
Multifunctional Platform Based on Electrospun Nanofibers and
Plasmonic Hydrogel: A Smart Nanostructured Pillow for Near-
Infrared Light-Driven Biomedical Applications
Paweł Nakielski,# Sylwia Pawłowska,# Chiara Rinoldi, Yasamin Ziai, Luciano De Sio, Olga Urbanek,
Krzysztof Zembrzycki, Michał Pruchniewski, Massimiliano Lanzi, Elisabetta Salatelli, Antonella Calogero,
Tomasz A. Kowalewski, Alexander L. Yarin, and Filippo Pierini*

Cite This: https://dx.doi.org/10.1021/acsami.0c13266 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Multifunctional nanomaterials with the ability to
respond to near-infrared (NIR) light stimulation are vital for the
development of highly efficient biomedical nanoplatforms with a
polytherapeutic approach. Inspired by the mesoglea structure of
jellyfish bells, a biomimetic multifunctional nanostructured pillow
with fast photothermal responsiveness for NIR light-controlled on-
demand drug delivery is developed. We fabricate a nanoplatform
with several hierarchical levels designed to generate a series of
controlled, rapid, and reversible cascade-like structural changes
upon NIR light irradiation. The mechanical contraction of the
nanostructured platform, resulting from the increase of temper-
ature to 42 °C due to plasmonic hydrogel−light interaction, causes
a rapid expulsion of water from the inner structure, passing through an electrospun membrane anchored onto the hydrogel core. The
mutual effects of the rise in temperature and water flow stimulate the release of molecules from the nanofibers. To expand the
potential applications of the biomimetic platform, the photothermal responsiveness to reach the typical temperature level for
performing photothermal therapy (PTT) is designed. The on-demand drug model penetration into pig tissue demonstrates the
efficiency of the nanostructured platform in the rapid and controlled release of molecules, while the high biocompatibility confirms
the pillow potential for biomedical applications based on the NIR light-driven multitherapy strategy.

KEYWORDS: Bioinspired materials, NIR-light responsive nanomaterials, multifunctional platforms, electrospun nanofibers,
plasmonic hydrogel, photothermal-based polytherapy, on-demand drug delivery

■ INTRODUCTION

Polymeric biomaterials offer great opportunities for increasing
drug biodistribution in different biomedical applications (e.g.,
cancer or antibacterial therapy).1,2 However, traditional passive
and active targeting strategies face many challenges, such as low
tumor penetration in cancer treatment or low internalization of
hydrophilic drugs in bacterial cells, such as in the case of
antimicrobials.3,4 Moreover, cancer cells develop different
mechanisms to resist conventional monotherapy treatment
(e.g., chemotherapy), while in the case of bacterial infections,
multidrug-resistant bacteria become prevalent. This example
confirms that there is an urgent need to develop multitherapies
and on-demand treatments to improve drug delivery and
bioavailability.5,6 In this context, several “smart” drug delivery
systems are developed to obtain more effective treatments by
providing novel characteristics and multiple properties that can
respond to distinct environmental cues.7−9

Stimuli-responsive materials are used in many biomedical
applications (e.g., tissue engineering, biosensing) and are

considered potential candidates for pulsatile, site-specific, and
externally stimulated On/Off drug release systems.10−12 Among
this group of materials, hydrogels have attracted wide attention
due to their tunable properties, which include mechanical
strength, as well as structural, chemical, and biological responses
to stimuli.11,13 One of the most studied stimuli-responsive
hydrogels so far is a thermoresponsive polymer called poly(N-
isopropylacrylamide) (PNIPAAm).14−16 The PNIPAAm phase
transition from coil to globule appears when the temperature
exceeds the typical low critical solution temperature (LCST)
and is accompanied by a loss of polymer−water hydrogen bonds
and formation of intra- and interchain hydrogen bonds between
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the amide groups, as well as dehydration of hydrophobic
groups.17 At temperatures above LCST, PNIPAAm shrinks due
to a sharp transition from the hydrophilic to the hydrophobic
state.18 The phase transition above LCST causes the ejection of
polymer-bound water. This process is fully reversible, and
therefore, the hydrogel absorbs water and swells again when the
temperature falls back below the LCST.
Because of the fact that PNIPAAm and other smart hydrogels

