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Versatile Room-Temperature Phosphorescence Silk Fibroin
Platforms for Sustainable and Biocompatible
Multifunctional Interfaces

Tao Wang, Ying-Hao Fu, Jing Wang, Gang Li, Jing Sun, Qi Liu, Yan-Tong Zhao,
Zi-Chen Zhang, Zi-Ting Wang, Shu-Jie Wang, Zhao-Zhu Zheng, Yu Wang,*
and Yan-Qing Lu*

The development of sustainably sourced, biocompatible room-temperature
phosphorescence (RTP) materials with rich formats, multimodal tunability,
and multifunctional capabilities presents a transformative opportunity for
sustainable technologies and biomedical interfaces, yet it remains a significant
challenge. Here, RTP silk fibroin systems that feature improved processability,
responsiveness, and functionality by multivalently anchoring phosphors to
a versatile protein matrix are reported. The RTP silk fibroin can be processed
into various fully biodegradable platforms, exhibiting strong RTP emission
with a lifetime of up to 233 ms driven by multiple robust phosphor–fibroin
interactions. The resulting platforms exhibit multi-responsiveness
to UV light, vapor, and temperature, along with diversified functionalities
that include recyclability, weldability, morphability, and adhesion.
Moreover, their adaptability with diverse micro/nano-processing techniques
enables complex RTP patterning and multidimensional information
integration. Finally, it is demonstrated that these convergent advantages
endow the platforms with multifunctionality and multi-interface compatibility,
enabling applications such as smart labels for electronic devices,
conformal networks for pharmaceuticals, and scalable textiles for face masks.

1. Introduction

Long-lived organic room-temperature phosphorescence (RTP) is
emerging as an attractive photoluminescence technology in the
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fields of photonics and electronics, owing
to its large Stokes shift, high signal-to-noise
ratio, tunable optical signatures, and low
cost.[1,2] These distinct attributes lead to the
remarkable success of long-lived organic
RTP materials in widespread application
areas, from information encryption,[3] anti-
counterfeiting,[4] and sensing[5] to after-
glow displays,[6] thermal management,[7]

and bio-imaging.[8] In recent decades,
various productive strategies have been
developed for achieving highly efficient
and long-lived organic RTP, including
crystal engineering,[1] self-assembly,[9]

encapsulation,[10,11] or polymerization.[4,12]

These approaches effectively suppress non-
radiative transitions of excitons from the
excited triplet state to the ground state by
constructing a rigidmolecular environment
that controls the motion of phosphors and
isolates oxygen and water molecules. A di-
verse set of long-lived organic RTP systems
has been progressively developed based
on these strategies. Among these systems,
polymer-based long-lived RTP materials

stand out due to their tunable mechanical properties, design flex-
ibility, and ease of processability and formability.[13,14] In partic-
ular, the low-cost, large-scale, and flexible production guaran-
tees the widespread adoption and commercialization of polymer-
based RTP materials.
The general approach to creating RTP polymeric sys-

tems involves physically and/or chemically incorporating phos-
phors into polymer matrices. The physical method relies
on non-covalent interactions, such as hydrogen bonding net-
works, electrostatic interactions, or van der Waals forces,
between phosphors and polymer chains to activate RTP
generation.[12,15,16] while the chemical method involves directly
attaching phosphors to the polymer chain via strong, sta-
ble covalent bonds.[17,18] Following these strategies, polymer-
based RTP materials have seen remarkable advancements
in molecular and microstructural design,[17,19,20] mechanism
exploration,[21] lifetime improvement,[6] dynamicmodulation,[22]

multicolor afterglow,[5,16] chiral luminescence,[23,24] robust me-
chanical performance,[12] and resistance to high temperatures,[25]
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among others. Recent years have witnessed growing interest
in replacing petroleum-derived polymers with natural-resource-
based alternatives for creating RTP materials.[26–31] This shift is
driven by the fact that biomass materials not only align with
sustainable development and support the value-added recycling
of natural waste resources but also offer bio-functional prop-
erties such as biocompatibility and biodegradability, which en-
hance their potential for environmentally friendly and biocom-
patible technologies and applications. However, current biomass-
derived RTP platforms (e.g., those based on cellulose, chitosan,
or sodium alginate) remain limited by inflexible material forms,
restricted responsiveness, and the difficulties in attaining com-
plex functional integration, hindering their adaptability for mul-
tifunctional and multi-interface applications. Consequently, a
novel RTP platform that merges sustainable sourcing and in-
herent biocompatibility with manifold material configurations,
scalable processing, enhanced responsiveness, and multifunc-
tionality is essential to meet the varied requirements of multiple
applications.
Silk fibroin (SF) derived from native Bombyx mori silk-

worm fibers has shown significant potential as a sustainable
biopolymer[32,33] for applications ranging from biomedicine,[34]

optics,[35,36] and electronics,[34,37] to smart machines.[38] Rich in
a diverse array of amino acids and exhibiting abundant surface
chemistry, SF can be chemically modified to impart new opti-
cal, mechanical, and biological functionalities.[39] SF is particu-
larly appealing for optical platforms due to its exceptional and
versatile material characteristics, which, in addition to its sus-
tainability and biodegradability, include tailorable structures, out-
standing mechanical properties, diverse material forms, water-
based processability at ambient temperature and pressure, and
multi-scale manufacturing capabilities.[40] Of particular impor-
tance, the intrinsic structural “variability” under external stim-
uli endows the SF material with exceptional dynamic tunability,
offering the possibility to create reconfigurable, tunable, and re-
programmable optical devices.[41] Furthermore, the ability to in-
corporate biotic/abiotic components into an aqueous SF solution
adds new predesigned functions to the silk matrix, opening op-
portunities for developing multifunctional devices. The conflu-
ence of these distinctive material properties positions SF as a
promising platform for creating sustainable and versatile RTP
materials that address the challenges faced by existing polymer-
based RTP systems. Although several silk-based RTP materials
have been reported,[42–44] these systems suffer from intrinsic lim-
itations in phosphorescent performance and have yet to fully har-
ness the versatile material attributes of SF, thereby significantly
constraining their applicability across diverse domains.
In this work, by incorporating phosphors with boronic acid

groups into SF molecular chains through a rapid dehydration
condensation reaction, we successfully created long-lived RTP
silk fibroin (RTP-SF) materials that exhibit improved process-
ability, tunability, functionality, and utility, while maintaining in-
herent sustainability and biocompatibility. We propose that the
combined effects of B─O covalent bonding, hydrogen bond-
ing, electrostatic interactions, and Van der Waals forces be-
tween arylboronic acid molecules and SF chains restrict phos-
phor motion and non-radiative transitions, thus promoting RTP
emission. We illustrate SF’s capability to enable phosphores-
cent platforms in various forms with enhanced functionality.

We demonstrate that RTP-SF’s multi-stimuli responsiveness fa-
cilitates the creation of reconfigurable and tunable phospho-
rescent platforms. We successfully developed complex, multi-
colored, and high-resolution RTP patterns using multimodal
micro/nanopatterning techniques and established multidimen-
sional optical systems by integrating hierarchical manufactur-
ing approaches. Finally, we showcase the platform’s multifunc-
tional capability and multi-interface compatibility through three
demonstrators: a smart label for electronic devices, a conformal
network for medicines, and a scalable textile for face masks.

2. Results

2.1. RTP-SF with Superior Comprehensive Material Attributes

SF features a complex primary structure consisting of a heavy
chain (H-chain) and a light chain (L-chain) linked by a disulfide
bond, along with a glycoprotein called P25, in a molar ratio of
6:6:1.[45] An SF H-chain (Figure 1A) comprises 12 highly repet-
itive domains flanked by 11 nonrepetitive motifs.[46] Both types
of domains are rich in chemically active amino acids with func-
tional groups (Figure 1B), such as serine and tyrosine with hy-
droxyl (─OH) side chains, and glutamic acid and aspartic acid
with carboxyl side (─COOH) chains, which can serve as active
sites for various chemical customization.[39] Therefore, phos-
phors, such as aromatic compounds, can be effectively grafted
onto SF using specific chemical reactions. Previous studies have
shown that arylboronic acids and arylboronic esters exhibit ex-
ceptional phosphorescent properties in rigid polymer environ-
ments, and the presence of boronic acid units facilitates the for-
mation of covalent linkages with polymer matrices containing
hydroxyl groups,[16,28] through click or dehydration condensa-
tion reaction. Taking inspiration from this, arylboronic acids with
various 𝜋 conjugations, such as 3-biphenylboronic acid (Bp-B),
1-naphthylboronic acid (Nap-B), and 1-pyrenylboronic acid (Py-
B), were selected for anchoring to SF chains through a simple
dehydration condensation reaction facilitated by the addition of
ammonia water (Figure 1C). The resulting RTP-SFs were des-
ignated as SF-Bp-B, SF-Nap-B, and SF-Py-B, respectively. These
phosphors can be securely anchored within the rigid SF ma-
trix, effectively restricting molecular thermal motion and facili-
tating RTP emission with long lifetimes. On the one hand, this
anchoring effect arises from the strong B─O covalent bonding
between hydroxyl and carboxyl groups SF molecular chains and
hydroxyl groups of arylboronic acids (Figure 1C). On the other
hand, the abundant hydrogen-bonding interactions formed be-
tween arylboronic acids and SF chains, as well as within the
SF chains themselves, further confine the phosphors. In addi-
tion to molecular-scale anchoring, the secondary and condensed
state structures[47] formed at the larger scales of the SF molecu-
lar chains further enhance these interactions, thereby improving
the RTP performance.
Beyond offering a favorable rigid environment for stabilizing

