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A B S T R A C T

Simultaneous detection and removal of excess Fe3+ is essential for ecological balance, food safety, and pathology, 
yet despite the promising stability of specific fluorescent functional materials, their conventional direct disper
sion in aqueous solution causes structural instability, secondary pollution, and a lack of integration between 
detection and removal. To overcome these limitations, we developed a programmable, fluorescent, and shape- 
changing composite fiber for Fe3+ recognition, detection, and removal in a single platform. Composite fibers 
are prepared by combining fluorescent particles with thermally responsive fibers via electrostatic forces. The 
fibers have stable fluorescent properties and can detect Fe3+ with high selectivity and sensitivity. Upon thermal 
stimulation, it undergoes reversible shape programming and recovery, enabling a structural transition from 
random to aligned at the microscale. This smart structural modulation enhances specific surface area and pore 
distribution, thereby improving Fe3+ detection and adsorption capacity. The programmable fiber exhibits se
lective fluorescence quenching within 5 s and achieves up to 98 % Fe3+ removal efficiency through shape- 
changing composite fiber. Our work provides a novel and sustainable strategy for large-scale management, 
addressing the dual need for Fe3+ detection and filtration in modern smart water treatment systems.

1. Introduction

Fe3+ plays an essential role in biochemical processes, but excessive 
concentrations beyond a certain threshold pose significant threats to 
aquatic ecosystems and human health [1–11]. Therefore, the develop
ment of effective technologies for Fe3⁺ monitoring and removal remains 
of critical importance.

Conventional analytical techniques, including atomic absorption/ 
emission spectroscopy and inductively coupled plasma mass spectrom
etry [12–14], offer high sensitivity, they typically require expensive 
equipment and offline analysis, hindering on-site and continuous 
monitoring [12–15]. Fluorescent chemical sensors have gained atten
tion owing to their high sensitivity, rapid response, and operational 
simplicity [8,16]. But these sensors typically provide identification/ 
quantification signals without enabling pollutant removal, thereby 
separating detection from treatment [17,18]. Accordingly, although 
laboratory analytical techniques achieve high sensitivity and accuracy, 
they remain confined to detection and cannot directly remove Fe3+ from 

water. Consequently, the fundamental bottleneck in current Fe3+ water 
treatment lies in the functional separation of detection and removal 
processes [19,20].

Electrospinning employs electrostatic forces to fabricate continuous 
fibers with diameters ranging from microscale to nanoscale [21–32]. 
Due to their high specific surface area and porous structure, functional 
electrospun fibers can enable effective pollutant enrichment [33,34]. 
Electrospun fibers have gained recognition for their applications in 
pollutant detection, filtration, chemical separation, and contaminated 
water filtration [35]. However, conventional electrospun filtration 
membranes generally lack intrinsic, selective Fe3+ recognition capabil
ities, limiting their ability to simultaneously monitor and remove pol
lutants [36]. This functional disconnection leads to blind treatment 
processes, delayed efficiency assessments, and uncertainties in resource 
regeneration, severely hindering the development of intelligent, preci
sion water treatment systems. To overcome this limitation, there is an 
urgent need to develop novel materials that integrate detection and 
filtration functionalities. Stimulus-responsive materials offer a highly 
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promising solution, capable of producing intuitive signal changes such 
as color shifts and fluorescence [18,37–41]. When exposed to external 
stimuli like heat, light, or electricity, shape memory polymers in 
particular can exactly return from a transitory shape to their pre- 
deformation.

In this work, we proposed and fabricated a novel shape-memory 
fluorescent fiber, in which fluorescent polyurea (PU) particles with 
specific Fe3+ response was uniformly loaded onto shape-memory poly
lactic acid (PLA)/tributyl citrate (TBC) fibers via electrospinning. This 
design integrated two major functions: upon binding of Fe3+ with the 
characteristic functional groups in the PU particles, a rapid and visually 
detectable fluorescence quenching effect is triggered under 365  nm UV 
light. Leveraging the well-preserved shape-memory effect of PLA fibers 
over multiple cycles, the microstructure of the fibers can be reconfigured 
to achieve efficient and selective adsorption and removal of Fe3+, 
thereby avoiding secondary pollution of water (Fig. 1). This study not 
only provides an innovative integrated detection-removal material for 
Fe3+ contamination control in water, but also offers a new design 
strategy and technical reference for developing multifunctional water 
treatment materials targeting other pollutants.

