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ABSTRACT

Sustained and localized delivery of chemotherapeutics in postoperative cancer treatment leads 
to a radical improvement in prognosis and a much decreased risk of tumor recurrence. In this 
work, polydopamine (PDA)-coated superparamagnetic iron oxide nanoparticle (SPION)-
loaded polycaprolactone and poly (lactic-co-glycolic acid) fibers were developed as a potential 
implant to ensure safe and sustained release of the chemotherapeutic drug methotrexate (MTX), 
as well as provide local contrast for magnetic resonance imaging (MRI). Fibres were prepared 
by co-axial electrospinning and loaded with MTX-layered double hydroxide (LDH) 
nanocomposites in the core, yielding organic–inorganic hybrids ranging from 1.23 to 1.48 µm 
in diameter. After surface coating with PDA, SPIONs were subsequently loaded on the fibre 
surface and found to be evenly distributed, providing high MRI contrast. In vitro drug release 
studies showed the PDA coated fibres gave sustained release of MTX over 18 days, and the 
release profile is responsive to conditions representative of the tumor microenvironment such 
as slightly acidic pH values or elevated concentrations of the reducing agent glutathione (GSH). 
In vitro studies with Caco-2 and A549 cells showed highly effective killing with the PDA 
coated formulations, which was further enhanced at higher levels of GSH. The fibres hence 
have the potential to act as an implantable drug-eluting platform for the sustained release of 
cytotoxic agents within a tumor site, providing a novel treatment option for post-operative 
cancer patients.

1. INTRODUCTION 

Postoperative adjuvant chemotherapy has been proven to improve long-term prognosis 
compared to surgery alone in the treatment of early and localized tumors (Tsuboi et al., 2007, 
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Petersen et al., 2012). However, systematic chemotherapy often fails to achieve desirable 
clinical outcomes owing to physiological barriers to drug delivery (Grasso et al., 2017, 
Sarvepalli et al., 2019, Patel et al., 2020), or harmful effects on healthy organs (Van 
Dooren‐Greebe et al., 1994, Hempel et al., 2003). In such circumstances, alternative delivery 
approaches are required to enhance efficacy.

One suitable option is the use of implantable drug delivery (IDD) systems. Such formulations 
address issues associated with oral and intravenous administration by direct delivery of a 
chemotherapeutic into the tumor site. For instance, Indolfi reported an implantable poly(lactic-
co-glycolic acid) (PLGA)-based biodegradable device designed to give local paclitaxel therapy 
for pancreatic ductal adenocarcinoma patients (Indolfi et al., 2016). Compared to systematic 
therapy, the IDD device had increased efficacy in suppressing tumor growth in a murine 
orthotopic xenograft model. Xie fabricated an implantable curcumin-silk fibroin nanofibrous 
matrix for the treatment of solid tumors. After an ethanol vapor treatment, the formulation 
displayed prolonged drug release and improved intracellular uptake of curcumin (Xie et al., 
2016). There are also clinical examples of IDDs for cancer. Gliadel™ is an implantable wafer 
formulation which is placed into the tumor-resection cavity, providing a post-surgical solution 
for glioma patients. 

However, concerns arise associated with the safety and efficacy of IDD systems. In all cases, 
it is important to monitor the implants to avoid any risks of displacement and/or deterioration. 
The host tissue response to implants might also lead to progressive loss of device functionality 
in vivo. Implantation-related immune responses include a cascade of activities of proteins and 
inflammatory cells at the implant/tissue biointerface, resulting in acute and chronic 
inflammation (Arciola et al., 2018, Franz et al., 2011, Anderson, 1988). Hence, there exists a 
need to develop advanced approaches to provide local information to ensure the therapeutic 
efficacy and safety of implantable devices.

The use of non-invasive interventions could benefit the visualization and study of implantable 
devices (Ross et al., 2000, Joshi et al., 2011). Advanced imaging modalities, such as magnetic 
resonance imaging (MRI), fluorescent imaging and gamma cameras are all suitable options for 
the imaging of implants in vivo (Liu et al., 2009, Bilezikian et al., 2020). MRI is highly 
favorable because it is a non-radioactive technique with high resolution for soft tissues. It is 
especially powerful for imaging tumors or other lesions (Berdichevski et al., 2015). MRI 
probes such as superparamagnetic iron oxide nanoparticles (SPIONs) have been explored for 
non-invasive real-time MRI of implantable devices (Berdichevski et al., 2015, Liu et al., 2016). 
For example, Berdichevski et al. reported fluorescence/MRI probe conjugated hydrogels as 
implanted proangiogenic platforms (Berdichevski et al., 2015). The device–tissue biointerface 
could be monitored by fluorescence imaging/MRI, and the imaging results clearly reflected the 
degradation of the hydrogels as well as the vascular regeneration process. 

A strategy to enhance biological features of implants without sacrificing any beneficial 
properties of the materials is surface functionalization. Polydopamine (PDA) coating has 
recently been widely explored as a facile, one-step, approach for this purpose. As a 
biocompatible and biodegradable biomaterial derived from self-polymerization of dopamine, 
PDA has attracted extensive attention in the area of biomedicine (Lynge et al., 2011, Wang et 
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al., 2018). With a typical melanin-mimicking structure with rich phenol groups, PDA materials 
display excellent free radical scavenging abilities, and can serve as antioxidant and anti-
inflammatory agents for injury healing and suppression of the implant-related immune 
response (Ju et al., 2011, Zhao et al., 2018). The phenol groups also impart PDA with chelating 
capabilities, allowing it to bind to metal ions such as radioisotopes for nuclear imaging (Dong 
et al., 2016, Zhong et al., 2015). The ability of PDA to absorb molecules has also been explored 
and as a result its applications have been rapidly expanded into the areas of drug delivery, 
molecular imaging and cancer theranostics (Dong et al., 2016, Zhong et al., 2015, Liu et al., 
2014). Moreover, it is reported PDA materials have moderate antibacterial effects, which is 
desirable for implants to reduce the attachment and growth of bacteria (Su et al., 2016).

Biodegradable and biocompatible polymers have been widely investigated in the development 
of advanced drug delivery systems. Amongst these, poly(ε-caprolactone) (PCL) and poly 
(lactic-co-glycolic acid) (PLGA) have received significant attention because of their variable 
degradation rates, which lend them to the preparation of tunable and long-lasting implants. 
Such polymeric implants address issues associated with oral and intravenous administration by 
directly delivering agents into a local target site over a prolonged period of time. PCL and 
PLGA have been processed utilizing a number of pharmaceutical technologies, including with 
the electrospinning approach. The latter comprises a straightforward and scalable approach to 
combine a variety of functional ingredients into a single system. For example, Lin et al. 
prepared PCL fibrous meshes loading with imiquimod, which showed promise as a drug 
delivery platform to treat melanoma (Lin et al., 2018). Electrospun PLGA fibres have also been 
used to locally deliver therapeutic agents for spinal cord injury (Kong et al., 2019). 