phosphors, the employment of SF imparts the final RTP mate-
rials with a multitude of distinctive attributes, including varied
material formats, multi-stimulus responsiveness, multilevel pro-
cessability, and functional diversity (Figure 1D). Starting from the
aqueous RTP-SF solution, RTPmaterials with multidimensional
structures can be obtained by combining SF self-assembly with
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Figure 1. Versatile RTP-SF systems. A) Schematic diagram illustrating the primary structure of the Bombyx mori SF heavy chain. The yellow and red
modules represent the unique arrangements of 12 repetitive and 11 amorphous domains, respectively. The amino acid sequence for one of the crystalline
and amorphous domains is given to highlight the chemically active amino acids with functional groups. Scale bar: 1 cm. B) The main amino acid
compositions of regenerated SF. C) Schematic illustration of forming B─O covalent and hydrogen bonds between SF and arylboronic acids for RTP
emission. D) The favorable features of the developed RTP-SF platforms. E) Photographs showcasing RTP-SF materials in different forms, including film,
sponge, microsphere, and nanofiber (i), all of which are recyclable and re-processible, and a multicolor patterned coating inkjet-printed on paper (ii).
If not otherwise indicated, the RTP images were captured 0.1 s after turning off the UV light. Scale bars: 2 cm. F) Additional favorable functionalities.
i) A patterned RTP-SF film partially dissolved by water. Inset: corresponding RTP image. ii) Welded RTP sponges with different color combinations. iii)
RTP-SF films with various 3D configurations. iv) An RTP butterfly specimen with an enlarged image showing the phosphorescence details. Scale bars:
1 cm. G) Radar chart comparing the comprehensive value of RTP-SF with other RTP materials based on synthetic polymers and biomass using five
indicators. The scoring criteria for the scale are elaborated in Text 1 (Supporting Information) and the plot’s Source Data are provided in Tables S1 and
S2 (Supporting Information).

diverse solution processing techniques (Figure 1E; Figures S1–S5
and Movie S1, Supporting Information). These RTP platforms
exhibit optical stability under ambient conditions while showing
the capacity to sense and transform external stimuli into specific
optical responses, stemming from the inherent variability of SF
in response to diverse external physical and chemical perturba-
tions (see below for details). Furthermore, the water-based self-
assembly at ambient temperature and pressure facilitates seam-
less integration with various multi-scale biomanufacturing tech-

niques, enabling the realization of diversified incorporation of
phosphorescent function with other functional elements.
Benefiting from the unique structural properties of SF, the

RTP platforms exhibit a range of exceptional functionalities,
including water-based recyclability, robust weldability, versatile
morphing capacity, and universal adhesiveness (Figure 1F). The
platforms can be readily recycled using water as a medium
(Figure 1E; Movie S2, Supporting Information), capitalizing on
the high solubility of SF in its amorphous state (Figure S6,

Adv. Mater. 2026, 38, e12659 © 2025 Wiley-VCH GmbHe12659 (3 of 16)

 15214095, 2026, 11, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202512659 by N
anjing U

niversity, W
iley O

nline L
ibrary on [23/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Supporting Information).[48] For instance, flowing water droplets
can rapidly dissolve a patterned RTP-SF film (Figure 1F-i). The
resulting aqueous solution can then be reprocessed to enable
desired shapes, forms, and functions. When water mist is used
instead of liquid water, this dissolution process imparts excep-
tional weldability.[49] In this process, water molecules disrupt
hydrogen bonds within and between protein chains, allowing
new entanglements and hydrogen bonds to form when exter-
nal forces are applied to bring two separate modules together.
As the water evaporates, the welding process is completed, lead-
ing to the seamless and stable integration of the modules. As
shown in Figure 1F-ii, RTP sponges of different colors can be
welded together, forming structures capable of supporting loads
of at least 600 times their weight (Figure S7, Supporting Infor-
mation). In addition, the standout morphing capability of silk
film, stemming from its ability to induce controllable plastic de-
formation through the rearrangement of molecular chains un-
der water vapor treatment,[50] enables the 2D RTP structures
to transform into various 3D configurations by dint of origami
or kirigami techniques (Figure 1F-iii; Figures S8, S9 and Movie
S3, Supporting Information). Furthermore, the inherent adhe-
sion properties of SF allow it to form stable and versatile RTP
coatings on substrates with various types, textures, and topogra-
phies (Figure 1F-iv; Figures S10, S11, and Movie S4, Supporting
Information).
The convergence of these remarkable material characteris-

tics within a single platform makes RTP-SF materials highly
promising for a broad spectrum of applications. In particular,
SF’s inherent environmental friendliness, biocompatibility, and
biodegradability prevent environmental pollution while estab-
lishing a favorable interface with the human body, thereby signif-
icantly advancing the development of RTP-SF materials in bio-
related scenarios.[37] Compared with RTP systems constructed
from petroleum-based polymers or other bio-masses, our RTP-
SF platforms offer advantages in terms of comprehensive factors,
including material format, processability, stimulus responsive-
ness, functionality, and sustainability (Figure 1G; Tables S1 and
S2, Supporting Information).

2.2. RTP Performance and Molecular Mechanism for Ultralong
Phosphorescence

The photophysical properties of multicolor RTP-SF materials
were systematically investigated based on SF-Bp-B, SF-Nap-B,
and SF-Py-B films (Figure 2A–C; Figures S12, S13, Supporting
Information). The UV-Vis absorbance spectra of all these films
exhibit optical absorbances in the 200–400 nm (Figure S12, Sup-
porting Information). Upon exposure to UV light, all the RTP-
SF films emit a faint blue fluorescence. Following the cessation
of UV light, they all display pronounced afterglows, with the
color shifting from blue to green and then to red in the order
of SF-Bp-B, SF-Nap-B, and SF-Py-B films (Figure 2A). Both flu-
orescence and phosphorescence emissions demonstrate a red-
shift, attributed to the extended 𝜋-conjugation of the arylboronic
acids from biphenyl to naphthyl and then to pyrene. As shown
in Figure 2B, the fluorescence emission bands shift progres-
sively from 323 to 338 and 389 nm, while the phosphorescence
emission bands transition from 475 to 525 and 612 nm. Time-

resolved emission decay curves indicate that the RTP-SF films
exhibit long-lasting and stable afterglow emission. The SF-Bp-B
film demonstrates the longest RTP lifetime, reaching up to 233
ms (Figure 2C). After switching off the UV lamp, the blue after-
glow remains visible to the naked eye for up to 9 s, marking one
of the highest levels of biomass-based RTP materials.[27,28,51] The
RTP lifetime decreases as the 𝜋-conjugation extends, with the
SF-Nap-B and SF-Py-B films exhibiting lifetimes of 164 ms and
44 ms, respectively. However, the corresponding quantum yield
increases, ranging from 2.56% for SF-Bp-B to 4.5% for SF-Nap-
B and 12.32% for SF-Py-B. In addition, the excitation-dependent
RTP emission could be observed for SF-Nap-B and SF-Py-B films
due to the partial formation of aggregates (Figure S14, Support-
ing Information).[16]

