
Gum Acacia-grafted multifunctional fluorescent hydrogel for ultra-trace 
sensing and sustainable recovery of samarium(III)

Somya Sadaf a, Mrinmoy Karmakar a, Yati Sharma b, Anirban Mandal b, Chinmay Ghoroi a,*

a Department of Chemical Engineering, Indian Institute of Technology Gandhinagar, Gujarat, 382355, India
b Department of Chemistry, Indian Institute of Technology Gandhinagar, Gujarat, 382355, India

A R T I C L E  I N F O

Keywords:
Stimuli-responsive hydrogel
Sm(III)-sensing
Adsorptive recovery
Electrochemical and biomedical applications

A B S T R A C T

Samarium (Sm) is an important rare earth element (REE) critical for permanent magnets, nuclear technologies, 
and advanced electronics. Limited accessibility and recent supply-chain disruptions associated with Sm have 
motivated efforts towards its recovery and reuse from waste streams. Existing approaches typically focus on 
either detection or recovery, thereby triggering the necessity for single reusable material serving as a platform for 
selective Sm(III) sensing, recovery, and post-adsorption applications. Herein, we report the design of a recyclable 
multifunctional gum acacia-grafted fluorescent copolymer hydrogel (GAFluoroCoP), which exhibits simulta
neous selective sensing, efficient adsorption, and recovery of Sm(III) within a single framework. The GAFluor
oCoP is synthesized via a one-pot strategy coupling 2-methylidenebutanedioic acid and methyleneacetic acid 
(synthetic) with naturally occurring gum acacia (GA), resulting in a material that exhibits self-healing, pH- 
responsive swelling, and moist adhesion properties. Importantly, GAFluoroCoP hydrogel displays intrinsic blue 
fluorescence with selective turn-off sensing of Sm(III) at ultra-trace concentrations (limit of detection = 37.5 
pM), while simultaneously showing high adsorption capacity (127 mg g− 1), rapid uptake kinetics, and efficient 
desorption over five cycles, thereby demonstrating its reusability. Furthermore, the Sm-loaded GAFluoroCoP 
(SmGAFluoroCoP) exhibits semiconducting behavior (Egap = 1.44 eV), electrochemical stability up to 500 
bending cycles, and oxidative stress-mediated cytotoxicity, indicating potential electronic and biomedical ap
plications. Collectively, this work establishes a closed-loop strategy for Sm management by integrating 
biopolymer-enabled fluorescence sensing, adsorption-enrichment, and sustainable recovery, thereby advancing 
environmentally compatible rare earth element recycling technologies.

1. Introduction

The growing dependence on rare earth elements (REEs) reflects their 
pivotal role in modern technologies, owing to their exceptional mag
netic, luminescent, and mechanical properties [1]. These elements are 
fundamental to innovations in clean energy, electronics, and defense 
sectors, powering devices such as electric vehicles, wind turbines, high- 
performance batteries, lasers, and superconductors [1]. However, REEs 
occur in low natural concentrations and are unevenly distributed, with 
mining and extraction often limited to a few countries, most notably 
China, which currently controls the majority of the global supply [2,3]. 
This geographical imbalance, combined with the complex processing 
required to isolate REEs, has led to serious concerns about long-term 
availability. The situation is particularly pressing for critical REEs, like 
samarium (Sm), Dysprosium (Dy), and neodymium (Nd), whose demand 

increasingly exceeds supply [4,5].
Among these, samarium (Sm) holds particular importance due to its 

role in high-strength SmCo magnets, which are valued for their excellent 
thermal stability and resistance to demagnetization [6]. These magnets 
are essential in miniaturized electronics, aerospace, and green energy 
applications. Additionally, samarium holds nuclear relevance in the 
nuclear industry due to its stable 2+ and 3+ oxidation states, and its 
isotope Sm149, which acts as a potent neutron absorber in control rods, 
thereby enhancing the safety of nuclear reactors [7]. Other uses include 
optical filter glass for lasers [8,9] microwave coatings [10] and capac
itors [11]. Moreover, the Sm153 isotope has shown promise in cancer 
treatment due to its localized radiation delivery [12,13]. Recognizing its 
strategic value, the European Commission identified Sm(III) as a critical 
raw material for electronics and nuclear applications in 2010 [14]. 
Likewise, the U.S. Department of Energy classified Sm as a vital element 
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for defense, energy, and electronics sectors [15]. India has also priori
tized Sm(III) under the Critical Minerals Mission, highlighting its role in 
clean energy, defense, and nuclear technologies [16]. As Sm is an 
important component in many electronic gadgets, end-of-life electronic 
articles represent a reliable source of Sm [17]. In fact, global e-waste 
generation currently reaches 50 million tons annually and is projected to 
rise to 74 million tons by 2030, representing a significant and valuable 
source of critical materials [18,19].

Industrial processes contribute to the release of samarium into the 
environment, where it bioaccumulates and disrupts the ecological bal
ance, particularly in aquatic ecosystems [20,21]. Rare earth wastewater 
typically contains less than 50 ppm of REEs [22]. The extraction of one 
ton of ionic REE generates 150 to 250 m3 of residual water, leading to 
resource depletion and the release of heavy metals, which severely 
impact ecosystems and biodiversity [23]. Studies have shown that 
administering Sm(III) at concentrations up to 500 μg/L for 8 days can 
cause bioaccumulation, oxidative stress, mitochondrial dysfunction, and 
lipidome alterations in marine mussels, highlighting potential environ
mental risks [24]. However, the biological function and toxicity of 
samarium remain less understood. In trout hepatocytes, Sm(III) exhibits 
significant toxicity by increasing metallothionein levels, indicating its 
role in oxidative stress [25]. In a recent study conducted on mice, 
exposure to 2000 mg L− 1 of samarium resulted in a statistically signif
icant increase in the apoptotic rate of testis cells, highlighting potential 
adverse effects on reproductive health at higher concentrations [26]. 
Soluble samarium salts are considered mildly toxic upon ingestion and 
may cause skin and eye irritation [27]. To date, no safety threshold 
value for samarium exposure in humans has been established. Depend
ing on the compound, reported LD₅₀ values for samarium range from 
106 mg/kg to 343 mg/kg in animal studies [20]. In humans, exposure to 
samarium through inhalation or dermal contact can irritate the skin, 
eyes, and respiratory tract, emphasizing the need for stringent safety 
measures during handling and disposal [21,27]. These findings under
score the critical need for improved recovery, recycling and methods to 
minimize Sm(III) contamination and mitigate its associated health and 
environmental risks. However, prior to recovery, detection of trace 
levels of REEs, specifically Sm(III) in tailwater is equally critical.

Currently, Sm(III) detection relies on expensive and time-consuming 
techniques, such as atomic absorption spectrometry, inductively 
coupled plasma atomic emission spectroscopy, ion-selective electrode 
sensing [28], chromatography [29], optical sensing [30], and electro
chemistry [31]. In contrast, fluorescence-based turn-off sensing of cat
ions offers rapid, selective, and sensitive detection [32]. Jianjun et al. 
used fluorescence-based detection for Dy(III) using inorganic com
plexes, however the sensing material is sacrificial in the process [33]. 
Nevertheless, no current technology enables simultaneous detection of 
Sm(III) at ultra-low concentrations in tail water coupled with efficient 
recovery and reuse. To the best of our knowledge, no efficient, rapid, 
reusable, and highly selective sensor for Sm(III) detection and recovery 
has yet been reported.

Regarding the removal, common recovery methods include chemical 
precipitation [34], solvent extraction [35,36], biological processes [37], 
and adsorption [38–44]. Among these, adsorption is preferred due to its 
simplicity, cost-effectiveness, and reusability [45–48]. Natural adsor
bents are affordable but often inefficient [45,47], whereas synthetic 
ones, although they perform better, lack biocompatibility [48,49]. 
Hadjittofi et al. reported that Sm(III) adsorption onto activated biochar 
exhibits a high adsorption capacity via carboxyl complexation, but 
suffers from slow kinetics and diffusion limitations at low pH [50]. Rasee 
et al. demonstrated that ligand-functionalized mesoporous silica com
posites exhibit excellent Sm(III) adsorption efficiency (155.13 mg g− 1) 
and strong selectivity; however, the process requires precise pH control 
(~5.0) to prevent hydroxide formation [51]. Therefore, there is a 
growing need for low-cost, sustainable adsorbents that are mechanically 
stable, biocompatible, and capable of selective and rapid Sm(III) 
adsorption with facile recovery.

Recently, scalable, reusable hybrid composites/gels have gained 
attention for sensing and removing hazardous components, including 
heavy and rare earth metals, dyes, and polyaromatics [52–57]. Multi
functional hydrogels, as flexible 3D polymer networks, are gaining sig
nificant attention for metal ion sensing [58,59] and removal, with 
swelling behavior governed by temperature, pH, and synthesis condi
tions [60,61]. Zhang et al. developed a ZIF-8@ALG composite hydrogel 
with enhanced mechanical stability and selectivity towards heavy REEs; 
however, strong complexation resulted in lower desorption efficiency 
[62]. Salem et al. prepared a PVA/PVP/PAAm terpolymer hydrogel via 
gamma irradiation, achieving improved mechanical strength, but high 
acrylamide content reduced gelation, and post-adsorption utilization 
was not addressed [63]. Wang et al. reported bifunctional alginate-based 
materials for simultaneous adsorption and sensing of Tb3+ and Eu3+; 
however, mechanical properties were not evaluated, reusability was 
limited, and the adsorbent was discarded post-use [64].