Compared to single electrospinning, co-axial electrospinning is an advanced manufacturing 
process that has recently attracted attention to develop theranostic platforms. This arises owing 
to its ability to generate nanoscale fibres incorporating a wide range of functional components 
such as small molecules, inorganic nanoparticles or proteins (Moreira et al., 2020, 
Dziemidowicz et al., 2021). Compared to other bench-top techniques, which often require 
complicated and multi-step synthesis, co-electrospinning is usually a facile process which can 
produce multi-composite materials in one step. Ramachandran et al. fabricated an electrospun 
polycaprolactone (PCL)-polylactide (PLA)-PLGA nanofibrous implant able to continuously 
release temozolomide for up to one month, and simultaneously allow MRI monitoring of 
potential implantation side effects for up to 3 months (Ramachandran et al., 2017). We 
previously developed pH-responsive electrospun systems to monitor drug release based on 
MRI signals (Zhang et al., 2020). The fibres were loaded with SPIONs and a chemotherapeutic, 
and in vitro experiments reflected that the drug release was tightly correlated with relaxivity 
profile.

Layered double hydroxide (LDH) nanocomposites have been widely explored in biomedical 
applications because of their biocompatibility, low toxicity and potential for cellular 
permeability (Simoneau, 1996, Saifullah et al., 2013, Mishra et al., 2018). A key point of LDH-
based drug-delivery systems is that active agents intercalated can be released in a controlled 
manner at the target area. This capacity for localised sustained release can protect the agents 
from degradation, alleviate undesirable release outside the target site, and therefore minimise 
side effects, avoid toxicity and reduce dosing concentration and frequency, thereby improving 
the overall bioactivity (Saifullah et al., 2013, Mishra et al., 2018). Another characteristic of 
LDH nanocomposite delivery systems is their pH sensitive properties. This is related to the 
nature of metal hydroxides. A number of drug release experiments have revealed that in acidic 
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conditions (e.g. pH 4.8, which mimics the environment in lysosomal conditions), the release 
of a drug from LDH-nanocomposites is faster than at the physiological pH (7.4) (Saifullah et 
al., 2013, Hussein et al., 2011).

In this study, implantable fibres incorporating methotrexate (MTX) and MRI contrast agents 
were developed. MTX is an antimetabolite and antifolate agent which has been clinically 
applied as an anticancer drug and for autoimmune disorders. However, it is chemically unstable 
and easily degraded after exposure to light. Due to its high hydrophobicity and low 
permeability, MTX falls into class IV of the biopharmaceutical classification (BCS) system. 
To prolong the drug release profile and enhance MTX stability over a prolonged period, MTX 
was firstly loaded into LDH carrier particles by anion exchange (Gao et al., 2017, Choy et al., 
2004). IDD systems comprising PCL and PLGA-based core-shell fibres loaded with LDH-
MTX were then produced by co-electrospinning. Unlike the majority of electrospun platforms 
previously reported where functional agents were encapsulated inside the bulk of the 
formulation, MRI contrast agents in the form of SPIONs were then incorporated onto the 
surface of the fibres via post-fabrication PDA coating (Figure 1). This should permit effective 
interactions with nearby water molecules, so as to provide high local contrast for MRI. The 
morphology, structure and components of the fibres were fully characterised. In vitro drug 
release, anti-proliferative effects on tumor cells and MRI mapping were investigated in detail.
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Figure 1. Schematic representation of the fabrication of fibre-based implantable 
theranostics.

2. EXPERIMENTAL

2.1 Materials 

Two different forms of poly(D,L-lactide-co-glycolic)acid (PLGA) were purchased: PLGA-1 
(acid terminated, 150 kDa, lactide:glycolide 75:25) and PLGA-2 (ester terminated, 80 kDa, 
lactide:glycolide 50:50). Both were sourced from Jinan Daigang Biomaterial Co., Ltd. (China). 
Polycaprolactone (PCL; 80 kDa), crystal violet, FeCl3·6H2O and FeCl2·4H2O were obtained 
from Sigma Aldrich (UK). Dichloromethane (DCM), N,N-dimethylformamide (DMF), 
MgCl2·6H2O, AlCl3·6H2O, sodium periodate and sodium hydroxide were purchased from 
Macklin Co., Ltd. (China). MTX, dopamine hydrochloride and Tris buffer were sourced from 
Aladdin Co., Ltd. (China). Ultrapure water (> 18.2 MΩ) was collected from a Millipore MilliQ 
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system. Dulbecco’s modified Eagle medium with high glucose, and heat-inactivated fetal 
bovine serum were purchased from Gibco (UK). Penicillin-streptomycin (1 % v/v), L-
glutamine (1 % v/v) solutions and non-essential amino acid solution (1 % v/v) were obtained 
from Life Technologies (UK).

2.2 Preparation of Mg3Al-LDH-MTX 

In a typical procedure, a salt solution (10 mL) containing MgCl2·6H2O (0.6 M, MW 203.3 
g·mol-1, 1.22 g) and AlCl3·6H2O (0.2 M, MW 241.4 g·mol-1, 0.48 g) was quickly added into 
NaOH solution (40 mL, 0.4 M, 0.64 g) under vigorous stirring. After stirring for 20 min, the 
fresh Mg3Al-LDH slurry was collected via centrifugation, washed twice with 20 ml of 
deionized water, and then re-suspended in deionized water (40 mL). The resultant suspension 
(40 mL) was heated at 100 °C for 6 hours in a 50 mL Telfon-lined stainless steel autoclave, 
followed by product recovery through centrifugation and washing with deionized water until 
the supernatant pH was close to 7. A final wash with acetone was performed to produce the 
LDH.  The resultant material was dried at 60 °C for 48 hours in an oven. 

To intercalate MTX into Mg3Al-LDH, 400 mg of the LDH was dispersed in an aqueous 
solution (20 mL) containing MTX (0.1 mmol, 405 mg) at pH 9.5. After stirring at 40 °C for 48 
hours, the product was washed with deionized water through centrifugation. After a final wash 
with acetone, the MTX loaded Mg3Al-LDH (LDH-MTX) was dried at 40 °C for 48 hours in 
an oven.