2. Material and methods

2.1. Materials

All reagents and solvents were used as received without any purifi
cation. Isophorone diisocyanate (IPDI), diethyl methyl benzene diamine 
(DETDA), N, N’-dimethylformamide (DMF), toluenediisocyanate (TDI), 
and deuterated DMSO‑d6 were purchased from Shanghai Aladdin 
Biochemical Technology Co., Ltd. Acetone was purchased from Tianjin 
Fuyu Fine Chemicals. Deionized water, polylactic acid (PLA), and 
tributyl citrate (TBC) were laboratory-made. Potassium bromide (KBr, 
SP) was purchased from Shanghai Macklin Biochemical Co. Ltd.

2.2. Preparation of PU particles

A mixture of H2O-acetone (90.0 g) at a mass ratio of 3/7 was first 
charged into a 250 mL high-borosilicate glass bottle. IPDI (57.4 mmol) 
was added at a rate of 5 mL min− 1 under stirring at 100 rpm at 30 ◦C. The 
polymerization was allowed to continue overnight after the reactant 
addition was completed, followed by centrifugation to separate the solid 
at 3,000 rpm at − 5 ◦C, and the resulting solid was dried at 70–80 ◦C 
under vacuum obtain a white powder product, i.e., the PU particles 

(PUP0). PUP1 and PUP2 were synthesized as described above. Specif
ically, under these reaction conditions, IPDI and DETDA were separately 
added slowly into the reaction system at a feeding rate of 5 mL min− 1. 
For the synthesis of PUP2, TDI was used as the reactant.

2.3. Preparation of shape memory composite fibers

PLA and TBC were mixed at a mass ratio of 5:1, and dichloroethane 
was added to prepare a transparent solution with a mass fraction of 9 %. 
The electrospinning parameters were set as follows: a 21G needle paired 
with a 20 mL syringe was used, the flow rate was 1 mL h− 1, a voltage of 
20 kV was applied, the distance between the needle and the collector 
was 10–15 cm, and electrospinning was conducted for 6 h to obtain a 
pristine scaffold named PLA/TBC. Separately, PUP powder was 
dispersed in a DMF/H2O mixed solvent at a volume ratio of 9:1 to pre
pare a 100 mg mL− 1 suspension, which was uniformly dispersed by ul
trasonic treatment for 2 h. A 18G needle paired with a 20 mL syringe was 
used, the flow rate was 1.5 mL h− 1, a voltage of 18–20 kV was applied, 
the distance between the needle and the collector was 10–15 cm. Sub
sequently, the particles were loaded onto the PLA/TBC fibers via elec
trospraying to fabricate the fluorescent fibrous membranes within 45 
min. Based on the electrospinning of a 9 wt% PLA/TBC solution and the 
electrospraying of a 100 mg mL− 1 PUP suspension, the composite 
fibrous membrane exhibited an estimated PLA/TBC-PUP mass ratio of 
4.8:1, which was approximated as 5:1 in terms of the overall solid 
composition. After electrospray deposition, the fiber membranes were 
treated using a plasma cleaner (PELCO easiGlow) at a discharge current 
of 15 mA and a chamber pressure of 0.26–0.54 mbar for 3 min to 
improve the surface wettability.

2.4. Molecular structure and microstructural characterization

Fourier transform infrared (FTIR) spectra were recorded with a 
Spectrum Two DGTS instrument (Perkin-Elmer, MA, USA) by placing 
the powders of PUP0, PUP1, and PUP2, and the fibrous membranes of 
PLA/TBC, PTP0, PTP1, and PTP2 on a KBr pellet. The chemical struc
tures of PUP0, PUP1, and PUP2 powders were characterized by 1H NMR 
spectroscopy using an Avance III 400 MHz spectrometer (Brüker) with 
DMSO‑d6 as the solvent. A crosshead speed of 10 mm min− 1 was applied 
to generate the stress–strain curve.