We systematically investigated the underlying mechanism for
the RTP-SF. First, we observed that the phosphorescence emis-
sion spectrum of a pure SF film exhibits minimal overlap with
the absorbance spectra of arylboronic acids, while the afterglow
intensity of RTP-SF is significantly higher than that of pure SF
(Figure S15, Supporting Information). This indicates that Förster
resonance energy transfer between SF and arylboronic acids is
negligible.[52] Second, in the absence of alkali involved in the re-
action system, the RTP effect is markedly diminished, suggest-
ing that the prolonged RTP effect of RTP-SF primarily results
from the alkali-catalyzed covalent coupling between SF and aryl-
boronic acid. Nuclear magnetic resonance (NMR) spectroscopy
revealed new 1H resonances at 8.2 ppm and within the 7–8 ppm
range assigned to the aromatic hydrogen atoms of arylboronic
acids in the 1H NMR spectrum of SF-Bp-B (Figure 2D). These
resonances exhibit shifts compared to the arylboronic acid alone.
Additionally, the 1H resonance at 5.4 ppm, corresponding to the
Ser hydroxyl group, decreases in intensity. Solid-state 13C NMR
analysis shows enhanced 13C resonance signals for Cg and Cd
in Tyr at 127 ppm following the reaction (Figure 2E), likely due
to the proximity of these shifts to those of C2-C6 and C8-C10 in
bonded biphenylboronic acid (Figure S16, Supporting Informa-
tion). These observations collectively confirm the occurrence of
the B─O covalent reaction between arylboronic acids and SF. It
is worth noting that the NMR sample solution was dialyzed to
remove unreacted arylboronic acid molecules, eliminating their
interference with the test results (Figure S17, Supporting Infor-
mation). Amino acid analysis results reveal that following the re-
action, the levels of Asp, Thr, Ser, Glu, and Tyr—each contain-
ing hydroxyl or carboxyl group in the side chain—reduced by
8.77 ± 1.73%, 7.15 ± 3.61%, 7.56 ± 1.83%, 14.95 ± 0.43%, and
5.71± 0.31%, respectively (Figure 2F), indicating that these active
amino acid residues are involved in covalent bonding reactions.
Furthermore, the reaction yields were calculated to be 57.19%,
52.79%, and 55.13% for SF-Bp-B, SF-Nap-B, and SF-Py-B, respec-
tively (Figure S18, Supporting Information).
To further elucidate the interactions between arylboronic acids

and SF, we constructed a molecular model of Bp-B and a pro-
tein model comprising two types of SF chains, followed by
molecular dynamics simulations (Figure 2G). The simulation
results confirm the formation of B─O covalent bonds between
Bp-B molecules and target amino acids, in agreement with ex-
perimental amino acid analysis data. Beyond covalent bond-
ing, extensive hydrogen bonding networks form between Bp-B
molecules and SF chains, and energy calculations further reveal
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Figure 2. Photophysical properties and mechanism investigations of RTP-SF materials. A) Photographs of SF-Bp-B (𝜆ex = 254 nm), SF-Nap-B (𝜆ex =
312 nm), and SF-Py-B (𝜆ex = 365 nm) films taken upon turning on and off the UV lamp. B) Corresponding steady-state photoluminescence spectra and
phosphorescence spectra. C) Time-resolved emission-decay profiles under room temperature. Inset: Phosphorescence lifetimes. D) 1H NMR spectra
of regenerated SF and SF-Bp-B in DMSO-d6/LiCl and m-Bp-B in DMSO-d6. E) Solid-state

13C CP-MAS NMR spectra of regenerated SF, SF-Bp-B, and
m-Bp-B. F) The amino acids involved in the B-O covalent reaction identified by amino acid analysis. Asp: aspartic acid; Thr: threonine; Ser: serine; Glu:
glutamic acid; Tyr: tyrosine. G) Molecular dynamics simulation of the covalent linkage between Bp-B molecules and SF chains. Two types of SF molecular
chains (SF chain 1 and SF chain 2) with amino acid compositions identical to those shown in Figure 1C were constructed to build the protein model,
each comprising 50 chains. H) Frontier molecular orbitals, their respective energy levels, and the energy gaps of Ser-Bp-B, Ser-Nap-B, Ser-Py-B, and
Glu-Bp-B. HOMO: highest occupied molecular orbital; LUMO: Lowest Unoccupied Molecular Orbital. Unlike Ser, which forms a C─O─B bond, Glu is
linked through a boronic acid ester bond. Data in (F) are presented as mean ± SD, n = 5.

substantial contributions from both electrostatic interactions and
van der Waals forces to the overall binding energy (Figure S19,
Supporting Information). Based on the simulation results, we
propose that the formation of stable B─O covalent bonds, hydro-
gen bonding, electrostatic interactions, and van der Waals forces
between arylboronic acids and SF effectively restricts molecu-
lar motion and inhibits the non-radiative decay of excited triplet

excitons, thus facilitating long-lived RTP. To gain a deeper un-
derstanding of the RTP mechanism, we conducted density func-
tional theory calculations. Covalent models of bonding Ser with
Bp-B, Nap-B, and Py-B were constructed (Figure 2H). The results
reveal that increasing 𝜋-conjugation reduces the HOMO-LUMO
gaps and the lowest triplet (T1) energy level, shifting RTP emis-
sions from blue to green, and then red.[4,28] Meanwhile, as the
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T1-S0 energy gap decreases (Figure S20, Supporting Informa-
tion), the nonradiative transition of triplet excitons increases,
leading to a shorter RTP lifetime. Moreover, a covalent model
bonding Glu with Bp-B shows slight variations in the HOMO-
LUMO gap and the T1 energy level, compared to Ser bonded with
Bp-B. This subtle difference further supports that the arylboronic
acid chromophore, with 𝜋-conjugation, plays a crucial role in the
RTP emission of RTP-SF.

2.3. Multi-Stimulus Responsiveness

The capacity to trigger molecular rearrangement of SF by UV
light and water/methanol molecules,[53] together with the abil-
ity to modulate the molecular motion of chromophores by heat,
enables the creation of dynamic RTP-SF that can respond to
multiple environmental stimuli (Figure 3A), enhancing the func-
tionality and versatility of the final RTP platforms in practical
applications.
Deep UV light (254 nm) can trigger the breakage of the pep-

tide chains and photodegradation of SF (Figure 3B), resulting in
molecular mobility and rearrangements of the SF chains. There-
fore, prolonged UV exposure irreversibly disrupts the rigid en-
vironment supporting the chromophores, permanently reduc-
ing RTP emission. Additionally, when the UV light wavelength
matches the chromophores’ absorption band, extended UV ex-
posure causes chromophore quenching (Figure 3B), further di-
minishing the RTP emission in the exposed regions. To verify
these statements, we investigated the effects of strong UV expo-
sure at different wavelengths on the afterglow emission of RTP-
SF films. As shown in Figures 3C and S21 (Supporting Infor-
mation), the RTP intensity of all three films gradually decreases
with increasing UV irradiation time at varying wavelengths, with
the most pronounced effect observed at 254 nm. Among the
films, SF-Bp-B demonstrates the fastest decline in RTP intensity,
attributed to Bp-B’s strongest 254 nm absorption (Figure S15,
Supporting Information), leading to severe quenching. In con-
trast, SF-Nap-B and SF-Py-B films experience milder decreases
under 312 nm and 365 nm irradiation, respectively, mainly due
to photo-quenching of the chromophores. This behavior enables
the patterning of RTP silk films using 254 nm UV irradiation
with a shadow mask, exemplified by the “two dragons playing
with pearls” pattern (Figure 3A-i,D, left). Furthermore, due to the
limited penetration depth of UV light, we can photo-write non-
interfering patterns on both sides of the same film, as demon-
strated by the butterfly and cherry blossom (Figure 3D, right).
Notably, this patterning information remains invisible under vis-
ible andUV light (Figure S22, Supporting Information), enabling
enhanced anti-counterfeiting capabilities.
Water or methanol molecules interact with the polar groups

of the fibroin chains, disrupting hydrogen bonding and promot-
ing chain mobility, thereby compromising the rigid environment
necessary for RTP emission (Figure 3E). To explore this, we ex-
amined the RTP behavior of SF-Bp-B films subjected to water
and methanol vapor. Both vapors progressively decrease the RTP
intensity, with water vapor causing faster quenching due to its
smaller size and higher polarity, which disrupts hydrogen bonds
more effectively than methanol (Figure 3F; Figure S23A, Sup-
porting Information). Upon removal from the vapor, the RTP

emission of the film is restored due to the re-establishment of
hydrogen bonding interaction between SF-Bp-B chains. Conse-
quently, the RTP properties can be modulated through alternat-
ing cycles of vapor fumigation and drying, and the cycle can be
repeated multiple times (Figure S23B, Supporting Information).
The kinetics of this cycling process can be influenced by the per-
meation and evaporation rates of vapor within the film, allow-
ing precise timing of RTP emission disappearance and recov-
ery. To demonstrate this, we applied a patterned poly (methyl
methacrylate) (PMMA) hydrophobic nanocoating to the RTP-SF
film (Figure 3A-ii). This strategy allows for localized regulation
of vapor permeation/evaporation rate from the coated side, thus
modulating the RTP emission (Figure 3G). The decorated film
displays uniform phosphorescence after turning off the UV light.
Upon exposure to water vapor, the PMMA nanocoating slows the
infiltration rate, leading to delayed luminescence quenching in
the coated area, revealing the encoded pattern. As vapor exposure
continues, water molecules progressively infiltrate the PMMA-
coated regions, gradually decreasing phosphorescence until the
pattern disappears. After vapor removal, the PMMA nanocoating
also slows the evaporation rate, delaying phosphorescence recov-
ery in the coated area and revealing a reverse image of the original
pattern. Ultimately, the pattern vanishes as the water fully evap-
orates, and the film returns to a uniform phosphorescent color.
This strategy of generating encoded patterns through vapor fu-
migation presents a novel approach for high-security encryption
and anti-counterfeiting.
The water responsiveness of the RTP-SF platform enables the