2.3 Preparation of polyvinylpyrrolidone (PVP)-stabilized SPIONs 

PVP-stabilized SPIONs (PVP-SPIONs) were synthesized using the method described in our 
previous study (Zhang et al., 2020). FeCl3·6H2O (6.5 g, 0.024 mol) and FeCl2·4H2O (2.48 g, 
0.012 mol) were dissolved in 25 mL of deoxygenated ultrapure water. This solution was added 
dropwise into 250 mL of an aqueous NaOH solution (0.5 M) at 40 °C, and stirred for 1 h at this 
temperature. The resultant SPIONs were washed by centrifugation with deionized water until 
the supernatant was pH neutral, and the resultant black precipitate dried under vacuum. For 
PVP stabilization, SPIONs (100 mL, 10 mg/mL in water) were mixed with 2 mL of an aqueous 
PVP 40k solution (25.6 g/L, 0.64 mM), and the suspension was shaken (100 rpm) at room 
temperature. After 24 h, the suspension was mixed with 500 mL of aqueous acetone 
(H2O/acetone, 1:10 v/v) and centrifuged at 13,200 rpm for 20 min. The supernatant was 
removed, and the resultant black precipitate washed with ethanol and dried in an oven at 50 °C 
for 24 h.

2.4 Electrospinning 

Monolithic blank PCL (termed ‘placebo PCL’) and PCL fibres loaded with LDH-MTX (PCL-
LM) were prepared by single-fluid electrospinning. LDH-MTX was added into a 10 % w/v 
PCL solution at concentration of 40 % (w/w, with respect to the dry PCL weight). The working 
fluids were ejected using a flat-tipped needle with an inner diameter of 0.84 mm, at a flow rate 
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of 2.0 mL/h, and with a distance of 8 cm between the tip of the needle and the collector under 
an electrostatic field of 2.0 kV/cm. Fibres were collected on a flat plate aluminium collector 
attached to the grounded electrode.

10 % w/v PCL or 15% w/v PLGA solutions were prepared by dissolving the polymers in a 
mixture of DMF and DCM (1 : 4 v/v). For co-axial electrospinning, the core and shell solutions 
were loaded into two syringes fitted onto a co-axial needle with inner diameters of 1.37 mm 
(shell) and 0.69 mm (core). All the experiments were conducted at a temperature of 20-24 °C, 
with a humidity of approx. 40 %. To produce LDH-MTX loaded fibres, the core fluid was 
prepared by adding the LDH to a 10% w/v PCL solution, with an LDH concentration of 40 % 
w/w with respect to the dry PCL weight. A magnetic stirrer bead was placed inside the syringe 
and used to ensure that the LDH-MTX nanocomposites were well-dispersed in the core fluids 
throughout the electrospinning process, via stirring at 50 rpm. The spinneret was connected to 
the positive electrode of a high voltage power supply (JDFS, Dongwen Co., Ltd. China) using 
an alligator clip and fibres were collected on a flat plate aluminium collector attached to the 
grounded electrode, with a working distance of 8 cm. Full details of the spinning process are 
given in Table 1.

Table 1. The electrospinning parameters used to prepare core@shell fibres with the 
different PLGA materials

Fibre Shell (w/v)a Flow rate Electrostatic field

PCL-LM@PCL 10% PCL 

PCL-LM@PLGA1 15% PLGA-1b

PCL-LM@PLGA2 15% PLGA-2c 

2.0 mL/h (shell)

0.6 mL/h (core) 

2.0 kV/cm 

a: concentrations based on the solvent volume. b: acid terminated, 150 kDa, lactide:glycolide 75:25. c: ester 
terminated, 80 kDa, lactide:glycolide 50:50.

2.5 Preparation of fibres loaded with SPIONs 

About 30 mg of core-shell fibres or placebo PCL (3 x 3 cm) were immersed in 30 mL of 
dopamine hydrochloride solution (1 mg/mL, dissolved in 10 mmol/L Tris–HCl at pH 8.5). 2 
mL of NaIO4 (10 mg/mL) was slowly added at room temperature. The resultant PDA coated 
fibres were collected, washed with deionized (DI) water three times and dried under vacuum. 
To load SPIONs, the PDA coated fibres were resuspended in 30 mL of 10 mmol/L Tris–HCl 
(pH 8.5) containing dopamine hydrochloride (1 mg/mL) and SPIONs. The suspension was 
shaken at room temperature (50 rpm) for 1 h. Fibres loaded with SPIONs were obtained by 
washing with DI water three times and drying under vacuum. The resultant family of fibres is 
listed in Table 2.
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Table 2 The different fibre based formulation prepared.

Formulation ID Fibre Post treatment

PCL@P placebo PCL 

PCL-LM@PCL@PDA PCL-LM@PCL

PCL-LM@PLGA1@PDA PCL-LM@PLGA1

PCL-LM@PLGA2@PDA PCL-LM@ PLGA2

PDA coating 

PCL-LM@PCL@S-PDA PCL-LM@PCL

PCL-LM@PLGA1@S-PDA PCL-LM@PLGA1

PCL-LM@PLGA2@S-PDA PCL-LM@ PLGA2

PDA coating and 
SPIONs loading 

2.6 Characterization 

The morphologies of the LDH particles and fibres were analysed on a scanning electron 
microscope (SEM; VEGA3, TESCAN, Czechia) with an accelerating voltage of 10.0 kV. 
Samples were coated with a 20 nm gold sputter (using a Quorum Q150T coater) before 
measurement. The size distribution of the fibres was determined from the SEM micrographs 
by measuring their diameters at > 100 points in the images, with the aid of the ImageJ software 
(version 1.52s, National Institutes of Health, USA). To explore the internal structure of the 
electrospun fibres, a CM120 Bio-Twin transmission electron microscope (TEM; Philips/FEI 
Corporation, the Netherlands) was used. Specimens were prepared by fixing a lacey carbon-
coated copper grid directly onto the collector during the electrospinning process, and depositing 
fibres on it for about 10 s. Energy dispersive X-ray spectroscopy (EDS) was carried out using 
a Hitachi S3400N microscope fitted with an Oxford Instruments EDS detector. Static water 
contact angles (CAs) were recorded on an optical contact angle measuring device (OCA40, 
DataPhysics, Germany). The volume of the applied water or oil droplet was fixed at 2 μL. The 
CAs were determined by averaging five separate tests for each sample. X-ray photoelectron 
spectroscopy (XPS) measurements were carried out on an Axis Supra+ system (Kratos, Japan) 
with an Al Kα X-ray source (15 kV, 10 mA). The C1s peak is corrected to 284.8 eV for energy 
calibration. For Fourier transform infrared spectroscopy (FTIR) analysis, fibres were analysed 
in attenuated total reflectance mode at a resolution of 0.5 cm−1 and over the wavenumber range 
of 4000-675 cm−1 on a NICOLET iS10 instrument (Thermo Fisher Scientific, USA). A 
MiniFlex 600 diffractometer (Rigaku, Japan) supplied with Cu-Kα radiation was used to collect 
XRD patterns (λ = 0.15418 nm, 40 kV, 15 mA). Patterns were recorded over the 2θ range from 
3 to 70° (step = 0.01°).

