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A B S T R A C T

Despite advancements in cancer treatments, therapies frequently exhibit high cytotoxicity, and surgery remains 
the predominant method for treating most solid tumors, often with limited success in preventing post-surgical 
recurrence. Implantable biomaterials, designed to release drugs at a localised site in response to specific stim-
uli, represent a promising approach for enhancing tumour therapy. In this study, a redox-responsive glutathione 
extended polyurethane urea (PolyCEGS) was used to produce paclitaxel (PTX) and gold nanorods (AuNRs) 
loaded electrospun membranes for combined redox/near-infrared (NIR) light-responsive release chemotherapy 
and hyperthermic effect. Electrospinning conditions were optimized to fabricate AuNR-loaded scaffolds, at three 
different AuNRs concentrations. The obtained membranes were characterized by scanning electron microscopy 
(SEM) analyses and photothermal profiles were evaluated by a thermocamera, showing a temperature increase, 
up to 42.5 ◦C, when exposed to NIR light (810 nm) at 3 W/cm2. The AuNRs/PTX loaded scaffolds exhibited 
sustained PTX release, with 15 % released over 30 days and almost 1.8 times more in a simulated reductive 
environment. Moreover, their excellent photothermal effects and NIR light-triggered release led to significant 
synergic cytotoxicity in human colon cancer (HCT-116) and human breast cancer (MCF-7) cell lines. This system 
potentially enables controllable locoregional PTX release at the tumour site post-surgery, preventing recurrence 
and enhancing cytotoxicity through combined drug and PTT effects, highlighting its potential for future anti-
cancer treatments.

1. Introduction

Post-surgical loco-regional implantation of smart biomaterials to 
sustain and control the release of chemotherapeutics in response to 
external or micro-environmental specific stimuli, is a promising strategy 
to reduce the risk of recurrence and achieve satisfactory outcomes while 

overcoming the side effects (Padmakumar and Amiji, 2023; Panthi et al., 
2024; Qian et al., 2023; Shaha et al., 2024; Talebian et al., 2018; 
Wolinsky et al., 2012; Woodring et al., 2023). Usually, in postoperative 
therapy, implants such as wafers, foams, films, hydrogels, and scaffolds 
are employed (Aquib et al., 2020; Wolinsky et al., 2012; Zhang and 
Jiang, 2021). However, such systems often lack the capability for 
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precise, stimuli-responsive control over drug release in situ, which is 
critical for enhancing treatment specificity and minimizing systemic 
toxicity (Khan et al., 2022; Mazidi et al., 2022; Wang et al., 2022). 
Optimizing the drug release profiles is a key factor in developing de-
livery platforms in cancer therapy and, in this context, electrospinning, a 
straightforward method to produce drug-loaded scaffolds, can be used 
for these purposes (Bagó et al., 2016; Chaturvedi et al., 2024; Chen et al., 
2018; Hu et al., 2014; Kuang et al., 2024; Liu et al., 2012). Over other 
kinds of delivery chemotherapeutics platforms, electrospun materials 
offer unique advantages, such as higher surface area-to-volume ratios, 
enhanced mechanical strength, better structural flexibility, and the 
capability to encapsulate the drug within the matrix making them ideal 
for applications requiring controlled drug delivery (Aminu et al., 2023; 
Ding et al., 2019a; Ramachandran et al., 2017). Programmable delivery 
systems with further control in modulating drug release through 
external and internal stimuli, can offer an even more precise approach 
(Dong et al., 2024; El-Husseiny et al., 2022; Kim et al., 2022; Singh et al., 
2023; Tayebi-Khorrami et al., 2024; Wells et al., 2019; Xiao et al., 2023; 
Zhang et al., 2022). Among these stimuli, light-sensitive materials with 
near-infrared (NIR) photothermal properties are expected to overcome 
cancer recurrence through photothermal (PTT) cytotoxic effect and on- 
demand enhanced chemotherapic delivery triggered by localised tem-
perature increase (Bai et al., 2019; Chen et al., 2021; Luo et al., 2019; Qu 
et al., 2015; Yu et al., 2019; Zhao et al., 2023). Near-infrared (NIR) light 
is widely used in cancer treatment due to its deep tissue penetration and 
low risk of damage to healthy tissues, as biological tissues are trans-
parent to it (Chien et al., 2019; Hu et al., 2018; Zou et al., 2016). NIR 
light-responsive materials can be fabricated by incorporating photo- 
sensitive components, with intense absorptions in the NIR range, such 
as gold nanorods (AuNRs), which can generate a local temperature in-
crease (Dunne et al., 2020; Talebian et al., 2018; Tran et al., 2015). In a 
localized approach, hyperthermia can be combined with chemotherapy 
to produce a synergistic effect. This is attributed to the increased drug 
release and/or the direct impact of temperature effects on the viability of 
cancer cells (Dunne et al., 2020; Giammona et al., 2022; Karthikeyan 
and Vivek, 2022; Tiwari et al., 2018; Tran et al., 2015; Wei et al., 2020; 
Zhang et al., 2023b). When exposed to high temperatures (up to 45 ◦C), 
cancer cells undergo apoptosis (Hervault and Thanh, 2014; Melamed 
et al., 2015) due to a combination of events with a large number of 
cellular macromolecular changes (Roti, 2008), allowing the combina-
tion of hyperthermia-chemotherapy to reduce the required dosage of 
anticancer drugs and improve overall therapeutic effects (Wang et al., 
2017). A precise triggered release of the loaded drug can be also ob-
tained by exploiting internal stimuli, adding another level of control in 
the design of the smart implant, for better localisation and increased 
release rate (Ding et al., 2019b; Liu et al., 2016; Ribeiro et al., 2022; 
Rybak et al., 2023). Redox-responsive biomaterials releasing anticancer 
drugs in a reductive environment can target residual cancer cells and 
prevent tumour recurrence, improving treatment efficacy and mini-
mising side effects (Guo et al., 2018; Javanmardi et al., 2020; Tian et al., 
2019). Indeed, after tumour resection surgery, the body’s redox envi-
ronment shifts due to tissue damage and healing processes (Salehi et al., 
2021). Initially, oxidative stress increases, followed by a shift to a more 
reductive environment. However, achieving effective integration of 
multi-stimuli responses that can operate efficiently under physiological 
conditions remains challenging (Alavi et al., 2024). This highlights the 
need for materials that can seamlessly combine both NIR photothermal 
response and redox responsiveness, ensuring sustained and localized 
drug delivery. To integrate NIR and tissue-specific reductive respon-
siveness, we processed a glutathione-extended polyurethane urea de-
rivative (PolyCEGS) into an electrospun membrane loaded with AuNRs. 
Indeed, the electrospinning fabrication process facilitates the simulta-
neous incorporation of high quantities of chemotherapeutic drugs and 
photothermal agents into a polymeric matrix (Cheng et al., 2014; Kaplan 
et al., 2016; Yang et al., 2015; Zhao and Cui, 2020). Our approach offers 
an advantage in addressing the limitations associated with conventional 

delivery systems by providing a tunable, multi-responsive platform. The 
combination of NIR-triggered and redox-specific drug release of the 
AuNRs-loaded PolyCEGS electrospun membrane demonstrated excellent 
PTT effects and prolonged paclitaxel release ensures a highly targeted 
approach.