modulation of RTP emission by controlling water molecule ab-
sorption, facilitated by incorporating a highly hygroscopic sub-
stance, like glycerol. As illustrated in Figure 3H, water molecules
trapped by glycerol disrupt the hydrogen bonds between SF-Bp-B
chains, weakening the rigid environment for optimal RTP emis-
sion. Investigating the impact of glycerol concentrations on the
RTP emission across different humidity environments, we ob-
served that the intensity gradually decreases with increasing glyc-
erol content at constant humidity (Figures 3I and S24 A, B, Sup-
porting Information). Similarly, the RTP emission diminishes
with rising ambient humidity for a fixed level of glycerol addition.
This tunability enables the reversible concealment and display of
RTP patterns in response to humidity changes (Figure 3A-iii). As
illustrated in Figure 3J, the SF-Bp-B film (30 wt.% glycerol) with a
UV-written rabbit pattern exhibits no RTP emission at 50% RH;
however, the pattern becomes visible when the humidity drops
to 30% RH.
RTP-SF also exhibits a temperature-dependent emission be-

cause of the thermal deactivation of triplet excitons.[25] Elevated
temperature increases the molecular motion of bonded phos-
phors (Figure 3K), reducing afterglow intensity and accelerating
decay. Upon cooling back to room temperature, the RTP proper-
ties revert to their initial state. We analyzed the thermal response
behavior of RTP-SF films and compared it with the RTP polyvinyl
alcohol (PVA) films, which are commonly used in organic RTP
platforms.[54] RTP-SF demonstrates slower thermal quenching
than RTP-PVA films with the same chromophores (Figures 3L
and S25A, Supporting Information). This difference is primarily
attributed to the higher glass transition temperature of SF (200
to 220 °C)[32] compared to PVA (≈85 °C). In the case of PVA, el-
evated temperatures not only inactivate chromophores but also

Adv. Mater. 2026, 38, e12659 © 2025 Wiley-VCH GmbHe12659 (6 of 16)
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Figure 3. Multi-stimulus responsive capabilities of RTP-SF materials. A) Schematic illustration of the responsiveness of RTP silk to various stimuli:
i) UV light; ii) water vapor (WV); iii) humidity; and iv) heat. B–D) RTP property changes induced by UV exposure. B) Schematic showing the changes
in molecular structures of SF-Bp-B under UV stimulus. C) Dependence of normalized RTP intensity on UV irradiation time. D) Photographs of RTP
patterns on one or both sides of SF-Bp-B films obtained by exposing masked films to UV light. E–G) Reversible RTP property evolution induced by WV
exposure. E) Schematic showing the interaction between SF-Bp-B and water molecules. F) Time dependence of RTP intensity under saturated water or
methanol vapor treatment. G) Photographs showing the display and concealment of a dragon pattern during continuous WV fumigation and drying.
H–J) Reversible RTP property evolution induced by moisture treatment. H) Schematic of the interaction between glycerol-doped SF-Bp-B and water
molecules. I) Dependence of RTP intensity on glycerol concentration under varying humidity levels. J) Photographs showing the display and concealment
of a UV-written rabbit pattern on a glycerol-doped (30% w/w) SF-Bp-B film during the moisturizing and drying. K–M) Reversible RTP property evolution
induced by heat treatment. K) Schematic showing the interaction between SF-Bp-B and heat stimulus. L) Normalized RTP intensity of SF-Bp-B and
PVA-Bp-B films as a function of temperature. M) Photographs showing the responsive behavior of a UV-written “�” pattern to heat treatment. Scale
bars in D, G, J, M: 1 cm.
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break the rigid environment that supports the chromophores
due to the induced glass transition, resulting in a sharp decrease
in RTP intensity. Leveraging the reversible temperature respon-
siveness of RTP-SF (Figure S26B, Supporting Information), re-
versible pattern display and concealment can be achieved. For in-
stance, a “�” pattern on an SF-Bp-B film vanishes at 130 °C and
reappears upon cooling to room temperature. In contrast, low-
ering the temperature from room temperature causes a gradual
increase in RTP intensity (Figure S27A,B, Supporting Informa-
tion). This enhancement arises because low temperatures sup-
press non-radiative transitions while radiative transitions remain
largely unaffected, thereby increasing the luminescence quan-
tum yield.
In addition, we investigated the responsiveness of RTP-SF

films to combined stimuli such as high humidity and high
temperature, UV exposure, and high temperature. The results
demonstrate clear synergistic interactions among humidity, tem-
perature, and UV irradiation, which significantly enhance their
regulatory influence on RTP emission (Figures S24, S25, and
S28, Supporting Information). Notably, analysis of the response
stability of RTP-SF films under simultaneous high-humidity and
high-temperature conditions indicates that such combined stim-
uli do not compromise the material’s stimulus-response stabil-
ity (Figures S23C and S26, Supporting Information). Further-
more, we examined the long-term stability of RTP-SF films under
complex environmental conditions. The results demonstrate that
the filmsmaintain good stability in high-humidity environments
(75% RH for 1 month), during short-term high-temperature ex-
posure (150 °C for 48 h) and long-term low-temperature storage
(−80 °C for 3 weeks), and after immersion in common organic
solvents (ethanol, acetone, and isopropanol) for 48 h (Figures
S27C and S29, Supporting Information). In contrast, prolonged
exposure to 150 °C or intense sunlight results in a significant de-
cline in RTP intensity. Fourier-transform infrared spectroscopy
(FTIR) results further confirm that the reduction in RTP inten-
sity primarily arises from the irreversible quenching of the phos-
phors by heat and UV components of the solar spectrum, rather
than from structural changes in the material (Figure S30, Sup-
porting Information). These findings highlight that, for practical
applications, extended exposure to elevated temperatures or in-
tense sunlight should be avoided to ensure the long-term preser-
vation of their RTP performance.

2.4. Multi-Mode Processability and Multidimensional
Integrability

RTP-SF is highly compatible with ink-based processing owing to
its favorable solution properties (Figure S31, Supporting Infor-
mation), providing flexibility in creating diverse complex struc-
tures, forms, and architectures. Moreover, water-based process-
ing offers a more sustainable approach, reducing the environ-
mental impact of traditional manufacturing methods that neces-
sitate harsh solvents or chemicals whilemaintaining high-quality
outputs. A broad spectrum of ink-based micro- and nanopattern-
ing techniques—such as spray coating, screen printing, stamp
printing, and inkjet printing—can transform aqueous RTP-SF
solution into patterned phosphorescent structures (Movie S5,
Supporting Information). These techniques enable the creation

of multicolored, intricate, and high-resolution designs applica-
ble to a wide array of substrates. Of particular significance, the
exceptional adhesiveness of the processed coatings ensures the
durability and reliability of RTP patterns in real-world applica-
tions. In addition, the RTP-SF ink demonstrates excellent phys-
ical and long-term storage stability (Figure S32, Supporting In-
formation), showing no significant changes in rheological prop-
erties after 24 h of ultrasonication, 1 week of rocking-bed shak-
ing, and 6 months of storage at ambient conditions (20–30 °C).
Figure 4A highlights the multi-mode processing capabilities of
RTP-SF ink.
Using RTP-SF ink, we first demonstrate its capability to gen-

erate RTP patterns via spray coating (Figure 4A-i). This approach
allows for the easy formation of phosphorescent coatings on
substrates of varying types and topographies (Figures S10,S11,
Supporting Information). Figure 4A-i displays the phosphores-
cent Chinese characters sprayed onto ginseng using SF-Nap-B
ink. Owing to the thin nature of the phosphorescent coating,
its fluorescence is faint under UV illumination, with no fluo-
rescence visible (Figure S33 , Supporting Information). How-
ever, when the UV light is turned off, the “�” pattern becomes
visible through yellow phosphorescence. Screen printing offers
an effective approach for large-scale RTP pattern fabrication. As
shown in Figure 4A-ii, we screen-printed the green RTP motto
of Nanjing University on a cloth bag. Furthermore, the RTP ink
can be applied to a raised surface of a stamp to execute stamp
printing (Figure 4A-iii). For instance, a “�” pattern was suc-
cessfully printed onto a human arm. Last, the RTP ink can be
integrated with high-throughput inkjet printing technology to
construct high-resolution, multicolor phosphorescent patterns
(Figure 4A-iv), as demonstrated by printed patterns on paper, in-
cluding an introductory article about Nanjing University (Figure
S34, Supporting Information), butterfly designs, and a color ren-
dition of Van Gogh’s self-portrait. The compatibility with diverse
solution-based patterning techniques greatly enhances the ver-
satility of RTP-SF inks for a broad array of applications (Movie
S6). For example, Figure S35 (Supporting Information) depicts
a Statue of Liberty RTP pattern integrated onto a dollar bill us-
ing inkjet printing for secure labeling. Additionally, a dual-level
anticounterfeiting system can be established by adding a layer of
fluorescent information (Figure S36, Supporting Information),
further elevating the security level.
Furthermore, the RTP-SF platforms can be post-processed

using advanced manufacturing techniques to fabricate inte-
grated,multidimensional optical systems, rendering themhighly
promising for high-security anti-counterfeiting and encryption
applications. Combining different functional elements in a sin-
gle platform makes it possible to generate highly intricate, lay-
ered security features that are difficult to replicate, tamper with,
or decrypt. These capabilities are demonstrated through the util-
ity of the integrated platform for multilevel anti-counterfeiting,
multistage encryption, and 3D encryption.
Amultilevel anti-counterfeiting systemwas first developed, in-

corporating three security layers, facilitated by integrating phys-
ical structural color and chemical phosphorescent color. Phys-
ical structural color is enabled by SF’s ability to form peri-
odic photonic nano-architectures via a water vapor-assisted im-
printing technique.[50] The preparation of this triple-layered anti-
counterfeiting system is illustrated in Figure S37(Supporting