can change their physical properties (e.g., volume) due to
external stimuli, the incorporation of plasmonic nanoparticles
(NPs) in the hydrogel matrix raises their level to a new class of
biomaterials that are capable of responding to a stimulation in a
cascade-like manner − plasmonic hydrogels.19,20 One of the
benefits of embedding gold nanoparticles within the hydrogel
matrix is that they can convert NIR light to heat due to the
surface plasmon resonance (SPR) phenomenon, which
generates localized photothermal effects.21 This increase in
temperature can be cytotoxic for cancer cells or bacteria
(photothermal therapy, PTT), thus also creating synergies with
the drug action.22,23 More importantly, the generated heat can
be used to locally increase the temperature above the system’s
LCST, trigger physical changes in the hydrogel (e.g., shrinking),
and tune the mechanical properties.

An additional building block of our “smart” drug delivery
systems is the nanofibrous nonwoven fabric. Recently, electro-
spun polymeric nanofibers have proven to be an attractive
candidate for tissue engineering and drug delivery system
applications.24−27 The high loading capacity, simultaneous
delivery of different molecules, and cost-effectiveness are the
most attractive features of electrospun matrix use in drug
delivery. Depending on several parameters affecting drug−
polymer intermolecular forces, it is possible to modulate the
drug release in such a way that the release process can take up to
several weeks.28−30 With conventional electrospun systems, an
On/Off drug delivery, which is a vital step for the development
of an ideal on-demand pulsatile system, is not possible. On the
one hand, most nanofibrous drug delivery biomaterials are still
used unaccompanied, in a stand-alone system; therefore, it is
necessary to properly design the materials’ properties in order to
obtain the desired release profile.28,31,32 Moreover, it is often
reported that systems with high surface-to-volume ratios burst
the drug from the surface of nanofibers, leading to unwanted
therapeutic effects (e.g., drug toxicity).33 One of the solutions to
this problem, as suggested in this paper, is the use of a polymer
with strong polymer−drug interactions combinedwith a stimuli-
responsive plasmonic hydrogel, which can increase the drug

Figure 1. Bioinspired biomaterial design. (a) Scheme presenting the hierarchical nanostructuration of the developed platform: P(NIPAAm-co-
PNIPMAAm) hydrogel embedding gold nanorods (AuNRs) is encapsulated between two nanofibrous PLLA layers loadedwith RhB. (b) Photography
of a Phacellophora camtschatica jellyfish took near Gibraltar. Image courtesy of Prof. Stefano Piraino (University of Salento, Italy). (c) Photography of a
bioinspired nanostructured pillow loaded with RhB showing the macroscopic appearance of the system. (d) Cross section of the fiber-hydrogel
interface in the pillow inner structure, where P(NIPAAm-co-PNIPMAAm) hydrogel interpenetrates the PLLA nanofibrous layer pores, forming a
biomimetic jellyfish mesoglea-like structure.
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release rate on demand. By converting light to heat, these
cascade systems can drastically enhance the drug release by
increasing their kinetics and simultaneously inducing the
hydrogel phase transition, thus leading to water expulsion and
driving drug transport.
Here, we propose a bioinspired system, made of a poly(L-

lactide)-Rhodamine B-loaded nanofibrous material (PLLA-
RhB), which encapsulates P(NIPAAm-co-NIPMAAm) hydro-
gel containing gold nanorods (AuNRs). Our stimuli-responsive

material has structures that are similar to their natural
counterparts, found in animals such as jellyfish or hydra.34−36

Mesoglea is a functional structure present in jellyfish bells, made
of a hydrogel surrounded by a polymer nanofiber, which is a
highly hydrated fibrous matter that works as a hydrostatic
skeleton and can change its volume due to external stimuli,
working similarly to our system.37 Our hierarchically nano-
structured platform accelerates the drug model release due to
increased desorption of the dye from the nanofibers’ surface, and