This led to significant cytotoxic effects by using a 3D in vitro model, 
in two tested cancer cell lines such as human colon cancer (HCT-116) 
and human breast cancer (MCF-7). The results showed on-demand 
enhanced cytotoxicity when combining the drug with PTT, high-
lighting the potential of this multi-responsive drug delivery system for 
future anticancer treatments.

2. Materials and methods

2.1. Materials

Poly(ethylene glycol) (PEG Mw 1000 Da, labelled as PEG1K), ε 
− caprolactone (ε-CL), oxidized L-glutathione (GSSG), reduced L-gluta-
thione (GSH), 5,5-dithiobis-2-nitrobenzoic acid (DTNB), ethyl-
enediaminetetraacetic acid (EDTA), lithium bromide (LiBr), hexane, 
acetonitrile (ACN), diethylamine (DEA), sodium azide (NaN3), poly-
styrene standards, DL-Dithiothreitol, Dulbecco’s phosphate buffered 
saline (DPBS), BRAND® inserts, were acquired from Sigma-Aldrich 
Italia S.R.L. Calcium hydride (CaH2), stannous octoate, chloro-
trimethylsilane, 1,4-diisocyanatobutane (BDI), 1,1,1,3,3,3-hexafluoroi-
sopropanol (HFIP) and trifluoroacetic acid (TFA) were purchased from 
Fluka, Italy. Sodium sulfite (Na2SO3, 98 %), glycine tetrachloroauric 
(III) acid trihydrate (HAuCl4‧3H2O), hexadecyltrimethylammonium 
bromide (CTAB), ascorbic acid, sodium borohydride (NaBH4) and 
paclitaxel (PTX) were acquired from Merck (Germany). ECM Matrigel 
was purchased from Corning. The CellTiter 96# One Cell Proliferation 
Water Solution Assay (MTS) was purchased from Promega (Madison, 
WI, USA).

2.2. Methods

1H-NMR spectra were recorded by Bruker Avance II 300 MHz. FT-IR 
spectra were obtained with Bruker Alpha instrument on KBr tablets. SEC 
analyses were performed using a multidetector SEC system equipped 
with a Water 600 pump (Mildford, MA), a Water 410 refractive index 
detector, and a linear Phenogel column from Phenomenex (5 μm particle 
size, 100 nm e 1 μm in pores size), using as eluent a solution of LiBr in 
DMF (0.025 M), with a flux of 0.8 mL/min at 50 ◦C. The calibration 
curve was determined using polystyrene standards (2–70 kDa). The 
electrospinning procedure was carried out using an NF103 Electro-
spinning apparatus (MECC, Fukoka, Japan). SEM micrographs were 
recorded with two different microscopes, a ProX PHENOM SEM (Alfat-
est, Italy) and a FEI FEG-ESEM (model QUANTAFEG 200). The SEM 
analysis was performed with an electron-accelerating voltage of 15 kV. 
Samples were prepared by cutting a piece of electrospun scaffold and 
placing it on a double-sided adhesive tape previously applied on a 
stainless-steel stub and dried under vacuum (0.1 Torr) before analysis. 
All the SEM analyses were carried out at 25.0 ± 0.1 ◦C, and the mean 
diameter of the nanofibers (d) ± standard deviation (SD) (mean ± SD, n 
= 3) was determined from the average value of 100 measurements using 
ImageJ software (Madison, WI, USA, version 1.46 v). Following the 
measurements, statistical analysis of the diameter distribution was 
performed with Origin Pro 2024 software. UV–Vis-NIR spectra were 
recorded using a Shimadzu UV 2401PC spectrophotometer (cuvette 1 
mL, optical path 10 mm), from 200 nm to 900 nm. Hyperthermic studies 
were performed irradiating with a diode laser GBox 15A/B (GIGA Laser) 
at 810 nm and acquiring temperature data with an Infrared Camera 
FlirT250, with a resolution of 240 × 180 pixels, and a sensibility of 80 
mK NETD/0,08 ◦C, in the range of temperature 0–70 ◦C. The release of 
PTX was evaluated with a HPLC Agilent Infinity 1290 apparatus, 
equipped with a Luna C-18 column (Phenomenex). The analyses were 
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performed at 25 ◦C, using a binary mobile phase acetonitrile/water 
(65:35 v/v %), with a flow rate of 1 mL/min and the detector DAD 1260 
VL fixed at λ 227 nm and the software OpenLAB CDS ChemStation 
Workstation.

2.3. Synthesis and characterisation of PolyC24E1kGS

The synthesis of the poly(ether ester urethane)ureas derivative 
(PolyC24E1kGS) was performed, with few differences as reported else-
where (Federico et al., 2022; Martorana et al., 2023; Palumbo et al., 
2021). Briefly, PCL-PEG-PCL, labelled as PolyC24E1k (where 24 is the 
ratio ε–caprolactone/poly ethylene glycol used for synthesis and 1 k the 
Mw of PEG used) was synthesized via Ring Opening polymerization 
(ROP). The methyl ester derivative of Glutathione oxidized (GSSG 
(OMe)4) was synthesized according to our reported procedure 
(Martorana et al., 2023). The synthesis of PolyCEGS was finally per-
formed. In particular, 400 mg of PolyC24E1k were dispersed in DMF to 
reach the concentration of 115 % w/w adding 26.8 μL of BDI and 20 μL 
of di Sn(Ot)2 0.05 M (70 ◦C for 2 h). The flask was brought at 0 ◦C adding 
79.4 mg di GSSG (OMe)4 in 1.29 mL of DMF with 12.2 μL of DEA. After 2 
h, the temperature was raised to 25 ◦C, and the reaction was performed 
for a further 20 h. The product was obtained by precipitating with cold 
diethyl ether, washing with isopropanol overnight, and finally drying 
under vacuum. The final product was characterized by FT-IR, 1H-NMR, 
SEC, and colorimetric NTSB assay to detect the amount of glutathione 
inserted (Thannhauser et al., 1987).