Adv. Mater. 2026, 38, e12659 © 2025 Wiley-VCH GmbHe12659 (8 of 16)
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Figure 4. Multi-mode processing and multidimensional integration of RTP-SF materials. A) Formation of phosphorescent patterns using multiple pro-
cessing methods with RTP-SF inks. i) A “�” pattern sprayed on ginseng; ii) The Nanjing University’s motto screen printed on a fabric bag; iii) A “�”
pattern stamp printed on the arm; iv) Various high-resolution patterns inkjet printed on paper: three butterfly patterns (left), and Van Gogh’s self-portrait
(right). The patterns can only be identified after switching off the UV light. Scale bars: 2 cm. B) i) Schematic of the preparation process for a high-level
encrypted QR code by decryption with drying-triggered phosphorescence. ii) Decryption process of encrypted QR code: deciphering the encrypted keys to
the structural color code through drying and after stopping UV light exposure. Scale bars: 1 cm. C) Schematic (i) and photographs (ii) of a pentahedron-
shaped multilevel encryption platform that combines reconfigurable architecture and responsive phosphorescence. Inset: the pentahedron under white
light. Scale bars: 2 cm.

Information) and described in the Methods. The structural color
layer (“����”, Level I), visible in daylight at a specific direc-
tion, offers an iridescent element that shifts in appearance based
on the viewing angle (Figure S38, Supporting Information). The
RTP information, displayed on both sides of the film under dark
conditions, represents the second (“North Building of Nanjing
University,” Level II) and third (“Library of Nanjing University”,
Level III) security layers. Next, this system provides an innova-
tive approach for multistage encryption by combining structural

color with concealable phosphorescent color (Figure 3G,J). One
effective strategy leverages the humidity-responsive properties of
the RTP-SF platform doped with glycerol. As proof of concept,
we created an encrypted QR code using a glycerol-doped SF-Bp-B
film (Figure 4B). Two steps are required to decode the encrypted
information: i) extracting the structural color QR code under spe-
cific visible light angles; ii) drying the film to reveal the hidden
phosphorescent QR code, unlocking the “Silkoptics” key to the
structural color code and fully accessing the encoded message.

Adv. Mater. 2026, 38, e12659 © 2025 Wiley-VCH GmbHe12659 (9 of 16)
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Lastly, the capacity to transform 2D structures into 3D shapes
(Figure 1F) enables the creation of 3D RTP encryption architec-
tures by integrating 2D encoded RTP films with origami tech-
niques. To validate this concept, we developed a pentahedron-
shaped, triple-encrypted 3D device that integrates the vapor-
induced RTP display—imparted by PMMA nano-coatings—with
a 3D configuration (Figure 4C). The fabrication process is de-
scribed in detail in the Methods section, and the corresponding
precursor structure is illustrated in Figure 4C-i. After folding, the
pentahedron reveals no information under visible light or after
UV light cessation. To decode, the pentahedron must first be un-
folded (1st encryption layer). Subsequently, UV excitation reveals
the QR code (2nd encryption layer), which leads to the key in-
put page. Upon water vapor exposure, the key “0367” becomes
visible once UV excitation ceases (3rd encryption layer), granting
access to the encrypted message. These anti-counterfeiting and
encryption frameworks demonstrate the capacity of RTP-SF plat-
forms to support robust, high-level protection for diverse secure
information systems through simple and cost-effective manufac-
turing techniques.

2.5. Multifunctional RTP-SF Platforms for Sustainable Electronic
Interfacing

Our RTP-SF platforms demonstrate multifunctional capabili-
ties, enabled by their multi-responsiveness, multi-scale process-
ing capabilities, and ease of functionalization. The platform’s
inherent RTP emission not only encourages its use in infor-
mation anti-counterfeiting and encryption but also allows for
the incorporation of sensing capabilities, driven by its control-
lable and reversible stimulus responsiveness. Beyond, as men-
tioned above, the integration of photonic nanostructures onto the
surface of the RTP-SF matrix imparts structural color, enhanc-
ing its functionality for visualizing-related applications. What’s
more, aqueous solution-based processing facilitates the incorpo-
ration of functional components, strengthening the platform’s
versatility. These features, combined with the inherent recycla-
bility of the RTP-SF platform, offer a promising pathway to-
ward advanced sustainable applications. To exemplify these ad-
vantages, we demonstrate its applicability in electronic inter-
faces and showcase its potential to address key challenges in
electronics.
The rise in counterfeit electronics threatens their reliabil-

ity and safety, making advanced anti-counterfeiting measures
essential.[55] Additionally, ensuring electronic components stay
within their optimal operational temperature range is vital to pre-
vent performance degradation and failure. To tackle these issues,
we developed a multifunctional labeling system that integrates
display, anti-counterfeiting, and temperature-sensing function-
alities for electronic component authentication and monitoring
(Figure 5A–D). The labels display the trademark security pattern
of “SSO” under visible light and the phosphorescent security pat-
tern of “CPU” after stopping UV excitation (Figure 5A). These la-
bels can be firmly attached to the computer motherboards using
a water vapor fumigation approach (Figure 5B,C), thus providing
durable identification and temperature monitoring. By integrat-
ing a UV light source and an on/off controller into the computer,
real-timemonitoring and recording of RTP signals becomes pos-

sible. As shown in Figure 5D, the “CPU” pattern’s intensity pro-
gressively diminishes with rising temperature, becoming unde-
tectable above 120 °C. Upon cooling, the RTP intensity fully re-
stores. This temperature-dependent RTP signal enables real-time
monitoring of integrated circuit temperatures, ensuring stable
component operation. Notably, SF’s excellent infrared radiation
performance[56] minimizes any additional heat burden on inte-
grated circuits, further enhancing the RTP platform’s benefits.
Furthermore, the complex architecture of electronic prod-

ucts has substantially hindered the separation and recycling of
electronic waste (e-waste), leading to elevated treatment costs
and the frequent disposal of e-waste through landfilling or
incineration.[57] These practices pose severe environmental pol-
lution, resource depletion, and direct threats to human health.
As such, endowing these multifunctional labels with excellent
chemical recyclability and reprocessability is of great importance
for advancing sustainable electronics management. As shown in
Figures 5E and S39 (Supporting Information), the label can be
completely dissolved in water within 120 s after usage, thanks to
the water solubility of the RTP-SF matrix assembled in its amor-
phous state. The resulting RTP-SF solution can be reprocessed
through direct casting, which enables the formation of a novel
multifunctional label after reprogramming its structural color
and phosphorescence. Evaluated by FTIR and phosphorescence
spectral analysis (Figure 5F,G), the recycled labels exhibit con-
sistent structures and RTP properties compared to the original
label, even after five recycling cycles, indicating the preservation
of the conformations and interactions between arylboronic acids
and SF during recycling and reprocessing. The recycling rate test
indicates that after five cycles, the RTP-SF labels retain 91.6 ±
1.91% of their initial quality (Figure S40, Supporting Informa-
tion), confirming their excellent recyclability. We further evalu-
ated the actual environmental degradability of multifunctional
optical labels by burying a sample in a humid soil at a depth
of 2 cm and maintaining it at room temperature. Morphologi-
cal changes were monitored over time. As depicted in Figure 5H,
the label undergoes a gradual disintegration process within 60
days, attributed to microbial activity capable of directly attacking
and digesting the SF chains, thereby confirming the outstanding
sustainable utility of RTP-SF materials.