Figure 2. Characterization of gold nanorods and nanostructured P(NIPAAm-co-PNIPMAAm)/AuNR hydrogel. (a) High-resolution TEM image
showing the crystalline structure of a single AuNR. (b) TEM image presenting gold nanorods’ size and distribution in the hydrogel precursor. The
average length was 42 ± 3.5 nm, while the width was 10 ± 1.1 nm. (c) TEM and EDX elemental mapping images confirming the presence of gold
nanorods. (d) EDX spectrum of gold nanorods (vertical lines indicate the typical peaks of gold). (e) DLS plot showing the hydrodynamic radius of
AuNR with an average hydrodynamic size of approximately 38 nm and an additional peak connected to the nanorod rotational diffusion. (f) UV−vis
spectrum presenting the high absorption peaks of AuNR at 514 and 810 nm. (g) SEM micrograph presenting freeze-dried nanostructured hydrogel.
(h) High magnification of the hydrogel cell wall with no visible gold nanorods protruding from the hydrogel surface. (i) TEM imaging presenting
AuNR embedded in the hydrogel. (j) TEM image presenting gold nanorod distribution in the hydrogel. (k) TEM and EDX elemental mapping images
of gold nanorods embedded in the hydrogel. (l) WAXS diffractograms of P(NIPAAm-co-PNIPMAAm) control and P(NIPAAm-co-PNIPMAAm)/
AuNR highlight the two characteristic peaks of AuNRs at 38.05 and 44.25° visible in the plasmonic hydrogel plot.
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through an accelerated transport when subjected to NIR light
stimulation, due to water expulsion from the hydrogel. Up to
now, the combination of those two mechanisms was not
reported by any other research group.
This composite structure allows for on-demand drug delivery

as a result of the water expulsion from nanostructured hydrogel
facilitating drug transport and the localized temperature rise,
which increases the drug release rate. Moreover, our system
avoids burst release phenomena resulting in a sustained release
of drugs and avoiding a daily peak and trough drug levels. The
drug can be delivered over a long period simultaneously with
photothermal therapy for cancer or antibacterial treatments
using the synergic action of multitherapy for more efficient cell
killing.38 Such an approach can help overcome the insufficient
drug release at target sites, which is the major limitation of
conventional release systems.

■ RESULTS AND DISCUSSION
Hierarchical Levels of the Bioinspired Platform. The

scheme reported in Figure 1a shows the hierarchical structure of
the pillow: a nanostructured hydrogel with embedded gold
nanorods (AuNRs) enclosed between two layers of nanofibrous
material with encapsulated Rhodamine B (RhB). Several
features of the developed bioinspired drug delivery system
make it similar to the jellyfish’s mesoglea (Figure 1b,c). First, by
integrating the poly(L-lactide) (PLLA) nanofibrous structure
with the hydrogel, we developed a layered and porous structure,
which consists of randomly distributed fibers embedding a
nanostructured hydrogel (Figure 1d). Second, our pillow system
shows temperature-dependent swelling and anisotropic shrink-
ing/swelling properties in aqueous solutions with different
temperatures; i.e., the pillow swells in the axial direction at room
temperature, but when the temperature increases, it also shrinks
in the radial direction, causing a change in its shape from planar
to bowl-shaped (Figure S1). Jellyfish mesoglea has a similar
behavior, but to a different stimulus, i.e., pH.34,37 However,
several studies have also demonstrated temperature sensitivity
properties of mesoglea.34

Each element of the pillow was deeply characterized to
investigate its chemical composition, structure, and morphol-
ogy, as well as to confirm that the developed system is suitable
for its suggested final application.
Nanostructuration of Thermoresponsive Plasmonic

Hydrogels Embedding Gold Nanorods. As shown in Figure
2a,b, AuNRs used in this study have a uniform size about 42 ±
3.5 nm in length and 10 ± 1.1 nm in width. The elemental color
mapping and EDX spectra confirm the presence of pure gold
nanorods in the precursor suspension (Figure 2c,d). As shown in
Figure 2e, dynamic light scattering (DLS) results showed two
peaks, one with an average hydrodynamic diameter of around 2
nm and a second one at 38 nm. The most intense peak at 2 nm
does not correspond to the actual particle size but is an artifact
associated with the rotational diffusion of the nanorods.39 The
peak at 38 nm is the hydrodynamic diameter of AuNRs, which
confirms the results obtained by TEM analysis (Figure 2a). It is
worth remembering that DLS commercial equipment is
generally developed to analyze spherical objects; as a matter of
fact, it can analyze only the equivalent hydrodynamic behavior,
and therefore, it is difficult to distinguish between the short and
long axes of nonspherical objects. Due to the surface plasmon
resonance of AuNRs, light absorption peaks are found at 514
and 810 nm, corresponding to the transversal and longitudinal
absorbance bands of AuNRs, respectively (Figure 2f). The weak