2.4. Synthesis and characterization of gold nanorods (AuNRs) in CTAB

The synthesis was conducted as elsewhere reported, according to the 
seed-mediated procedure (Li Volsi et al., 2017; Scarabelli et al., 2015). 
In particular, seeds were produced by adding 25 µL of a HAuCl4 solution 
0.05 M to 4.7 mL of CTAB 0.1 M. Then, 300 µL of NaBH4 solution 0.01 M 
were added to this solution under vigorous stirring. The growing solu-
tion was prepared by adding 500 µL of HAuCl4 solution 0.05 M and 950 
µL of HCl 1 M to 50 mL of CTAB solution 0.1 M, adding after 2 min under 
vigorous stirring 600 µL of AgNO3 0.01 M, 400 µL of ascorbic acid 0.1 M 
and 120 µL of gold seeds produced as described before. After these steps, 
the growing solution was left overnight in a water bath at 28 ◦C to allow 
nanoparticles to grow. The characterization of gold nanorods was per-
formed by UV–Vis-NIR analysis the day after, and the dispersions were 
stored at room temperature.

2.5. Electrospinning procedure

2.5.1. AuNRs incorporation on PolyCEGS dispersion and fabrication of 
electrospun membranes

To embed AuNRs into the polymer dispersion, the CTAB stabilization 
shell was removed. In particular, eight aliquots of AuNRs@CTAB 
aqueous dispersion, (25 mL each) were centrifuged at 12000 rpm for 10 
min. Subsequently, each pellet was dispersed in 2.5 mL of ultrapure 
water and the aliquots were combined to a final volume of 20 mL, thus 
obtaining a concentrated AuNRs dispersion. To ensure thorough 
removal of CTAB, two additional washing steps were performed. The 
total volume was then divided into three fractions of 3 mL, 6 mL, and 9 
mL, respectively. The concentration of metallic gold (Au0) was spec-
troscopically determined by measuring the absorbance of the three 
dispersions at 400 nm. According to Hendel et al. (Hendel et al., 2014), 
the absorbance value at 400 nm of gold nanoparticles dispersions is 
indicative of their Au0 concentration, according to the following formula 
(Eq. (1): 

[
Au0] =

Abs400 nm • 0.5
1.2 • 103 (1) 

Thus, it was determined that the dispersions contained 350 µg, 700 
µg, and 1550 µg of Au0, respectively. These three aliquots were then 

freeze-dried and labelled as Au350, Au700, and Au1550. To prepare the 
dispersions for electrospinning, 1 g of PolyC24E1kGS (from now labelled 
as PolyCEGS) was dispersed in 4 mL of HFIP. Simultaneously, AuNRs 
were dispersed in 1 mL of HFIP under mechanical stirring and sonicated 
for 30 min. The dispersions were placed in a 10 mL syringe, in the 
electrospinning device. Three different dispersions of PolyCEGS at 25 % 
w/v were obtained, labelled as P_Au350, P_Au700 e P_Au1550 respec-
tively and finally processed, along with the PolyCEGS dispersion. 
Throughout the electrospinning process, rotational speed and trans-
lational movement were kept constant, for all the tested groups, at 40 
rpm and 0.8 cm/s, respectively, while the humidity was controlled to 
remain within the range of 23 % to 27 %. A high-voltage generator was 
used to charge the steel capillary containing the polymer solution, 
applying a positive voltage of 13 kV for the PolyCEGS 25 % w/v and 
P_Au350 groups and 10 kV for the group with higher concentrations of 
AuNRs. The stainless-steel collector rod was maintained at ground 
voltage. The polymer solution was extruded at a flow rate ranging from 
0.7 to 1.2 mL/h through a PTFE tube and a 21-gauge steel flat needle, 
with a 13 cm gap between the needle tip and the collector. Three 
different electrospun membrane were finally obtained and labelled as 
P_Au350, P_Au700 e P_Au1550 respectively. Scanning electron micro-
scopy (SEM) was employed to investigate the electrospun membranes 
morphology by ProX PHENOM SEM with magnification 5000x and 
voltage 15 kV. Then a SEM image of P_Au1550 was acquired with higher 
resolution to reveal gold nanorods inside the fibers by using FEI FEG- 
ESEM with magnification 20000x and voltage 15 kV. To achieve the 
production of a chemotherapic-loaded electrospun membrane, 1 mL 
PTX solution in HFIP (10 % w/v) was mixed with 3 mL of a homoge-
neous dispersion of PolyCEGS (1 g), with 1550 µg of lyophilized AuNRs, 
to achieve a final PTX concentration of 1 % p/p relative to the amount of 
PolyCEGS. Electrospinning was performed under the same conditions 
used for bare PolyCEGS and P_Au1550 dispersions. Each scaffold was 
then prepared at least three times to assess the reproducibility of the 
process.

2.6. Photothermal profile of electrospun scaffolds doped with AuNRs

To investigate the relationship between Au0 content and photo-
thermal effect, circular samples of electrospun membranes P_Au350, 
P_Au700, and P_Au1550 (∅ ≈ 1 cm; 10 mg), were placed on wells of a 
48-well plate and soaked in 200 µL of DPBS at pH 7.4. Subsequently, 
samples were irradiated from 0 to 600 s with a diode laser at 810 nm at 
three different powers of emissions (2, 3, and 4 W/cm2). An infrared 
camera was used to continuously monitor the temperature of the scaf-
folds, with data recorded at 30-second intervals. The resulting photo-
thermal profile was reported as temperature as a function of irradiation 
time. Moreover, to assess any possible morphological changes in the 
electrospun membranes following photothermal exposure, SEM analysis 
were performed.

