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Abstract

Over the last few years, traditional drug delivery systems (DDSs) have been
transformed into smart DDSs. Recent advancements in biomedical nanotech-
nology resulted in introducing stimuli-responsiveness to drug vehicles. Nano-
platforms can enhance drug release efficacy while reducing the side effects of
drugs by taking advantage of the responses to specific internal or external stim-
uli. In this study, we developed an electrospun nanofibrous photo-responsive
DDSs. The photo-responsivity of the platform enables on-demand elevated
drug release. Furthermore, it can provide a sustained release profile and pre-
vent burst release and high concentrations of drugs. A coaxial electrospinning
setup paired with an electrospraying technique is used to fabricate core-shell
PVA-PLGA nanofibers decorated with plasmonic nanoparticles. The fabricated
nanofibers have a hydrophilic PVA and Rhodamine-B (RhB) core, while the
shell is hydrophobic PLGA decorated with gold nanorods (Au NRs). The pres-
ence of plasmonic nanoparticles enables the platform to twice the amount of
drug release besides exhibiting a long-term release. Investigations into the
photo-responsive release mechanism demonstrate the system's potential as a
“smart” drug delivery platform.
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1 | INTRODUCTION

The strategy of providing medication or other pharmaco-
logical substances to produce a long-lasting therapeutic
effect is realized with drug delivery systems (DDSs)."?
Scientific discoveries revealed that controlled delivery of
drugs could affect treatment efﬁcacy.3 Hence, DDSs have
grown in importance in the pharmacological industry
over the past few decades.*® Controlled drug release is
one of the methods of drug delivery and an essential topic
in biomedical research.” In this process, a polymer,
ceramic, or metal carrier is combined with a drug or
active agent in a designed approach so that an active
agent can be released into the human body in a predeter-
mined and desired way.® By taking advantage of con-
trolled releasing carriers as DDSs, the drug molecules
could be sustainably released. Additionally, the carriers
can maintain an effective drug concentration for the des-
ignated period.” The DDS optimization also avoids burst
release reducing the side effects of high concentrations of
drugs.'® An ideal drug carrier should have the following
characteristics: stable physical and chemical properties,
biocompatibility, extremely low toxicity, and adjustable
drug release.'’ In recent years, the research on DDSs has
focused on enhancing the carrier's release kinetic, incorpo-
rating different techniques to produce new generations of
carriers.'>"> DDSs can efficiently target a specific living tis-
sue and promote drug absorption. Moreover, they can
release the drug on demand to achieve an effective and
safe therapeutic effect; these novel systems are called
stimuli-responsive DDSs or “smart” DDSs (SDDSs).'**°
Stimuli-responsive drug carriers can trigger drug
release from the nanoplatforms.’’>* One of the most
exciting stimuli responses is the photo-responsiveness of
photoactive material. Photoactive materials are chemical
compounds in one or more spectrum bands sensitive to
electromagnetic radiation. Electromagnetic radiation can
cause chemical or physical changes in the material's
structure. Among electromagnetic waves, UV and IR are
the most used in biomedical applications.”® UV light can
damage tissues and cells due to high scattering and
absorption by water and proteins in the human body
through a one-photon mechanism. In contrast to UV,
near-infrared (NIR) light can be absorbed through a two-
photon process. The one-photon absorption of UV light
and the two-photon absorption of NIR light supply
enough energy to activate the photoreactions of photo-
responsive material.>>** NIR light has no adverse effects
on tissues or cells.?® It can penetrate tissues up to several
centimeters with slim scattering and absorption by water
and endogenous proteins. Due to the characteristics men-
tioned above, the NIR-responsive polymeric SDDs are
promising for on-demand drug administration.*”**

Plasmonic nanoparticles can efficiently convert the
photons’ energy into the energy of charge carriers in nano-
particles.” Among plasmonic nanoparticles, gold nanopar-
ticles are of high interest due to their surface functional
properties and the ability to generate heat through irradia-
tion. Due to the localized surface plasmon resonance
(LSPR) phenomenon, gold nanoparticles strongly absorb
light and convert it into thermal energy. Therefore, a spe-
cific laser frequency stimulating gold particles can produce
a hot zone with a radius a thousand times larger than their
size. This effect can be used in various applications. For
instance, gold nanoparticles’ LSPR can damage cancer cells
or bacteria with a process called photothermal therapy
(PTT).>**! Thus, gold nanorods (Au NRs) are one of the
most promising plasmonic PPT agents. The lowest light
absorption in most body tissues is in the 700 to 900 nm
wavelength band, called the “NIR tissue window.”** As a
result, using Au NRs, which possess plasmon resonance in
this window, reduces the risk of damaging healthy
cells.>***

Electrospinning is a straightforward and economical
technique for producing micro and nanofibers utilizing
polymer solutions by applying an electrical field. Fibers fab-
ricated by this method have large specific volumes, favor-
able mechanical properties, and extensive contact area,
yielding numerous applications for materials produced.'”>”

Electrospinning can produce sophisticated structures
such as hollow, core-shell, or porous nanofibers.*® Ini-
tially introduced in 2003, the coaxial electrospinning
method made it possible to fabricate nanofibers from two
or more types of polymer solutions with a broader range
of morphologies.>”*®* This method aims to create more
advanced nanofibers and nanostructures designed to
improve the efficiency of targeted applications.**!