transverse band, which has a wavelength similar to the gold
nanospheres, is insensitive to the nanorod aspect ratio (length/
width). The longitudinal band can be red-shifted when the
nanorod aspect ratio is increased.40 For a AuNR with an aspect
ratio of around 4, as in our case, the longitudinal band is close to
the wavelength of the laser units typically used in photothermal
therapy and well within the NIR biological window.
Among the thermoresponsive hydrogels that undergo

reversible phase transitions at specific temperatures, PNIPAAm
has been the one most frequently studied.41−43 The coil-to-
globule transition of the polymer consists of at least two different
thermal processes.18 First, water molecules around the hydro-
phobic isopropyl group and hydrophilic amide groups can
rearrange to bulk water. Second, intra- and interchain hydrogen
bonds are created between amide groups, and this phenomenon
is accompanied by a loss in polymer chain−water hydrogen
bonds.44 This transition depends on several factors, e.g., polymer
concentration, the type and concentration of the cross-linking
agent, and copolymerization with other monomers. In order to
increase the low critical solution temperature (LCST), we
copolymerized two monomers NIPAAm and NIPMAAm. The
LCST of PNIPAAm in water is around 32 °C, while the LCST
value of PNIPMAAm is higher, around 42 °C. According to the
literature,45,46 the LCST of the resulting copolymer with a lesser
quantity of NIPMAAm (as in our case) should increase to
around 33−34 °C when macromolecule chains are not cross-
linked. However, as confirmed by DSC results (Figure S2), the
LCST of our hydrogel was around 37 °C. Moreover, it is worth
noticing that the peak is broad and starts around 34 °C, while it
ends at 42 °C. This increase in LCST and broadening of the
DSC peak are due to the presence of cross-linker molecules in
the final polymer network.47 The use of N,N′-methylene
bisacrylamide (BIS-AAm) in our case shifted the LCST and
led to the formation of a broad peak due to the faster reaction of
BIS-AAm than NIPAAm and NIPMAAm during the polymer-
ization process.48

High-resolution SEM was used to study the morphology of
the hydrogel and reveal the possible presence of AuNRs on the
surface of the PNIPAAm polymer (Figure 2g). Field emission
SEM (FE-SEM) images of the P(NIPAAm-co-NIPMAAm)/
AuNR hydrogel were obtained by freeze-drying the prepared
hydrogel. Higher magnification of the polymer surface showed
no signs of protruding nanorods (Figure 2h). Moreover, TEM
microscopy visualized the presence and distribution of AuNRs
in the hydrogel, confirming the entrapment of AuNRs in the
polymer matrix (Figure 2i). Elemental color mapping and EDX
spectra confirmed the presence of pure AuNRs in the hydrogel
(Figure 2j,k). Wide-angle X-ray scattering (WAXS) was used to
compare the chemical structure of the developed plasmonic
hydrogel with P(NIPAAm-co-NIPMAAm) control (Figure 2l).
Both sample diffractograms show their typical broad peaks at
around 8.0 and 20.7°, which are attributed to the amorphous
state of the polymer. The plasmonic hydrogel diffractogram
shows two additional diffraction peaks at 38.0 and 44.2°, which
correspond to AuNRs, while the signals related to the polymer
network structure remain unchanged.49

Electrospinning of Nanofibers and Hierarchically
Nanostructured Pillow Assembly. In our study, PLLA was
selected as a material for electrospinning fibers, thanks to its
excellent biological and mechanical properties and biodegrad-
ability. Moreover, this polymer shows significant drug release
characteristics due to its high intermolecular forces binding dye/
drug molecules to the polymer surface in the presence of water.
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According to the literature, most of the drugs released from
nanofibrous PLLA materials do not exceed 20% of the
cumulative release after several days or even weeks.28,29,50,51