2.7. Cytocompatibility studies

The dried electrospun P_Au1550 samples were sterilized, by UV ra-
diation at 254 nm for 20 min, using a 125 W UV lamp. Cell viability was 
studied on human dermal fibroblast cells (hDF) using MTS colorimetric 
assay. hDF cells were cultured in Dulbecco’s Minimum Essential Me-
dium (DMEM) enriched with 10 % v/v fetal bovine serum (FBS), 1 % v/v 
penicillin- streptomycin solution, 1 % v/v of glutamine solution and 0.1 
% v/v of amphotericin B solution. The cells were kept in a flask con-
taining 10 mL of culture medium and incubated at 37 ◦C in a humidified 
atmosphere containing 5 % of CO2. After trypsinization, cells were 
counted and resuspended in DMEM. In particular, for the cytocompati-
bility assay, cells were seeded at the density of 1.5 × 104 cells per well on 
a 24-well plate to allow adhesion. After 24 h, P_Au1550 electrospun 
membranes and bare PolyCEGS (∅ 0.5 cm, ~ 6 mg) were co-incubated 
with cells into a BRAND insert and subsequently the cell viability was 
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evaluated after 1, 3 and 7 days of incubation. In particular, at each 
selected time, mitochondrial activity was evaluated on not irradiated 
and irradiated samples (performing 360 s of irradiation using a diode 
laser at 810 nm at a power of 3 W/cm2) recording the absorbance at a 
wavelength of 492 nm by a UV–Vis microplate reader (Eppendorf Pla-
teReader AF2200). Cell viability was expressed as a percentage relative 
to cells incubated with culture medium alone, which were irradiated and 
untreated, serving as the negative control. AO/EtBr double staining 
assay was performed to distinguish alive and dead cells after 7 days. In 
order to mimic the contact occurring between membranes and tissue, a 
3D assay was performed by encapsulating cells at a density of 100,000 
cells/mL in Matrigel, putting then 100 µL of such dispersion on top of the 
electrospun scaffolds (PolyCEGS or P_Au1550) previously placed in 
BRAND inserts within a 48-well plate. Once the Matrigel gelled, 
approximately 1 mL of DMEM was added to cover the inserts, followed 
by incubation. Samples were treated with NIR for 2, 4, and 6 min. 
Cytocompatibility was assessed after 1 day of incubation. Additionally, a 
set of samples was irradiated for 2 min up to three times at 30-minute 
intervals, followed by a MTS assay.

2.8. PTX in vitro release study

Circular samples of electrospun P_Au1550 PTX loaded membrane (∅ 
0.5 cm, ~ 6 mg) were immersed in a vial with 3 mL of a 50:50 mixture of 
FBS/PBS or FBS/PBS containing 5 mM of DTT to simulate a reductive 
microenvironment. The media were collected every 24 h for the first 
four days, and then on days 7, 11, 15, 24, and 30. Release experiments 
on P_Au1550_PTX electrospun scaffolds (n = 3) were conducted both 
without NIR irradiation and with irradiation at a power of 3 W/cm2, two 
hours before collecting the dispersing phase. Irradiation times were 2, 4, 
and 6 min respectively.

PTX in the release medium was quantified by extracting it with ethyl 
acetate (the volumetric ratio of FBS/PBS mixture to ethyl acetate was 
1:3), followed by HPLC analysis after drying and solubilization in ACN/ 
H2O 65:35 v/v%. Drug loading (DLE %) and entrapment efficiency (EE 
%) percentages were calculated using a calibration curve of PTX in the 
range of 1–150 µg/mL, and quantification was performed on fully dis-
aggregated scaffolds (n = 6) in HFIP. 

DLE % =
Weight of encapsulated PTX
Weight of PolyCEGS + PTX

• 100 (2) 

EE % =
Weight of encapsulated PTX
Weight of total added PTX

• 100 (3) 

2.9. Cytotoxicity studies

In-vitro cytotoxicity studies were performed on human colorectal 
carcinoma (HCT-116) and breast cancer (MCF-7) cell lines cultivated in 
supplemented and enriched DMEM, incubated at 37 ◦C in a humidified 
atmosphere containing 5 % CO2. After trypsinization, the cells were 
counted and encapsulated in Matrigel with a density of 1 M/mL. 100 µL 
of Matrigel loaded with cells were added on top of the electrospun 
P_Au1550 and P_Au1550_PTX membranes, previously inserted in a 
BRAND insert in a 48-well plate. Once the Matrigel had gelled on the 
scaffolds, approximately 1 mL of DMEM was added to fully cover the 
inserts in the wells and then incubated. The viability of cells growing in 
Matrigel was subsequently assessed after 1, 3, and 7 days of incubation, 
both assaying the samples without and with NIR irradiation at 3 W/cm2 

for 2 min. After 2 h, following treatment, the supernatant was discarded 
and replaced with MTS reagent to perform the viability assay. Cells were 
then incubated for 1 h, after which absorbance at 492 nm was recorded. 
Cell viability was expressed as a percentage relative to cells incubated 
with only culture medium, which were irradiated and untreated, serving 
as the negative control.

2.10. Statistical analysis

All results are reported with a mean value ± standard deviation and, 
when applicable the statistical analysis for significance was conducted 
with the Student’s t-test, using the function t-test of Microsoft Excel, 
assuming the two-sample unequal variance and a two-tailed distribu-
tion; with a p-value < 0.05 were considered statistically significant.

3. Results and discussion

3.1. Synthesis of PolyC24E1kGS and NIR-light responsive electrospun 
scaffold production and characterization

The redox-responsive polyurethane-urea, named PolyC24E1kGS, was 
synthesized similarly to methods reported elsewhere (see Scheme S1) 
(Palumbo et al., 2021). Briefly, the synthesis involved using the pre-
polymer PCL-PEG-PCL as the soft chain, which was produced through 
ring-opening polymerization (ROP) starting from polyethylene glycol 
(PEG) (Mw 1 kDa), with a molar ratio of epsilon-caprolactone (ε-CL) to 
PEG set at 24. The hard chains consisted of BDI, and the extender used 
was the O-methyl derivative of Glutathione (GSSG). Data reported in 
Table S1, and 1H-NMR spectra reported in Fig. S2 resume the physico-
chemical properties of prepolymer, and polyurethane urea synthesized. 
The incorporation of GSSG aimed to impart environmental redox 
responsiveness (Liu, 2019; Quinn et al., 2016). This strategy enables the 
development of polymers designed to selectively release drugs in 
response to fluctuations in redox conditions. As a result, these polymers 
offer targeted and efficient drug delivery mechanisms that align with the 
physiological conditions of the target tissue. The redox responsiveness of 
such series of derivatives has been already assayed in previous works 
(Federico et al., 2022; Martorana et al., 2023; Palumbo et al., 2021). 
Electrospun scaffolds and 3D printed scaffolds of PolyC24E1kGS (from 
now labelled as PolyCEGS) have been designed as biomaterials for 
locoregional release of chemically tethered Doxorubicin, demonstrating 
suitability for a pH and redox-responsive drug release. In addition to 
redox responsiveness, due to the PolyCEGS, incorporating gold nano-
particles within the polymer matrix imparts photothermal responsivity, 
creating a dual-responsive platform. The NIR stimulation can be exter-
nally controlled for precise localization. Besides, the redox responsive-
ness is triggered by biological changes in the target tissue and can 
respond to alterations in the tissue’s normal physiological state. This 
dual-responsive behavior can synergistically improve the precision and 
efficiency of drug release.

