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A PEGylated-PLGA random nanofibrous membrane loaded with gold and iron oxide nanoparticles
and with silibinin was prepared by electrospinning deposition. The nanofibrous membrane can be
remotely controlled and activated by a laser light or magnetic field to release biological agents on
demand. The nanosystems were characterized using scanning electron microscopy, Fourier transform
infrared spectroscopy, nuclear magnetic resonance spectroscopy, and thermogravimetric analyses. The
drug loading efficiency and drug content percentages were determined by UV-vis optical absorption
spectroscopy. The nanofibrous membrane irradiated by a relatively low-intensity laser or stimulated
by a magnetic field showed sustained silibinin release for at least 60 h, without the burst effect. The
proposed low-cost electrospinning procedure is capable of assembling, via a one-step procedure, a
stimuli-responsive drug-loaded nanosystem with metallic nanoparticles to be externally activated for
controlled drug delivery.
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drug delivery
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1 Introduction

Electrospinning is a simple and versatile top-down
method for generating ultrathin fibers from a wide range
of materials, including polymers, composites, and ceram-
ics, by applying electric shear stress [1]. During electro-
spinning, the polymer solution, which is typically highly
viscous, is forced through a spinneret by a syringe pump
and then subjected to a strong electric field. The re-
sultant liquid jet evaporates under a controlled tem-
perature and humidity, and the remaining semi-solid
polymer fiber is deposited onto a collector. The fluid
emission speed from the needle varies in the 2-200 m/s

*Special Topic: Water and Water Systems (Eds. F. Mallamace, R.
Car, and Limei Xu).

range, depending on the physical properties of solu-
tion and processing conditions [2]. This method pro-
duces non-woven membranes with individual fiber diam-
eters typically ranging from 50 to 500 nm. These fibers
form a large, interconnected porous network with a high
surface-to-volume ratio that is ideal for a wide range
of biomedical applications, such as drug and gene de-
livery, wound healing, and tissue engineering [3]. Elec-
trospun nanofiber-based drug delivery systems generally
involve the use of polymers as matrices for the incorpora-
tion of therapeutic agents. In addition, the use of poly-
mer blends can improve the tunability of the physico-
chemical and mechanical properties of the drug-loaded
fibers, which can be conveniently employed for local
and controlled administration of drugs, i.e., as transder-
mal delivery systems or as implants releasing bioactive
molecules, including proteins and anticancer drugs [4, 5].
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The formation of polymer nanofibers and, in turn,
the fiber diameter, porosity, and orientation as well as
the collected mats are strongly affected by electrospin-
ning parameters, such as the applied voltage, pumping
rate, collector characteristics, and solution composition.
Moreover, electrospinning parameters influence the drug
distribution in the fiber cross-section and the subsequent
release efficiency [6]. Generally, drugs entrapped in poly-
meric nanoparticles (NPs) are slowly released by passive
diffusion during spontaneous hydrolysis of the polymer
matrix [7]. Otherwise, active and controllable drug re-
lease can be achieved by incorporating thermally acti-
vated Au or Ag NPs in the polymer matrix, followed
by laser light irradiation [8, 9]. In fact, the addition
of noble metal NPs confers thermoplastic properties to
the polymers and this endows the nanocomposite with
peculiar optical properties, improving their performance
in releasing the drug upon light irradiation. The lo-
calized and intensive heating of metallic NPs results in
the thermal expansion of the polymer; thus, the drug
starts to diffuse out and be released in an active and
controllable manner. In this way, the design of drug-
loaded metal/polymer nanocomposites can be appropri-
ately tuned for on-demand control of the dose, timing,
and duration of the drug release.

In addition, the engineering of a polymeric nanofi-
brous membrane designed for the simultaneous encapsu-
lation of therapeutic agents, thermally activatable metal-
lic NPs, and non-toxic iron oxide magnetic nanoparticles,
is a technological challenge that that would enable con-
trolled drug release at a specific target site in response to
two external stimuli (light source and magnetic field) and
also enable magnetic guidance of the drug to a specific
tissue [10].

The present study is focused on the preparation
of PEGylated-PLGA random nanofibrous membranes
loaded with Au and Fe2O3 NPs, and containing silibinin
(SLB), a flavonolignan with promising anti-neoplastic ef-
fects. The morphology, composition and structure of the
nanofibrous membrane were characterized by means of
scanning electron microscopy (SEM) combined with an
energy dispersive X-ray (EDX) probe; further, nuclear
magnetic resonance spectroscopy (NMR), thermogravi-
metric analysis (TGA), and infrared transmission spec-
troscopy (FTIR) were also employed.