Electrospraying is a technique similar to electrospin-
ning but utilizes electrical force to produce nanoparti-
cles instead of nanofibers. In electrospraying, the liquid
at the outlet of a nozzle is exposed to electrical Maxwell
stresses, pulling the surface normally and against the
restraining surface tension effect. The Maxwell stresses
arise in the air between the liquid meniscus affected by
an inserted electrode or the nozzle being an electrode
(at high DC voltage applied) and a grounded counter-
electrode. One of the benefits of electrospraying is the
ability to fabricate droplets on the micro-nano scale,
regarding fabrication parameters.****

In the present study, we report the fabrication of
photo-responsive PVA-PLGA core-shell nanofibers deco-
rated with plasmonic Au NRs using a simultaneous
electrospinning-electrospraying method. A coaxial elec-
trospinning setup provided a shell of poly(lactic-co-
glycolic acid) (PLGA) over a poly(vinyl alcohol) (PVA)
core and a drug model.* PVA is a water-soluble
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biocompatible polymer without toxicity to cells and is an
ideal polymer for fabricating fibrous biomaterials. There-
fore, PVA is selected as the core for loading a hydrophilic
drug. PLGA is a hydrophobic synthetic polymer with out-
standing biocompatibility.*> Hence, PLGA can provide an
efficient protective shell for the water-soluble core of the
system. The as-spun fibers can be used as a drug carrier,
combining the outstanding properties of both polymers.
The present research focuses on designing and optimiz-
ing unique stimuli-response material. These materials
can control the drug release kinetics on-demand by
applying external stimulation. Simultaneous decoration
of core-shell nanofibers with Au NRs provided photo-
responsive properties to the assembled fibrous material.
It is anticipated that the photo-responsive PVA-PLGA
nanofibers matrix decorated by Au NRs holds great
promise as on-demand drug carriers.

2 | RESULTS AND DISCUSSION

2.1 | Structure of the core-shell platform

Plasmonic nanoparticle decorated core-shell fibers were
designed by coaxial electrospinning of PVA and PLGA solu-
tions with simultaneous electrospraying of Au NRs alcosol.
In Figure 1A, the schematic of the electrospinning-co-
electrospraying technique is illustrated. The core-shell struc-
ture was observed already from the modified Taylor cone of
electrospinning, and the fiber morphology was confirmed
using TEM. The fiber fabrication with coaxial electrospin-
ning of PVA and PLGA, decoration with electrospraying by
Au NRs, and encapsulation of RhB as a drug model inside
the polymer core structure were performed simultaneously.

FIGURE 1 Illustration of
material preparation.

(A) Schematic presenting the
fabrication by coaxial

electrospinning of PVA and RhB

core and PLGA shell,

concurrent with Au NRs
electrospraying.

(B) Representative scheme of
the photo-responsiveness of the
fabricated material under the
NIR light, highlighting that an
increase in temperature can

facilitate a drug release process.

Plasmonic particles on the polymer core-shell fibers pro-
vided a well-designed hierarchical structure to the final plat-
form. Due to the presence of Au NRs, fibrous drug carriers
can produce heat in response to the NIR light triggering
(Figure 1B). For this reason, it was advantageous to employ
the photo-response ability of Au NRs to develop SDDSs for
modulated drug release application. Starting from the princi-
ple that the induced temperature can accelerate the drug
release kinetics of the core-shell system.

2.2 | Morphological characterizations
The schematic in Figure 2A represents the structure of the
platform's core consisting of PVA and a shell of PLGA that
form the final core-shell structure. Also, the placement of
Au NRs is visualized in the schematic. The FE-SEM micros-
copy was conducted to visualize the presence of Au NRs,
confirming the presence of nanoparticles on the fibers
(Figure 2B). The in-depth morphology of the produced coax-
ial PVA-PLGA fiber is shown in the TEM micrograph in
Figure 2C. The contrast, created by electron beam diffrac-
tion, represents the distinctive phase in the core-shell struc-
ture. The bright region represents the fiber's core, and the
dark region indicates the shell. The diameters of the core
and shell are approximately 634 and 981 nm, respectively.
Figure 2D presents SEM images of PVA, PLGA, and
the core-shell fibers. The monolithic fiber fabrication
process was optimized to achieve a fibrous structure
similar to the core-shell fibers as a control for drug
release studies. The associated diameter distribution of
fabricated nanofibers reveals the average diameter of
PVA nanofibers of 972 + 76 nm (Figure S1). Similarly,
the average thickness of PLGA fibers is 952 + 41 nm,
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Morphological analysis of the electrospun fibers and the core-shell platform. (A) Schematic drawing representing fabrication