Scanning electron microscopy (SEM) and energy-dispersive spec
troscopy (EDS) images were obtained using a Schottky field emission 
scanning electron microscope (SU5000). PLA/TBC, PTP0, PTP1, and 

Fig. 1. A schematic diagram showing the fabricating process of smart PTP fibrous membranes, where PU particles are uniformly distributed among electrospun fibers 
to synergistically combine Fe3+ detection and filtration.
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PTP2 fibrous membranes were placed under an optical microscope 
(DeLang Optical Instruments Co., Ltd., Shangrao, Jiangxi, China) for 
observation and photography. XPS measurements were performed on a 
Thermo Scientific K-Alpha X-ray photoelectron spectrometer (Thermo 
Fisher). The base pressure in the analysis chamber was approximately 5 
× 10-9 mbar. A monochromatic Al Kα X-ray source (hv = 1486.6  eV) 
was operated at 12  kV and 6  mA. The sample was weighed, degassed at 
30 ◦C under vacuum for 1 h, and analyzed by nitrogen physisorption at 
77 K using an automated BET surface area analyzer. The water contact 
angle was measured using a contact angle/surface tension measuring 
instrument (Shanghai Xuanzhun SZ-CAMC32).

2.5. Thermal performance testing

Differential scanning calorimetry (DSC) measurements of PLA/TBC, 
PTP0, PTP1, and PTP2 scaffold samples were performed using a Mettler- 
Toledo DSC ISTARe instrument. The sample mass was precisely 
controlled within the range of 5–10 mg. All tests were conducted under a 
nitrogen atmosphere with a heating rate of 10 ◦C min− 1, scanning from 
0 ◦C to 180 ◦C. Thermogravimetric analysis (TGA) tests of PLA/TBC, 
PTP0, PTP1, and PTP2 fibrous membranes were carried out on a Mettler- 
Toledo TGA/DSC STARe System at a heating rate of 10 ◦C min− 1 from 
25 ◦C to 500 ◦C in air.

2.6. Dynamic thermomechanical analysis

The temperature range of the DMA test was 25–80 ◦C, the heating 
rate was 5 ◦C min− 1, and the test frequency was 1 Hz. The shape fixation 
ratio (Rf), shape recovery ratio (Rr), and recovery rate of the samples 
were determined during the shape memory performance tests. In the 
equations (1–2), θ0 represents the angle of the strip bent into a “U” 
shape, θf denotes the change in bending angle before and after shape 
fixation, and θ1 indicates the change in bending angle before and after 
shape recovery. 

Rf =
θ0 − θf

θ0
× 100% (1) 

Rr =
θ0 − θ1

θ0
× 100% (2) 

2.7. Fluorescence performance test

The ultraviolet–visible (UV–Vis) absorption spectra of PUP0, PUP1, 
and PUP2 powders were measured using a UV-3101PC spectropho
tometer (Shimadzu, Japan) with a wavelength scanning range of 
200–600 nm and a slit width of 8 nm. Additionally, the UV–Vis ab
sorption spectra of the materials were recorded at room temperature 
using a Lambda 35 spectrophotometer (PerkinElmer, USA) with a 
wavelength scanning range of 200–600 nm and a slit width of 2 nm. The 
solid-state fluorescence excitation and emission spectra of PUP0, PUP1, 
and PUP2 powders were obtained using an F-7000 fluorescence spec
trophotometer (Hitachi, Japan) with both excitation and emission slit 
widths set at 2.5 nm. The absolute photoluminescence quantum yields of 
PUP0, PUP1, and PUP2 powders were determined using an FLS 920 
steady-state/transient fluorescence spectrometer (Edinburgh In
struments, UK) equipped with an integrating sphere attachment.