2 Experimental

The SLB-loaded PEG-PLGA_Au nanocomposite with
a PEG-PLGA/SLB weight ratio of 10:1 was prepared
by an emulsion-diffusion method, as previously reported
[8]. 175 mg of the PEG-PLGA_Au-SLB nanocompos-
ite was dissolved in 2 mL of DMF (solvent volume was

≈ 10% in wt of the total polymer content) under con-
stant stirring at room temperature for 1 h. Next, to
obtain a typically highly viscous polymer solution suit-
able for electrospinning, a DCM solution of PLGA was
added, leading to a 35% w/v polymer solution of PEG-
PLGA_Au-SLB/PLGA.

Fe2O3 nanoparticles were synthesized by pulsed laser
ablation in a PVA aqueous solution, which was prepared
as follows: 7.5 g of PVA was dissolved in 30 mL of dis-
tilled water. The dispersion was heated under magnetic
agitation up to 90◦C and refluxed for 2 h. After cooling
to the room temperature, the dispersion was diluted in
water to obtain a 7.5% w/v final solution. Some details
are reported in Ref. [11]. Afterwards, 2 mL of Fe2O3

NP solution in PVA (Fe2O3-PVA) was added dropwise
to a solution of PVA in DMF (0.75 g of PVA in 8 mL
of DMF) and stirred for 30 min at room temperature,
to obtain a viscous solution similar to that of the PEG-
PLGA_Au-SLB/PLGA nanocomposite.

Finally, 5 mL of Fe2O3-PVA in DMF and 5 mL of the
PEG-PLGA_Au-SLB/PLGA in DMF were electrospun
simultaneously using multiple emitters/nozzles, leading
to the final PEG-PLGA_Au-SLB/PLGA@Fe2O3-PVA
nanofibrous membrane.

The electrospinning deposition setup consisted of a
coaxial two-way stainless steel needle (with an inner core
capillary opening diameter of 0.8 mm and a sheath cap-
illary opening diameter of 1.8 mm) that was held hori-
zontally by a holder while a grounded aluminum plate
collector was placed vertically, as shown in Fig. 1.

The needle was connected through short path silicone
rubber pipes to two syringe pumps, equipped with 10-mL
syringes, that enabled fluxing of the NPs-loaded poly-
mers at a very low rate (about 1 cc/h). In particular,

Fig. 1 Scheme of the electrospinning setup. In the figure,
the core and shell solutions refer to Fe2O3-PVA and PEG-
PLGA_Au-SLB/PLGA in DMF, flowing from the syringe
pump 1 and syringe pump 2, respectively.
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the Fe2O3-PVA and PEG-PLGA_Au-SLB/PLGA solu-
tions were flushed through the inner core and sheath
capillaries, respectively. The collector plate was cov-
ered with aluminum foil in order to collect nanofibers
and positioned at a distance of 150 mm from the needle.
A voltage of 30 kV DC was applied to the coaxial spin-
neret, and the solution jet from the needle was collected
on the aluminum foil. Subsequently, the aluminum foil
was removed from the collecting plate, and the nanofi-
brous membrane obtained was dried for at least 24 h.
All experiments were performed at room temperature in
controlled air-dry conditions.

1H-NMR and 13C-NMR spectra were recorded at
room temperature using a Varian 500 MHz spectrom-
eter. Chemical shifts (δ) were expressed in ppm using
tetramethylsilane (TMS) as an internal reference.

The Fourier transform infrared (FTIR) spectra were
recorded in the 4000–600 cm−1 range, using a Spectrum
100 Perkin–Elmer spectrometer in the attenuated total
reflectance (ATR) configuration. Thermal degradation
of the investigated copolymers was monitored by TGA
using a Mettler Toledo TGA 851 apparatus (horizontal
balance mechanism) in air. Each sample was placed in
an open alumina crucible. The sample weight was 5 mg.
The thermogravimetric weight loss curve was recorded as
a function of the temperature. First, the samples were
kept at 25◦C under a 10 mL·min−1 air flow until balance
stabilization, and they were then heated at the maximum
programmed heating rate (nominally 1000◦C min−1). A
constant heating rate of 10◦C min−1 was employed. The
balance sensitivity was 0.5 mg. The weight loss was cal-
culated as the difference between the weights at room
temperature and at 900◦C.