2.7 Drug loading 
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The loading capacity (LC%) can be calculated as the amount of entrapped drug divided by the 
total fibre weight. Encapsulation efficiency is the percentage of the drug present that is 
successfully entrapped into the fibres. The amount of MTX loaded into Mg3Al-LDH-MTX was 
determined as follows: 10 mg of Mg3Al-LDH-MTX was dissolved completely into around 2 
mL of concentrated hydrochloric acid solution and then diluted to 250 mL in a volumetric flask. 
Under such conditions, MTX was considered to be completely released. The concentration of 
MTX was determined by monitoring the absorbance at λmax = 303 nm using high performance 
liquid chromatography (HPLC, LC-20AT, Shimadzu, Japan) with a UV-vis detector (SPD-
10A, Shimadzu, Japan). Samples were filtered through a PVDF-type syringe filter (0.22 µm) 
before analysis. A reverse-phase C18 column (150 x 4.6 mm, 5 µm, ODS, Platisil, China) was 
used. The mobile phase (acetonitrile and phosphate buffer (pH 6.0) at a ratio of 8:92 v/v) was 
filtered (as above) and degassed prior to use. The flow rate of the mobile phase was 1.4 mL/min. 
Experiments were performed in triplicate and the results are reported as mean ± standard 
deviation (S.D.).

The amount of MTX loaded into loaded fibres was determined as follows. Around 5 mg of 
fibres was added into 20 mL of DCM and sonicated until the fibres fully dissolved. The 
resulting suspensions were centrifuged for 5 min (8,000 rpm) to remove undissolved particles. 
Next, the sediment was dried under vacuum to remove any remaining DCM, and 10 mL of a 1 
w/v % sodium hypochlorite aqueous solution added to completely dissolve any remaining 
particles. 5 mL samples of the solutions were removed and diluted to 50 mL in a volumetric 
flask. The MTX loading was calculated based on the concentration of MTX in the supernatant 
and sediment, both determined by HPLC. Quantification was performed in triplicate. 

2.8 Dissolution test 

The MTX release study was undertaken using a 25 mL suspension of fibres (~ 0.5 mg/mL). 
Samples (n=3) were dispersed in 5 mL of the desired buffer (pH 7.4 phosphate buffered saline 
(PBS) or pH 5.0 acetate buffer) and transferred into a dialysis bag (MWCO=3500 Da). The bag 
was submerged into 20 mL of the respective buffer and stirred at 37 °C (50 rpm). In the GSH-
triggered release experiments, samples (n=6) were immersed in 5 mL of PBS buffer (pH 7.4) 
and transferred into a dialysis bag (MWCO=3500 Da), which was in turn submerged into 20 
mL of PBS (pH 7.4) and stirred at 37 °C (50 rpm). After a 2 h incubation, half the samples 
(n=3) were transferred to PBS supplemented with 20 mM GSH. In all cases, 0.5 mL aliquots 
were periodically withdrawn from the dissolution medium and filtered through PVDF-type 
syringe filters (0.22 µm) for HPLC analysis. To maintain a constant volume, 0.5 mL of fresh 
pre-heated buffer was added to the dissolution vessel after the removal of each aliquot. 
Experiments were performed in triplicate and the results are reported as mean ± S.D.

2.9 Relaxivity 

To monitor changes in proton relaxivity with pH and temperature, a dispersion of 
approximately 20 mg of each formulation in 10 mL of PBS buffer (pH 7.4) with 0.1 % (w/v) 
aqueous xanthan gum solution was incubated at 37 °C, 50 rpm. At selected time points, 1.5 mL 
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aliquots were transferred into a 10 mm-diameter NMR tube in order to measure the longitudinal 
and transverse relaxation time (i.e., T1 and T2). After this, the aliquots were returned to the 
vessel for further incubation. At the end of relaxivity monitoring, the remaining fibres were 
recovered and digested using hot HNO3 before being diluted to 10 mL with deionized water. 
The total [Fe] concentrations (mM) comprise the sum of the metal concentrations in the 
medium and fibres, which were quantified on a Varian 720-ES inductively coupled plasma 
optical emission spectroscopy (ICP-OES). All experiments were performed in triplicate and 
the results are reported as mean ± S.D.

An MQC+ benchtop NMR analyser (Oxford Instruments, UK) was used to measure T1 and T2 
of protons at 37 °C and 23 MHz. For the measurement of T1, the standard inversion-recovery 
method was employed with a typical 90° pulse calibration of 250 µs with 4 scans per 
experiment. The Carr-Purcell-Meiboom-Gill (CPMG) method was used to measure T2, with 4 
scans per experiment. The water relaxation rate enhancement per mmol of contrast agent 
(relaxivity) is defined by Equation 1.

           Equation 1𝑟𝑛 =
𝑅𝑛,𝑜𝑏𝑠 ― 𝑅𝑛,𝑠𝑜𝑙

[𝐶𝐴]     (𝑛 = 1,2)

Where rn is relaxivity, Rn,obs is the observed relaxation rate of the agent in aqueous suspension 
(Rn = 1/Tn), Rn,sol is the relaxation rate of the unaltered solvent system (i.e. in the absence of 
contrast agent) and [CA] is the mM concentration of the contrast agent in suspension, as 
measured by ICP-OES.

2.10 In vitro cell studies 

The colorectal adenocarcinoma Caco-2, human lung carcinoma A549 cell lines and human 
embryonic kidney cells HEK-293 (ATCC CRL-1573) were employed for in vitro studies. 
Caco-2 cells were maintained at 37 °C, under 5 % CO2, in Dulbecco’s modified Eagle medium 
with high glucose (DMEM-HG) supplemented with penicillin-streptomycin (1 % v/v) and L-
glutamine (1 % v/v) solutions, non-essential amino acid solution (1 % v/v) and 10 % v/v heat-
inactivated fetal bovine serum (Gibco) (termed “complete DMEM”). A549 and and HEK-293 
cells were cultured in DMEM-HG supplemented with pre-heated fetal bovine serum (10% v/v), 
L-glutamine (1 % v/v) and penicillin-streptomycin (1 % v/v). MTX was dissolved in dimethyl 
sulfoxide (DMSO) and stored at 4 °C before use. MTX were then diluted using culture media 
to the desired concentrations. The final concentration of DMSO in the culture medium did not 
exceed 0.1 v/v %. 