Comprehensive studies on the mechanical properties of adsorbents 
remain largely unexplored, despite their critical importance for indus
trial applications. Fan et al. reported a CKNH-0.2 hydrogel with 
enhanced tensile strength and flexibility (strain >300%) achieved by 
incorporating kaolinite nanosheets; however, mechanical performance 
was highly sensitive to filler content, and compressive strength and long- 
term durability were not investigated [65]. Achieving an optimal bal
ance between mechanical robustness and high adsorption capacity re
mains a significant challenge [66–68]. Moreover, detection and 
recovery of Sm(III) are generally reported separately, with minimal 
focus on simultaneous sensing and removal using a single material 
[69,70]. To the best of the authors' knowledge, no report currently exists 
on multifunctional hydrogels that integrate selective sensing and re
covery of Sm(III), along with post-adsorption applications such as 
semiconducting behavior and tumor therapy.

Herein, we demonstrate the fabrication of an interpenetrating 
network hydrogel for selective Sm(III) sensing and recovery, along with 
its post-adsorption applications as a semiconducting material and in 
tumor therapy. We hypothesize that grafting naturally occurring gum 
acacia (GA) onto a synthetic polymeric backbone formed by polymer
izing 2-methylidenebutanedioic acid (MDBDOA) and methyleneacetic 
acid (MEAA) yields a structurally robust, multifunctional hydrogel with 
intrinsic fluorescence. This design enables selective Sm(III) sensing, 
efficient adsorption–desorption, and post-recovery functionalities. The 
engineered hydrogel overcomes the poor mechanical strength and slow 
responsiveness of natural polysaccharide-based hydrogels while retain
ing GA biocompatibility.

The developed GAFluoroCoP exhibits intrinsic blue fluorescence that 
is significantly quenched by Sm(III), enabling selective sensing even in 
the presence of other REEs, with a limit of detection of 37.5 pM. The 
hydrogel also demonstrates rapid Sm(III) adsorption from unary, binary, 
and ternary mixtures, with a high adsorption capacity of 127 mg g− 1 and 
efficient desorption over five cycles, confirming reusability. The high 
density of –COOH groups imparts pH-responsive behavior that facili
tates both adsorption and desorption from industrial wastewater. 
Furthermore, Sm(III) uptake within the hydrogel microstructure im
proves its electrical behavior and triggers ROS-mediated cytotoxic ef
fects, highlighting potential semiconducting and biomedical 
applications. Additionally, the oxidative stress–dependent toxicity of 
SmGAFluoroCoP is evaluated, and its anti-tumorigenesis potential is 
explored using MDCK cell lines. Overall, this study reports a one-pot 
synthesis of an intrinsically fluorescent hydrogel capable of selectively 
sensing Sm(III) down to picomolar levels and efficiently capturing it 
over multiple cycles. Furthermore, the semiconducting and anti- 
tumorigenesis properties of the post-adsorptive SmGAFluoroCoP 
hydrogel are demonstrated.
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2. Materials and methods

2.1. Materials

The following chemicals were obtained from Sigma-Aldrich (high 
purity) and employed directly without additional purification: MEAA, 
MDBDOA, N,N′-methylenebisacrylamide (NNMBA), potassium persul
fate (K₂S₂O₈), sodium bisulfite (NaHSO₃), dimethyl sulfoxide (DMSO), 
methanol (CH₃OH), and GA (molecular weight (MW) ~850 kDa). Metal 
salts, such as samarium(III) nitrate hexahydrate [Sm(NO₃)₃⋅6H₂O, 
≥99.9%], praseodymium(III) nitrate hexahydrate [Pr(NO₃)₃⋅6H₂O, 
99.9%], neodymium(III) nitrate hexahydrate [Nd(NO₃)₃⋅6H₂O, 99.9%], 
cerium(III) nitrate hexahydrate [Ce(NO₃)₃⋅6H₂O, ≥99.99%], europium 
(III) nitrate hydrate [Eu(NO₃)₃⋅5H₂O, ≥99%], gadolinium(III) nitrate 
hexahydrate [Gd(NO₃)₃⋅6H₂O, 99.9%], dysprosium(III) nitrate hydrate 
[Dy(NO₃)₃⋅xH₂O, 99.9%], and ytterbium(III) nitrate pentahydrate [Yb 
(NO₃)₃⋅5H₂O, 99.9%] were procured from Merck. Dimethyl sulfoxide-d6 
(DMSO‑d6), hydrogen peroxide solution (30% w/w in H₂O2), 2,2- 
diphenyl-1-picrylhydrazyl (DPPH), and titanium(IV) oxysulfate 
(TiOSO₄) were procured from Sigma-Aldrich. Dulbecco's Modified Eagle 
Medium (DMEM), trypsin-EDTA, fetal bovine serum (FBS), and 
penicillin-streptomycin solution were supplied by Gibco (Thermo Fisher 
Scientific, USA). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte
trazolium bromide) and MOWIOL were obtained from Merck.

2.2. Optimization and synthesis of GAFluoroCoP

GAFluoroCoP was prepared via free-radical solution polymerization, 
employing conditions optimized for both composition and temperature. 
The optimization process involved analyzing the equilibrium swelling 
ratio (ESR) of hydrogels synthesized using a response surface method
ology (RSM) framework, which enabled evaluation of the combined 
influence of multiple parameters on ESR while reducing the overall 
number of experimental trials [66]. Since there were a total of six pa
rameters that could be varied during GAFluoroCoP synthesis, a two- 
stage RSM design, consisting of Stage-I (Resolution-IV) and Stage-II 
Face-Centered Central Composite Design (FCCCD), was employed. In 
Stage-I, out of six parameters, such as molar ratio of MDBDOA:MEAA 
(A), temperature (B, ◦C), amounts of NNMBA (C, mg/mL), initiators (D, 
mg/mL), monomers (E, mg/mL), and GA (F, mg/mL)- three parameters 
possessing the maximum effect on ESR were identified. In the next stage, 
those three parameters were optimized by FCCCD by synthesizing 
thirteen hydrogels through software-generated compositions. The stress- 
strain analyses of these hydrogels were also performed to optimize 
mechanical stability of these hydrogels.

Under optimized conditions, MDBDOA (3.55 g) was neutralized to 
pH 5.5 using saturated aqueous NaOH, after which MEAA (1.45 g) and 
NNMBAm (0.5 g) were sequentially introduced. The reaction mixture 
volume was adjusted to 18 mL with deionized water and homogenized 
for 60 min. An aliquot of 800 μL was then withdrawn, and dried GA (1 
mg incorporated into this portion, followed by ultrasonication for 10 
min at room temperature to ensure uniform dispersion. Polymerization 
was subsequently triggered by introducing the initiator solution con
taining K2S2O8 and NaHSO3 (0.08 g each, dissolved in 200 μL deionized 
water). Gelation occurred rapidly at ambient conditions, requiring an 
inert N2 atmosphere. The resulting GAFluoroCoP was collected and 
purified by washing with a water/methanol mixture (1:3, v/v). Lyoph
ilization of GAFluoroCoP was done to ensure complete drying. Finally, 
the dried GAFluoroCoP was crushed into a fine powder using a mortar 
and pestle for further utilization.

2.3. Structural elucidation

Structural elucidation of monomers, GA, NNMBA, GAFluoroCoP, and 
SmGAFluoroCoP was carried out by using proton nuclear magnetic 
resonance (1H NMR) spectroscopy (Ascend NMR-500 MHz, Bruker) after 

dissolving/dispersing in DMSO‑d6 solvent. For FT-IR measurements, 
dried samples were analyzed using a PerkinElmer spectrometer equip
ped with an attenuated total reflectance (ATR) accessory, and spectra 
were recorded in the 400–4000 cm− 1 range. The thermal behavior of 
dried GA, CoP and GAFluoroCoP was evaluated using thermogravi
metric analysis (TGA) with a Netzsch Jupiter STA 449 F3 instrument, 
over the temperature range of 35–600 ◦C under a nitrogen atmosphere at 
a heating rate of 10 ◦C/min. The interaction and binding states of Sm(III) 
with GAFluoroCoP were further examined through X-ray photoelectron 
spectroscopy (XPS) using a K-Alpha+ system (Thermo Fisher Scientific, 
Waltham, MA, USA). The penetration of Sm(III) within the bulk of 
GAFluoroCoP was examined through XPS depth profile studies of 
SmGAFluoroCoP. The morphology of lyophilized CoP and GAFluoroCoP 
was examined using field emission scanning electron microscopy 
(FESEM, JEOL JSM 7600F, Japan), after coating the samples with a thin 
layer of platinum. Pore size distribution was analyzed using ImageJ 
software. For transmission electron microscopy (TEM), ultrathin film 
sections (<100 nm) were prepared by ultramicrotomy (Leica Ultracut 
EM FC6), mounted on copper grids, and imaged with a JEOL JEM 1400 
instrument. Structural analysis of GA, GAFluoroCoP, and SmGA
FluoroCoP was carried out using X-ray diffraction (XRD), with scans 
recorded over a 2θ range of 5–90◦ at a rate of 5◦ min− 1. Bio-atomic force 
microscopy (Bio-AFM) with a Bruker Nano Wizard Sense was employed 
to obtain detailed insights into the surface morphology. Confocal laser 
scanning microscopy (Leica TCS SP8) was used to investigate the 
cellular internalization of the developed formulations across different 
cell lines.

2.3.1. Rheological, mechanical, and physiochemical assessment of 
GAFluoroCoP

Rheological features of CoP and GAFluoroCoP samples were 
measured using a rheometer (MCR 302, Anton Paar GmbH, Graz, 
Austria). The storage modulus (G′) and loss modulus (G″) were deter
mined through strain and frequency sweep experiments. Strain was 
varied at 37 ◦C while maintaining a fixed frequency of 50 rad/s, and 
frequency was varied in the range of 1–100 rad/s while keeping the 
strain constant at 10%. All measurements were performed using a 25 
mm parallel plate geometry with a 1 mm gap at 37 ◦C. Shear rate- 
dependent viscosity profiles of CoP and GAFluoroCoP were obtained 
across the shear rate range of 0.01–100 s− 1. The mechanical stability of 
the hydrogels was evaluated by tensile and compressive testing using a 
universal testing machine (Tinius Olsen, Norway). CoP and GAFluor
oCoP specimens of uniform shape were equilibrated in deionized water 
for 30 min prior to testing under a load capacity of 10 kgf. For tensile 
stress measurements, samples of standardized dimensions (width: 5 mm, 
thickness: 3 mm, gauge length: 5 mm) were analyzed. Young's modulus 
was determined from the slope of the initial linear region of the 
stress–strain curve, ultimate strength from the maximum stress at the 
fracture point (FP), and toughness from the area under the stress–strain 
curve. Compressive strength was measured using cylindrical samples of 
uniform dimensions (height: 10 mm, diameter: 15 mm).