SEM imaging were carried out using a Zeiss Merlin
field emission electron microscope, equipped with a Gem-
ini II columnr. SEM measurements were performed with
an acceleration voltage of 2 kV and at a working dis-
tance of 7 mm. The SEM apparatus was coupled with
a Quanta EDX spectrometer to carry out energy dis-
persive X-ray (EDX) analysis. When the measurements
were carried out in the transmission mode (STEM), the
images were acquired at 30 kV and a working distance
of 4 mm.

X-ray photoelectron spectroscopy (XPS) analysis was
performed on a K-Alpha system from Thermo Scien-
tific, equipped with a monochromatic Al Kα source
(1486.6 eV), and operating with and analyzer in con-
stant analyzer energy (CAE) mode with a pass energy
of 50 eV. A spot size diameter of about 400 µm was
adopted.

Raman spectra were acquired using the XploRA setup
equipped with a 30 mW diode laser emitting the 638 nm
wavelength, an Olympus BX40 microscope, and a Peltier
CCD sensor. Spectra from several random positions on

each specimen were collected on account of the possible
spatial non-homogeneity of the samples.

To evaluate the drug loading, 1 mg of the PEG-
PLGA_Au-SLB nanocomposite was dissolved in 4 mL of
PBS, sonicated for 30 min, and centrifuged at 6000 rpm
for 45 min to remove the free drug. The resulting solid
was lyophilized and re-dispersed in PBS/DMSO (99:1)
to determine spectrophotometrically the SLB loading in
the nanocomposite, using the optical absorbance data at
λ = 286 nm and the SLB molar extinction coefficient
(ϵ286) that was previously calculated. Thus, the drug
content (DC) and the drug loading efficiency (DLE) were
calculated with the following equations:

• DC (%)=(Drug weight in the NPs/Weight of the
NPs)×100;

• DLE (%)=(Drug weight in NPs/Weight of drug used
in formula)×100.

The release experiments were performed with the
colloidal solutions and the corresponding membranes.
Then, in one case, the release experiments were carried
out by the dialysis method in 10 mM PBS at pH 7.4.
4 mg of PEG-PLGA_Au-SLB was dispersed in 4 mL
of PBS, sonicated for 1 h, and placed in the dialysis
bag (MWCO = 3.5–5 KDa Spectra/Porr). The sam-
ple was submerged in PBS (external bag: 15 mL) and
kept at 37◦C with constant stirring. At fixed intervals, 1
mL of the release medium was withdrawn, replaced with
an equal volume of fresh PBS, and analyzed by UV-Vis
spectroscopy.

Using the electrospun nanofibrous membrane, the in
vitro release experiments were performed by immersing
the electrospun nanofibrous membranes in 10 mM PBS
at pH 7.4, with constant stirring, and kept at 37◦C.
Again, at fixed intervals, 1 mL of the release medium was
withdrawn, replaced with an equal volume of a fresh one,
and then analyzed by UV-Vis optical spectroscopy. The
experiments were carried out in duplicates. For the laser
light-triggered release experiments, a continuous He-Ne
laser source (λ = 632 nm, energy density = 21 mW/cm2)
was used.

In order to assess the magnetic-responsive drug-release
behavior, the investigated samples were subjected to al-
ternating current magnetic fields (ACMF, 200 KHz). For
the magnetic experiments, a 5 KW high-frequency gen-
erator was adopted. The used inductor was a water-
cooled copper coil with 12 turns and a length of 90 mm
and a diameter of 40 mm. When the alternating mag-
netic field was applied, the temperature was monitored
using a pyrometer placed above the inductor. A ref-
erence measurement of the pure solvent (equivalent vol-
ume) was subtracted from the data of all the investigated
samples.

Salvatore Spadaro, et al., Front. Phys. 13(1), 136201 (2018)
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3 Results and discussion

The PEG-PLGA copolymer was synthesized in anhy-
drous toluene at reflux in the presence of stannous 2-
ethylhexanoate as the catalyst, as already reported in
Ref. [8]. The success of the synthesis was confirmed by
1H, 13C NMR and FT-IR spectroscopy analysis (Fig. 2).