2.6. Biocompatible RTP-SF Platforms for Biomedical Interfacing

The inherent biological attributes of SF endow the developed
RTP-SF platforms with strong potential for use as multifunc-
tional interfaces in biomedical applications. To demonstrate this
potential, we first assessed the biocompatibility and biodegrad-
ability of the RTP-SF platforms. In vitro cytotoxicity of RTP-
SF solutions is analyzed by culturing L-929 cells. The cells cul-
tured in RTP-SF solutions exhibit enhanced viability compared
to the control (pristine culture medium) after 24 h incubation
(Figure 6A), demonstrating the material’s dual capacity to
promote cellular proliferation while maintaining cytocompat-
ibility. Furthermore, fluorescence staining and imaging show
minimal dead cells in both RTP-SF and the control groups
(Figure 6B; Figure S41, Supporting Information), providing ad-
ditional evidence for their excellent cytocompatibility. The in
vitro degradation results of crystalline RTP-SF films (Figure S42,
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Figure 5. Sustainable utility of multifunctional optical labels. A) A set of multifunctional optical labels that integrate display, anti-counterfeiting, and
sensing capabilities. Scale bars: 5 cm. B) Schematics illustrating a multifunctional label applied to the integrated circuit board of a mainframe.
C) Corresponding photographs of the label attached to the integrated circuit board, showing the vivid “SSO” structural color pattern. D) Photographs
depicting the reversible thermo-responsiveness of the “CPU” afterglow pattern. Scale bar: 1 cm. E) The recycling and reprocessing of the optical labels.
Scale bars: 1 cm. F, G) FTIR spectra (F) and phosphorescence intensity at 475 nm (G) of recycled labels with different recycle times. H) Degradation of
the multifunctional optical label in a humid soil environment at room temperature. Scale bars: 2 cm. Data in (G) are presented as mean ± SD, n = 4.

Supporting Information) reveal that more than 70% of the film’s
mass was lost after 30 days of exposure to protease, while con-
trol samples incubated in phosphate buffer saline (PBS) solu-
tion (pH 7.4) without the enzyme exhibited negligible mass loss
(Figure 6C). Notably, the degradation products showed no cyto-
toxic effects (Figure S43, Supporting Information), further con-
firming the outstanding biocompatibility of RTP-SF materials.
To demonstrate the practical biomedical implications of the RTP-
SF platforms, two representative examples—its integration with
medicines and face masks—are presented below.
The increasing prevalence of counterfeit and substandard

medicines, especially with the rise of online pharmacies, under-
scores the urgent need for advanced biosafety anti-counterfeiting
technologies. Simultaneously, maintaining pharmaceutical stor-
age conditions within optimal humidity ranges is critical for
preventing the reduced efficacy, ineffectiveness, or even toxic-
ity of pharmaceuticals resulting from moisture-induced chem-
ical degradation.[58] The multifunctional RTP-SF platforms pre-

sented here can confer high-security anti-counterfeiting and real-
time humidity monitoring capabilities to medicines. To demon-
strate this concept, we fabricated a roll of anti-counterfeiting la-
bels containing “Genuine” patterns, displaying no visible infor-
mation under normal light, but revealing the RTP information
after switching off the UV light (Figure 6D). Such security labels,
when applied to products like medication vials, can be combined
with the RTP signals applied directly to the medications to pro-
vide strong authentication (Figure 6E and Movie S7, Supporting
Information). Additionally, the RTP signals on the tablet surfaces
can serve as “moisture probes” to monitor the humidity of their
storage environments in real time, ensuring optimal quality and
stability of the medications throughout the storage. As shown in
Figure 6F, the RTP intensity exhibits a progressive decrease with
increasing relative humidity, followed by complete recovery upon
desiccation.
Face masks are vital for promoting public health, safe-

guarding personal health, and fulfilling social responsibilities.
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Figure 6. Biomedical applications of multifunctional RTP-SF materials. A) Metabolic activity of cells cultured in media containing RTP-SF solutions of
different concentrations after 24 h of culturing. B) Corresponding fluorescent images of cells cultured in different media (RTP-SF solution concentration:
1 wt.%). Scale bars: 50 μm. C) Degradation profiles of SF-BP films in PBS solution and protease XIV PBS solution. D) Formation of a roll of anti-
counterfeiting labels through inkjet printing. Scale bars: 2 cm. E) An anti-counterfeiting label affixed to the surface of a medicine bottle with the enlarged
image showing the clear “Genuine” pattern. Inset: SF nanofibers-based RTP signals applied onto the surface of themedications via electrospinning. Scale
bar: 2 cm. F) Afterglow photographs of RTP tablets exposed to different humidity environments. Scale bar: 1 cm. G) Schematic diagram illustrating the
preparation of RTP-SF nonwoven fabric using electrospinning. H) Photograph of a large PP/RTP-SF nonwoven fabric with the enlarged image showing
the bright afterglow color. Scale bars: 1 m, 5 mm (inset). I) (left) Surface SEM image of the RTP-SF nonwoven fabric, showing the random nanofibers.
(right) Cross-sectional SEM image of the PP/RTP-SF nonwoven fabric, showing the compact combination of two components. Scale bars: 20 μm (left),
50 μm (right). J) Schematic diagram of RTP-SF nonwoven fabric integrated into an N95mask. K) Photographs of a multifunctional phosphorescent mask
under different light conditions. The “SILK” pattern was created via the shadowmask-assisted UV patterning method. Scale bars: 5 cm. L) A comparison
of filtration efficiency and pressure drop between PP/RTP-SF and PP nonwoven fabrics. M) Antibacterial properties of PP/RTP-SF and PP nonwoven
fabrics evaluated through an inhibition ring experiment. Scale bars: 3 cm. Data in (A), (C), and (L) are presented as mean ± SD, (A) n = 5, (C) n = 4, (L)
n = 4.
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Standards-compliant masks can effectively block the transmis-
sion of pathogens, protecting respiratory health. However, coun-
terfeit and substandard masks, often made from inferior mate-
rials or irregular production processes, pose serious safety haz-
ards and health risks,making anti-counterfeiting essential.More-
over, incorporating antimicrobial materials into face masks en-
hances their protective efficacy by reducing bacteria or mold
growth, especially in high-risk environments.[59] Combining anti-
counterfeiting and antimicrobial features in face masks would
offer an economical strategy for addressing the complex health
and safety challenges. Building on this, we fabricated a multi-
functional mask integrating filtration, anti-counterfeiting, and
antibacterial properties (Figure 6G–M; Movie S7, Supporting In-
formation). We first created an SF nanofiber layer with both RTP
and antibacterial properties on commercial polypropylene (PP)
nonwoven fabrics through electrospinning (Figure 6G), by lever-
aging the ability of SF to act as a bio-template for the in-situ gen-
eration of silver nanoparticles (AgNPs) under light exposure.[60]

Figure 6H shows the large-scale preparation of the composite
nonwoven fabric, with a uniformly distributed surface RTP in-
tensity. Morphological analysis reveals the close contact between
the SF nanofiber and PP layers (Figure 6I). By incorporating
this composite nonwoven fabric as a functional layer, multifunc-
tional face masks were produced. The mask appears ordinary
under visible light. However, when exposed to UV light, it ex-
hibits a uniform blue fluorescence, and upon cessation of UV
exposure, a phosphorescent anti-counterfeiting pattern reading
“SILK” became visible (Figure 6 J,K). Filtration tests show that
the mask maintains over 99% filtration efficiency, and the pres-
sure drop increase (from 19.0 Pa to 28.2 Pa) remains within the
standard range for wearing comfort (Figure 6L). The increased
pressure drop is attributed to the larger surface area provided by
the silk nanofiber layers, which results in higher viscous forces
between the fibers and the airflow. Finally, given the significant
effect of AgNPs in disrupting the structure of mature biofilms
and killing the corresponding bacteria, the composite fabric ef-
fectively killed both Gram-negative (Escherichia coli, E. coli) and
Gram-positive (Staphylococcus aureus, S. aureus) bacteria with
restricted growth, as evidenced by the formation of an antimicro-
bial ring (Figure 6M). Antibacterial rate was further measured
with values exceeding 99.53% and 99.99% for E. coli and S. au-
reus, respectively (Figure S44, Supporting Information). In con-
trast, the pure PP nonwoven fabric showed no antimicrobial ac-
tivity, highlighting the enhanced bacterial-killing performance of
the composite fabric. This multifunctional face mask improves
the safety and efficacy of personal protective products, offering a
promising new solution for public health protection.

3. Conclusion

We have successfully demonstrated the potential of versatile SF
in developing high-performance RTP systems with varied ma-
terial formats, multi-mode tunable afterglow, multi-scale pro-
cessability, and diversified functionalities. Driven by the mul-
tiple interactions between the arylboronic acid phosphors and
the SF matrix, the resulting RTP-SF platforms exhibit long-lived
RTP emission with lifetimes of up to 233 ms. Moreover, these
platforms feature water-based formability, controllable recyclabil-

ity and degradability, and excellent biocompatibility, positioning
them as promising candidates for sustainable and biocompatible
photoluminescence technologies. Given these superior material
attributes, the RTP-SF effectively addresses the key limitations
of existing biomass-based RTP systems, enabling a wide array of
multifunctional and adaptive applications. In particular, the RTP-
SF is uniquely suited for use at the interface of photonics and bi-
ological systems. These protein-based RTP platforms hold great
potential for real-world utilities, driven by advancements in the
large-scale production of RTP-SF, the scaling up of silk material
processing, and the ongoing refinement of the relationship be-
tween structures, properties, and functionalities within RTP silk
systems. The ability to integrate the RTP function with other opti-
cal, mechanical, and additional functionalities presents a promis-
ing opportunity for developing novel RTP systemswith enhanced
versatility, adaptability, and intelligence. The outlined strategy of
integrating bottom–up chemical modification, top–down man-
ufacturing techniques, and programmable stimulus-responsive
behaviors opens a new avenue for developing biomass-based
sustainable, biodegradable, intelligent, and multifunctional de-
vices, promoting the broader adoption of biomass materials in
advanced photonics technologies.