2.8. Mechanical testing and filtration experiments of the different fibrous 
membranes

PLA/TBC, PTP0, PTP1, and PTP2 were cut into parallel samples with 
a length of 30 mm and a width of 15 mm, and the thicknesses of the 
different samples were measured by digital calipers with a precision of 
0.01 mm. The Young's modulus, maximum stress, and strain at break of 
the different fibrous membranes were tested using a tensile testing 

machine and were obtained from triplicate samples in each group.
The removal efficiency (RE) was determined by equation (3), as 

described by Costa and co-workers. 

RE =
C0 − Ce

C0
× 100% (3) 

where C0 is the initial concentration of metal in the solution (mmol L− 1), 
and Ce is the concentration of metal at the equilibrium (mmol L− 1).

3. Results

3.1. Preparation and structural characterization of the PU particles

To address the critical need for detecting excessive Fe3+ concentra
tions in polluted water, the synthesized materials were designed to 
exhibit specific detection capabilities. The fluorescent PU particles 
exhibit highly selective fluorescence quenching in the presence of ferric 
ions [42]. The isocyanate groups of isophorone diisocyanate reacted 
with water to form urea linkages, which constitute the core reaction for 
PUP0 formation. The synthesis of PUP2 followed a similar approach to 
that of PUP1, where the isocyanate groups of toluene diisocyanate 
reacted with water to form urea linkages. During PUP1 synthesis, a rigid 
structure and a urea-bond constraint system were introduced that 
restricted molecular motion upon aggregation, resulting in lumines
cence (Fig. 2a-b). Furthermore, the isocyanate-amine addition reaction 
yielded urea-based products containing rigid and hydrogen-bonded 
structures. The combined rigidity and constraints ensured lumines
cence across all synthesized variants while maintaining the essential 
properties required for specific detection.

The chemical compositions of the synthesized PUP0, PUP1, and 
PUP2 were characterized by FTIR spectroscopy (Fig. S1). No charac
teristic absorption peak corresponding to the the stretching vibration of 
the isocyanate groups was observed in the range of 2,280–2,240 cm− 1, 
indicating complete consumption of the –NCO groups during polymer
ization. The absorption band at approximately 3,360 cm− 1 was assigned 
to N–H stretching vibration, while the peaks at around 1,655 cm− 1 and 
1,540 cm− 1 corresponds to the C=O stretching vibration and C-N 
stretching vibration of the urea groups, respectively. In addition, the 
peaks located at 2,888 cm− 1 and 2,965 cm− 1 were attributed to the 
symmetric and asymmetric stretching vibrations of C–H bonds.

The chemical structures of the obtained polymers were further 
confirmed by^1H NMR spectroscopy (Fig. 3a). The hydrogen protons of 
the –NH-CO-NH- urea linkage consistently resonated within the chem
ical shift range of 6–9 ppm, which is characteristic of PU structures. The 
chemical shift of protons in the terminal primary amino group (–NH2) 
was influenced by the adjacent substituent groups, with aliphatic ter
minal groups exhibiting lower chemical shift values and aromatic ter
minal groups showing relatively higher chemical shifts. These results 
collectively verified the successful synthesis of the designed fluorescent 
PU. In addition to contributing to the luminescent properties, the urea 
groups provide potential coordination sites for Fe3+ ions, which is 
beneficial for fluorescence-based sensing applications. Morphological 
characterization revealed that PUP0, PUP1, and PUP2 possessed rela
tively smooth surfaces with average particle diameters of 3.62 ± 1.10, 
0.76 ± 0.22, and 1.21 ± 0.48 µm, respectively (Fig. 3b-c). Thermogra
vimetric analysis demonstrated that PUP1 exhibited an initial decom
position temperature of approximately 300 ℃, which is substantially 
higher than the sterilization temperature commonly used for biomedical 
materials (121.3 ℃), indicating sufficient thermal stability for potential 
biomedical conditions (Fig. S2).