Recent advancements in synergistic cancer therapy highlight the 
potential of a multi-responsive approach. For example, Gao et al. 
developed a dual drug co-delivery platform that combines chemother-
apeutic and photothermal approaches for a more effective treatment 
(Gao et al., 2019). Their pH-responsive platform, utilizing black phos-
phorus nanosheets and a polydopamine coating, significantly improves 
targeted drug delivery and cellular uptake, further augmented under 
NIR laser irradiation. Similarly, An et al. reported the development of 
multi-stimuli-responsive nanoparticles combining a NIR photothermal 
agent and a chemotherapeutic compound (An et al., 2016). These 
nanoparticles exhibit NIR light, pH, and redox-responsive drug release, 
integrating photoinduced hyperthermia for synergistic anticancer effi-
ciency thus leading to effective tumor ablation without regrowth. In this 
context, we propose that the dual redox and photothermal responsive-
ness, enabled by the presence of gold nanoparticles and the intrinsic 
redox properties of PolyCEGS, provides a significant advantage over the 
systems tested in our previous studies. Indeed, designing the biomaterial 
as an electrospun nonwoven membrane with an extremely high specific 
surface area, high porosity, and the capacity to entrap gold nanorods 
and chemotherapeutic reservoirs can further enhance its responsiveness. 
Fig. 1 reports a schematic illustration of the procedure to obtain the 
PTX/AuNRs-embedded electrospun scaffolds. This design allows for 
precise responses to near-infrared stimuli, resulting in a localized 
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photothermal effect and an increased rate of chemotherapeutic release 
(Khodadadi et al., 2020; Licciardi et al., 2022; Ma et al., 2015; Poláková 
et al., 2019; Zhang et al., 2014; Zhao and Cui, 2020).

First, AuNRs with consistent and desirable aspect ratios were suc-
cessfully produced. We have previously demonstrated that gold nano-
rods with plasmonic peak lower than 810 nm effectively support 
photothermal activity with NIR laser irradiation (810 nm) (Li Volsi 
et al., 2017; Licciardi et al., 2022; Scarabelli et al., 2015; Varvarà et al., 
2020). These nanorods have demonstrated limited cytotoxicity in non- 
tumor cell lines, and we have confirmed their efficacy in in vivo 
studies. Moreover, while synthesizing nanorods with a plasmonic peak 
closer to the laser wavelength (810 nm) might theoretically enhance 
their efficacy, it would require higher aspect ratios, potentially altering 
their shape and increasing cytotoxicity (Nogueira et al., 2020; Qiu et al., 
2010). Some studies report that increasing the aspect ratio may likely 
lead to heightened cytotoxicity. UV–Vis analysis of the aqueous dis-
persions of AuNRs revealed the two characteristic plasmonic peaks, with 
a main peak at 748 nm (Fig. 1). This analysis allowed for the determi-
nation of the aspect ratio (R) of the nanorods, which is a critical 
parameter for their thermoresponsive efficiency, representing the ratio 
between the longitudinal and transverse axes of the nanorods.

Our results showed that the synthesized AuNRs exhibited an aspect 
ratio (R) of 3.44, which is within the optimal range for achieving effi-
cient NIR responsiveness of 3 to 4, as reported by Becker et al., ensuring 
a significant thermal increase upon irradiation at 810 nm (Becker et al., 
2010). R determination via TEM or UV–Vis analysis shows comparable 
results, with R correlating linearly to the peak wavelength (λ max) of the 
longitudinal plasmonic band, as extensively documented in the 

literature (Link et al., 1999).
To facilitate the dispersion of nanoparticles in the organic solvent 

HFIP before incorporating them with the PolyCEGS dispersion, the 
cationic surfactant, CTAB, was removed through multiple washing in 
ultrapure water. Moreover, the presence of CTAB could potentially in-
fluence the final nanocomposite properties. Additionally, the effective 
incorporation of nanoparticles into the polymer matrix may have been 
facilitated by the polymer’s chemical functionalities, which potentially 
provide strong binding to freeze-dried not stabilized AuNRs, effectively 
replacing CTAB as a stabilizing agent for the nanoparticles. This is evi-
denced by the homogeneous distribution of gold nanoparticles within 
the polymer matrix, resulting in the characteristic purplish colour of the 
dispersion, as compared to the dispersion of the polymer alone (Fig. 1). 
Starting from stable and homogenized dispersions, specific electro-
spinning conditions were tailored for each sample to obtain the elec-
trospun scaffolds (Fig. 1), considering the different concentrations of 
AuNRs, as outlined in Table 1.

The presence of gold nanorods significantly influenced both the 
process and the properties of the resulting nanofibers. Gold nanorods 
interact with the polymer matrix and the applied electric field, altering 
the electrospinning process. Their incorporation into the polymer 
dispersion influences the electrical conductivity of the polymeric solu-
tion affecting the stability of the Taylor cone (Bashouti et al., 2006; Dror 
et al., 2003). Moreover, they tend to align along the applied electric field 
during electrospinning, altering how the polymer solution extends from 
the Taylor cone and transforms into a fiber (Roskov et al., 2011). The 
incorporation of gold nanorods can enhance the mechanical properties 
of the nanofibers, such as tensile strength and elasticity, due to the 

Fig. 1. Schematic illustration representing the process of preparing PolyCEGS-AuNRs-Paclitaxel electrospun scaffolds. The figure shows, from top to bottom: the 
three domains of PolyCEGS, the triblock copolymer PCL-PEG-PCL, BDI, and GSSG, alongside the addition of paclitaxel (PTX) and gold nanorods (AuNRs), with their 
UV–Vis-NIR absorption spectrum after synthesis, vials containing the HFIP-solubilized polymer dispersions (PolyCEGS and P_Au1550_PTX); and, at the bottom, the 
electrospinning process, with images of the front and back of the resulting electrospun scaffold representing the final product. Image created with Biorender.com.
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reinforcement effect provided by the nanorods (Huang et al., 2021; 
Mahmoud et al., 2021; Turner et al., 2020). Additionally, the optical 
properties of the nanofibers are modified, enabling potential applica-
tions in sensing and photothermal therapy. The thermal stability of the 
nanofibers is also improved, as the gold nanorods can dissipate heat 
more efficiently. Overall, the presence of gold nanorods during the 
electrospinning process of polyurethane not only enhances the physical 
properties of the nanofibers but also provides them with multifunctional 
capabilities, expanding their applicability in advanced technological 
and biomedical fields. The resultant nanocomposite fibers hold signifi-
cant potential for applications in biomedical fields, such as in drug de-
livery systems, tissue engineering scaffolds, and as components in 
advanced electronic devices.