4. Experimental Section
Materials: Bombyx mori silkworm cocoons were purchased from lo-

cal farmers in Nantong. Ammonium hydroxide (NH3·H2O, 25–28%), hy-
drochloric acid (HCl, 36.0–38.0%), sodium carbonate (Na2CO3, 99.5%),
and nitric acid silver (AgNO3, 99.8%) were obtained from Sinopharm
Chemical Reagent Co., Ltd. Lithium bromide (LiBr, 99%), glycerol
(99%), and PBS were purchased from Macklin Biochemical Co., Ltd. 3-
biphenylboronic acid (98.75%) was purchased from Bide Pharmatech.
1-naphthylboronic acid (98%), and 1-pyrenylboronic acid (99%) were
purchased from Heowns Biochemical Technology Co., Ltd. Methanol
(CH3OH, 99.5%), dichloromethane (CH2Cl2, 99.5%), and lithium chlo-
ride (LiCl, 99.9%) were all of the analytical grades and purchased from
Aladdin Co., Ltd. Dialysis membranes (44 mm, 3500 D) were pur-
chased from Acmec Biochemical Co., Ltd. PMMA (950, A7) was pur-
chased from Suzhou Research Materials Microtech Co., Ltd. DMSO-
d6 was purchased from Adamas Co., Ltd. Polydimethylsiloxane (PDMS,
Sylgard 184) was purchased from Dow Corning Co., Ltd. Trichloro
(1H,1H,2H,2H-perfluorooctyl) silane (97%) was purchased from Xushuo
Biotechnology Co., Ltd. Protease XIV from Streptomyces griseus was
purchased from Shanghai Yuanye Bio-Technology Co., Ltd. LB broth
medium and agar powder were purchased from Sangon Biotech. DMEM
cell culture medium, Fetal Bovine Serum (FBS), antibiotic/antimycotic,
and AlamarBlue cell viability reagent were obtained from Thermo
Fisher. 4′,6-diamidino-2-phenylindole (DAPI) was obtained from Bey-
otime Biotechnology Co., Ltd, and tetraethyl rhodamine isothiocyanate-
phalloidin (TRITC-phalloidin) was obtained from Yeasen Biotechnol-
ogy Co., Ltd. PP nonwoven cloth (BF99) was purchased from Haorui
Tech Co., Ltd.

Preparation of SF Solution: The SF solution was prepared following
standard protocols.[61] In brief, raw silk cocoons were first boiled in a 0.02
m Na2CO3 aqueous solution for 30 min, followed by thorough rinsing
in distilled water to remove the sericin layer. After being dried for 48 h,
the degummed silk fibers (2.5 g) were dissolved in 10 mL of 9.3 m LiBr
solution at 60 °C for 4 h and then dialyzed against distilled water for 3
days. The post-dialysis solution was subsequently centrifuged at 11 000
rpm for 20 min to attain a 6–7 wt.% SF solution. To obtain a concentrated
suspension (12 wt.%), the nascent SF solution was gently blown with a
fan, allowing for the slow evaporation of water. To obtain a lower molec-
ular weight aqueous solution of SF for RTP ink processing, the sericin
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removal process was prolonged to 120 min, while the other steps re-
mained unchanged.

Preparation of RTP-SF Solution: The RTP-SF solution was prepared
by adding 12 wt.% SF (3 mL), arylboronic acid (3- biphenylboronic acid
(5 mg), 1-naphthyl boronic acid (5 mg), or 1-pyrenylboronic acid (10 mg)
in water (4 mL), and ammonium hydroxide (1 mL), followed by stirring
the mixture at 80 °C for 20 min. The reacted solution was dialyzed against
distilled water for 48 h, resulting in the formation of an RTP-SF solution.

Preparation of RTP-SF Platforms—RTP-SF Films: An RTP-SF film
with an approximate thickness of 50 μm was fabricated by casting a
specified volume of RTP-SF solution onto a silicon wafer pre-treated
with trichloro(1H,1H,2H,2H-perfluorooctyl) silane, followed by drying for
24 h (25 °C, 30−40% relative humidity). To prepare the glycerol-doped
film, a glycerol solution with solid content ranging from 10% to 50%
was incorporated into the RTP-SF solution before casting it into a
film.

Preparation of RTP-SF Platforms—RTP-SF Microspheres: RTP-SF solu-
tion was introduced into a spray dryer (B-290, Buchi, Switzerland) at a
feed rate of 30%, with the extractor fan operating at full power (100%).
The inlet and outlet temperatures were maintained at 150 and 80 °C, re-
spectively. The resulting RTP-SFmicrospheres were collected from the col-
lection chamber of the spray dryer.

Preparation of RTP-SF Platforms—RTP-SF Sponges: A concentrated
RTP-SF solution (12 wt.%) was poured into an acrylic mold and subse-
quently frozen at−80 °C for 12 h. The RTP-SF sponge was then obtained by
lyophilizing for at least 48 h using a freeze dryer (10N/C, Scientz, China).

Preparation of RTP-SF Platforms—RTP-SF Micro-/Nanofibers: RTP-SF
micro-/nanofibers were fabricated by electrospinning (DP30, Yunfan Tech-
nology, China) using a concentrated RTP-SF solution (15 wt.%) under am-
bient conditions. An applied voltage of 20 kV and a collector-to-needle dis-
tance of 12 cm were used.

Patterning of RTP-SF Platforms—Deep UV Light Patterning: A UV ger-
micidal lamp (G36T5VH, Serve Tool Inc., USA) with a wavelength of 254
nm and a power output of 40 W was employed for UV irradiation. Black
shadow masks, designed with specific patterns, were placed on the RTP-
SF platforms before UV exposure to selectively quench phosphorescence
in the uncovered regions. The distance between the sample and the UV
lamp was maintained at 2 cm, and the irradiation duration was set to
0.5 h. Note that the UV intensity used for patterning is much higher than
that used for triggering RTP emission.

Patterning of RTP-SF Platforms—Patterned PMMA Nanocoating Prepa-
ration: Preparing a layer of patterned PMMA nanocoating on an RTP-
SF film involves three steps. First, a layer of PMMA nanocoating was
prepared onto a silicon wafer pre-treated with trichloro(1H,1H,2H,2H-
perfluorooctyl) silane by spin-coating. Next, the PMMA-coated wafer, cov-
ered with a custom-designed PDMS shadow mask, was subjected to oxy-
gen plasma treatment to selectively etch the PMMA nanocoating. Finally,
after hydrophobic treatment of exposed areas, an RTP-SF solution was ap-
plied to the wafer, filling the patterned PMMA nanocoating regions. Af-
ter drying and peeling off, a PMMA nanocoating decorated RTP-SF film
was obtained. The formed PMMA nanocoating can be erased (through
acetone cleaning) and recreated, enabling the rewriting of the encoded
pattern information (Figure S45, Supporting Information). To disclose the
RTP pattern, the RTP-SF film was put on top of the saturated water vapor
(20–25 °C) or heated water surface (≈40 °C) with the PMMA nanocoating-
decorated surface directly exposed to water vapor over a controlled
time.

Processing of RTP-SF Inks—Spraying Coating: The RTP-SF ink
(12 wt.%) was sprayed onto a substrate from a distance of 10 cm using
a spray gun. To create a patterned RTP design, a polyethylene mask was
applied to the surface of the 3D object before spraying the ink.

Processing of RTP-SF Inks—Screen Printing: After securely positioning
a screen stencil onto the surface of a targeted substrate, the poured RTP-
SF ink (12 wt.%) was evenly spread at a controlled speed using a squeegee.
The ink passes through the open areas of the screen, transferring the
design onto the substrate beneath. Afterward, the screen was carefully
removed, and the printed substrate was placed in an oven at 60 °C to
dry.

Processing of RTP-SF Inks—Stamp Printing: A stamp featuring a design
was immersed in a sponge saturated with a 12 wt.% RTP-SF ink and then
applied to the targeted substrate. After being evenly pressed, the stamp
was removed, allowing the ink to dry naturally under ambient conditions.
To prepare the dual-security coating in Figure S45 (Supporting Informa-
tion), the fluorescent ink was first prepared by mixing commercial fluo-
rescent dyes with SF solution, followed by the sequential printing of the
fluorescent ink and SF-Nap-B ink onto the same area of calligraphic rice
paper using two custom stamps.

Processing of RTP-SF Inks—Inkjet Printing: Low molecular weight SF
(120min boiling SF) was used to prepare the RTP-SF ink for inkjet printing.
RTP-SF inks of different colors, prepared at a concentration of 9 wt.% and
a molecular weight of 56 kDa (Figure S46, Supporting Information), were
then loaded into the cartridges of a commercial printer (L1258, EPSON,
Japan). After purging the air, the ink was printed onto conventional paper
or other substrates.