3.2. Fluorescent properties of the PU particles

PU particles exhibited fluorescence in the visible light region when 
observed in their solid state. PUP0, PUP1, and PUP2 were systematically 
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investigated using UV–Vis absorption spectroscopy and fluorescence 
emission spectroscopy. The solid PUP0, PUP1, and PUP2 exhibited 
fluorescence emission in the visible region and fluorescent properties 
(Fig. 4a). Compared to PUP0 and PUP2, the fluorescence spectrum of 
PUP1 exhibits a distinct peak at approximately 425 nm under a 365 nm 
excitation wavelength. Spectral analysis indicates that the emission peak 
intensity increases with increasing excitation wavelength, and the main 
emission peak of PUP1 red-shifts from 425 nm to 448 nm (Fig. 4a-b). In 
the UV–Vis absorption spectrum, PUP1 exhibited a shoulder peak at 
approximately 345 nm (Fig. 4c). This absorption band is attributed to 
the n → π* transition of the carbonyl (C=O) group, which indicates the 
presence of abundant oxygen-containing functional groups in the PUP1 
structure. Furthermore, under 365 nm UV light irradiation, both the 
powder form and aqueous solution of PUP1 displayed bright blue 
luminescence (Fig. 4d-e). π–π stacking is a noncovalent interaction, with 
strong π–π stacking effects occurring between urea groups [18,43]. 
These observations suggested that the luminescence behavior of PUP1 
was closely associated with its oxygen-containing functional groups, 
implying that its emission mechanism may not be solely dominated by 
the conventional π–π* transition of the aromatic backbone.

The –NH-CO-NH- urea linkage inherent in the PU structure contains 
π-electrons, enabling intermolecular interactions with rigid cyclic 
structures. The quantum yield of PUP1 reaches 33 %, which is signifi
cantly higher than that of PUP0 and PUP2 (Table S1). The planar rigid 
conjugated structure in PU, through covalent cross-linking between 
rigid domains, restricts non-radiative transitions while enhancing radi
ative transitions. This enables the material to exhibit intense and stable 
blue fluorescence under 365 nm ultraviolet light [44]. Compared with 
PUP0 and PUP2, the urea bonds in PUP1 interact with the rigid benzene 
ring structure, which may lead to increased steric hindrance and thereby 
generate fluorescence emission. PU particles, whether in solid or liquid 
form, exhibit rapid and stable fluorescence when excited by 365 nm UV 
light. This characteristic provides an exceptionally convenient method 
for fluorescence detection: direct visual observation using a portable 
365 nm UV lamp.

3.3. Preparation of shape-changing composite fibers

The surface of the layer composed of random PLA/TBC fibrous 
membranes was further deposited with PU particles by an electro
spraying method (Fig. 5a). The deposition density was controlled to be 
consistent with that of PUP0, PUP1, or PUP2 particles on the PLA/TBC 
fibrous membranes, which were labeled as shape memory PTP0, PTP1, 
or PTP2 fibrous membranes, respectively. Random fibers loaded with 
pristine PUP0 or with PUP2 at a uniform density were also fabricated as 
controls samples, and the PUP1 deposition density was kept the same as 
that used for PTP1. PLA/TBC, PTP0, PTP1, and PTP2 fibrous membranes 
all exhibited a random fibrous morphology in their original shapes 
(Fig. S3). Specifically, PLA molecular chain entanglements and crystal
line domains serve as the permanent phase responsible for storing the 
original shape, while the TBC-plasticized amorphous PLA segments act 
as the switching phase. When heated above the glass transition tem
perature (Tg), the mobility of the PLA chain segments increases, allow
ing the material to be deformed into a temporary shape. Subsequent 
cooling below Tg immobilizes the chain segments and fixes the tempo
rary shape. Upon reheating above Tg, the stored elastic strain energy is 
released, enabling recovery to the original shape. All the different 
fibrous membranes transformed into an aligned structure in response to 
specific external stimuli. For the different fibrous membranes loaded 
with fluorescent PU particles, the particle distribution on the fibrous 
membranes exhibited greater uniformity after the shape memory re
covery process compared to the initial state. The different fibrous 
membranes were all deformed into a temporarily “U” shape. Subse
quently, when placed in warm water at 55 ◦C, all fibrous membranes 
recovered to their initial rod-like shape through their thermal- 
responsive properties (Fig. S4). Meanwhile, the shape memory PTP 
fibrous membrane exhibits shape fixation and shape recovery ratios of 
over 95 % (Table S2). Among them, the PTP1 fibrous membrane 
exhibited the fastest shape recovery rate, with a recovery time of only 
10 s (Video 1). By integrating the fibers with PU particles, shape memory 
fluorescent fibrous membranes exhibit both fluorescence and thermal- 