of core-shell fibers composed of PVA and RhB core, PLGA shell, and decorated with Au NRs. (B) FE-SEM micrograph of Au NRs on the
surface of the core-shell platform. (C) The inner core structure and the outer shell of the fiber are evident in the TEM micrograph of the
core-shell platform. (D) SEM images of I- PVA electrospun fibers, II- PLGA monolithic fibers, and III- core-shell fibrous materials,
demonstrating similar diameters of the monolithic fibers and the core-shell platform.

and of the core-shell platform, 993 + 33 nm. The efforts
to produce fibers with comparable thickness were
undertaken to compare the drug release kinetics of the
fibers mutually. Figure S2 reports different magnifica-
tions of SEM images of the fabricated fibers, highlight-
ing the defect-free, beadless, and geometrical uniformity
of the electrospun nanofibers.

2.3 | Physio-chemical characterizations
The ATR-FTIR (Figure 3A) was performed to character-
ize the chemical structure of the fabricated platform. As
can be seen, in both PLGA and core-shell samples, at
1750 cm ™', there are peaks related to the (—CO—) bonds.
Also, at the wavenumber of 1080 cm™?, the peak related
to the (—C—0O—C—) group in both PLGA and core-shell
transmissions is visible. However, at 3445 cm ™, the peak
of the hydroxyl group is just displayed for PVA fiber. The
absence of a hydroxyl group peak in core-shell fibers
exhibits the lack of PVA in the platform's outer layer,
indicating that the PLGA shell covers the PVA core.*®
The PVA, PLGA, and core-shell fibers were analyzed
using differential scanning calorimetry (DSC). The DSC
thermograms represented the characteristic peaks of
melting temperature (T),) and glass transition tempera-
ture (Tg) (Figure 3B). The melting temperature of pure
PVA is assigned to a reasonably large and sharp

exothermic peak visible at about 180.5 °C. For the core-
shell nanofibers—where PLGA is introduced—this peak
is shifted to 174.2 °C. This gradual shift of the melting
temperature to lower values occurs most probably
because of the addition of PLGA in the fiber structure.

Thermogravimetric analysis (TGA) was performed to
investigate the thermal properties of the PVA, PLGA, and
PVA-PLGA core-shell fibers (Figure 3C). Derivative ther-
mogravimetry (DTG) analysis was also carried out on
neat PVA and PLGA fibers and the core-shell structure
and reported in Figure S3. The PVA fibers presented a
multi-step decomposition process with the central peak
at 263 °C and a second stage at 414 °C. The first peak can
be related to the release of acetyl groups transferred to
acetic acid molecules and subsequent catalytic degrada-
tion of the main chain by in situ chains strapping at a
higher temperature.*” For the neat PLGA fibers, the TGA
curve shows that the degradation starts at 245 °C and fin-
ishes at 360 °C with nearly 100% weight loss. The core-
shell fiber's TGA curve showed that a shift had occurred
at 320 °C. This peak provides additional evidence of the
presence of PVA in the core-shell. The formation of the
core-shell structure was evident when appropriate condi-
tions were met during the platform fabrication.

The photo-responsivity of PVA-PLGA core-shell nano-
fibers results from the decoration of the fiber surface with
Au NRs. The XRD pattern study was carried out to
demonstrate the presence of Au NRs in the core-shell
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Chemical and physical properties of PLGA, PVA, and core-shell fibers. (A) ATR-FTIR spectra of PLGA and PVA fibers

compared with the core-shell platform. (B) DSC graph of the core-shell system, showing the presence of both PVA and PLGA in the
structure. (C) Weight percentage versus temperature TGA curves of monolithic fibers along with the core-shell platform. (D) XRD pattern of

PLGA fiber compared with core-shell fibers decorated with Au NRs.

fibers (Figure 3D). XRD data revealed the characteristic
peaks of Au NRs at 20 scattered angles of 38.0 and 44.2°,
which certifies the presence of Au NRs in the platform.*®

24 | Cell studies

In order to verify the biocompatibility of the proposed elec-
trospun substrates and their potential use for biomedical
applications, 1929 fibroblasts were seeded and cul-
tured onto the fibrous constructs, as also reported
in previous studies.*>>° The presence of a PVA core in
the PLGA-based core-shell fibers was investigated in
terms of cell response and compared to PLGA pristine
fibers and TCP controls. More specifically, cell-
materials interactions were evaluated with regard to
cell viability, proliferation, and morphology. A Live/
Dead assay kit was used to stain the cells seeded onto
the constructs and mark them in green or red color
according to their live or dead state. Representative
Live/Dead images showed a large majority of viable

green cells on both days 1 and 3 of culture (Figure S4),
demonstrating the high viability percentage of cells
cultured on the proposed substrates (>87%, Figure 4A)
and the cytocompatibility of the materials. No signifi-
cant difference was detected among the selected
conditions at any time point.