Processing of RTP-SF Inks—Micro-/Nanoimprinting: Micro-
/nanoimprinting was performed using the previously reportedmethod.[50]

In brief, an RTP-SF film was placed on a clean PDMS substrate and ex-
posed to water vapor at 45 °C for 30 s. A grating master with a period
of 800 nm was then applied to the wetted film surface under constant
pressure. After the film was dried, the grating master was carefully
removed, leaving a replicated grating structure on the film surface. To
further generate a grating pattern, a PDMS mask with the desired pattern
was placed on the imprinted film surface. The film was exposed to water
vapor once more, selectively removing the grating structure from the
unmasked regions. After drying, an RTP-SF film with a well-defined grating
pattern was obtained.

Processing of Multidimensional Optical Systems:

1) System in Figure 4B: The high-level encrypted QR code system was fab-
ricated by photo-writing a phosphorescent QR code, followed by im-
printing a structural color QR code.

2) System in Figure 4C: First, a phosphorescent QR code is photo-written
on the bottom of the pentahedral precursor. Then, a patterned PMMA
nano-coating is applied to the opposite sides of the remaining four
faces, after which the precursor is folded into a pentahedral shape.

Amino Acid Analysis: A vial containing 80mg of SF or RTP-SF films was
treated with 20 mL of 6 n HCl, and the films were hydrolyzed at 110 °C for
24 h. An aliquot (≈200 μL) of the hydrolyzed mixture was evaporated to
dryness at ≈50 °C for 24 h. The dried residue was reconstituted in 0.02
n HCl to achieve a final concentration of 100 μg mL−1. A 1 mL aliquot
of the solution was then injected into a specialized vial for amino acid
composition analysis using a Hitachi L-8900 amino acid analyzer.

In Vitro Biodegradation Test: Crystalline SF-Bp-B films (50 mg) were
placed in 2 mL centrifuge tubes, and 1.5 mL of protease XIV solution (5 U
mL−1 in 10 mmol L−1 PBS, pH 7.4) was added. The samples were incu-
bated at 37 °C with continuous shaking. At designated time points, the
film residues were collected by centrifugation at 10 000 rpm for 5 min,
washed three times with deionized water, and dried at 60 °C overnight.

The weight residues of the samples were calculated by the formula:

Weight residual rate =
W2 −W0

W1 −W0
× 100% (1)

whereW0 is the weight of the tube,W1 is the initial weight of the tube con-
taining films, andW2 is the weight of the tube containing residual films.

In Vitro Cytotoxicity Test: DMEMmediumwas supplementedwith 10%
FBS, 1 ng mL−1 basic fibroblast growth factor, 1% non-essential amino
acids, and 1% antibiotics/antifungals. This medium was then combined
with SF-Bp-B, SF-Nap-B, SF-Py-B, and digest products solutions to achieve
final concentrations of 0.25, 0.5, 1, and 1.5 wt.% for each group. Mouse
fibroblasts (L-929) were seeded at a density of 1 × 104 cells mL−1 in 96-
well plates and cultured in DMEMmedium for 24 h. Afterward, the culture
medium was discarded and replaced with a prepared medium containing
different concentrations of RTP-SF solutions. After 24 h of incubation, the
culturemediumwas removed, and the cells were incubated in a serum-free
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medium containing 10% (v/v) AlamarBlue for 2 h. A 100 μL aliquot of the
reactionmediumwas transferred to a black 96-well plate, and fluorescence
intensity was measured using a multimode microplate reader (𝜆ex = 530
nm, 𝜆em = 590 nm, Synergy H1, BioTech). For fluorescence imaging, the
cells were washed with PBS and stained with DAPI and TRITC-phalloidin.
Fluorescence Images were recorded with a fluorescence microscope (Axio
Vert. A1, Carl Zeiss, Germany). The cytoskeleton of cells was shown in
red, and the nucleus was shown in blue. The sample size (n) for each
experimental group is n = 5.

The cell viability of the samples was calculated by the formula:

Cell viability =
As−Ab
Ac−Ab

× 100% (2)

where As is the absorbance value of the sample group, Ab is the ab-
sorbance value of the blank group, and Ac is the absorbance value of the
control group.

Antibacterial Performance Characterization—Sample Preparation:
Briefly, 60 mg of AgNO3 was added to 1 mL of 6% SF solution and
mixed thoroughly. After 12 h of illumination with white light, the solution
was dialyzed for two days. Then, 1 mL of the dialysate was mixed with
2 mL of an 18% RTP-SF solution. Finally, the antimicrobial nonwoven
fabric was obtained by electrostatic spinning at a voltage of 20 kV and an
advancement rate of 0.008 mm min−1. To further enhance the antimicro-
bial properties, the nonwoven fabrics were treated with 75% ethanol for
6 h, followed by immersion in a 20 mg mL−1 AgNO3 solution for a set
period. Afterward, they were exposed to white light for 12 h to yield the
antimicrobial nonwoven fabric.

Antibacterial Performance Characterization—Antibacterial Test: The
agar medium, consisting of 2.5 g of Luria-Bertani broth, 1.5 g of agar
powder, and 100 mL of distilled water, was autoclaved at 121 °C for
15 min using an autoclave (HVE-50, Hirayama, Japan). After autoclaving,
the medium was allowed to cool to ≈40–50 °C. A 15 mL aliquot of the
cooled medium was poured into a sterile Petri dish for solidification. A 0.1
mL aliquot of the bacterial suspension (Escherichia coli (E. Coil) or Staphy-
lococcus aureus (S. Aureus), at a concentration of 106–107 CFU mL−1), was
evenly spread across the surface of the agar plate and allowed to air-dry.
The sample was then placed on the agar plate, and the plate was incu-
bated in an inverted position at 37 °C for 20 h. After incubation, the inhibi-
tion zone was observed and recorded. The antibacterial performance was
further quantitatively measured according to GB/T 20944.2-2007. The an-
tibacterial rate was calculated according to the formula:

Antibacterial rate =
Ct −Tt
Ct

× 100% (3)

where: Ct is the number of colonies cultured on PP nonwoven fabric, and
Tt is the number of colonies cultured on PP/RTP-SF nonwoven fabric.

Antibacterial Performance Characterization—Structural and Properties
Characterization: UV–vis absorption spectra were collected using a
Shimadzu UV-3600. Steady-state photoluminescence/phosphorescence
spectra and photoluminescence quantum efficiency were measured using
an Edinburgh FLS-980 spectrometer. The fluorescence lifetime and phos-
phorescence lifetime were measured on FLS-1000. The fluorescence and
phosphorescence images were taken by a Canon 850D under the irradi-
ation of a hand-held UV lamp (10 W) of different wavelengths at room
temperature. The 1H NMR spectra were recorded on a Bruker Ascend 600
MHz NMR spectrometer using 1 m DMSO-d6/LiCl as the solvent. The
13C NMR spectra were acquired on a Bruker Ascend 400 MHz NMR spec-
trometer usingmicrosphere powder as the sample. The samplemorpholo-
gies were characterized using a ULTRA 55 field emission scanning electron
microscope with an accelerating voltage of 5 kV and a beam current of
10 μA. Fluorescence images were captured using a fluorescence micro-
scope (Axio Vert. A1, Carl Zeiss, Germany). The spin-coating process was
conducted using a spin coater (KW-4A, Chemat, USA) with two stages:
an initial spin at 500 rpm for 12 s and a second spin at 3000 rpm for 60
s. The viscosity of RTP-SF solutions and commercial inks (Ink-COM, EP-
SON T8591) was evaluated using a rheometer (ARES-G2, TA Instruments,

USA). Viscositymeasurements were performed at 25 °C using a cone-plate
geometry (50 mm diameter, 0.0194 rad cone angle). A steady-state flow
sweep was conducted over shear rates from 0.1 to 1000 s−1, following a 60
s soak time to equilibrate the sample. The surface tensions of water, com-
mercial ink, and RTP-SF solution were measured using the spinning drop
method with an OCA40 contact angle meter at an extrusion rate of 0.1 μL
s−1. The structural conformations of the RTP-SF platforms were evaluated
using an FTIR spectrometer (INVENIO-S, BRUKER, Germany). All FTIR
spectra were collected in the wavenumber range of 4000 to 600 cm−1 at
4 cm−1 resolution with an average of 64 scans. The filtration performance
of the non-woven fabrics (size of 25 × 25 cm) was evaluated using the
HR-L8013 testing apparatus. The airflow rate was maintained at 0.35 m
s−1, corresponding to a volumetric flow rate of 80 L min−1, following the
standard NIOSH 42 CFR 84.

Statistical Analysis: All the data are presented as mean ± standard de-
viation (SD), and the sample size (n) for each statistical analysis is speci-
fied in the respective captions.
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the author.
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