Shape adaptability of GAFluoroCoP was qualitatively assessed by 
spreading the hydrogel on a finger and bending it, while stretchability 
was quantified by manually elongating the hydrogel from its initial 
length (Li, cm), which was gently pulled outward by hand until it broke 
(Lf, cm). The stretchability (%) was estimated by using Eq. 1. 

Stretchability (%) =
Lf − Li

Li
×100 (1) 

Similarly, GAFluoroCoP was subjected to twisting and rolling tests to 
evaluate its structural flexibility. Bending fatigue tests were also con
ducted to evaluate the mechanical durability of GAFluoroCoP. The 
hydrogel was subjected to 500 bending cycles at a 0–90◦ bending angle. 
Electrical performance was assessed by measuring the current–voltage 
(I–V) characteristics using a picoammeter across a voltage range of − 6 
V to +6 V. At last, the adhesive property of GAFluoroCoP towards 
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different substrates was examined.
Swelling ratio (SR, %) was evaluated by immersing dried specimens 

(50 mg each of IPN and GAFluoroCoP, initial weight Wi) in 20 mL of 
phosphate-buffered saline (PBS, pH 7.4 and 8.5). Samples were with
drawn at predefined intervals (0.5, 1, 2, 4, 6, 12, 24, 48, and 72 h), 
gently blotted with tissue paper to remove surface-adhered liquid, 
weighed (Wf), and returned to the swelling medium. The swelling ratio 
(SR, %) was then calculated using the following Eq. 2 [67]. 

SR (%) =
Wf − Wi

Wi
×100 (2) 

For determination of the equilibrium swelling ratio (ESR, %), 
hydrogel samples were immersed in deionized water (DW) until their 
weight stabilized, indicating attainment of equilibrium (We). The ESR 
was calculated using the following Eq. 3 [68]. 

ESR (%) =
We − Wi

Wi
×100 (3) 

Also, to determine the point of zero charge (pHPZC) of GAFluoroCoP, 
0.2 g of the solid hydrogel was added to 25 mL of buffer solutions with 
varying initial pH values (pHi ~1–10) and stirred continuously at 200 
rpm. After 72 h, the final pH (pHf) of each solution was recorded. The 
difference (ΔpH = pHf – pHi) was then plotted against pHi, and the 
pHPZC was identified as the pHi corresponding to zero ΔpH.

2.4. Sensing study of GAFluoroCoP

For spectroscopic characterization, GAFluoroCoP was dispersed in 
different solvents(DW, DMSO, and methanol), sonicated for uniform 
mixing, and centrifuged to separate the soluble fraction. The solubility 
was assessed by comparing the initial amount taken with the undis
solved residue obtained after centrifugation. The resulting clear super
natants were subjected to UV–Vis absorption spectroscopy to identify 
the maximum absorption wavelength (λmax). Fluorescence emission 
spectra were then recorded on a Horiba Fluorolog-3 modular spectro
fluorometer, using the respective λmax values as excitation wave
lengths. To further understand solvent effects, binary mixtures of DW, 
DMSO, and methanol containing GAFluoroCoP were prepared and their 
emission responses were compared. Additionally, fluorescence quench
ing studies were performed by incrementally adding SmGAFluoroCoP 
solution to GAFluoroCoP, followed by recording changes in emission 
intensity.

2.5. Adsorption study of hydrogel systems

Adsorption Methodology: Isothermal adsorption experiments were 
conducted by dipping 0.015 g of dry GAFluoroCoP within 50 mL Sm (III) 
solution in the range of 5–50 mg L− 1 at pHw = 7. Adsorption isotherm 
and kinetics data were determined by measuring unabsorbed Sm(III) 
concentrations (mg L− 1) at different time intervals by inductively 
coupled plasma mass spectrometry (ICP-MS). The equilibrium adsorp
tion capacity (AC), qmax, (mg g− 1), rate constants, and thermodynamic 
parameters were estimated by methods reported [69,70]. Briefly, the 
equilibrium adsorption data were analyzed by fitting them to different 
isotherm models, including Langmuir, Freundlich, BET, Sips, and Henry 
models. (Eq. 4–8). 

Langmuir : qe =
(qmax*KL*Ce)

(1 + KL*Ce)
(4) 

Freundlich Isotherm : qe = KFC

{
1
n

}

e (5) 

Linearized Langmuir :
1
qe

=

(
1

qmax*KL*Ce

)

+

(
1

qmax

)

(6) 

Sips Isotherm : qe =
(qmax (KS*Ce)

n
)

(1 + (KS*Ce)
n
)

(7) 

BET Isotherm : qe =
(qBET*K*Ce)

((1 − K*Ce)*(1 + (K − 1)*Ce ) )
(8) 

2.6. Post-Adsoptive study of hydrogel systems

2.6.1. Conductivity study of hydrogel systems
Electrical conductivity of SmGAFluoroCoP and GAFluoroCoP was 

evaluated using electrical impedance spectroscopy (EIS) with a three- 
electrode configuration on an electrochemical workstation (CHI660D, 
CH Instruments, Austin, TX, USA). Prior to measurement, hydrogel 
specimens were equilibrated in PBS (pH 7.4) for 30 min and then 
sandwiched between two indium tin oxide (ITO)-coated glass plates. The 
three-electrode system consisted of the hydrogel as the working elec
trode, a platinum wire as the counter electrode, and an Ag/AgCl elec
trode as the reference. Cyclic voltammetry (CV) was performed at scan 
rates of 10, 50, and 100 mV/s using the same setup, and the working 
potential of each hydrogel was determined from the CV plots. All ex
periments were conducted in triplicate to ensure reproducibility. The 
specific capacitance (Cp, in F g− 1) was derived from the cyclic voltam
metry (CV) data using the Eq. 9 [71,72]. 

CP =
A

2(V2 − V1)mk
(9) 

where A represents the area enclosed by the CV curve, V₂/V₁ are final/ 
initial potentials (V), m is the mass of the electroactive hydrogel (g), and 
k is the scan rate (V s− 1). The onset potentials of oxidation and reduction 
observed in the CV curves were used to estimate the highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital 
(LUMO) energy levels, from which the electronic bandgap of the 
hydrogels was calculated.

EIS was employed to measure the real (Z′, Ω) and imaginary (Z″, Ω) 
components of impedance, the total impedance magnitude (Zmag, Ω), the 
angular frequency (ω, Hz), and the phase angle (φ, dimensionless). 
These parameters were used to construct both Bode and Nyquist plots. 
By fitting the Nyquist plots, the solution resistance (Rs, Ω) was deter
mined. This resistance value was then used to compute the electrical 
conductivity (σ, S m− 1) where L denotes the thickness of the glass slide 
(m) and A is its surface area (m2) Eq. 10 [71]. 

(σ) = 1
RS

×
L
A

(10) 

2.6.2. In vitro radical generation tests
The H₂O₂-generating ability of the hydrogels was evaluated using a 

TiOSO₄-based assay. Briefly, a defined volume (0.3 mL, 2 mg/mL in 
deionized water) of GAFluoroCoP and SmGAFluoroCoP was enclosed 
within a dialysis membrane (MWCO: 12–14 kDa) and incubated at 37 ◦C 
in 5 mL of 1 mM H₂O₂ solution. At predetermined time points (6, 24, 48, 
and 72 h), 0.1 mL aliquots were withdrawn, mixed with 0.1 mL of 30 
mM TiOSO₄ solution, and the absorbance was measured at 405 nm using 
a microplate reader. The hydroxyl radical (•OH) generation was 
assessed using a TMB assay. A fixed volume (0.3 mL, 2 mg/mL in 
deionized water) of Sm(III), GAFluoroCoP, and SmGAFluoroCoP was 
placed in a dialysis membrane (MWCO: 12–14 kDa) and incubated at 
37 ◦C in 5 mL PBS. Aliquots (0.2 mL) were collected at 6, 24, 48, and 72 
h, followed by the addition of 0.2 mL 0.03% H₂O₂ solution, 0.2 mL 30 
mM FeSO₄, and 0.4 mL 1 mM TMB in DMSO, prepared in 0.5 M acetic 
acid buffer (pH 4.5). The mixture was incubated for 10 min, centrifuged 
at 13,200 rpm for 5 min, and the absorbance of the supernatant was 
recorded at 652 nm. The generation efficacy (%) of •OH was estimated 
by the following Eq. 11 [73]: 
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Generation (%) =

[

1 −

(
A1 − A2

A0

)]

×100 (11) 

Here, A0, A1, and A2 represent absorbance values of control (DW 
instead of sample), samples, and background (DW instead of H2O2), 
respectively.

EPR spectroscopy was performed to further confirm •OH generation. 
H₂O₂ (10 mM, 0.2 mL) was combined with FeSO₄ (30 mM, 0.2 mL) in 0.5 
M acetic acid buffer to produce •OH radicals. This solution (0.2 mL) was 
transferred into conical tubes containing GAFluoroCoP or SmGA
FluoroCoP, followed by the addition of 0.5 mL of 5,5-Dimethyl-1-pyrro
line-N-oxide (DMPO) solution (100 mM). The mixtures were incubated 
for 30 min at 37 ◦C, and the samples were analyzed using an EPR 
spectrometer (JES-X320, JEOL Ltd., Tokyo, Japan).