The cell proliferation is reported in Figure 4B, dis-
playing the linear growth of cells during the culture time
(1, 3, and 7 days) for all tested conditions. No evident dif-
ference between the fibrous samples was detected, while
cells seeded onto tissue culture substrates showed a more
significant proliferation at the initial stage of the culture
(1 and 3 days). This is not surprising since TCPs are trea-
ted to be highly cell-friendly, promoting easy and effi-
cient cell adhesion and growth. At the latest stage of
culture (day 7), all the tested samples showed similar per-
formance, proving the biocompatibility and suitability of
the fibrous substrates for cell viability, activities, and
proliferation.

Finally, cell morphological analysis was carried out
by observing confocal images of Actin/DAPI stained
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FIGURE 4 Cell viability of L929 fibroblasts seeded on PVA-PLGA core-shell fibers, PLGA fibers, and TCP. (A) Cell viability percentage
calculated from Live/Dead images analysis, reporting cell viability >87% at days 1 and 3 of culture. (B) Cell proliferation up to 7 days of
culture, showing the increasing trend during the culture time for all tested samples. Significant differences are reported as

*p < 0.05, ¥*p < 0.01.

(A) PVA-PLGA Core-Shell

FIGURE 5 Cell
morphology of 1929 fibroblasts
seeded on PVA-PLGA core-shell
fibers, PLGA fibers, and TCP
after 3 and 7 days of culture.
(A) Cell cytoskeleton is stained
green while nuclei are marked
in blue (Actin/DAPI staining).
Scale bar: 100 pm. (B) SEM
images of the cells seeded on
fibrous constructs versus TCP
control. Scale bar: 20 pm. Data
revealed the spreading and
elongation of the cells during
the culture time.
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FIGURE 6 The photo-responsive platform features the fast and on-demand responsiveness of the fabricated material. (A) The schematic
of the experimental setup illustrates a thermal camera capturing the temperature of the samples taken out from an incubator and irradiated
by a NIR laser. (B) The IR thermogram images of the dry and wet platforms before and after 2 min of irradiation were captured with a
thermal camera. Wet samples were analyzed on a hot plate to maintain the platform's temperature at around 37 °C. (C) Temporal plots of
the platform's behaviors under the NIR illustration for wet and dry samples, showing the photo-response property of the material.

samples (Figure 5A) and SEM micrographs of the struc-
tures (Figure 5B) at days 3 and 7 of culture. At the early
stage, the cell cytoskeleton appeared roundish and spher-
ical on the fibrous samples compared to TCP control,
most probably due to the lack of cell binding sites in the
synthetic polymers. However, during the culture time,
cells spread and became more elongated with the typical
spindle shape, highlighting the efficient support for cell
adhesion and spreading.

2.5 | Thermal-response
characterizations

The nanofibrous system was decorated with the Au NRs
and loaded by Rhodamine-B. The decoration of the plat-
form with plasmonic nanoparticles provided a robust
absorption of NIR light that can provide heat due to the
outstanding photo-response efficiency.” The photo
responsiveness to the irradiation of NIR light was con-
firmed using a thermal camera. The applied NIR laser
power was fixed at 2.4 W cm ™2 and irradiated directly on
the system with an 808 nm wavelength.

Figure 6A shows a schematic of a NIR laser emitting
beam irradiation on the platform (contained in a water-
filled vial) and the experimental setup used to investigate
the fiber's photothermal activity. Simultaneously with the
illumination of samples, the thermal camera records

the thermographic images of the photo-response of the
irradiated samples.

Low-power lasers are common in clinical practice
due to their bio-stimulating effect in treatment. A lower-
power laser, however, results in less heat during the pro-
cedure. The heat produced by the SDDSs may not be
enough to modulate the drug release if there is a consid-
erable distance between the heat producer (in this case,
NIR) and the stimuli-responsive material. The desig-
nated strategy was to locate the Au NRs on the surface
of the nanofibers instead of putting them inside the
core-shell system. The rods are either trapped between
the fibers or deposited on their surface. The advantage
of this method is the higher generated temperature com-
pared to the particles inside the fibers and the reduction
of side effects as the thermally-accelerated polymer
matrix degradation.

As can be seen in Figure S5, the location of nanorods can
improve the amount of induced heat for dry samples up to
9.6 °C in 2 min. Table S1 displays the temperature responses
due to different structures and localization of Au NRs.

