinsic light-emitting
properties of the flavonoid-based pigment in PS cocoons, fabrics and health-promoting dietary
supplements incorporated with the natural fluorescent pigment can act as biocompatible and
environmentally friendly optical sensing materials.

Highlights

® Temperatures and ethanol can be analytes for the natural cocoon sensor.

® A naturally bred silkworm cocoon exhibits strong green fluorescence.

® Green fluorescence responds to external stimuli.

® Cocoon textile itself can be a highly sensitive chemosensor to detect HCI vapor.
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