The cellular ROS-inducing ability of the hydrogels was examined in 
MDCK cells (ATCC CCL-34). Cells were seeded at 1 × 105 cells/well in a 
12-well plate and cultured for 24 h. H₂O₂ (10 mM, 0.1 mL) was added 
and incubated for 6 h. Hydrogel samples (0.05 mL) were placed in 

polymer membrane inserts (12-well SPL Insert Hanging Tubes, SPL Life 
Sciences) and incubated with the cells for 72 h. After incubation, the 
media was removed, cells were washed twice with PBS (pH 7.4), and 
stained with 10 μM DCFH-DA for 20 min at 37 ◦C. Cells were resus
pended in DPBS, and fluorescence imaging was performed using a Nikon 
Eclipse Ts2 microscope.

Cytotoxicity of GAFluoroCoP and SmGAFluoroCoP was evaluated 
using a live/dead viability assay. MDCK cells (1 × 105 cells/well) were 
cultured in a 12-well plate for 24 h, after that hydrogels (50 μL) were 
added via the polymer membrane insert system and incubated with cells 
for 72 h at 37 ◦C. Inserts were removed, cells were washed at least three 
times with DPBS (pH 7.4), and 1 mL of live/dead reagent (Thermo Fisher 
Scientific) was applied according to the manufacturer's instructions. 
After 30 min of incubation, dyes were removed, cells were washed, and 
fluorescence images were acquired using an inverted microscope (Nikon 
Eclipse Ts2), capturing calcein AM (green, live cells) and EthD-1 (red, 
dead cells).

Fig. 1. Synthesis, characterization, application, and post-adsorptive application prospects of GAFluoroCoP.
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2.7. Data analyses

Statistical analysis was carried out using ANOVA with post hoc test. 
Each experiment was repeated at least three times. Data are shown as the 
mean ± standard deviation (SD).

3. Results and discussion

3.1. Hydrogel framework design

Herein, the non-fluorescent monomers (MDBDOA and MEAA) were 
polymerized together in the presence of a non-fluorescent natural 
polysaccharide, GA, to obtain an intrinsically blue fluorescent hydrogel/ 
GAFluoroCoP (Fig. 1). The inclusion of GA not only introduced a fluo
rophore in Poly(MDBDOA-co-MEAA) (CoP), but also enhanced me
chanical stability, shape adaptability, adhesiveness, adsorption 
capacity, complexation ability with terpsoitive REEs, adsorption- 
desorption recycling capacity, and electrical conductivity.

3.2. Statistical optimization of the synthetic parameters

To achieve the optimal balance between physicochemical parame
ters of hydrogel, i.e, mechanical properties and hydrophilic receptors 
(such as –OH, –COOH and –COO− ), optimization of the synthesis pa
rameters is essential. This helps achieve the strong chelation with Sm 
(III), leading to its sensing and adsorption. The target of the as-reported 
GAFluoroCoP is to sense and adsorb Sm(III). According to the charac
terization data from FT-IR and XPS, the binding between GAFluoroCoP 
and Sm(III) was found to be predominantly chemical type involving the 
hydrophilic functionalities (–COOH/ –COO− ) of GAFluoroCoP. There
fore, from an application point-of-view, the maximum availability of 
these hydrophilic functionalities on GAFluoroCoP should be the basis for 
optimizing synthesis parameters. Since, swelling of a hydrogel typically 
depends on the population of hydrophilic functionalities embedded 
within it, quantification of hydrophilicity of a hydrogel via measuring its 
equilibrium swelling ratio (ESR) is logical. To achieve this, a two-stage 
Response Surface Methodology (RSM) optimization was adopted to find 
the perfect composition of synthesizing the highest-swelling hydrogel 
via performing the minimum number of experiments (Table S1). From 
Analysis of variance (ANOVA) data of first stage (Resolution-IV design) 
optimization, out of six major synthesis parameters studied, such as 
molar ratio of MDBDOA/MEAA (A, − ); temperature (B, ◦C); and 
amounts of N,N′-methylene bisacrylamide (NNMBA, C, wt%), initiators 
(D, wt%), monomers (E, wt%), and GA (F, mg/mL), only A, E, and F 
parameters were found to cross the Bonferroni limit of 4.12236 (Fig. S1A 
and Table S2). Hence these three parameters were considered as the 
most significant terms and accounted for stage-II optimization, i.e., face- 
centered central composite design (FCCCD) (Tables S3 and S4). From 
FCCCD analysis, the optimized 3D response surface plots are obtained 
and displayed in Fig. S1B. Optimization of the synthesis parameters 
could be obtained from these 3D plots. After analyzing ANOVA gener
ated using the ESR values of these new series of hydrogels as the input 
variables (Table S4), the optimum parameter values were found to be: 
2.33, 18.61 wt%, and 2.65 mg mL− 1 with a desirability of 0.955 
(Fig. S2).

We then evaluated the mechanical properties of all fifteen hydrogels 
synthesized according to Table S4. Interestingly, H-15, having the 
maximum ESR, also exhibited the highest ultimate stress value of 38.84 
± 1.45 kPa (Fig. S3). Therefore, independent of the output parameters of 
optimization (ESR or mechanical stress), H-15 was found to be the best 
hydrogel.

3.3. Structural characterization of CoP and GAFluoroCoP

Elucidation of structures, associated bonding interactions, and 
grafting of GA in GAFluoroCoP have been carried out via 1H NMR, FT- 

IR, XPS, EPR, TG, DTG, XRD, FE-SEM, HRTEM, and AFM analyses. 
From 1H NMR (Fig. 2A), the C–C Coupled formation of polymer back
bone could be inferred from the appearance of –CH2– and > CH– peaks 
within 0.81–1.46 ppm and the simultaneous obsolescence of H2C=CH– 
peaks of MDBDOA, MEAA, and NNMBA within 5.78–6.35, 5.88–6.35, 
and 5.69–6.17 ppm (Figs. S4-S6), respectively. The inclusion of NNMBA 
in GAFluoroCoP could be inferred from the characteristics –CONH– and 
–CONH–CH2–CONH– peaks within 8.12–8.46 and at 4.34 ppm, respec
tively. The 1H NMR spectrum of GA (Fig. S7) validated a branched 
heteropolysaccharide architecture comprising β-D-galactopyranosyl 
backbones, α-L-arabinofuranose, α-L-rhamnopyranose, uronic acids, and 
their methylated derivatives [74]. The inclusion of GA within 
GAFluoroCoP could be understood from the appearance of small yet 
distinct peaks within 3.21–5.41 ppm. The grafting of GA via formation 
of − CH2 − O − CH2− type ether moiety originating from the combi
nation of − CH2OH of α-L-Araf and H2C=CH– of CoP could be inferred 
from the notable shift of the characteristic − CH2OH peak of α-L-Araf 
from 3.76 ppm in GmAc to 3.83 ppm in GAFluoroCoP.

From the FT-IR spectrum of GA (Fig. 2B and Table S5), the broad 
peak centered at 3299 cm− 1 represented the extensive H-bonded O–H 
str. Occurring from the high population of hydrophilic –COOH func
tionalities. However, in CoP, comparatively sharper O–H str. Peak 
appeared at 3506 cm− 1, along with the appearance of a weak shoulder 
peak at 3236 cm− 1 (Fig. 2B). The first peak indicated the presence of H- 
bonded O–H str., whereas the second peak represented the non-H- 
bonded O–H str. Such observation indicated the presence of a lower 
extent of H-bonding in CoP due to the presence of hydrophobic polymer 
backbone. After grafting of GA in GAFluoroCoP, the H-bonding envi
ronment of CoP became broader (Fig. 2B), suggesting improvement of 
H-bonding attributed to the hydrophilic functionalities from GA. In 
GAFluoroCoP, the appearance of glycosidic bond-specific peak at 1037 
cm− 1 (this peak did not occur in CoP) indicated the incorporation of GA 
within the polymer matrix of GAFluoroCoP. The new appearance of 
peaks at 2945 and 1130 cm− 1 in GAFluoroCoP supported the formation 
of − CH2 − O − CH2− type ether moiety during grafting of GA within 
CoP moiety. Such − CH2 − O − CH2− type moiety formation has been 
previously observed from 1H NMR analysis.

Such − CH2 − O − CH2− linkage during GA-grafting could also be 
inferred from the deconvoluted C 1 s spectrum of GAFluoroCoP (Fig. 3A) 
at binding energy (BE) = 286.15 eV due to C–O (sp3). Besides, the 
deconvoluted C 1 s spectrum of GAFluoroCoP contained three more 
distinct peaks at 283.64, 284.65, and 285.37 eV because of C–C (sp3), 
>C=O (sp2), and –COO− (sp2), respectively. Therefore, from 1H NMR, 
FT-IR, and XPS analyses, GA has been found to be grafted within CoP 
moiety through − CH2 − O − CH2− type ether linkage.

To explore the thermal properties of the hydrogel specimens, TG 
analyses of GA, CoP, and GAFluoroCoP were studied (Figs. S8A and 3C). 
For GA, a three-stage degradation pathway could be observed, viz. (a) 
the initial phase (up to 150 ◦C) indicated moisture loss (~ 10.9%), (b) 
second phase (200–300 ◦C) demonstrated volatilization of smaller 
fragments (~ 6.03%), and (c) third decomposition phase (300–400 ◦C) 
clarified decomposition of the polysaccharide backbone (~53.77%) 
[74,75]. The thermogram of CoP contained three major decomposition 
stages, representing evaporation of physically and/or chemically 
bonded water molecules; anhydride formation and its decomposition; 
and finally the dissociation of the polymer backbone. Grafting of GA 
significantly improved the thermostability of all the stages, of which the 
delayed decomposition in the first stage was associated with the 
extensive H-bonding due to GA-grafting, and the second stage thermo
stability was due to the formation of covalent bonds during grafting. In 
the second stage of decomposition of CoP and GAFluoroCoP, the 
appearance of two distinct DTG peaks at 342/ 425 and 342/ 412 ◦C 
(Fig. 3D), respectively, justifies the co-occurrence of two phenomena, i. 
e., acid-to-anhydride formation and followed by anhydride decomposi
tion [74].