Fig. 2. Preparation and structural characterization of the PUP. (a) Molecular structure design diagram of PUP0, PUP1, and PUP2. (b) Preparation diagram of PUP1.
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responsive properties. Fig. 5b displayed SEM images of PLA/TBC, PTP0, 
PTP1, and PTP2 fibrous membranes, illustrating their structural pro
gression from the initial state during shape memory recovery process. 
Before deformation, all fibrous membranes exhibited a random micro
structure. After deformation, PLA/TBC, PTP0, PTP1, and PTP2 fibrous 
membranes recovered upon heating from the temporary aligned archi
tecture. During the transition between the temporary and permanent 
shapes, PLA entered a metastable state in which polymer chains gained 
mobility, thereby enabling chain rearrangement [45].

Electrospun fibrous membranes with thermal-responsive properties 
can respond to temperature changes to achieve microscale reversible 
pore size variations [46]. Electrostatically sprayed particles are depos
ited onto the fiber membrane, with the distance between particles 
increasing as particle size increases [47]. Before deformation, the 
average pore sizes of PLA/TBC, PTP0, PTP1, and PTP2 fibrous mem
branes were 8, 6, 6, and 7 nm, respectively (Table S3). After deforma
tion, the average pore sizes of PLA/TBC, PTP0, PTP1, and PTP2 fibrous 
membranes were 13, 11, 8, and 11 nm, respectively (Table S3). 
Compared to PUP0 and PUP2, particles prepared from PUP1 exhibit the 
smallest diameter. Consequently, under electrostatic forces, fluorescent 
PU particles bind more uniformly to the fiber membrane during the 
construction of PTP fibrous membranes, resulting in smaller pore sizes. 

In contrast to the random PTP fibrous membrane, the aligned structure 
exhibits micro-scale reversible pore size changes due to its thermal- 
responsive properties. Thus, the aligned structure exhibits increased 
pore size after deformation.

Reducing the fiber diameter in electrospun fiber membranes in
creases the surface area [48]. Through shaping, the microstructure of 
PTP fibrous membranes undergoes transformation while simultaneously 
increasing the specific surface area when subjected to external forces. 
After shaping to achieve an aligned morphology, PTP fibrous mem
branes exhibited a 2- to 4-fold increase in specific surface area and pore 
volume compared to the random morphology (Fig. 5c, Fig. S5, Table S3
and Table S4). Compared with the random fibers, the specific surface 
area of the shape memory fluorescent PTP fibrous membranes increased, 
and the pore size distribution changed, thereby promoting the uniform 
dispersion of particles and enhancing the filtration of Fe3+.

3.4. Properties of the programmable, fluorescent, and shape-changing 
composite fibers

Owing to strong hydrogen bonding, PU particles do not exhibit a 
distinct glass transition [49]. In polymer-particle composite systems, the 
incorporation of particles generally leads to an increase in the Tg relative 