The PVA-PLGA core-shell fibers decorated with Au
NRs show a strong NIR light absorption and conversion
to thermal energy. Figure 6B shows the thermographic
images of the platform in dry and wet states. The plat-
form was studied first in the dry state to indicate the
maximal potential of the response of the core-shell fiber
to NIR light. Subsequently, they were analyzed in water
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Drug delivery property of the core-shell platform. (A) Cumulative RhB release of three samples of monolith PLGA and PVA

and non-irradiated core-shell, showing the burst release of the monolithic fibers. (B) Bar chart of non-irradiated core-shell RhB release per

hour, demonstrating the release kinetic of non-irradiated platforms in different time stages. (C) The scheme represents the platform's

induced temperature under NIR irradiation, helping to elevate the RhB release. (D) Cumulative RhB release after 10 NIR-light irradiation

cycles. The red vertical lines represent a cycle of irradiation. (E) The bar graph of RhB release per hour while the platform was irradiated

with NIR light for sequences of 20 min. The graph clearly shows the induced release of RhB upon the laser trigger, assisting the photo

response behavior of the fabricated platform.

to reveal the applicable property of the platform for the
drug delivery application. The fiber's temperature
increased significantly and rapidly, increasing the sur-
rounding water temperature. The highest temperature of

samples was 80 °C for dry samples and 44 °C for fibers in
water. (Figure 6C). The plasmonic system was success-
fully designed to achieve the targeted temperature that
triggered the core-shell structure to modulate the drug
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release and reach the typical temperature range for
performing PTT.

2.6 | Drug release studies

This study aimed to develop a smart drug carrier to sus-
tain the drug level in a therapeutic window by exploiting
its photo-responsive properties. Sustained drug release
can improve therapeutic consequences by reducing drug
toxicity and dosing frequency while increasing efficiency.
For this purpose, RhB, as a fluorescent dye, was selected
as a drug model. Previous studies have demonstrated that
developing core-shell structured nanofibers can reduce
burst release and sustain long-term drug release.”’

In Figure 7A, the drug release from PLGA, cross-
linked PVA, and core-shell fibers were measured at 37 °C
and not triggered by NIR light. The PVA fibers for this
study were crosslinked since the monolith PVA can dis-
solve in water and are incomparable with PLGA and
core-shell fibers. To emphasize the effect of morphology
on drug release and avoid the dimension effect, the three
mentioned fibers were produced with similar fiber size
distributions. Considerable differences were observed for
two different structures of monolithic and core-shell mate-
rials. The RhB release from the monolithic PLGA fibers
exhibited an initial burst release. Similarly, in the case of
the PVA, RhB was released burst in the early stages of the
study. However, the release profile was sustained for core-
shell fibers with near first-order release kinetics. As a
result of the internal structure, the overall release rate of
core-shell fibers was significantly slower, and the release
trend constantly increased during the incubation time
(Figure 7B). For the monolith fibers, the cumulative
release did not increase after 4 days of the study.

The NIR irradiation process is illustrated in Figure 7C.
This figure shows the increase in the platform temperature
using a 4 = 808 nm source of NIR. The platform reached
43 °C as a response to irradiating by laser. The RhB release
from the irradiated platform utilizing NIR light is visible
in Figure 7D. The duration of each irradiation sequence
was 20 min. For samples not triggered with NIR light, a
small amount of drug release was observed from the nano-
fibers, indicating that the Au nanorods played a vital role
as a nanoscale heat-generating source. These findings
appeared promising for biomedical applications that target
a modulated drug release. The drug release intensity was
elevated upon NIR irradiation after each timepoint of drug
release measurement, and the release data were collected
before and after each cycle. Figure 7E shows the on-
demand release from the core-shell system with Au NRs.
The structure of the core-shell fibrous materials led to a
regulated and steady release compared to the monolithic

counterparts. Introducing Au nanorods led to the fabrica-
tion of a photo-responsive polymer core-shell system to
solve this problem. Taking advantage of the stimuli-
responsive drug carrier, upon the NIR irradiation, the
release kinetic of the vehicle is elevated in response to NIR
light irradiation. At the first time point, the release from
the core-shell fibers triggered by NIR is about 1.8 folds
higher than the non-irradiated core-shell. The platform's
exposure to NIR provided 39% of RhB release in the first
96 h of the study, while for the irradiation control sample,
the release rate was 18%. The reported results imply the
increase in RhB release from the core-shell fiber upon NIR
irradiation that is associated with an increase in the tem-
perature of the platform.

The mechanism of RhB release from electrospun
nanofibers is based on the drug model's desorption from
the nanofibers and its subsequent diffusion in water
through the porous structure of the platform. Desorption
is the limiting factor in drug release from nanofibers
because dye diffusion in water occurs quicker than
desorption. The temperature rise caused by the laser irra-
diation on the platform generates an increase in the
kinetics of both desorption and diffusion.