The Fig. 4A shows the FE-SEM images and morphological analysis of 
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fridge-dried GAFluoroCoP. The porous surface properties of GAFluor
oCoP could be observed from Fig. 4A. For GA, the XRD profile showed a 
broad hump at 2θ = 18.70 and a weaker feature near 42.30 (Fig. S8B), 
consistent with amorphous polysaccharides lacking long-range crystal
line order. This disordered arrangement contributes to GA's high solu
bility and functional versatility [74,75]. From XRD spectrum of 
GAFluoroCoP (Fig. S9), two medium intensity peaks were observed at 
2θ = 10.25 and 23.340 due to H-bonding based orderley arrangement of 
Miller indices and covalently bonded polymer matrix, respectively. 
Fig. 4B shows the HRTEM image of GAFluoroCoP. The distinct partic
ulate grains of nano-dimension is observed. AFM analysis (Fig. 4C) re
veals that the CoP exhibited spherical morphology with an average 
diameter of ~220 nm, as supported by the size distribution. In contrast, 
GAFluoroCoP showed increased particle size (Fig. 4D). The average 
particle diameter notably increased, as quantified in Fig. 4C and D. This 
size enhancement can be attributed to higher crosslinking density and 
molecular entanglement arising from the GA grafting, leading to more 
compact and aggregated structures [76–78].

3.4. Structural characterization of SmGAFluoroCoP and establishment of 
adsorption mechanism

Interaction of Sm(III) brought about significant changes in the mi
crostructures of GAFluoroCoP that help us to identify the interaction 
pattern of Sm(III) with GAFluoroCoP. From FT-IR (Fig. 2B), the H- 

bonding was found to be broadened after Sm(III)-adsorption because the 
adsorption was carried out at pH > pHPZC. Importantly, the shifting of 
>C=O str. of –COOH, >C=O asym. Str. of –COO− , and > C=O sym. Str. of 
–COO− from 1720, 1561, and 1414 cm− 1 of GAFluoroCoP to 1708, 
1540, and 1394 cm− 1 in SmGAFluoroCoP suggested the chemical 
interaction between Sm(III) and –COO− of GAFluoroCoP during sensing 
and adsorption. Moreover, the appearance of small yet distinct peaks 
within 418–613 cm− 1 in SmGAFluoroCoP supported the formation of 
Sm–O type bonding. Again, the insignificant alteration of glycosidic 
and grafting-associated –CH2–O–CH2– peak after Sm(III)-loading indi
cated the non-involvement of glycosidic and ether linkages in binding 
with Sm(III).

To further explore the type of chemical attachment involved during 
the adsorption of Sm(III) by –COO− of GAFluoroCoP, multi-nuclear XPS 
data has been analyzed. The distinct peak at BE of 1085 eV (Fig. 3A and 
Table S6) at the wide-angle survey scan of SmGAFluoroCoP confirmed 
the presence of Sm(III) in SmGAFluoroCoP. Furthermore, the shifting of 
O 1 s peaks of >C=O, –COO− , and –COOH from 531.08, 532.16, and 
535.25 eV of GAFluoroCoP to 531.95 (+0.87), 533.23 (+1.07), and 
536.02 (+0.77) eV in SmGAFluoroCoP inferred the occurrence of co
ordinate bonding between Sm(III) and –COO− / –COOH of GAFluor
oCoP. Such coordination could also be supported from the appearance of 
Sm 3d5/2 and Sm 3d3/2 peaks at BE = 1083.14 and 1110.74 eV, 
respectively, which are significantly lower than those of 1084.50 and 
1111.60 eV, respectively, from the pristine Sm(III)-compounds [79].

Fig. 2. Structural elucidation of GAFluoroCoP: (A) Synthetic sketch of GAFluoroCoP from reactants and optical image and 1H NMR spectrum of GAFluoroCoP. (B) 
FT-IR of GA, CoP, GAFluoroCoP, and SmGAFluoroCoP.
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Fig. 3. Structural elucidation of GAFluoroCoP: (A) XPS profiles (wide angle survey scans and narrow scan fitting) of GAFluoroCoP and SmGAFluoroCoP. (B) XPS 
depth profile studies of SmGAFluoroCoP. (C/D) TG/DTG analyses of CoP, GAFluoroCoP, and SmGAFluoroCoP.
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In SmGAFluoroCoP (Fig. 3C), the initial lower thermostability up to 
150 ◦C was associated with the poor H-bonding, because adsorption was 
carried out at pH > pHPZC, where most of the –COOH were converted to 
–COO− . However, the recovery of thermostability of SmGAFluoroCoP in 
the second stage could be linked with the formation of –COO− → Sm(III) 
coordinate bonds, which prevent the dissociation of acid moieties into 
the corresponding anhydrides. Finally, the availability of 37.19 wt% 
residue in SmGAFluoroCoP compared to 26.76 wt% residue of 
GAFluoroCoP inferred the presence of thermostable inorganic Sm(III) 
ions. In DTG of SmGAFluoroCoP (Fig. 3D), the anhydride decomposition 
peak could not be located, suggesting the inhibition of anhydride 
decomposition due to –COO− → Sm(III) coordinate bonds [79].

From FE-SEM image of fridge-dried SmGAFluoroCoP (Fig. 4A), the 
porous nature of GAFluoroCoP could not be visualized for SmGA
FluoroCoP. These observations might indicate the surface coverage of 
GAFluoroCoP by Sm(III). From the EDS diagram (Fig. S10), 66.5 atom% 
of Sm(III) coverage inferred the attachment of Sm(III) onto 

GAFluoroCoP.
To examine whether the population of Sm(III) was predominantly on 

the surface or penetrated deep into the pores of GAFluoroCoP, we 
studied XRD analyses of SmGAFluoroCoP. From Fig. S9, no Sm(III)- 
specific sharp peak could be observed in SmGAFluoroCoP and the 
peak at 2θ = 23.340 in GAFluoroCoP turned into a shoulder peak in 
SmGAFluoroCoP, indicating penetration of Sm(III) within the bulk of 
GAFluoroCoP.

To justify the occupation of Sm(III) onto the surface or within the 
bulk of GAFluoroCoP, XPS depth profile experiment of SmGAFluoroCoP 
were studied (Fig. 3B). The intensity of Sm 3d5/2 orbital was found to be 
zero at the etch time = 0 s, suggesting negligible population of Sm(III) 
onto the surface of GAFluoroCoP. However, the population of Sm(III) 
was found to increase with the increase in etch time, suggesting deeper 
penetration of Sm(III) within the bulk of GAFluoroCoP. Therefore, it 
could be inferred that most of the harvested Sm(III) penetrated within 
the bulk of GAFluoroCoP. Therefore, from the above discussions, it can 

Fig. 4. Microscopic studies of GAFluoroCoP and SmGAFluoroCoP: (A) FE-SEM images and the corresponding pore diameter values of GAFluoroCoP and SmGA
FluoroCoP (Scale bar: 100 μm). (B) TEM images of (a) GAFluoroCoP and (b-c) SmGAFluoroCoP at 10 and 100/500 nm scale bars, respectively. (C/D) AFM images of 
CoP (scale bar: 500 μm)/GAFluoroCoP (scale bar: 500 nm) and the corresponding size distribution histogram fitted with a Gaussian curve.
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be concluded that Sm(III) was adsorbed onto GAFluoroCoP through 
chemical attachment involving –COO− of GAFluoroCoP.

3.5. Physicochemical and rheological properties of CoP and 
GAFluoroCoP

To evaluate the gelation behavior of the synthesized GAFluoroCoP 
hydrogel, inversion tests and rheological analyses are performed 
(Fig. 5A). From the inversion test, the successful sol-to-gel transition 
could be achieved after simple mixing of monomers, crosslinker, and 
initiator solutions at room temperature, without applying any external 
temperature, pressure, and inert atmospheric conditions (i.e., N2). 
Notably, gelation was achieved across a wide temperature range 
(273–323 K), demonstrating the robustness and adaptability of this 
synthesis process under globally ambient conditions. The equilibrium 
swelling ratio (ESR) values remained consistent across this temperature 
range (Fig. S11), further validating the universal applicability of the 
synthesis method.

Rheological features of these hydrogel samples were measured with 
a rheometer (Figs. 5A and S12). From the frequency sweep measure
ments of CoP and GAFluoroCoP, the storage moduli (G′) were found to 
be higher than those of loss moduli (G″), which ensured the predominant 
gelation properties. However, for CoP, the higher G′ over G″ value was 
observed only up to 18% strain, whereas for GAFluoroCoP, the G′ > G″ 
was maintained up to 30% strain. These data showed that there was an 
increase in the structural robustness of GAFluoroCoP compared to CoP 
under increasing deformation. Similarly, from the frequency sweep, the 
G′ > G″ values were observed up to 3 and 100 rad/s for CoP and 
GAFluoroCoP, respectively. Additionally, the maximum G′ values of CoP 
and GAFluoroCoP were found to be 416 and 1488 kPa, respectively, at 
100 rad/s frequency, which clearly indicated the improvement in 
gelation strength of CoP after GA-grafting. Such strong improvement of 
rheological properties in GAFluoroCoP over CoP indicated the formation 
of strong chemical bonds between CoP matrix and GA during GA- 
grafting. From the viscosity sweep test, GAFluoroCoP was found to 
demonstrate the pronounced shear-thinning behavior, with viscosity 
continuously decreasing as the shear rate increased from 0.1 to 100 s− 1. 
This non-Newtonian response suggested that while the internal network 
resists flow under low shear, it progressively breaks down under higher 
shear conditions, facilitating easier deformation [80].