For viability assays, cells were pre-grown in 96 well plates (ThermoScientific, UK). 1 × 104 
cells in 200 μL of medium were seeded into each well and cultured for 24 h. The medium was 
aspirated and 200 μL of pre-heated DMEM-HG containing various concentrations of the 
formulations or MTX (corresponding to free MTX concentrations of 50 ng/mL) added. The 
cells were incubated at 37 °C, under 5 % CO2. After 24 h, cell viability was determined with a 
PrestoBlue™ cell viability assay (ThermoFisher, UK) or crystal violet. For the former, the 
wells were aspirated, the cultures washed with PBS, and 20 μL of the fluorescent reagent and 
180 μL of medium added. The plate was incubated for 20 minutes at 37 °C and 5 % CO2 before 
fluorescence (excitation/emission) at 560/590 nm was read using a SpectraMax M2e 
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spectrophotometer (Molecular Devices, UK). For the reductive response studies, reduced 
glutathione (GSH, 5 mM) was added to A549 or Caco-2 cells treated with PCL-LDH@PCL or 
PDA coated PCL-LDH@PCL fibres (corresponding to free MTX concentrations of 50 ng/mL). 

For crystal violet assay, cell cultures were washed with PBS, fixed with 10% formalin for 15 
min, and incubated with 0.1 w/v % crystal violet aqueous solution for 20 min. After staining, 
the cells were carefully washed three times with PBS and imaged on an Evos XL Core light 
microscope (Invitrogen, Thermo Fisher Scientific, UK). All experiments were conducted in 
triplicate on separate days (three independent experiments with 4 replicates in each). Statistical 
significance of differences was evaluated by Student t-tests. 

2.11 MRI 

To give good resolution in a clinical MRI scanner, a sample of fibre mat (~1.2 cm x 1.5 cm) 
was immersed in a 15 mL centrifuge tube with 0.1 % (w/v) aqueous xanthan gum solution. For 
T1- weighed scanning, MRI scans were then conducted in two directions (horizontal and 
vertical). The scans were planned along the long axis of tubes which were positioned upright 
in the bore using a 3T Ingenia clinical MRI scanner (Philips, Best, Netherlands). Both 
sequences were acquired in the transverse plane with resolution 1 mm × 1 mm, 2 mm slice 
thickness, and the reconstructed resolution was 0.3 mm × 0.3 mm, with 2 mm slice thickness.  
Parameters for the T1- weighted sequence were TR 540 ms, TE 10 ms, flip angle 90° and for 
the T2- weighted sequence TR 4971 ms, TE 80 ms, flip angle 90°. 

3. RESULTS AND DISCUSSION

To overcome the systemic delivery barriers often encountered in cancer treatment and allow 
non-invasive monitoring of implants, PDA coated polymer fibres loaded with methotrexate 
and MRI contrast agents (SPIONs) were fabricated as shown in Figure 1. The resultant fibres 
were designed  to provide prolonged release of MTX, alongside a sustained MRI signal. Hence, 
we firstly synthesized LDHs as carriers for MTX (LM) and then loaded the MTX-nanosheets 
into PCL@PCL or PCL@PLGA core@shell fibres (to produce PCL-LM@PCL and PCL-
LM@PLGA1/2 fibres, as described in the Experimental section). Previous reports have 
demonstrated that preloading of drug into LDH particles before encapsulation into PCL fibres 
extends the release period compared to fibres directly loaded with a drug (Gao et al., 2017). It 
is also known that LDHs can protect labile agents from degradation (Saifullah et al., 2013, 
Mishra et al., 2018). Finally, application of a PDA coating further prolongs drug release as well 
as trapping contrast agents on the surface of the fibres for MRI.

3.1 Coaxial fibre characterisation 

XRD patterns confirm the production of LDH structures (Supplementary Information, Figure 
S1A). The reflections visible for the pristine LDH and LDH-MTX can be indexed to the (003), 
(006) and (009) indices of LDH phases. Compared to the XRD pattern of the blank LDH, the 
basal spacing increases from 8.2 Å to 20.1 Å after MTX intercalation, consistent with the 
literature (Chakraborty et al., 2013, Wang et al., 2005). No XRD reflections from MTX (Figure 
S1B) were observed in the intercalates, suggesting no pure drug crystals are present. The 
morphologies of the LDH-MTX particles were characterized using TEM and SEM (Figure S1C, 
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D). LDH-MTX exists as plate-like aggregates of particles in both sets of images. The IR spectra 
of pristine LDH, MTX, LDH–MTX and a physical mixture of LDH and MTX are shown in 
Figure S1E. The spectra of LDH-MTX and their physical mixture have distinct differences. 
The latter comprises a superposition of the pure MTX and LDH spectra, indicating no 
intercalation. For LDH-MTX, two bands at around 546 and 445 cm−1 are attributed to the lattice 
vibrations of Mg–O and Al–O bonds. The stretching bands of both hydroxide and interlayer 
water molecules are found at approximately 3400 cm-1. The low intensity peak at around 1450 
cm−1 can be attributed to stretching of C=C bonds in the MTX molecule, while that at 1610 
cm−1 corresponds to the water bending mode. Further, a pair of absorption bands at 1387 and 
1558 cm−1 may be attributed to COO− stretching of MTX (Choy et al., 2004, Chakraborty et 
al., 2013). Overall, the results suggest that MTX is successfully loaded into the LDH particles.

To suppress the initial burst release often seen with fibres produced by monoaxial 
electrospinning (Moghe and Gupta, 2008, Mao et al., 2018), drug-free PCL or PLGA solutions 
were used as shell fluids in co-axial electrospinning. SEM images and Mg/Al elemental 
mapping results of the LDH-MTX loaded core-shell fibres (PCL-LM@PCL or PCL-
LM@PLGA, for sample nomenclature see Table 1) are presented in Figure 2A-L. The fibres 
are largely smooth and cylindrical in morphology, but the PCL-LM@PLGA1 and PCL-
LM@PLGA2 fibres show evidence of solvent inclusion in the form of merged fibres. EDS 
shows Mg and Al are distributed evenly throughout the fibres, indicating that the drug loaded 
LDH nanoparticles were well dispersed. Peaks from LDH-MTX cannot be identified in the IR 
spectra (Figure S2), likely because the LDH particles are localised in the fibre core. The 
average diameters of the PCL-LM@PCL, PCL-LM@PLGA1 and PCL-LM@PLGA2 fibres 
are 1.48 ± 0.58, 1.48 ± 0.55 and 1.23 ± 0.54 µm, respectively (Figure S3). The size is slightly 
larger than that of monolithic PCL-LM fibres (1.16 ± 0.51 µm,) as shown in Figure S4.  TEM 
images obtained (Figure 2M-P) reveal the internal structure of the fibres. The core@shell 
structures of the fibres are clearly visible, confirming that coaxial spinning was successfully 
performed.
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Figure 2. SEM images and Mg/Al elemental mapping of PCL-LM@PCL (A-D), PCL-
LM@PLGA1 (E-H) and PCL-LM@PLGA2 (I-L); TEM images of PCL-LM@PCL (M), 
PCL-LM@PLGA1 (N, O) and PCL-LM@PLGA2 (P) (scale bar: 1 μm).