Fig. 3. (a) 1H NMR spectra of PUP0, PUP1, and PUP2. (b) SEM images of PUP0, PUP1, and PUP2. (c) Particle size distribution from SEM statistical analysis.
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to that of the neat polymer matrix [50]. For particles, Tg may decrease 
with decreasing particle size due to enhanced interfacial effects and 
altered chain packing at the polymer-particle interface [34]. The effect 
of incorporating PU particles into PLA/TBC fibrous membranes on Tg 
was investigated. Fig. 6a shows the DSC curves of PLA/TBC, PTP0, PTP1, 
and PTP2 fibrous membranes during the second heating scan. Compared 
to PLA/TBC, all PU-containing samples exhibited an increase in Tg of 
more than 5 ◦C, indicating that PU particles restrict the segmental 
mobility of polymer chains. Among the composite fibers, PTP1 exhibited 
a lower Tg than PTP0 and PTP2. This difference may be attributed to 
particle-size-dependent effects, where smaller particles reduce Tg by 
modifying interfacial constraints and disrupting local chain packing. PU 
particles have been reported to exhibit high thermal stability in previous 
studies [51]. The initial thermal degradation temperature of the fibrous 
membranes was 300 ◦C, which is significantly higher than the standard 
condition of high-pressure sterilization (Fig. 6b). This indicates that the 
fibrous membranes possess excellent thermal stability and potential 
adaptability to sterilization processes. PLA/TBC fibrous membranes 
exhibited stable shape memory performance over five consecutive 
thermomechanical cycles (Fig. 6c). During cyclic heating and cooling, 
the strain response consistently tracked the temperature variation, 
indicating a reliable and reversible recovery process. The results further 
suggest that temperature-induced molecular chain mobility within the 
PLA/TBC matrix enables repeated transitions between random and 
aligned structures, thereby facilitating programmable fibers.

Fibers have attracted significant attention in polluted water treat
ment due to their high porosity, hydrophilic and small pore size [52]. 
However, their hydrophobic properties limit their application under the 
pressures required for polluted water treatment. Surface modification 
using low-vacuum plasma treatment has been employed to impart hy
drophilic properties to shape memory fluorescent PTP fibrous mem
branes, thereby improving their interfacial wettability. All samples 
exhibited excellent flexibility and deformability at room temperature 
(Fig. 6d). At 80 ◦C, the neat PLA/TBC matrix showed the lowest tensile 
strength and elongation at break. PTP0 marginally increased strength 
but reduced elongation, suggesting embrittlement. PTP1 delivered the 
highest strength improvement while also increasing elongation relative 
to the neat blend, demonstrating concurrent strengthening and tough
ening. PTP2 offered a moderate strength increase but a dramatic rise in 
elongation at break, exhibiting the most significant toughening effect, 
ideal for high-ductility requirements (Fig. S6).

Notably, the electrospraying of PU particles onto PTP fibrous mem
branes did not lead to any significant alteration in the mechanical 
properties of the PLA/TBC matrix. After plasma treatment, the hydro
philicity of the different fibrous membranes was significantly improved. 
Among them, the water contact angle of PTP1 fibrous membranes was 
reduced to 26 ± 5◦, indicating that plasma treatment can effectively 
introduce hydrophilic groups or improve surface energy on the fibrous 
membranes, thereby significantly enhancing the surface hydrophilicity 
of the materials (Fig. 6e-f). Plasma treatment resulted in improved 

Fig. 4. The fluorescence properties of PUP0, PUP1, and PUP2 are presented as follows: (a) Fluorescence emission spectra of PUP0, PUP1, and PUP2 at an excitation 
wavelength of 365 nm. (b) Fluorescence emission spectra of PUP0, PUP1, and PUP2 at an excitation wavelength of 430 nm. (c) UV–Vis absorption spectra. (d) 
Photographs of PUP0, PUP1, and PUP2 at different concentrations dissolved in DMSO/H2O mixtures, taken under daylight and 365 nm UV light, demonstrating their 
luminescence in the solution. (e) Photographs of PUP0, PUP1, and PUP2 powder under daylight and 365 nm UV light illumination.
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surface wettability of the shape memory PTP fibrous membranes, 
leading to water contact angles decreasing to similar values.