The structural flexibility of GAFluoroCoP was examined through 
rolling, twisting, stretching, bending, and shape adaptability experi
ments. In the moist state, GAFluoroCoP exhibited excellent results in 
these experiments (Fig. 5B) that confirmed the flexibility of the 
GAFluoroCoP matrix. Moreover, during the stretchability experiment, 
the degree of stretching of GAFluoroCoP appeared to be 0.8, which again 
confirmed its superior structural flexibility. In this context, it is impor
tant to mention that CoP did not respond to any of the above-mentioned 
experiments, confirming the mechanical fragility of its structure.

Another important property of GAFluoroCoP is its self-healing abil
ity. According to Fig. 5B, the two pieces of GAFluoroCoP could be joined 
after placing the freshly cut fragments close to each other. We investi
gated the rheology of self-healing by measuring G′ values of GAFluor
oCoP at different strains. The rapid attainment of the maximum G′ value 
after increasing the strain from 1% to 100% signified the superior self- 
healing property. Such self-healing property is essential because it 
helps in maintaining the structure of GAFluoroCoP during continuous 
flow of wastewater even at high velocity.

Mechanical stability ensures the structural robustness of hydrogels 
suitable for delivering high-performance for a longer time and also en
ables recycling uses for multiple cycles. The tensile and compressive 
stress values of CoP and GAFluoroCoP were measured to assess their 
mechanical properties (Fig. 5C). The tensile stress vs. strain curves for all 
samples displayed three distinct regions: an initial elastic zone extending 
up to the yield point (YP), followed by a characteristic J-shaped strain- 
stiffening region, where the slope increased with strain up to the 

breaking stress (BS), and finally, a post-BS region where the slope 
decreased until the fracture point (FP), leading to complete failure of the 
hydrogel network [81]. The ultimate tensile strength of CoP and 
GAFluoroCoP are found to be 65 ± 4 kPa and 93 ± 4 MPa, respectively, 
which are significantly higher than those reported for acrylic-based 
copolymers [81,82]. Again, from the compressibility stress plot, the 
attainment of the higher compressibility (1.12 MPa) at higher strain 
(65%) for GAFluoroCoP compared to lower compressibility (0.92 MPa) 
at lower strain (48%) of CoP inferred the structural toughness attained 
by GA-grafting within CoP. Toughness and Young's moduli of CoP and 
GAFluoroCoP were also calculated from tensile stress vs. strain curves. 
GAFluoroCoP possessed higher toughness and Young's modulus 
compared to CoP.

We then investigated the adhesiveness of GAFluoroCoP with 
different materials, such as glass, steel, and polystyrene, in both dry and 
moist states. From Fig. 5D, the excellent attachment of moist GAFluor
oCoP with all these materials confirmed its strong adhesion in the moist 
state. However, dry GAFluoroCoP did not attach to any of the above- 
mentioned substances, which indicated the involvement of water mol
ecules in creating the adhesive force to GAFluoroCoP. Such strong 
adhesion in the hydrated state is very helpful in installing GAFluoroCoP 
at different portions of the pipelines carrying industrial wastewater 
(Fig. S13).

Next, we studied the swelling-deswelling behavior of GAFluoroCoP 
at different pH. From Figs. S14 and S15, the swelling ratios (SRs) of both 
CoP and GAFluoroCoP were found to increase significantly from pH ~ 2 
to 7, followed by an insignificant increase beyond pH ~8. The probable 
reason behind the increase in SR with increasing pH could be the higher 
population of –COO− , compared to –COOH at the higher pH solutions. 
The pHPZC of CoP and GAFluoroCoP are 5.09 and 5.22, respectively 
(Fig. S16). Therefore, at pH higher than those of 5.06 and 5.18, the 
surfaces of CoP and GAFluoroCoP are predominantly anionic, i.e., 
–COO− . These –COO− groups repel each other to create voids, where 
water molecules can be entrapped. However, –COOH groups tend to pull 
the polymer chains close to each other via H-bonding. Therefore, 
deprotonation of –COOH to –COO− was responsible for the higher SR 
[83]. However, at very high pH, the presence of excess amounts of 
counter ions made swelling less [83]. Therefore, the optimum pH was 
found to be ~7. Fig. 5E shows the optical images of swelled/deswelled 
GAFluoroCoP at different pH. Moreover, the significantly higher SR and 
ESR values of GAFluoroCoP compared to CoP could be ascribed to the 
hydrophilic functionalities provided by GA. Herein, swelling represents 
attractive forces within Hδ+ of H2O and –COO− of CoP/GAFluoroCoP. 
Therefore, higher swelling is expected to replicate the attraction be
tween Mn+ and –COO− of CoP/GAFluoroCoP, and hence, GAFluoroCoP 
with higher swelling should possess a higher adsorption capacity (AC) 
towards cations compared to CoP.

The kinetics of polymerization was monitored by observing the in
crease in particle size through live microscopic imaging. After initiating 
the polymerization reaction, the increase in particle size could be 
observed up to 50 s (Fig. 5F), and after that, the particle size became 
almost constant. This observation suggested the attainment of poly
merization in ~50 s. Such rapid polymerization is beneficial for com
mercial uses. Moreover, the maximum particle size was found to be 480 
± 25 nm, which confirmed the nano-dimension of GAFluoroCoP.

3.6. Fluorescence studies of GAFluoroCoP

The fluorescence activities of ingredients, i.e., MDBDOA, MEAA, 
NNMBA, and GA; CoP; and GAFluoroCoP were investigated to obtain 
information about the probable origin of the fluorophore. From Fig. 6A, 
monomers, NNMBA, and CoP were observed to be non-fluorescent, 
whereas GAFluoroCoP exhibited brilliant blue fluorescence in both 
solid and solution phases. Since GAFluoroCoP possessed the optimum 
balance between hydrophilicity and hydrophobicity, we checked its 
fluorescence activity in three solvents of different polarities, i.e., DW, 
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Fig. 5. Physicochemical properties of hydrogel systems: (A) Inversion test and rheological analyses of GAFluoroCoP. (B) Demonstration of structural integrity, shape 
adaptability, and injectability of GAFluoroCoP. (C) Mechanical properties of CoP and GAFluoroCoP. (D) Adhesion property of GAFluoroCoP with respect to different 
substrates. (E) Swelling and deswelling images of GAFluoroCoP. (F) Live gelation microscopic study of GAFluoroCoP at different time intervals. Data are presented as 
mean ± SD (n = 3). Statistical significance was determined using one-way ANOVA followed by Tukey's post hoc test. *p < 0.05 between indicated groups.
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Fig. 6. Fluorescence studies: (A) Optical fluorescence images of CoP (#1), GAFluoroCoP in solution phase (#2), GAFluoroCoP in solid state (#3), blank vial (control/ 
#4), MEAA (#5), MDBDOA (#6), control (#7), CoP in CH3OH (#8), GAFluoroCoP in CH3OH (#9), CoP in DMSO (#10) and GAFluoroCoP in DMSO (#11). (B) 
UV–vis spectra GAFluoroCoP in CHCl₃, DMSO, and DW. (C) Fluorescence emission spectra of GAFluoroCoP in CHCl₃, DMSO, and DW (Insets show the corresponding 
CIE chromaticity plots). (D) Turn-off sensing of GAFluoroCoP with the increased addition of Sm(III), I/I₀ plots of GAFluoroCoP in presence of various rare earth 
element's binary mixtures, and limit of detection (LOD) plot. (E) Fluorescence quenching (turn-off sensing) behavior of GAFluoroCoP upon interaction with binary 
metal ions, along with I/I₀ plots illustrating its response.
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CH3OH, and DMSO. GAFluoroCoP was found to be blue fluorescent even 
in CH3OH and DMSO solutions (Fig. 6A), suggesting the polarity- 
independent fluorescence of GAFluoroCoP. Therefore, we refer to the 
fluorescence of GAFluoroCoP as an intrinsic property. However, to 
obtain excitation wavelengths of GAFluoroCop in these three solvents, 
first we studied the UV–vis spectra of GAFluoroCop after dissolving it 
into DW, CH3OH, and DMSO. From Fig. 6B, the λmax values were found 
to be 219, 266, and 271 nm for CH3OH, DMSO, and DW, respectively. 
Such bathochromic shift of λmax values with the increase in solvent po
larity has been reported in the literature [84]. Therefore, the fluores
cence emission experiments were carried out by considering excitation 
wavelengths at 219, 266, and 271 nm for CH3OH, DMSO, and DW, 
respectively. The emission plots of GAFluoroCoP in different solvents 
are presented in Fig. 6C, in which the maxima values appear at 297/329, 
315, and 410/435 nm in CH3OH, DMSO, and DW, respectively. The type 
of color generated from such emission maxima could be predicted from 
CIE 1931 plots. Herein, all three CIE 1931 plots (insets of Fig. 6C) predict 
the occurrence of blue coloration. The maximum intensity of fluores
cence emission in DW may be ascribed to the better solubility of 
GAFluoroCoP in DW. Therefore, all other fluorescence data were 
collected in DW medium. Notably, grafting of the non-fluorescent GA 
within the matrix of non-fluorescent CoP generated the intrinsic clue 
fluorescence in GAFluoroCoP, suggesting the probable extended elec
tronic transfer within the H-bonding-driven fluorescence emission in 
GAFluoroCoP matrix [85,86].