SEM images of the four electrospun scaffolds are depicted in Fig. 2a, 
demonstrating a relatively uniform appearance. This is further sup-
ported by the dimensional distribution of the average fiber diameters 
shown in Fig. 2c, which remains consistent and increases slightly with 
higher AuNRs concentration. Nonetheless, all samples exhibit an 
average diameter distribution of around 600–800 nm. These findings 
support the efficacy of the electrospinning while incorporating AuNRs 
while preserving consistent fiber morphology, thus facilitating a tailored 
approach to scaffold design. The P_Au1550_PTX sample, which was not 
shown, had similar morphology and diameter distribution to the 
P_Au1550, indicating that PTX does not significantly affect the fiber 

morphology. Fig. 2b shows an SEM image of the P_Au1550 scaffold, 
captured at higher magnification and resolution to visualise the distri-
bution of AuNRs along the nanofibers. The image suggests that the 
AuNRs evenly align along the fibers, likely forming clusters, which 
appear embedded within the polymer matrix. Defining the alignment 
and incorporation of AuNRs is crucial for ensuring their stable integra-
tion within the polymer matrix.

3.2. Evaluation of the photothermal profile of electrospun scaffolds

Several tests of the required irradiation power were conducted to 
determine the electrospun membrane with the best photothermal per-
formance. For further details, please refer to the Supplementary infor-
mation section. The scaffolds demonstrated temperature increases 
compared to bare PolyCEGS, confirming the effective incorporation of 
AuNRs and their photothermal stability within the polymer matrix. The 
sample with the lowest gold content, P_Au350, showed modest thermal 
behavior, reaching a maximum temperature increase of 37 ◦C after 
prolonged irradiation (>390 s). Meanwhile, samples P_Au700 and 
P_Au1550, with higher gold content, exhibited faster heating rates. For a 
comprehensive analysis, photothermal studies were also conducted on 
the scaffolds with lower AuNRs concentrations and at various laser 
powers, with these additional data provided in the Supplementary ma-
terials (see Fig. S3). Considering its superior photothermal properties, 

Table 1 
Electrospinning conditions applied for different dispersions, including PolyCEGS, P_Au350, P_Au700, P_Au1550, and P_Au1550_PTX. Parameters include voltage (kV), 
flow rate (mL/h), transverse distance (mm), rotational frequency (rpm), translational speed (mm/s), and needle-to-collector distance.

Sample Voltage 
(kV)

Flow Rate (mL/ 
h)

Transverse Distance 
(mm)

Rotational Frequency 
(rpm)

Translational Speed 
(mm/s)

Needle-to-Collector Distance 
(mm)

PolyCEGS 13 1.2 30 40 8 130
P_Au350 13 0.8 70 40 8 130
P_Au700 10 0.7 70 40 8 130
P_Au1550 10 0.7 70 40 8 130
P_Au1550_PTX 10 0.7 70 40 8 130

Fig. 2. Scanning electron microscopy (SEM) images of the four electrospun PolyCEGS-based scaffolds, PolyCEGS, P_Au350, P_Au700, P_Au1550. Scale bar: 10 µm, 
magnification: 5000x, voltage: 15 kV (a). SEM image of P_Au1550, with higher resolution to reveal gold nanorods inside the fibers. Scale bar: 1 µm, magnification: 
20000x, voltage: 15 kV (b). Graph displaying the distribution of mean fiber diameters for the four scaffold types (c).
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which allow it to reach the minimum required temperature for effective 
photothermal ablation of 42.5 ◦C, the P_Au1550 membranes were 
selected for further experimentation.

Fig. 3a illustrates the temperature profile upon irradiation at laser 
powers of 2, 3, and 4 W/cm2, demonstrating a clear correlation between 
laser power and temperature rising. At 4 W/cm2, the temperature 
rapidly surpasses 45 ◦C within two minutes, whereas at 2 W/cm2, it 
increases more slowly, reaching a plateau around 40 ◦C after four mi-
nutes of irradiation. The most effective power appears to be 3 W/cm2, 
achieving a gradual temperature rise to hyperthermic levels shortly after 
two minutes, potentially beneficial for therapeutic approaches as it 
helps mitigate the risk of excessive temperature spikes, which are more 
likely at 4 W/cm2 and could lead to unintended damage to surrounding 
tissues. Fig. 3b shows thermal profiles from thermal camera images, 
confirming the progressive temperature increase over time for all power 
settings. SEM images in Fig. 3c and d depict structural changes in the 
P_Au1550 scaffold after 10 min of laser irradiation, showing fractures 
and breaks likely caused by surpassing the polymer’s melting tempera-
ture near the AuNRs. Despite these disruptions, absent in the native 
state, the overall fibrous structure of the electrospun matrix remains 
stable, preserving scaffold integrity and fibrillarity. These findings 
emphasise the importance of carefully selecting laser power to optimise 
photothermal therapy effectiveness while safeguarding scaffold integ-
rity. For effective photothermal therapy, controlled temperature range 
achievement is crucial (Overchuk et al., 2023; Xu et al., 2022). Tem-
peratures above 45 ◦C induce hyperthermia in cancer cells, leading to 
cell death, but significantly exceeding this threshold can damage sur-
rounding healthy tissues and the scaffold structure (Chu and Dupuy, 
2014; Lobato et al., 2023; Roti, 2008). Therefore, a laser power setting 
allowing a steady, controlled increase in the therapeutic temperature 
range, such as 3 W/cm2, appears optimal, ensuring effective therapy 
while minimizing the risk of overheating or scaffold degradation.

3.3. Cytocompatibility studies

The differences between healthy and cancerous cells, which depend 
on their biophysical and metabolic properties, contribute to the cell 
selectivity of hyperthermic therapy (Bicher et al., 1980; Hegyi et al., 
2013; Huang et al., 2006). The cytocompatibility assessment on the 
human fibroblast cell line of the materials is shown in Fig. 4. Both the 
bare PolyCEGS and P_Au1550 samples, demonstrate a high cyto-
compatibility, as evidenced by the viability of the cells growing in the 
well where the scaffolds were co-incubated after 1, 3, and up to 7 days 
and after 1 day of exposure on cells growing in Matrigel which was 
layered in direct contact with membranes (3D cytocompatibility assay). 
This observation suggests that these materials are well-tolerated by the 
cellular environment. Cellular viability was also assessed following laser 
treatment on membranes containing AuNRs, as they could cause 
collateral damage to the cells due to localized temperature increases. As 
shown in Fig. 4a, cells growing on 2D substrates co-incubated with 
electrospun membrane tolerated the local temperature increases. 
Cellular viability remained above 80 % for up to 7 days when irradiation 
(3 W/cm2) was performed for 2, 4, and 6 min. This was confirmed by 
fluorescent images, which showed only a few dead cells when scaffolds 
were irradiated with a laser for 2 min. However, in 3D viability studies 
with cells embedded within Matrigel layered on electrospun mem-
branes, we observed reduced viability after 6 min of NIR irradiation, 
indicating that prolonged, direct exposure to elevated temperatures can 
drastically decrease cellular functions (Fig. 4b). Conversely, the expo-
sition of cells to cycles of 2 min of laser treatment every 30 min did not 
affect cell viability (Fig. 4c). The evidence indicates that laser treatment 
cycles, even when administered closely in time, do not have a significant 
cytotoxic effect.