3.2 SPION-PDA coating 

The preparation of SPIONs/PDA loaded fibres is illustrated in Figure 1. The as-prepared PCL-
LM@PCL and PCL-LM@PLGA1/2 fibres were initially immersed in a dopamine solution to 
deposit polydopamine on their surface. To accelerate the polymerization, an oxidant (NaIO4) 
was added. The resultant PDA decorated PCL-LDH@PCL or PLGA1/2 systems (termed PCL-
LM@PCL@PDA, or PCL-LM@PLGA1/2@PDA) maintained similar morphology to the 
pristine fibres, with a generally homogeneous PDA coating on the fibre surface. This can be 
observed from SEM images (Figure S5). Although a few large particles of PDA can be 
observed (marked using red circles), the distribution of N (present only in PDA, see Figure S5) 
is seen to be evenly distributed in EDS images. The fibre size did not significantly increase 
after PDA coating, with diameters of 1.56 ± 1.03 µm for PDA coated PCL-LM@PCL (PCL-
LM@PCL@PDA), 1.54 ± 0.68 µm for PDA coated PCL-LM@PLGA1 (PCL-
LM@PLGA1@PDA) and 1.20 ± 0.68 µm for PCL-LM@PLGA2 (PCL-LM@PLGA1@PDA) 
(Figure S3D-F).
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Subsequently, MRI contrast agents (SPIONs) were loaded onto the surface of the PDA-coated 
fibres to produce PCL-LM@PCL@S-PDA and PCL-LM@PLGA1/2@S-PDA. The PVP-
SPIONs possessed a mean size of 8.5 ± 2.7 nm (Figure S6A). XRD confirms the synthesis of 
SPIONs (Figure S6B) (Zhang et al., 2020).

The hydroxyl groups and nitrogen containing groups in PDA can undergo hydrogen bonding, 
promoting interfacial interactions between the contrast agents and the fibres. Simultaneously, 
PDA was deposited onto the fibre surface to fix the contrast agents in place. SEM images show 
that the thickness of the PDA layer increased and greater numbers of PDA clusters were created 
after the introduction of MRI contrast agents and the second stage of PDA coating, greatly 
increasing the fibre surface roughness and indicating the presence of the SPIONs on the 
surfaces (Figure 3). The fibre size (Figure S3G-I) slightly increased compared to the pristine 
fibres, confirming the success of surface decoration, with a diameter of 1.41 ± 0.69, 1.45 ± 
0.60, and 1.25 ± 0.64 µm for SPION-loaded PCL-LM@PCL@PDA (PCL-LM@PCL@S-
PDA), PCL-LM@PLGA1@PDA (PCL-LM@PLGA1@S-PDA) and PCL-
LM@PLGA2@PDA (PCL-LM@PLGA2@S-PDA), respectively. 

 
Figure 3. SEM images and Fe elemental mapping for (A-C) PCL-LM@PCL@S-PDA, (D-
F) PCL-LM@PLGA1@S-PDA and (G-I) PCL-LM@PLGA2@S-PDA.
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Elemental mapping results suggest the MRI contrast agents were successfully loaded on the 
fibre surface. Fe intensity is higher in the regions of large PDA clusters. This might be a result 
of the SPIONs aggregating with PDA. The IR spectra (Figure S2) confirm the presence of 
SPIONs in the formulations, since Fe-O stretches can be observed around 540 cm-1. As shown 
in Figure S7, all fibres show the major reflections from semi-crystalline PCL in XRD (at 2θ of 
21° and 23.5°) (Qian et al., 2014, Shkarina et al., 2018). Reflection of SPIONs can be found in 
the XRD patterns of SPION-loaded fibres, confirming their presence in the formulations. The 
reflections of LDH-MTX were not observed, which might be because they have low intensity 
and thus were obscured by other components of the system. 

XPS was employed to further analyse the chemical composition of the fibres. For electrospun 
PCL or PLGA/PCL fibres, peaks arising from C and O are identified. Exemplar survey and 
high spectra 1s N for PCL-LM@PCL based materials are given in Figure S8. After PDA 
decoration of the core@shell fibres, the presence of N in the XPS spectra can be seen, 
suggesting the successful deposition of PDA on the fibre surface (Figure S8). The N, C and O 
spectra of SPION loaded fibres are similar to the PDA modified fibres (Figure S8), indicating 
that PDA decoration is not impacted by inclusion of contrast agent species. The surface layers 
contained carbon, oxygen and nitrogen. Fe can be clearly seen in high resolution spectra of 
SPIONs loaded fibres (Figure S8).

PDA is seen to markedly increase the hydrophilicity of the electrospun fibres. As shown in 
Figure 4 and Table S1, the water contact angle (CA) of the pristine fibres (PCL-LM@PCL, 
PCL-LM@PLGA1 and PCL-LM@PLGA2) is 141.7 ± 0.8, 139.5 ± 4.1 and 134.2 ± 1.6°, 
respectively. The water droplet retains the same shape and remains almost unchanged on the 
fibre surface even after 30 s. In contrast, the CAs of PDA coated fibres (PCL-
LM@PCL/PLGA1/PLGA2@PDA) drop from an initial 86.6 ± 6.2, 82.4 ± 4.4 and 85.3 ± 5.8° 
to around 30-40° at 3 s and eventually to 0° within 30 s. Similar trends can be observed with 
SPION loaded fibres. This superhydrophilicity originates from the presence of abundant polar 
groups in PDA molecules, and the increased surface roughness after PDA coating. For efficient 
MRI contrast, a hydrophilic surface is desired to enable paramagnetic metal ions to closely 
interact with water protons and give high MRI contrast ability with a low loading of contrast 
agents. However, it should be noted that superhydrophilic surfaces might be harmful to cells 
(Tzoneva et al., 2007, Wachem et al., 1985).
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Figure 4. Photographs exhibiting the dynamic change of water droplets on (A) PCL-
LM@PCL fibres before and after post-treatment, together with water CAs as a function 
of time for (B) PCL-LM@PCL, (C) PCL-LM@PLGA1 and (D) PCL-LM@PLGA2 
systems.