The 1H NMR spectrum of PEG-PLGA in CDCl3 [see
Fig. 2(a)] is consistent with the structure of the copoly-
mer, confirming its successful synthesis. In particular,
multiplets at 5.2 ppm and 4.8 ppm are attributed to me-
thine and methylene groups of the PLGA, respectively;
the singlet at 3.64 ppm is assigned to the methylene

group of PEG and overlapping doublets at 1.5 ppm are
attributed to the methyl group of the PLGA units. In
the 13C NMR spectrum of the PEG-PLGA copolymer
[see Fig. 2(b)], the six major resonances corresponding
to the methyl, methylene, methine, and carbonyl groups
of the PLGA and PEG segments were observed at 16.7
ppm (methyl of PLGA), 60.8 ppm (methylene of PLGA),
69.0 ppm (methine of PLGA), 70.5 ppm (methylene of
PEG), 166.3 ppm (carbonyl of PLGA), and 169.3 ppm
(carbonyl of PLGA). The FTIR spectrum of PEG-PLGA
was compared with the standard spectra of free PEG
and free PLGA to confirm the successful formation of
the new ester linkage in the copolymer PEG-PLGA. In
the IR spectrum of the copolymer PEG-PLGA, all the

Fig. 2 1H NMR (a) and 13C NMR (b) spectra of the copolymer PEG-PLGA in CDCl3; (c) FTIR spectra of PEG, PLGA,
and PEG-PLGA.
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PLGA and PEG characteristic peaks are preserved and
a shift of the carbonyl stretching frequency is observed
from 1753 cm−1 for free PLGA to 1749 cm−1 for the
PEG-PLGA copolymer [Fig. 2(c)].

1H NMR measurements were further employed to ob-
tain clear evidence of drug incorporation. Since PEG-
PLGA are able to form core-shell NPs in an aqueous
environment through a self-assembling process, we ob-
serve that PLGA and SLB peaks are absent in D2O,
while the characteristic peak of PEG is clearly evident
[Fig. 3(a)], indicating that the water-soluble PEG back-
bone constitutes the outer shell, while the PLGA-based
hydrophobic core is responsible for drug incorporation.
Conversely, in DMSO-d6, solvent in which the core-shell
structure is disassembled, all the peaks of PEG, PLGA,
and SLB are clearly visible [Fig. 3(b)].

The drug loading was determined spectrophotomet-
rically on the lyophilized SLB-loaded PEG-PLGA dis-
solved in 99:1 PBS:DMSO. The amount of SLB was cal-
culated using the intensity of the absorbance signal at
the wavelength of 286 nm. On the basis of the opti-
cal absorbance data and known molar extinction coeffi-
cient value (ϵ286) = 11320 M−1·cm−1, SLB loading in the
nanocomposite was 0.088 mg of drug per 1 mg of the drug
carrier. We estimated that the drug loading efficiency
is about 89% and the drug content is about 8.8%. On
the other hand, the thermogravimetric analysis (TGA),
under air flow, allowed to estimate that the percentage
of Au and Fe2O3 into the polymers is about 1.5% and

0.9%, respectively. TGA analysis also shows that degra-
dation starts later than in the electrospun scaffold [see
Fig. 3(c)] The structure of the iron oxide particles was de-
termined by carrying out Raman spectroscopy and XPS
measurements on PEG-PLGA_Au-SLB/PLGA@Fe2O3-
PVA. The Raman spectrum [Fig. 4(a)] is characterized
by some contributions, centered at about 226.8, 292.5,
400, 486.5 and 600 cm−1, ascribed to the Fe-O vibra-
tional stretching mode, in hematite phase (α-Fe2O3) [12].
Fe 2p XPS lineshape [Fig. 4(b)] is characterized by two
main contributions centered at 710.7 and 724.2 eV, re-
spectively. The satellite peak at 719 eV is also evident,
indicating that the hematite (α-Fe2O3) and maghemite
(γ-Fe2O3) phases coexist on sample surfaces [13].

Finally, Au and Fe2O3 NP sizes and distributions
in the polymeric composite were determined by using
STEM images [Figs. 4(c), (d)]. The Au and Fe2O3 NP
size ranges from 5 nm up to 50 nm.

SEM images of the sample after the electrospinning
deposition are shown in Fig. 5.

Good quality nanofibers with smooth surface and
without beads were obtained [see Fig. 5(a)]. The
nanofibers, with an average diameter of about 200 nm,
are spatially dispersed in random orientations, result-
ing in a three-dimensional porous net [see Figs. 5(b),
(c)]. Therefore, the architecture of the electrospun mem-
brane is composed of two parts, the macroscopic orga-
nization of the nanofibers and the secondary structure
of the individual fiber arrangement [see Figs. 5(c), (d)].

Fig. 3 1H-NMR spectra of SLB-loaded PEG-PLGA_Au in D2O, SLB-loaded PEG-PLGA_Au in DMSO-d6, and free
SLB in DMSO-d6, from top to down (a). Schematic illustration of the assembly/disassembly of NPs in D2O and DMSO-d6,
respectively (b). TGA results for all investigated nanocomposites (c).
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Fig. 4 Raman spectra (a), XPS results (b), and STEM images of Fe2O3 (c) and Au (d) NPs.