One of the strategies that has been used quite often to increase
the drug release rate from PLLA fibers is the addition of
hydrophilic PEO, which may increase fiber porosity and
promote drug desorption.52 However, such a strategy results
in a burst release with shorter release times, while an approach
that provides an externally triggered release could achieve a
more suitable drug release mechanism.
First, we electrospun PLLA fibers loaded with RhB with a

diameter of 210± 53 nm (Figure 3a,b). The surface of the fibers
is uniform and smooth, without beads along the fibers. The
addition of RhB to the polymer solution resulted in a decrease in
the average fiber diameter when compared to the pure PLLA
fibers that measured around 862 ± 307 nm in diameter (Figure
S3). This decrease has been observed also in another study and
is attributed to the increased conductivity of the polymer
solution due to the presence of a cationic dye such as
Rhodamine B.28

A schematic representation of the pillow assembly process is
shown in Figure 3c. First, the nanofibrous nonwoven material
loaded with the dye was electrospun on a drum collector. Two
discs of 1.3 cm diameter were extracted from the mat, and one of
them was placed into a Petri dish well, which served as a

template. In the meantime, the hydrogel precursor solution was
treated by bubbling argon gas for 10 min to remove any possible
oxygenmolecules, whichmight act as scavengers during the free-
radical polymerization of the hydrogel. Then the precursor was
gently dropped onto the nanofibrous material and covered with
a second disc. Two nanofibrous layers were tightened at the
edges, and finally, the nanostructured pillow was placed in an ice
bath to maintain the material temperature below the LCST
during the hydrogel polymerization and irradiated with UV light
(power density of 225 mW/cm2) for 5 min under controlled
environmental conditions. The nanostructured pillow was
characterized for its anchorage between the compartments of
the system stability and also for photothermal and drug delivery
capabilities.
After the preparation of several pillows, some of them were

used to investigate the inner structure of the nanoplatforms
developed. A few pillows were carefully delaminated, and the
nanofibrous layers were removed to observe the internal part of
the pillow and the contact of the fibers with the hydrogel. Figure
3d shows the view of the nanofibrous surface that was in contact
with the P(NIPAAm-co-NIPMAAm) hydrogel. We can clearly
observe the interpenetration of the hydrogel within the
nonwoven mat pores, which provides a physical hydrogel−
fiber interaction suitable for forming a very stable pillow
structure. In addition, the view of the pillow cross section

Figure 3.Morphological characterization of the electrospun nanofibers and nanostructured pillow fabrication. (a) SEM morphology of spun PLLA/
RhB nanofibers with a fiber diameter of 210± 53 nm. (b) The surface morphology of PLLA/RhB nanofibers observed with AFM shows an extremely
rough nanofibrous material (the z-scale is equal to 5 μm). (c) Scheme showing the pillow preparation process starting from the electrospinning of
PLLA/RhB nanofibers to the free-radical polymerization of the plasmonic hydrogel. (d) Top view of the PLLA/RhB nanofibers disassembled from the
pillow showing the interpenetration of nanofiber pores with the hydrogel at the hydrogel−fiber interface. (e) Cross section of the pillow showing the
nanofiber anchorage in the hydrogel mass (the yellow arrows indicate the anchoring points). (f) SEM morphology of PLLA/RhB nanofibers after
pillow preparation and UV irradiation (the external side unconnected with the hydrogel) with the fiber diameter distribution showing an average fiber
diameter of approximately 300± 67 nm. (g) Three-dimensional AFM image of the final pillow surface showing a typical porous nanostructure (25 μm
× 25 μm; z-scale: 5 μm).
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obtained by FE-SEM shows the intimate anchorage of the first
layer of fibers to the hydrogel mass (Figure 3e, anchorage sites
are pointed with arrows). It is worth mentioning that the
hydrogel does not penetrate the entire thickness of the
nanofibrous mat but only a few micrometers.
The irradiation of the PLLA fibers with UV light during