To gain a deeper insight into the fluorescence mechanism, both the 
ground state (GS) and excited state (ES) electronic structures were 
subsequently examined using ORCA with the Becke, 3-parameter, Lee- 
Yang-Parr (B3LYP) exchange–correlation functional and the def2-split 
valence polarization (SVP) basis set (Fig. S17). The frontier molecular 
orbitals in the ground state revealed a clear spatial separation between 
Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied 
Molecular Orbital (LUMO), with negligible overlap, indicating a charge 
transfer-driven process. The ES orbital optimization further yielded the 
energies of five low-lying states, viz. S₁, S₂, S₃, S₄, and S₅, at 0.681, 0.751, 
0.785, 1.078, and 1.158 eV, respectively. The particularly low energy of 
S₁ aligned with the GS orbital distribution and reinforced the charge 
transfer character of the excitation. Therefore, the GS and ES analyses 
indicated the primary occurrance of charge transfer mechanism as the 
basis of fluorescence in GAFluoroCoP.

3.7. GAFluoroCoP as a fluorescent probe for selective Sm(III) sensing

The UV–Vis images of Sm(III) solutions prepared in deionized water 
(DW), methanol (CH₃OH), and dimethyl sulfoxide (DMSO) confirmed 
that Sm(III) is non-fluorescent, demonstrating the absence of intrinsic 
fluorescence in these solvents (Fig. S18). We then investigated the ef
fects of adding metal ion solutions on the fluorescence intensity of 
GAFluoroCoP (Fig. 6D). With the continuous addition of Sm(III) solu
tion, the fluorescence intensity of GAFluoroCoP decreased gradually, 
suggesting the possible alteration in the transition orbitals of GAFluor
oCoP due to complexing with Sm(III)-ions. The possible coordinate 
bonding-based complexation of Sm(III) with GAFluoroCoP via forma
tion of –COO− → Sm(III) has already been established earlier from FT-IR 
and XPS analyses. Importantly, upon addition of other solutions of 
REMs, i.e., Y(III), Gd(III), dy(III), Eu(III), and Yb(III), no such quenching 
of fluorescence intensity could be observed. Despite having no intrinsic 
fluorescence property, Sm(III) could quench the overall fluorescence of 
GAFluoroCoP, indicating the quenching mechanism was not merely due 
to on Sm(III)-deposition on GAFluoroCoP, the strong chemical interac
tion of GAFluoroCoP with Sm(III) was the reason behind the fluores
cence quenching. We then calculated the relative fluorescence intensity 
(I/I₀) values by dividing the fluorescence intensities of 0.1 mM REE- 
GAFluoroCoP solutions by the fluorescence intensity of 0.1 mM 
GAFluoroCoP solution (designated as control). The I/I0 plot of all the 
REEs (added as unary method) has been depicted in Fig. 6D. The 

unusually low I/I0 of SmGAFluoroCoP compared to the other REE- 
adsorbed GAFluoroCoP inferred the selectivity of GAFluoroCoP to
wards sensing Sm(III). The inset photograph of Fig. 6D depicted the 
visual observation of fluorescence quenching of GAFluoroCoP after the 
addition of Sm(III) solution. We then calculated the LOD value of Sm(III) 
detection, and it was 37.5 picoM (Fig. 6D). We then evaluated the Time- 
Correlated Single Photon Counting (TCSPC) experiments of GAFluor
oCoP and SmGAFluoroCoP to infer the fluorescence quenching. The 
significant decrease in the < t > value from 1.2397 ns of GAFluoroCoP to 
0.2719 ns in SmGAFluoroCoP (Fig. S19) indicated the quenching of the 
intrinsic blue fluorescence of GAFluoroCoP after sm(III)-addition.

The selective sensing of Sm(III) by GAFluoroCoP was also tested in 
the presence of one and two REMs, designated herein as binary and 
ternary fluorescence experiments, respectively (Fig. 6E and Table S7). 
These data clearly indicated the quenching of fluorescence intensity of 
GAFluoroCoP in the presence of only Sm(III). Overall, GAFluoroCoP can 
sense Sm(III) individually or in-presence of one or two other metal ions.

We then utilized EDTA-based complexation experiments to confirm 
the complexation of Sm(III) with GAFluoroCoP as the basis of fluores
cence quenching (Fig. S20). EDTA solution does not contain any fluo
rescence properties at 412 and 435 nm, which is the λemission of 
GAFluoroCoP in DMSO. The GAFluoroCoP-EDTA mixture therefore, 
didn't exhibit any quenching towards the normal fluorescence of 
GAFluoroCoP. However, no fluorescence quenching in SmGAFluoroCoP 
was observed in-presence of EDTA solution. Since EDTA is a stronger 
chelating ligand compared to GAFluoroCoP, Sm(III) preferentially binds 
with EDTA rather than GAFluoroCoP, resulting in the maintenance of 
the normal fluorescence behavior of GAFluoroCoP. This phenomenon 
can be described as a truth table of NOT and NAND gates with respect to 
EDTA and Sm(III), respectively (Table S8). Therefore, the complexation 
reaction between Sm(III) and GAFluoroCoP can be justified as the pri
mary mechanism of fluorescence-quenching.

3.8. Adsorptive recovery of high valued Sm (III)

Adsorption is a surface phenomenon and is also guided by a number 
of factors, of which pH, adsorbent dose, temperature, and initial con
centration of adsorbate are the major constraints. Therefore, to achieve 
the maximum adsorption capacity (qmax, mg g− 1), the above-mentioned 
parameters should be optimized. Herein, the effect of pH and adsorbent 
(i.e., GAFluoroCoP) dose was optimized by carrying out Sm(III)- 
adsorption experiments at 298 K and 50 ppm initial concentration of 
Sm(III). For pH optimization, adsorption experiments were conducted at 
variable pH from 2 to 8 by keeping the dose constant at 0.015 g 
(Fig. 7A), whereas for dose optimization, Sm(III)-adsorption experi
ments were carried out by using 0.01–0.02 g GAFluoroCoP at pH = 7 
(Fig. 7B). Sm(III) starts precipitating out from as hydroxides in alkaline 
pH and therefore, we could not analyze the adsorption potential of 
GAFluoroCoP at pH beyond 8. From Fig. 7A, the qmax value was found to 
increase significantly with the increase in pH from 2 to 7, whereas some 
insignificant increase in qmax value could be observed at pH = 8. Ac
cording to FT-IR and XPS, Sm(III) is mostly attached with GAFluoroCoP 
via ionic and/or coordinate bonding; anionic functionalities on 
GAFluoroCoP should be essential for successful adsorption. Since the 
pHPZC of GAFluoroCoP was found to be 5.32, the surface of GAFluor
oCoP started to become negative at pH > 5.32. Therefore, the qmax value 
increased with the increase in pH. However, due to the over-population 
of OH– ions, Sm(III) has the tendency to precipitate out as Sm(OH)3 and 
thus no significant improvement in qmax value could be observed from 
pH = 7 to 8. Therefore, the pH could be optimized at pH = 7. For dose 
optimization, two opposing situations should be considered, viz. AC and 
%adsorption. AC decreases with the increase in dose, whereas % 
adsorption increases with the increase in dose. From Fig. 7B, the best 
balance between AC and %adsorption was found to be at 0.015 g. 
Therefore, the dose was optimized to be 0.015 g.

Isothermal adsorption experiments were carried out at four different 
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temperatures within 278–308 K to rationalize the ambient temperatures 
of most of the parts of the World. The equilibrium adsorption data were 
fitted to various isotherm models, such as Langmuir, Freundlich, Sips, 
Harkins-Jura etc., of which the Langmuir isotherm fitted the best in all 
temperatures (Fig. 7C). Therefore, the monolayer adsorption property 

could be understood. The qmax values were found to vary within 120.33 
to 127.28 mg g− 1. However, the variation of qmax values with temper
ature was found to be insignificant. We then studied the isotherm ki
netics experiments at four different temperatures within 278–308 K 
(Fig. 7D). The data best fitted with the pseudosecond order model rather 

Fig. 7. Adsorption studies of Sm(III) by GAFluoroCoP: (A/B) pH/dose optimization experiments. (C-E) Isotherm, kinetics, and thermodynamics fitting data. (F) 
Selective adsorption of Sm(III) from binary mixtures. (G) Recyclabilitty studies of SmGAFluoroCoP through five adospriand-desorption cycles. Data are presented as 
mean ± SD (n = 3). Statistical significance was determined using one-way ANOVA followed by Tukey's post hoc test. *p < 0.05 between indicated groups.
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than the pseudofirst order model, justifying the existence of chemi
sorption, as observed earlier from FT-IR and XPS analyses. From Fig. 7D, 
the k2 values were found to increase significantly from 5.35 × 10–4 (g 
mg− 1 min− 1) at 278 K to 14.80 × 10–4 (g mg− 1 min− 1) at 308 K, 

suggesting the appearance of faster adsorption at the higher tempera
tures. Such a phenomenon could be further justified from the adsorption 
thermodynamics studies, where the ΔG0 values appeared to be higher 
negative at the higher temperatures (Fig. 7E and Table S10). From 

Fig. 8. Post-Adsorptive Application of SmGAFluoroCoP towards semiconducting properties: (A) Schematic illustration for Sm(III) coordination into GAFluoroCoP 
leading to modulation of its electrical behavior. (B) CV plots of GAFluoroCoP and SmGAFluoroCoP. (C) Bode plots and conductivity studies of GAFluoroCoP and 
SmGAFluoroCoP. (D) Comparison of specific capacitance values of GAFluoroCoP and SmGAFluoroCoP at various scan rates. (E) Bulb illumination image demon
strating the electrical conductivity of SmGAFluoroCoP.
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Fig. 7E, the activation energy (Ea) value was found to be 25.78 kJ mol− 1, 
which confirmed the existence of chemisorption.

We then studied the selective adsorption of Sm(III) from its binary 
mixture with other REMs (Fig. 7F), a clear drop in the qmax values of Sm 
(III) could be observed at all the identical adsorption conditions. This 
observation could be explained from the competitive adsorption due to 
the common ion effect.