3.4. PTX release and cytotoxicity studies

Paclitaxel (PTX), a highly effective chemotherapeutic drug, widely 

Fig. 3. Temperature-time curve showing the temperature trend during NIR laser irradiation (810 nm) at various laser powers: 2, 3, and 4 W/cm2. The temperature of 
the PolyCEGS scaffold without AuNRs, serving as a control, is also displayed at 4 W/cm2, with temperature measurements taken every 30 s for 10 min (a). NIR- 
thermocamera images were captured at 30-second intervals during continuous NIR irradiation at different power levels for 600 s on the P_Au1550 scaffold (b). 
SEM images of P_Au1550 after 10 min of NIR light irradiation at 3 W/cm2: 400x magnification (c), 2000x magnification (d).
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employed in the treatment of various solid tumours (Ma and Mumper, 
2013; Sharifi-Rad et al., 2021; Zhou et al., 2021), has been effectively 
incorporated into the electrospun membranes. This incorporation offers 
several potential advantages. Firstly, it allows for localized delivery of 
the drug to the tumour site, minimizing systemic toxicity. Secondly, the 
sustained release kinetics of PTX from the scaffolds can provide pro-
longed exposure to the therapeutic agent, potentially enhancing its ef-
ficacy. Furthermore, the combination of PTX with the photothermal 
activity of the scaffolds synergistically improves therapeutic outcomes 
by inducing tumour cell death through multiple mechanisms, including 
disruption of microtubule dynamics and hyperthermia-induced cyto-
toxicity (Azerbaijan et al., 2021; Chen et al., 2015; Ren et al., 2013; Sang 
et al., 2021; Su et al., 2018; Tiwari et al., 2018; You et al., 2010). 
Considering the results of the cytocompatibility study, two different NIR 
(810 nm) irradiation times (2 and 4 min) were selected to evaluate the 
release of PTX kinetics in response to NIR light exposure. To investigate 

the drug release profile, given PTX’s poor solubility in aqueous solvents, 
the studies were conducted using a PBS/FBS mixture (v/v % = 50/50) 
and quantified through HPLC analysis (Abouelmagd et al., 2015).

The drug loading efficiency (DLE) of PTX was 0.96 % and the 
entrapment efficiency (EE) was 96.5 % ± 0.9. As shown in Fig. 5a, in 
phosphate buffer/FBS (1:1) after an initial rapid release of PTX due to 
the burst effect, not irradiated (NI) PolyCEGS electrospun membranes 
demonstrated a sustained release profile over time. A sharp and statis-
tically significant increase in PTX release was triggered by NIR irradia-
tion. No significant differences were observed during the first 2 days of 
analysis due to the high release rate. However, after 3 days, the amount 
of released drug increased by about 50 % compared to the non- 
irradiated sample. No statistically significant differences were 
observed between 2 and 4 min of irradiation.

The release rate increased significantly in a reductive environment 
(mimicked by the presence of DTT) (Fig. 5b), with the total amount of 

Fig. 4. Cell viability (%) of cells growing in a bi-dimensional well in the presence of the scaffolds with and without AuNRs, both untreated and treated with NIR 
irradiation (3 W/cm2) for 2, 4 and 6 min after 1, 3 and 7 days of incubation; images of AO/EtBr stained fibroblasts (scale bar: 100 μm) after 7 days of incubation 
treated with PolyCEGS (not irradiated, No IR) and P_Au1550, either not irradiated (No IR) or irradiated (IR) for 2 min at a power of 3 W/cm2 (a). Cell viability % of 
fibroblasts growing on Matrigel layered in direct contact with P_Au1550 and PolyCEGS membranes not irradiated and irradiated with NIR (3 W/cm2) for 2, 4, and 6 
min after 1 day of incubation (**p < 0.01) (b). Cell viability % of fibroblasts growing on Matrigel layered in direct contact with P_Au1550 and PolyCEGS membranes 
irradiated at 3 W/cm2 for 2 min repeated 1, 2, and 3 times every 30 min (c).
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drug released almost doubling at each time point compared to the 
release profile observed without DTT. This behaviour strongly confirms 
the sharp redox responsiveness of PolyCEGS, which is further enhanced 
by the direct entrapment of PTX in the fibres and the increased surface- 
to-volume ratio of the electrospun membrane. As expected, due to the 
significant stimulation of the release rate by DTT, the effect of NIR 
irradiation was less pronounced.

To study the cytotoxicity of electrospun scaffolds on tumor cell lines, 
we conducted a MTS viability assay on HCT-116 cells and MCF-7 cells. 
We designed a simple but effective in vitro model using Matrigel to 
create a 3D scaffold for tumor cell growth. This scaffold was layered on 
the surface of the electrospun membrane to mimic the contact between 
the medicated electrospun membrane and tissue during locoregional 
application. Compared to direct analysis of the PTX cytotoxic effect in 
cell-growing medium, this model better correlates the cytotoxic effect to 
the PTX diffusion through the Matrigel with the NIR responsive cyto-
toxic effect. Moreover, 3D cell culture better simulates the tumor 
microenvironment, including hypoxia, pH and redox state, and cell–cell 
interactions, crucial to study the antitumor activity of the system 
(Abuwatfa et al., 2024; Datta et al., 2020; Lv et al., 2017; Zhang et al., 
2023a). 3D cell cultures exhibited an increase in drug resistance 
compared to the 2D cell culture, better showing the importance of the 

combination of chemotherapy with photothermal therapy (Barbosa 
et al., 2022; Breslin and O’Driscoll, 2016; Dong et al., 2012; Edmondson 
et al., 2014; Fisher and Rao, 2020; Fontoura et al., 2020; Zhao et al., 
2014). In Supplementary materials (Fig. S4a), a representation of the 3D 
cell culture method using a Matrigel matrix is provided, which was 
subsequently used to assess cell viability on the scaffolds. Moreover, 
Fig. S4b showed HCT-116 and MCF-7 3D cell viability in Matrigel 
showing that no statistical differences were observed with and without 
NIR irradiation.