The SEM images of fibers before and after submerg-
ing in water were acquired to study the platform’s stability.
In Figure S6 the SEM micrographs of electrospun platform
after submerging in water are collected every 24 h time-
points. This figure exhibited the platform will not dissolve
in water during the drug release process. Moreover, UV-
vis spectroscopy was carried out to observe the effect of
drug release and irradiation on the nanorod's detachment.
The absorption spectra of samples before and after the
irradiation were compared to Au NRs spectra to trace sim-
ilarities. The spectra of platform media before and after
NIR irradiation did not exhibit characteristic peaks of Au
NRs at 514 and 808 nm. This result reveals the stability of
the nanostructured platform by submerging it in water
and even after irradiation (Figure S7). Accordingly, imple-
menting plasmonic nanoparticles, which can be triggered
upon a source of light (NIR), is a promising candidate for
on-demand release applications. Consequently, the core-
shell morphology is suitable for a steady and controlled
drug release in the long term.

3 | CONCLUSION

The present work described the successful fabrication of
a core-shell platform for smart drug delivery. This plat-
form incorporated PVA and PLGA as biocompatible poly-
mers, Rhodamine-B as the drug model, and gold
nanorods as plasmonic agents to induce an on-demand
platform response upon NIR irradiation.
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Core-shell platform was fabricated by coaxial electro-
spinning of PLGA and PVA paired with electrospraying
of Au NRs under controlled environmental conditions.
The role of the PLGA shell is crucial for the platform
because the PVA core can dissolve in water. Further-
more, the PLGA shell can protect the core from structural
damage. In addition, the core-shell structure was proved
to be biocompatible and provided sustained drug release
kinetics. Moreover, the drug release from the core-shell
nanofibrous material was performed under the NIR laser
to demonstrate the on-demand performance of the
“smart” drug delivery system. The RhB release of the
activated platform by NIR light, compared to the non-
irradiated system, exhibited successful elevation of the
release resulting from response to the stimuli. Moreover,
the nanostructured core-shell platform exhibited stability
in the structure before and after irradiation with NIR
light. The present work highlights that employing plas-
monic nanoparticles elevates on-demand the release rate
of the drug by increasing the temperature of the platform.
The smart fabricated drug delivery system will be helpful
in future clinical applications, emphasizing the photoac-
tive feature of this platform.

4 | EXPERIMENTAL SECTION

4.1 | Materials

For the fabrication of the platform, Polyvinyl alcohol (PVA,
85,000-124,000 Da), Hydrochloric acid (HCl, 37%),
Hexafluoro isopropanol (HFIP, 99.5%), acetone (99.5%),
and Rhodamine B (RhB, 95%) were purchased from
Sigma Aldrich. Poly (D, L-lactide-co-glycolide) (PLGA,
Purasorb PDLG 5010) was obtained from Corbion Purac,
and gold nanorods (Au NRs, 4 = 800nm, OD = 50,
C =088 mg mL_l) from nanoComposix, USA. For the cell
studies, Bovine serum albumin (BSA), hexamethyldisilane
(HMDS) and phosphate buffer saline (PBS), glutaraldehyde
(GTA), Triton X, DAPI, and L929 murine fibroblasts were
bought from Sigma-Aldrich, Poland. “Dulbecco’s modified”
Eagle's medium (DMEM), fetal bovine serum (FBS), penicil-
lin streptomycin (PS), and EDTA-trypsin were purchased
from Gibco Invitrogen, USA. Alexa Fluor 488 Phalloidin
and Live/Dead assay were obtained from Thermo-Fisher
Scientific, USA.

4.2 | Platform preparation

The core polymer solution was prepared by dissolving
1.0 g of PVA in 10.0 mL of DI water, and the fibers' shell
solution contained 11 wt% of PLGA in 10.0 mL HFIP.