3.3 Drug loading and release 

To determine drug loading, the fibres were dissolved and analysed using HPLC. The drug 
loading capacities of the different fibres are summarized in Table S2. The drug loading is found 
to be 2.86 ± 0.37, 2.18 ± 0.25 and 2.04 ± 0.23 % w/w for PCL-LM@PCL, PCL-LM@PLGA1 
and PCL-LM@PLGA2 fibres, with the encapsulation efficiencies 74.2 ± 9.6, 75.6 ± 8.7 and 
70.8 ± 8.0 %, respectively. The results indicate that the majority of drug in the feedstock is 
carried through into the fibres during the co-axial electrospinning process. Given the fact that 
MTX was loaded in the LDHs, it is thought that the losses observed arise from some LDH 
particles sedimenting at the bottom of the syringe. As would be expected, the MTX loading 
(with respect to total mass) decreases after PDA modification, lying in the range of 1.54 to 2.01 
%. Low dosage (~25-50 mg/per week) MTX has been proven to be an effective adjuvant 
chemotherapy to treat patients with cancer, for instance for those with heavily pretreated breast 
cancer, or metastatic head and neck cancer (Koźmiński et al., 2020, Colleoni et al., 2002, Bleyer, 
1978). Based on clinical biodistribution studies (Anderson et al., 1970, Shen and Azarnoff, 
1978), this dosage results in a MTX concentration of approximately 0.5 ~ 1 µg/kg tumour per 
day. Hence, around 45 ~ 90 µg/kg tumour of MTX is required for localized treatment in the 
target site for 90 days. To deliver this, around 2 ~ 5 mg of the fibre formulations would be 
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required. Hence, the fibres possess a reasonable drug loading amount and could be practicably 
applied in the clinic for localised MTX treatment.

Figure 5A presents the cumulative MTX release profiles over 18 days from the PCL-LM@PCL 
systems before and after PDA modification, while Figure 5B contains an enlargement of the 
first 24 h. From the enlargement of the first 24 h of release, it can be observed that there is fast 
release in the initial period of the experiment (approximately 2 hours) for both monolithic and 
PCL-LM@PCL based formulations, followed by a slow and sustained release. The first stage 
of release comes from free MTX molecules which have deintercalated from the LDH particles 
during the electrospinning process. The second stage of release begin after two hours, mainly 
caused by the MTX escaping from the inside of the polymer matrix. In our cases, the sustained 
release stages are very slow and can extend for more than two weeks with nearly zero order 
release kinetics.

Compared to PCL fibres loaded with LDH-MTX via monoaxial electrospinning without a shell 
(PCL-LM), core@shell fibres can suppress the initial burst release of MTX in stage 1, while 
the sustained release in following stage was also slightly restrained. The PCL-LDH fibres 
(PCL-LM) rapidly released ≈ 60 % of their MTX payload in the first 7 h in PBS (pH 7.4), while 
around 40 % was released from core-shell fibres. MTX release further declines after PDA 
modification, decreasing to around 20% of total MTX for the PCL-LM@PCL@S-PDA SPION 
loaded fibres. This is probably caused by the diffusion barrier presented by the PDA layer. 

Similar trends can be seen for the PCL-LDH@PLGA1 and 2 systems (Figure 5C-F). Clearly, 
PDA modification can significantly suppress the initial burst of release and prolong the release 
period of MTX. This is further supported by SEM images of fibres with or without PDA 
decoration taken after 18 days’ dissolution. Images of PCL-LM@PCL (Figure S9A) showed 
that the fibrous structures were largely maintained after 18 days but some of the fibres were 
broken, suggesting the degradation of PCL. PCL-LM@PLGA1 and PLGA2 systems also 
present as broken fibres after the drug release study (Figure S9B-C). The PCL-
LM@PCL@PDA and PCL-LM@PLGA1@PDA fibres displayed roughly intact fibre 
structures with clear edges after the dissolution experiment (Figure S9D-E). However, in the 
SEM images of PCL-LM@PLGA2@PDA (Figure S9F), broken fibres with clear edges can be 
observed. This can be related to the smaller molecular weight and the more hydrophilic 
glycolate content in PLGA2 (lactide:glycolide: 50:50), leading to a faster degradation rate in 
aqueous PBS. It can be seen that PDA clusters remained on the surface of all the fibres even 
after 18 days. XPS analysis was performed to study the composition on the PDA coated fibre 
surface after dissolution tests (Figure S10), and suggests the presence of PDA even after 18 
days of dissolution. The relatively intact fibre morphology and presence of PDA after 
dissolution tests indicates that PDA decoration might inhibit the degradation of PCL and PLGA 
as well as contributing to a prolonged MTX release. This is important because a large initial 
burst release has been reported to cause sporadic toxicity among experimental animals (Walter 
et al., 1994). The PDA decorated fibres prepared here have low initial burst, and near zero order 
drug release over a prolonged period of time. This will help to maintain a constant MTX 
concentration in the tumor. 
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Figure 5. Plots showing the release of MTX from different fibre formulations (for sample 
nomenclature see Table 1 and 2) over 432 hours with enlargements of the first 24. Data 
obtained by HPLC analysis (λ=303 nm) and given from three independent experiments 
as mean ± S.D.

PDA-based drug delivery systems can be responsive to stimuli involving pH [1, 2] and 
reductive agents such as GSH [3, 4]. This was investigated at 37 °C and pH 5.0, to mimic the 
acidic microenvironments in tumor cells. As shown in Figure S11A-C, cumulative release of 
58.6, 54.6 and 66.1 % of the MTX loading was reached at pH 5.0 for PCL-LM@PCL@PDA, 
PCL-LM@PLGA1@PDA and PCL-LM@PLGA2@PDA, greater than the values seen at pH 
7.4. This is because PDA can detach from the fibre surface in acidic pH (Li et al., 2018, Zheng 
et al., 2014), where the LDH particles can also dissolve (Li et al., 2015, Hakeem et al., 2018) 
[5, 6] [6, 7] [7, 8] [6, 7], leading to faster release. The polymerization of dopamine involves an 
oxidation process. It is reported that reductive GSH can reverse this (Hao et al., 2019, Guan et 
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al., 2020). The effect of GSH on the release behavior of MTX was investigated in PBS at pH 
7.4. A distinct acceleration in MTX release was seen after the introduction of GSH (Figure 
S11D-F). 

The pH and GSH-responsive release behaviour is beneficial for the construction of implantable 
systems for the specific acidic tumor microenvironment with the presence of high GSH 
concentration (Wen et al., 2012, Zhang et al., 2020). Therefore, our fibre systems can not only 
maintain a constant drug concentration in normal physiological pH to suppress the tumor 
recurrence, but also enable accelerating MTX release at mildly acid and GSH-enriched 
microenvironment to treat potential recurrence. 

3.4 In vitro cell studies 

The HEK-239 cell line was utilized to study the safety of the materials for biomedical 
applications. PrestoBlue™, a cell metabolic activity assay was used to evaluate the cell 
viability. After a 24 h incubation at 37 °C, placebo PCL, PLGA1 and PLGA2 fibres (see Figure 
S12) do not appear to be cytotoxic (cell viability > 95 %), as depicted in Figure S13. However, 
cells exposed to PDA coated PCL (PCL@P, see Figure S12 and S13) do show a decrease in 
viability. This is potentially related to the high degree of hydrophobicity of the fibre surfaces.  