hydrogel cross-linking resulted in an increase in fiber diameter to
around 300 ± 67 nm (Figure 3f,g). The fiber swelling could be
attributed to the increased distance between the molecular
chains of the amorphous PLLA due to the interaction with UV
light. Such a behavior of PLLA nanofibers was not observed in
previous studies;53,54 however, the light power density used in
our experiments was 103 higher than in the abovementioned
papers. As evidenced by gel permeation chromatography (GPC)
analysis, there was no difference in the polymer molecular
weight of the PLLA samples before and after UV irradiation
(Figure S4, Table S1), thus proving the absence of any polymer
degradation process triggered by the UV treatment. To assess
the stability of the nanostructured pillow after laser irradiation,
GPC (Figure S4, Table S1), SEM (Figure S5), XRD (Figure S6),
FT-IR (Figure S7), and XPS (Figures S8, S9, Table S2) analyses

were performed. None of these analyses showed any changes
after 10 cycles of laser irradiation.

Fast Photothermal Responsiveness of the Plasmonic
Nanoplatform. The NIR-stimulated thermoresponsive behav-
ior of the plasmonic nanoplatform was investigated by
irradiating the pillow with an NIR laser with an 810 nm
wavelength in different irradiation intensities, up to a maximum
power of 2740 mW/cm2. It is well known that AuNRs show a
strong absorption in the NIR region and that they can efficiently
convert the absorbed energy to heat thanks to an excellent
photothermal efficiency.55 The PLLA/P(NIPAAm-co-NIP-
MAAm) pillow embedding AuNRs inside the hydrogel structure
shows a similarly strong absorption of the NIR laser and
conversion to thermal energy due to the presence of the AuNRs.
When the light is converted to heat and the temperature exceeds
the hydrogel LCST, a cascade-like series of stimulus/response
events lead to a rapid contraction of the hydrogel and water
release due to the thermoresponsive properties of the
P(NIPAAm-co-NIPMAAm) hydrogel. The experimental setup
used to investigate the pillow’s photothermal activity can be seen
in Figure 4a, which shows a CW laser emitting a beam irradiating

Figure 4. Photothermal properties of the nanostructured pillow showing the fast responsiveness of the developed plasmonic platform. (a) Scheme
presenting an experimental setup where the laser beam runs from top to bottom, irradiating the pillow in a vial filled with water, which was observed
with a thermal camera, while recording images directly on a computer. (b) Thermographic images captured at different times during the laser
irradiation (intensity: 2740mW/cm2) of a floating single pillow. At time zero, water and the pillow show a similar level of temperature; at different time
points, it is possible to visualize the typical temperature rise. (c) Temperature−time plots for various intensity values of the laser beam, temperature
increases due to the capability of AuNRs to efficiently convert the incident light into heat energy. (d) Linear correlation between the maximum
temperature detected and the intensity of the laser beam; colors correspond to the conditions described in panel (c).
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the pillow sample (contained in a water-filled vial) after passing
through a custom-designed optical path. Perpendicular to the
illuminated sample, a thermal camera records the thermographic
images of the irradiated area and stores them on a computer.
Figure 4b shows the thermographic images with the temperature
changes in the PLLA/P(NIPAAm-co-NIPMAAm)/AuNR
pillow and the various irradiation times (intensity: 2740 mW/
cm2). The temperature of the pillow increased significantly and
rapidly, eventually leading to a slight rise in temperature of the
surrounding water. The time−temperature profiles at different
intensity values of the laser pump beam (from 230 to 2740mW/
cm2) are shown in Figure 4c. A significant and gradual

temperature increase up to 42 °C upon irradiation can be seen
(Figure 4c, Laser On) due to the capability of AuNRs to
efficiently convert the incident light into heat energy. As soon as
the pump beam is turned off (Figure 4c, Laser Off), the sample
cools back down to room temperature (in less than 1 min).
Figure 4d shows a linear correlation between the maximum
temperature reached by the nanostructured pillow and the
intensity of the pumping beam. This behavior can be justified by
considering that the heat power density of AuNRs under laser
beam irradiation is proportional to the square of the incident
electric field, as described elsewhere.56 Certainly, the higher laser
power could lead to a faster heating efficiency of the pillow