Bare PolyCEGS, P_Au1550, and P_Au1550_PTX, not subjected and 
subjected to NIR irradiation, were investigated after 1, 3, and 7 days of 
incubation. Based on drug release results and considering the need to 
limit normal cells’ exposure to high temperatures, we selected 2 min of 
irradiation at 3 W/cm2. As expected, HCT-116 cells were viable in 
contact with the bare PolyCEGS membrane, both without (not irradiated 
NI samples) and under NIR-irradiation (IR samples). Instead, the NIR- 
irradiated P_Au1550 membrane led to a significant decrease in HCT- 
116 viability which stabilized around 45 % during 1, 3, and 7 days of 
NIR stimulation, thus confirming the high cytoreductive potential of the 
photothermal effect.

The P_Au1550_PTX membrane in the NI experiment caused a sharp 
decrease (20 %) in HCT-116 viability after 1 day. However, this decrease 

Fig. 5. Cumulative % release of PTX over time for non-irradiated (NI), and irradiated samples for 2 and 4 min in phosphate buffer/FBS (1:1) (a); 5 mM DTT 
phosphate buffer/FBS (1:1) (b). Cytotoxicity studies on HCT-116 (c) and MCF-7 (d) (*p < 0.05, **p < 0.01, ***p < 0.005).
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was less pronounced after 3 and 7 days showing instead a slight increase 
to 30 and 40 % of viability respectively. This can be attributed to the 
sustained slow diffusion of PTX from the electrospun membrane and the 
increased growth of cells in Matrigel, which showed reduced suscepti-
bility to the released PTX (Karlsson et al., 2012).

The NIR-stimulated P_Au1550_PTX membrane demonstrated the 
synergism between the NIR photothermal and PTX chemotherapeutic 
effect resulting in a strong reduction in HCT-116 viability, reaching its 
maximum at 7 days with complete inhibition of cellular viability. 
Compared to HCT-116, MCF-7 cells showed (see Fig. 5d), reduced sus-
ceptibility to the treatment with not irradiated P_Au1550_PTX mem-
brane, although a progressive increase in cytotoxicity was observed 
from 1 to 7 days. NIR irradiation on the P_Au1550_PTX membrane 
produced a strong cytotoxic effect after 3 and 7 days of treatment, 
comparable to that observed for HCT-116. We believe variations in 
response may be attributed primarily to the differing proliferation rates 
of these cell lines when cultured in Matrigel, as evidenced in Fig. S4 of 
the Supplementary materials. Specifically, HCT-116 cells exhibit a 
significantly higher metabolic activity at day 1 compared to MCF-7 cells. 
This characteristic may enhance the effect of PTX making its impact 
more pronounced in rapidly dividing HCT-116 cells (Liebmann et al., 
1993). In contrast, the effect of paclitaxel on MCF-7 cells becomes more 
apparent after a longer incubation period. Additionally, it is known that 
both cell lines form clusters when embedded in 3D gels, such as Matri-
gel, better simulating physiological conditions, which can limit drug 
penetration and reduce the initial cytotoxic response, thus confirming 
the need of the combined effect of PTX release and the photothermal 
effect to improve efficiency (Ashworth et al., 2020; Cavo et al., 2016; 
Krause et al., 2010; Pamplona et al., 2024; Petersen et al., 1992; Yeung 
et al., 2010).

We already observe redox sensitivity in the drug release profile, and 
we can hypothesize that the high cell density and 3D culture may lead to 
oxygen depletion, simulating a tumor redox environment (Aggarwal 
et al., 2020; D’Aiuto et al., 2022; Gilkes et al., 2014; Jin et al., 2007; 
Sheta et al., 2001; Taddei et al., 2013). This can lead to alterations in the 
redox balance within the extracellular environment, which may impact 
the drug release mechanism and contribute to differences in cytotoxic 
effects between the cell lines. The hypoxic state can increase reactive 
oxygen species (ROS) production and glutathione (GSH) levels, resulting 
from oxidative stress (Ma et al., 2024; Zeng et al., 2018). GSH trigger 
thiol-disulfide exchange reactions, breaking the disulfide bonds to 
release therapeutic agents (Guo et al., 2018; Lee et al., 2013). While, in 
high ROS environments, disulfide bonds can undergo oxidative re-
actions, forming sulfone or sulfoxide, which enhance hydrophilicity. 
This change facilitates hydrolysis, promoting carrier disintegration and 
drug release (Sun et al., 2018).

4. Conclusions

This study focused on developing multi-responsive paclitaxel (PTX) 
and gold nanorods (AuNRs) loaded electrospun membranes, based on a 
redox-responsive polyurethane urea (PUU), designed to provide a 
localized and controlled release of chemotherapeutics in response to 
near-infrared (NIR) light and redox changes in the tumor microenvi-
ronment. The study successfully demonstrates the fabrication of PUU 
nanofibers incorporating AuNRs and PTX through optimized electro-
spinning conditions. The photothermal properties were validated by the 
controlled temperature increase upon NIR irradiation (3 W/cm2, 810 
nm), achieving effective hyperthermia (42.5 ◦C) after 2 min, while 
maintaining scaffold stability. Furthermore, the cytocompatibility of the 
PUU-AuNRs scaffolds ensures minimal damage to healthy tissues, 
enhancing their clinical relevance. Cytocompatibility studies confirmed 
the scaffolds’ safety in a cellular environment, demonstrating over 80 % 
cell viability under laser treatment, highlighting their potential for non- 
toxic clinical applications.

The scaffold showed a sustained PTX release profile, significantly 

enhanced in reductive environments, mimicking post-surgical condi-
tions. Such an environment-responsive behavior suggests an efficient 
mechanism for localized chemotherapy delivery, maintaining thera-
peutic concentrations with reduced systemic exposure. The dual- 
response mechanism allows for synergistic hyperthermia and chemo-
therapy, leading to a substantial reduction in cancer cell viability in 
vitro, as evidenced by experiments on human breast cancer (MCF-7) and 
colon cancer (HCT-116) cell lines.

In conclusion, the development of PUU-based electrospun scaffolds 
present a promising strategy for post-surgical cancer treatment. While 
this study demonstrates the potential of combining chemotherapy with 
photothermal therapy (PTT), several critical challenges must be 
addressed for clinical translation. Bridging the gap between innovative 
materials and clinical application requires key steps such as rigorous 
preclinical testing, adherence to stringent regulatory requirements, 
standardization in manufacturing processes, carefully designed clinical 
trials, and active collaboration with clinical and industrial stakeholders. 
The design of an electrospun material for locoregional application pro-
vides a potential solution to overcoming targeting efficiency challenges. 
As demonstrated in this study, our system enhances responsiveness to 
external stimulation and sharpens the precision of drug release at the 
desired site. This localized and controllable delivery approach may help 
overcome some barriers to clinical translation. Furthermore, preclinical 
in vivo testing represents a logical next step for confirming the safety, 
efficacy, and biocompatibility of the designed platform.
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