Furthermore, alcosol of Au NRs was prepared by dissol-
ving 20 pL of 50 OD Au NRs (17.6 pg) in 100 pL of 1:1
ethanol and water solution (v:v). For the coaxial electro-
spinning setup, the spinneret consisted of a 21G needle
for the core and a 16G needle for the shell solution. Core-
shell fibers were electrospun by applying 12 kV voltage
and a flow rate of 250 pL h™! for the core solution and
650 pL h™" for the shell solution. Fibers were collected
on a grounded drum rotating at 450 rpm with an 18 cm
needle-to-collector distance. The ambient parameters as
temperature and humidity in electrospinning were 20 °C
and 45%, respectively. Core-shell fibrous materials con-
taining a drug model were fabricated using the same pro-
cedure by dissolving 5 mg of RhB in 5 mL of the core
solution during the early stage of preparation. In addi-
tion, PVA and PLGA monolith nanofibers with similar
structural features (e.g., fiber diameter, mat porosity, and
thickness) and the same amount of RhB were prepared as
control samples. To prepare monolith fibers of PLGA, a solu-
tion of 0.9 wt% RhB in shell solution was prepared. The elec-
trospinning parameters for PLGA solution were using a 26G
needle, 15 kV was the applied voltage, 800 pL h™" was the
flow rate, with a needle tip to rotor collector distance of
18 cm at a rotation speed rate of 450 rpm. The as-prepared
PVA solution was processed with a 26G needle, applying
10 kV voltage, with a flow rate of 400 pL h~! and similar
drum collector parameters used to prepare the
PLGA nanofibers. The ambient parameters for PVA electro-
spinning were 20 °C and 40% relative humidity. After the
electrospinning procedure, the PVA fibers were soaked in a
10 mL solution of 2.5 wt% glutaraldehyde in acetone at 44 °C.
The next step was adding 100 puL of HCI to the crosslinking
solution and maintaining the fibers in the solution for 1 h.
Finally, the electrospun mat was washed twice with acetone
and water. For electrospraying of Au NRs, the prepared alcol-
sol was transferred to a 1 mL syringe equipped with a 26G
needle. Electrospraying parameters were set at 12 kV positive
voltage, 400 pL h™! flow rate, needle-collector distance of
18 cm, 450 rpm of drum rotation, at a temperature of 20 °C,
and humidity of 45%.

4.3 | Morphological characterizations

In order to study the morphology and dimension of the
fabricated core-shell nanofibers, transmission electron
microscopy (TEM) was performed. For the analysis of the
core-shell fibers, electrospinning was performed directly
on a TEM grid. The FE-SEM microscopy method was
performed to show the presence of Au NRs on the surface
of the platform. FE-SEM and TEM studies were con-
ducted using FEI Nova NanoSEM 450 microscope at a
working distance of 2 mm and accelerating voltage of
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30 kV. Scanning electron microscopy (SEM) observations
were performed using JEOL JSM-6390LV at a working
distance of 10 mm and 10 kV accelerating voltage to
investigate the structure of the monolith fibers. Before
the SEM, materials were sputtered with approximately
5 nm thick layers of gold using an SC7620 Polaron mini
sputter coater (Quorum Technologies Ltd., Ashford, UK).

4.4 | Chemical characterizations
ATR-FTIR spectroscopy was employed to characterize
the presence of the material's functional groups. A Bru-
ker Vertex70 FT-IR Spectrometer measured the transmit-
tance of the material in the wavenumbers range of 4000-
400 cm ™! with a resolution of 2 cm ™' and eight scans for
each sample. Using Bragg-Brentano geometry, XRD mea-
surements were completed with a Bruker D8 Discover
diffractometer in the reflection mode. The analysis was
conducted in the angular range (2 thetas, 20) between
5 and 50°. Data were collected with a step of 0.02° per
second at each point. Moreover, XRD made it possible to
confirm the presence of Au NRs in the platform.
Ultraviolet-visible (UV-Vis) spectra were acquired using
a Multiskan GO spectrophotometer (Thermo Scientific,
USA) to scan over a range of 400 to 1000 nm with a step
of 5 nm. In order to prove the absence of gold nanoparti-
cles in the drug release solution and detect any potential
nanoparticle leak caused by laser irradiation, UV-vis
spectra were performed.

4.5 | Thermal characterizations

DSC analysis was performed with a Perkin Elmer
PYRIS-1, and data were analyzed using OriginPro soft-
ware. Measurements were performed from 0 to 250 °C,
with a rate of 10 °C min~" and the weight of the samples
were approximately 20 mg. The thermogravimetric analy-
sis (TGA) was performed by a Q5000 (TA Instruments)
under the nitrogen purge. The analysis was conducted in
the temperature range of 20-800 °C with a heating ramp
of 10 °C min~ "

4.6 | Invitro cell studies

L929 murine fibroblasts were cultured in DMEM modi-
fied with 10% FBS and 1% PS and incubated at 37 °C
and 5% CO, until reaching ~80% confluence. The cul-
ture medium was changed every other day. During the
seeding process, cells were detached by PBS washing
and subsequent incubation in 0.05% EDTA-trypsin for

3 min at 37 °C and 5% CO,. The harvested cells were
centrifuged for 5 min at 1200 rpm, and the resulting
cell pellet was resuspended in a suitable volume of cul-
ture medium to obtain the desired cell density in the
seeding solution.

PVA-PLGA core-shell and PLGA fibers were electro-
spun onto coverslips with a diameter of 1.5 cm, sterilized
under UV light for 30 min on both sides, and finally
placed in 24-well plates. A tissue culture plate (TCP) was
tested as a control condition. 1929 fibroblasts were seeded
on the samples with a cell density of 10* units cm™2 and
cultured for up to 7 days.