Next, we studied the desorption experiment of SmGAFluoroCoP at 
the opposite pH of the adsorption pH (Fig. 7G). More than 90% 
desorption efficiency inferred the practical utility of the recovered high- 
valued Sm(III) for further experiments. We also studied the repeated 
adsorption-desorption cycles at pH = 10 and 2, respectively, and at least 
five cycles could be studied clearly before GAFluoroCoP became fragile. 
The excellent adsorption capacity retention (> 90%) could be observed 
for GAFluoroCoP even at the fifth cycle of adsorption. Such observation 
inferred the excellent network stability of GAFluoroCoP, already 
observed from the physicochemical studies.

3.9. Post-adsorptive applications

3.9.1. Conductive property of GAFluoroCoP after metal ion loading
Most of the sensing and adsorption studies do not report any prom

ising and safe disposal of metal ion-loaded adsorbent, which may further 
generate the probability of secondary pollution. In this context, we 
already mentioned the desorption of Sm(III) from SmGAFluoroCoP and 
the further use of the desorbed GAFluoroCoP. However, it is important 
to remember that Sm(III) is a very high-valued REE, and thus a few 
innovative post-adsorptive applications can be designed by using 
SmGAFluoroCoP. For instance, we studied the alteration in specific 
conductivity of GAFluoroCoP after Sm(III) adsorption (Fig. 8A). In the 
cyclic voltammetry (CV) experiment (Fig. 8B), the nearly symmetrical 
forward and reverse curves indicate good charging-discharging revers
ibility. Broadened redox peaks at lower scan rates suggest partial redox 
activity at the SmGAFluoroCoP electrodes, confirming a pseudocapaci
tive energy storage mechanism. At higher scan rates, the CV curves 
approach a rectangular shape, reflecting improved ion diffusion and 
capacitive behavior. At scan rates of 10, 50, and 100 mV/s, the specific 
capacitance of SmGAFluoroCoP was found to be 383.81, 153.80, and 
99.83 mF cm− 2, respectively, which is significantly higher than the 
corresponding values for GAFluoroCoP, 239.18, 135.09, and 94.38 mF 
cm− 2 (Fig. 8D). Also, from the Bode plot, the electrical conductivity of 
CoP / SmGAFluoroCoP were found to be 0.016/0.017, 0.032/0.038, 
0.093/0.113, and 0.345/0.517 mS/cm at 0.1, 1, 10, and 100 Hz, 
respectively (Fig. 8C). The conductivity of SmGAFluoroCoP increased 
significantly upon complexation with Sm(III), enhancing its suitability 
for semiconducting applications. This improvement can be attributed to 
the availability of free electrons introduced by the metal ions within the 
GAFluoroCoP matrix. In the literature, the acrylic-based hydrogels are 
reported to possess diverse conductivity values [87,88]. We further 
demonstrated the electrical conductivity of the hydrogel through LED 
illumination in a closed circuit powered by AA cells, confirming its 
ability to facilitate electron transport (Fig. 8E). Therefore, SmGA
FluoroCoP is also capable of transmitting bioelectrical signals in 
response to the endogenous electric fields in tumor therapy. Semi
conducting behavior of GAFluoroCoP after Sm(III) doping was evaluated 
by band gap (Eg)calculation (Table S10). SmGAFluoroCoP exhibited a 
band gap of 1.44 eV, which is the optimum range for semiconducting 
materials. Such improvements in semiconducting behavior are primarily 
attributed to electronic structure alterations that facilitate increased 
charge carrier mobility and density [89].This makes this doped SmGA
FluoroCoP well suited for versatile electronic applications.

We then evaluated the bending durability of the conductive SmGA
FluoroCoP by measuring the normalized change in resistance (ΔR/R₀) 
during repeated bending [here R₀ represents the initial resistance before 
applying mechanical stress]. For better understanding of the stability of 
SmGAFluoroCoP over 100 cycles, the device was subjected to 500 

consecutive bending-release cycles while the resistance was recorded 
continuously, and the time points were reindexed as cycle numbers (Fig. 
S21). Over this entire range, ΔR/R₀ fluctuated around an average value 
of ~0.10 with small noise-like variations within − 0.10 to 0.25 excluding 
any systematic drift or cumulative increase. Specifically, at the first 100 
cycles, the ΔR/R₀ pattern remained almost unaltered, inferring excellent 
stability of the electrical pathway of SmGAFluoroCoP over bending. In 
fact, bending does not induce any significant fatigue or permanent 
damage in this regime. Such observation demonstrates that SmGA
FluoroCoP can maintain stable conductivity during extreme flexing and 
meet the durability criteria commonly adopted in high-performance 
flexible and wearable electronic systems.

3.9.2. Anti-tumorigenesis properties of SmGAFluoroCoP via over oxidative 
stress

We then studied the time-dependent ROS-generation potential of 
GAFluoroCoP and SmGAFluoroCoP to determine any anti-tumorigenesis 
effect developed in SmGAFluoroCoP. According to the XPS and FT-IR 
analyses, Sm(III) is attached with GAFluoroCoP through ionic and/or 
coordinate bonding. Therefore, the electronic transition between Sm(III) 
and GAFluoroCoP should be active, and this has inspired us to study the 
ROS generation studies (Fig. 9A). According to the H2O2 and TMB assay, 
the control group possessed the lowest generation of ROS of 2.98% 
(Fig. 9B). Some significant improvement in H2O2 generation could be 
observed for CoP, suggesting the negligible contribution of ROS gener
ation. However, SmGAFluoroCoP exhibited stronger H2O2 generation 
(51.96%) than those of Control and GAFluoroCoP. From the MTT assay, 
the increase in cytotoxicity could be visualized for SmGAFluoroCoP 
compared to GAFluoroCoP (Fig. S22).

To confirm the cellular uptake of Sm(III) from SmGAFluoroCoP, 
resulting in the formation of oxidative stress in cells, 2,7-dichlorodihy
drofluorescein diacetate (DCFH-DA) probe was utilized to observe the 
presence of H2O2 within cells (Fig. 9C). Mechanistically, DCFH-DA is 
consumed by the cells, followed by its conversion into DCFH via 
cleaving off the acetyl groups by the cellular esterase. Thereafter, 
oxidized DCFH can emit green fluorescence in the presence of H2O2. 
Therefore, the intensity of green fluorescence can quantify the concen
tration of H2O2 (representative ROS) [90,91]. Herein, the stronger green 
fluorescence intensity of SmGAFluoroCoP compared to GAFluoroCoP 
inferred the higher ROS generation capacity of SmGAFluoroCoP. 
Moreover, the strong H2O2 generation phenomenon of Sm(III) doped 
hydrogel remains unreported in the literature. The radical generation 
ability of SmGAFluoroCoP and GAFluoroCoP was further confirmed by 
electron paramagnetic resonance (EPR) analysis (Fig. 9D). The strongest 
characteristic 1:2:2:1 signal ratio of •OH could be observed from the EPR 
signal of SmGAFluoroCoP, which ensured the formation of •OH from 
H2O2. Therefore, the generation of oxidative stress from SmGA
FluoroCoP is evident. Also, to observe the effect of such generated 
oxidative stress on tumor cells, an intracellular live/dead assay was 
performed on MDCK cells (tumor cells). The control group exhibited 
strong green fluorescence, indicating a high number of viable cells. In 
contrast, the sample group showed predominant red fluorescence, 
signifying a high rate of apoptosis. Notably, samples containing Sm- 
incorporated GAFluoroCoP displayed significantly elevated apoptotic 
activity, highlighting their promising potential for tumor Therapy. Also, 
we quantitatively evaluated the fluorescence intensities of all the groups 
(Fig. 9E). These data inferred the excellent ROS generation property of 
SmGAFluoroCoP > Control >GAFluoroCoP with respect to MDCK cells.

4. Conclusions

This research demonstrated the successful fabrication of a multi
functional fluorescent interpenetrating network hydrogel, GAFluor
oCoP, that enables selective sensing and efficient recovery of Sm(III), 
along with promising post-adsorptive applications in semiconductor 
applications, tumor therapy, and other clinical applications. The 
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Fig. 9. Post-Adsorptive application of SmGAFluoroCoP in ROS-mediated apoptosis: (A) Schematic illustration of the ROS-generation mechanism. (B) In vitro H2O2 
and TMB assays. (C) DCFH-DA assay for ROS generation along with fluorescence intensity quantification in Sm(III), GAFluoroCoP and SmGAFluoroCoP with respect 
to the control. (D) EPR spectra of GAFluoroCoP and SmGAFluoroCoP with respect to the control. (E) Fluorescence-based live/dead assay on MDCK cells to prove 
apoptosis. Each point represents mean ± SD (n = 3). Statistical significance was determined using one-way ANOVA followed by Tukey's post hoc test. *p < 0.05 
between indicated groups.
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hydrogel exhibits excellent environmental responsiveness, evidenced by 
rapid super-adsorption of Sm(III) from REE mixtures, and remarkable 
fluorescence quenching with a detection limit as low as 37.5 picoM. The 
robust gelation achieved across a broad temperature range (273–323 K), 
coupled with consistent ESR values, highlights the ambient adaptability 
of the synthesis protocol. GAFluoroCoP showcases superior mechanical 
toughness, self-healing ability, and recyclability across multiple cycles, 
enabled by its dynamic polymeric network. Notably, its strong adhe
siveness to various substrates under moist conditions supports its po
tential use in industrial applications.

The hydrogel's high swelling capacity, rapid polymerization (~50 s), 
and chemisorption-driven uptake behavior (qmax = 127.28 mg g− 1.) 
further validate its suitability for real-world remediation scenarios. 
Beyond adsorption, the successful conversion of GAFluoroCoP into a 
semiconducting material (Egap = 1.44 eV) and its ROS-generating 
capability underscore its potential in electronics and anti-tumor 
therapeutics.
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