Since the three in vitro drug dissolution studies showed that the shell polymer (PCL or PLGA) 
did not markedly affect the release profiles, PCL-LM@PCL based materials were employed 
for further in vitro cell studies. Two different cell lines, Caco-2 and A549 were treated with 
placebo PCL and PCL@P fibres. For both cell lines, cell viability was evaluated based on cell 
metabolic activity using Prestoblue™ assay, and the results (Figure 6A) confirmed that the 
PCL materials are biocompatible and do not induce cytotoxicity (cell viability > 95 %). It has 
been reported that PDA materials can induce an anti-proliferative effect in breast and colon 
tumor cells (Vega et al., 2018, Nieto et al., 2019). This is borne out here, since a decrease in 
viability is observed upon treatment with placebo PDA-coated PCL (PCL@P) fibres (Figure 
6A).
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Figure 6. (A) Cell viability data of Caco-2 cells incubated for 24 h with placebo PCL fibres with 
or without PDA modification (PCL@P and PCL, 2 mg/mL, respectively); (B) Morphological 
changes reflecting Caco-2 cell apoptosis with different formulations (i: control, ii: placebo PCL 
fibres, iii: PCL@P, iv: PCL-LM@PCL; v: PCL-LM@PCL@PDA) visualized under a regular 
light microscope (scale bar: 100 μm). In vitro cytotoxicity data for (C) Caco-2 and A549 cells 
treated with MTX and MTX loaded fibres. Data are shown as mean ± S.D. and are representative 
of three independent experiments performed on separate days, with quadruplicate wells per 
condition tested. The untreated cells control is used as a baseline with a viability of 100%.

The cytotoxicity of the LDH-loaded implants to Caco-2 or A549 cells was also investigated. 
Changes in cell morphology characteristic of apoptosis were shown in cultures loaded with 
placebo PCL and PDA coated PCL (PCL@P), as well as MTX-loaded fibres (PCL-LM@PCL) 
after 24 h (Figure 6B). The corresponding cell viability data are given in Figure 6C. Similar to 
placebo PDA@P (Figure 6B, iii), MTX-loaded fibres without PDA coating (PCL-LM@PCL, 
Figure 6B, iv) can induce cell death. Both cell types displayed higher viability compared to 
those treated with MTX in solution, since not all the drug was released during the in vitro 
experiments. After PDA modification, the anti-proliferative effects of MTX loaded fibres were 
further enhanced (Figure 6B, and 6C).
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Figure 7. The cell viability data of PCL-LM@PCL and PCL-LM@PCL@PDA fibres in 
GSH-enriched media (*p<0.05, **p<0.01). Data were statistically evaluated by Student t-
tests. The untreated cells control is used as a baseline with a viability of 100%.  Data are 
shown as mean ± S.D. and are representative of three independent experiments performed on 
separate days, with quadruplicate wells per condition tested. 

A further study was carried out using PCL-LM@PCL@PDA as a model formulation to 
demonstrate the triggering effect of GSH on MTX release. Cells in GSH-enriched media were 
treated with MTX, PCL-LM@PCL or PCL-LM@PCL@PDA (corresponding to free MTX 
concentrations of 50 ng/mL). The results show that the viability of cells is not affected by GSH 
(Figure 7). Both PCL-LM@PCL and PCL-LM@PCL@PDA showed toxicity to Caco-2 cells, 
but there was no statistically significant difference in viability between GSH-treated and 
untreated cells incubated with PCL-LM@PCL. However, PCL-LM@PCL@PDA displayed 
more effective cytotoxicity to Caco-2 cells enriched with GSH. Similar results can be found 
with A549 cells. The observations herein clearly indicate the effectiveness of GSH stimulus on 
triggering the release of MTX from PDA-coated fibres in cancer cells.

3.5 MRI behaviour 

The proton relaxivity was monitored as a function of time using PCL-LM@PCL@S-PDA as 
an example implant (see Figure S14). The r2 remains largely constant (1 – 3 mM·s-1) but 
slightly increased over 18 days. This might be due to the SPIONs being released as a result of 
PDA degradation. No obvious differences can be observed in acidic or GSH-enriched 
conditions.
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Static MRI was further carried out as shown in Figure 8A. Figure 8B-D gives the T1 and T2-
weighed images. Compared to PCL-LM@PCL and PCL-LM@PCL@PDA, the SPION loaded 
fibre blends (PCL-LM@PCL@S-PDA) give a strong dark contrast in the fibre phantom and 
surrounding areas. This indicates that the SPIONs are retained on the fibre surface and the fibre 
implants integrated MRI modality can provide high contrast in MRI compared to fibres without 
SPIONs. Since concerns have emerged around the safety and efficacy of IDD systems, 
monitoring the integrity of the bed and system location is important. Here, MRI can be 
employed to this end and thus to avoid any risk of displacement and/or deterioration. The 
degradation of the PDA layer also might lead to the presence of free SPIONs; this will result 
in further signal alternations, which could be applied to monitor the extend of matrix 
degradation. 

Figure 8 (A) Schematic illustration of MRI scan (3T) of fibre implants in a 0.1 w/v % 
xanthan gum phantom with MRI scans of medium, PCL-LM@PCL, PCL-LM@PCL, 
PCL-LM@PCL@PDA and PCL-LM@PCL@S-PDA (B: T2- weighed vertical images; C: 
T1- weighted horizontal image; D: the T1- weighed vertical images. Fibre implants marked 
in red circles). 

4. Conclusions
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PDA-coated PCL or PCL/PLGA fibres were developed as potential implantable theranostic 
systems to provide safe and prolonged treatment of the chemotherapeutic methotrexate (MTX). 
Firstly, fibres were successfully prepared by co-axial electrospinning and loaded with MTX-
layered double hydroxide (LDH) nanocomposites in the core, yielding organic–inorganic 
hybrids with a diameter ranging from 1.23 to 1.48 µm. After surface coating with PDA and 
MRI contrast agent- SPIONs, the hydrophilicity of co-axial electrospun fibres profoundly 
increased and the even distribution of SPIONs were achieved the fibre surface, providing good 
MRI contrast. In vitro drug release studies showed that the PDA coated fibres gave sustained 
release of MTX over 18 days, and that the release profile was responsive to the conditions 
representative of the tumor microenvironment (e.g., slightly acidic pH values or elevated 
concentrations of the reducing agent glutathione (GSH). In vitro studies with Caco-2 and A549 
cells showed highly effective killing with the PDA coated formulations, which was further 
enhanced at higher levels of GSH. The co-axial electrospun  organic–inorganic hybrid fibres 
hence have the potential to act as an implantable drug-eluting platform for the sustained release 
of cytotoxic agents within a tumor site, providing a novel treatment option for post-operative 
cancer patients.
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