3.5. Programmable, fluorescent and shape-changing composite fibers for 
Fe3+ detection and filtration

The stability of metal complexes usually increases with the charge- 
to-radius ratio of the metal ion. Consequently, Fe3+, with its relatively 
high charge-to-radius ratio, exhibits strong coordination interactions 
with PU particles, effectively quenching their molecular fluorescence. 
Fe3+ undergoes a complexation reaction with PU particles, which in
duces pronounced fluorescence quenching and a significant decrease in 
fluorescence intensity (Fig. 7a). The high filtration capacity of the PTP 

composite fibers toward Fe3+ is mainly attributed to the stronger coor
dination interaction and/or electrostatic attraction between Fe3+ and 
the surface functional groups of the fibrous membranes. SEM coupled 
with energy-dispersive X-ray spectroscopy (EDS) revealed that the 
different composite fibers were loaded with a significant amount of iron, 
while no calcium was detected (Fig. 7b). After stretching, the filtration 
performance of the PTP1 fiber membrane reached 98 %, representing a 
32 % increase over the unstretched random fiber membrane. This 
improvement is attributed to the gradual orientation of the fibers along a 
specific direction and the optimization of the membrane's internal pore 
structure, thereby enabling more efficient Fe3+ retention (Fig. 7c).

Ca2+ was selected as the reference ion to evaluate the selective 
filtration performance of PTP1 fibrous membranes in complex ionic 

Fig. 5. (a) Fabrication schematic of shape-memory fluorescent composite fibers. (b) SEM images of the different fibrous membranes. The red arrows show the 
direction of aligned PLA/TBC fibrous membranes. Scale bar = 5 μm. (c) BET analysis after deformation.
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environments. The results indicate that the PTP1 fibrous membranes 
effectively suppress Ca2+ interference while exhibiting a pronounced 
affinity toward Fe3+. Compared with the PLA/TBC group, the Fe3+

removal efficiency of PTP1 increased significantly, whereas the trans
membrane flux remained within an acceptable range, suggesting that 
enhanced selectivity is achieved without a substantial compromise in 
permeation performance. This behavior can be attributed to the strong 
and specific complexation ability between Fe3+ and PUP1 embedded in 
the fibrous membrane. In contrast, negligible coordination or specific 
interaction occurs between Ca2+ and the shape memory fluorescent PTP 
fibrous membranes, resulting in an almost unchanged fluorescence 
response during filtration (Fig. 7d). Fig. S7 and Fig. S8 demonstrated 
that FeCl3 induces a significantly specific fluorescence quenching 
compared with all other tested ions, confirming the excellent selectivity 
of the composite fiber membrane toward Fe3+. As shown in Fig. 7e, new 
characteristic signal appeared in the XPS spectra of the shape memory 
fluorescent PTP0, PTP1, and PTP2 fibrous membranes after Fe3+ filtra
tion, confirming the formation of C=O-Fe coordination complexes 
within the PU particles.

A detailed comparison of the C 1 s spectra before and after filtration 
reveals a decrease in the electron density associated with the carbonyl 
oxygen, consistent with electron donation from C=O groups to Fe3+. 
This change verifies the formation of C=O-Fe coordination bonds 
(Fig. S9) and further supports the selective complexation mechanism 
between the fluorescent PU particles and Fe3+.

4. Conclusions

In summary, programmable, fluorescent, and shape-changing com
posite fibers for Fe3+ detection and filtration were successfully fabri
cated via electrospinning combined with the incorporation of functional 
fluorescent particles. The resulting composite fibers exhibited a selective 
fluorescence response toward Fe3+, enabling visual monitoring of Fe3+

contamination. Strong inter-fiber electrostatic interactions ensured 
structural integrity and contributed to the multifunctional performance 
of the composite system. The incorporation of shape memory effect 
endowed the fibers with programmable structural transformation 
capability, allowing adaptive regulation of filtration configurations. In 
addition, the porous fibrous architecture provided efficient Fe3+ capture 
and filtration performance, demonstrating the feasibility of integrating 
detection and removal functions within a single material platform. 
Overall, this multifunctional strategy offers a promising approach for 
the development of smart water-treatment materials with potential ap
plications in environmental monitoring and precision wastewater 
remediation.
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