Cells were stained using a Live/Dead assay kit to
investigate the viability of L929 fibroblasts seeded on the
samples. On days 1 and 3 of culture, the samples were
washed with PBS and treated with the Live/Dead
staining solution composed of 0.5 pL of calcein (for
staining the viable cells in green color) and 2 pL of
ethidium homodimer (for red staining of dead cells) in
1 mL of PBS. Three replicates of each sample were
soaked in the staining solution and incubated for
10 min at 37°C and 5% CO. Then, scaffolds were
washed three times in PBS and imaged using a confo-
cal microscope (Leica). Percentages of viable cells were
counted using the Cell Counter plugin of Imagel
(National Institute of Health, USA).

The cell proliferation rate was assessed with PrestoBlue
assay. Cells seeded on PVA-PLGA core-shell fibers, PLGA
fibers, and TCPs were incubated for 1 h in 10% (v/v) Pre-
stoBlue solution in a culture medium at 37 °C and 5%
CO.. Five replicates per each condition were tested after
1, 3, and 7 days of culture. The resulting solution was ali-
quoted in 100 pL aliquots, transferred to a 96-well plate,
and analyzed with a fluorometer (Fluoroskan Ascent TM
Microplate Fluorometer, Thermo Scientific) with excita-
tion at 530 nm and emission at 620 nm.

The cell morphology was observed in confocal and
SEM images of three sample replicates fixed after 3 and
7 days of culture. For the staining of cell cytoskeleton
and nuclei, samples were washed with PBS and fixed in
4% paraformaldehyde for 15 min at room temperature.
After washing, samples were first incubated in 0.3% (v/v)
Triton X-100 solution for 15 min and then in 1% (w/v)
BSA for 30 min. Subsequently, samples were treated with
a solution of 1:40 Alexa Fluor 488 Phalloidin in PBS in
the darkness for 40 min. Finally, cell nuclei were stained
using a solution of 1:500 DAPI in PBS for 10 min.
Samples were washed and imaged using a confocal
microscope (Leica).

For SEM images, the constructs were washed in PBS
and fixed in 3% ice-cold GTA for 3 hours. The substrates
were then washed three times with deionized water and
dehydrated in 50%, 70%, 90%, and 100% concentrated
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ethanol solutions for 15 minutes each. Finally, samples were
treated with HMDS and dried under a fume hood overnight.

4.7 | Photo-responsivity characterization
The NIR light source was a diode laser (EKSMA OPTICS)
operating at 808 nm in the high absorption range of Au
NRs (longitudinal plasmon band) with a rectangular pro-
file. A high-resolution thermal camera (FLIR, A655sc)
was employed to map and identify the spatial heating dis-
tribution and temperature profile under laser illumina-
tion. The camera produces thermal images of 640 by
480 pixels with an accuracy of +0.2 °C. It works seam-
lessly with proprietary software (FLIR ResearchIR Max)
to record and process the thermal data acquired by the
camera.

4.8 | Drug-release analysis

The release of Rhodamine B from the monolith fibers of
PLGA, PVA, and core-shell was analyzed at 37 °C. Circu-
lar electrospun mat samples with a diameter of 2 cm and
containing approximately 50 pg of dye (Rhodamine-B) were
immersed in 1 mL of PBS solution at 37 °C. The vial was
sealed and wrapped with aluminum foil to prevent water
evaporation and light exposure. The supernatant fluid was
exchanged with fresh water and maintained at the incuba-
tor to maintain the same temperature as set for any specific
test after 1, 4, 10, and 12 h of release. The sample tempera-
ture was checked by a FLIR thermal camera several times
for each sample. Over the next 4 days, the release level of
RhB was measured every 12 h. Subsequently, the measure-
ment time points were reduced to once per day (over the
following 7 days). Fluorescence signals were measured with
a fluorometer (Fluoroskan Ascent TM Microplate Fluorom-
eter, Thermo Scientific, USA) (excitation-emission 530-
620 nm) and used to evaluate the concentration of released
RhB based on a calibration curve.

The gold nanorods decorated systems release experi-
ments were carried out using an 808 nm diode laser
(EKSMA OPTICS) and a power density of 2400 mW cm 2.
The 1 cm circular decorated core-shell fibers were sus-
pended in a vial filled with 1 mL of deionized water. The
vial was additionally secured with a parafilm seal to pro-
tect the sample from water evaporation. The samples were
irradiated with a NIR laser in periodic cycles of the
ON/OFF mechanism of irradiation, and the duration of
irradiation was 20 min, and they rested for 40 min for
each sequence. Afterward, the supernatant was collected,
and its concentration was measured using the fluorometer
to evaluate the amount of RhB released.

4.9 | Statistical analysis

Data are presented as mean values + SD. One-way
ANOVA test was carried out, and differences were con-
sidered statistically significant when the p-value was
<0.05: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Drug release measurements were performed six times for
each platform.
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