The random fiber deposition is explained by taking into
account the fact that the elctrospinning deposition was
carried out using a static collector plate configuration.
SEM images show that the nanofiber polymeric surface
is not decorated by Au and/or Fe2O3 nanoparticles [see
Fig. 5(d)]. This evidence is supported by the results of
XPS and EDX analyses. In fact, XPS probe does not
reveal the presence of metallic NPs in the samples, in-
dicating that they are embedded within the nanofibers.
Otherwise, EDX probe (EDX detected pear-shaped di-
mension is about 0.7 µm while XPS probes only few
nanometer in depth) collects the signals from Au and
Fe atomic species. Thus, the composition of the system
was determined by EDX analysis at different points of
the sample. The estimated atomic percentage are: C (on
average 80.5%), O (on average 19.2%), Au (on average
0.1%), and Fe (on average 0.2%).

Figure 6 shows the cumulative release of SLB observed
for the irradiated electrospun sample and for the non-
irradiated sample, as a function of time. For comparison,
we also report the corresponding data for the colloidal
samples before the electrospinning deposition. The drug
is released more effectively upon light irradiation in an

active and timely manner by the colloidal nanocompos-
ite, as described in Refs. [8, 9], for analogous nanocom-
posites.

Regarding the membrane, a higher percentage of SLB
(about 30% at about 40 h) is released upon irradiation
with respect to the non-irradiated membrane. However,
a slow response of the nanofibrous membrane toward the
light stimulus is evident, probably due to the Au NPs
distribution along the nanofibers.

Moreover, the investigated nanomaterials show in-
teresting sustained responsive drug release induced by
a magnetic field. The magnetization curves, acquired
at room temperature, for all the investigated sam-
ples are shown in Fig. 7(a). No magnetization is ob-
served in the PEG-PLGA_Au-SLB/PLGA since no
Fe2O3 NPs are present. On the other hand, the mag-
netization of the PEG-PLGA_Au-SLB/PLGA@Fe2O3

in the membrane is lower than that of the PEG-
PLGA_Au-SLB/PLGA@Fe2O3 in the corresponding so-
lution. Moreover, no hysteresis loops (near-zero coerciv-
ity and remanence) is evident. In Fig. 7(b) the variation
of the temperature as a function of time, in presence of
the alternating magnetic field, is reported. Before ap-
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Fig. 5 SEM images of the nanofibrous membrane.

Fig. 6 Cumulative release of SLB as a function of time.

plying the magnetic field, the samples are maintained
at 37◦C. After 60 h, a temperature of 42◦C and 44◦C
is reached for the solution and membrane, respectively.
Under the external magnetic field, an initial fast release
(within 20 h) followed by a relatively slow release dur-
ing the time is observed [see Fig. 7(c)]. This behavior
confirms that the magnetic field induces heating of the

polymeric nanocomposites due to the delay in Neel relax-
ation of the magnetic moment [14], consequently triggers
the release of the drug.

All these behaviors are explained by considering the
relative contribution of the polymer degradation pro-
moted by the Au@Fe2O3 mediated laser-magnetic irra-
diation heating effect.

Salvatore Spadaro, et al., Front. Phys. 13(1), 136201 (2018)
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Fig. 7 Magnetization curves (a); variation of temperature (b) and cumulative release of SLB (c) as a function of time.

Thus, the PEG-PLGA elctrospun nanofibrous mem-
branes loaded with Au@Fe2O3 nanoparticles represent
a multifunctional platform for laser-magnetic hyperther-
mia and local drug delivery. Nevertheless, the investi-
gated nanocomposites can be optimized as a powerful
delivery system for efficient light- and magnetic field-
responsive drug release and chemo-thermal therapy.

4 Conclusion

A novel integrated plasmonic-magnetic nanofiber was
fabricated and proposed as a remotely triggered
nanoplatform for the entrapment and delivery of a
poorly water-soluble drug. Passive drug diffusion, poly-
mer swelling/degradation, matrix erosion, Au-mediated
laser–irradiation-induced heating effect combined to
magnetic one are responsible for the SLB release rate.
However, by controlling the mode of encapsulation and
the architecture of electrospun fibers, the drug release ef-
ficiency of the nanoplatform could be further optimized.
Thus, the proposed nanovector could be advantageously
activated by an external magnetic field, due to the pres-
ence of Fe2O3 NPs, and could also be applied for pho-
tothermal therapies that make use of visible optical ra-
diation, due to the presence of Au NPs.
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