Figure 5.Drug delivery property of the nanostructured pillow. (a) Cumulative RhB release at three different temperature levels: 24, 37, and 42 °C. (b)
Cumulative release for the first 100 h as marked with light blue color in panel (a). (c) Cumulative release of RhB from a single pillow (black dots)
presenting the influence of one-time laser irradiation on the final release, and corresponding columns presenting the release per hour, clearly showing
the change in the dye released at different time stages and irradiation (compare the last blue columnwith the red column). (d) Scheme representing the
temperature change that takes place during laser irradiation, which leads to a rise in the release of RhB. (e) Cumulative RhB release after 10 laser
irradiation cycles. The red vertical lines represent 1 h cycles of laser irradiation. (f) Column chart presenting the experimental RhB release per hour
broken down into releases during laser irradiation (red - On) and without irradiation (black - Off). (g) Comparison between the proposed drug release
theoretical model and experimental data. The black symbols correspond to the experimental data of RhB cumulative release after 10 laser irradiation
cycles. The curve shows the results of mathematical model fitting considering both the first and second stages of drug release from eq 1.
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sample. The maximum temperature of the pillow could be
increased with increased gold nanorod concentration in the
hydrogel and reach even 78 °C (Figures S10, S11). The
plasmonic system, however, was designed to reach a temper-
ature able to trigger hydrogel structural changes and, in turn, to
control the drug release, as well as to reach the typical
temperature range for performing PTT.
Near-Infrared Light-Triggered Cascade-like Re-

sponses Controlling Drug Delivery On Demand. The
main goal of controlling drug delivery is to optimize its release
rate in order to maintain the drug level in a therapeutic window
by targeting specific tissues and cells while minimizing the drug
side effects. With the cyclic On/Off pattern of laser irradiation,
the pulsatile release of dyes/drugs can be modulated according
to therapy requirements. One of the advantages of our system is
the protection of the drug from thermal degradation, obtained
by using cascade stimuli for controlling the drug release.
Compared to a system where drugs are directly attached to the
gold nanorods, nanofibers have the potential of releasing certain
temperature-sensitive proteins, e.g., antibodies.
To emphasize the impact of laser irradiation on the dye release

from the pillow, we first analyzed the release at different
temperatures: 24, 37, and 42 °C (Figure 5a,b). A temperature of
24 °C was selected due to the fact that, when nonirradiated, the
temperature of the pillow placed on the human hand is around
room temperature. Additionally, it allows for the analysis of drug
release in a scenario where the hydrogel is in a fully hydrated
state (Figure S12, Supporting Information). A temperature of 37
°C was selected not only because it is the human body
temperature but also because it is the LCST for our P(NIPAAm-
co-NIPMAAm) polymer: a temperature at which the hydrogel
within the pillow starts to shrink and expels portions of water. A
temperature of 42 °C was set based on the maximum
temperature reached during photothermal responsiveness tests
and because it is considered an ideal temperature level for
effectively performing photothermal therapy.9 At 24 °C, the
hydrogel within the pillow is in its fully swollen form, and the
drug release starts with about 2% release in the first hour (Figure
5a,b). Under 48 h, the cumulative release at 24 °C is lower than
the release obtained at 37 °C. Finally, at 37 °C, the dye release is
higher for much longer release times, around 400 h. At 42 °C,
the release is reported to be 3-fold higher than that registered at
37 °C. The difference in release curves is mainly based on the
different dye desorption and diffusivity processes at various
temperatures. To visualize the impact of the laser on the dye
release, we show the cumulative release from a single pillow
(Figure 5b), along with the corresponding dye release per hour
of release (shown in columns). After 450 h of release experiment
without laser irradiation at room temperature, we singly
irradiated the pillow for 1 h with an 810 nm laser. The release
increased significantly from around 0.1 (the last blue column in
Figure 5c) to 2%/h (red column). This shows that even at longer
experimental times, when the release rate is already moderate
and the drug delivery system appears exhausted, the mutual
effects of the hierarchically structured nanoplatform and its
irradiation with NIR-light can enhance the release rate and
finally trigger a therapeutic action, thus proving the possibility to
extend the drug delivery system lifetime.
During the main drug model delivery tests, nanostructured

pillows immersed in 1 mL of water were irradiated by a laser
beam in a cyclic pattern, with one cycle lasting 1 h and for a total
10 cycles (Figure 5d). The Laser Off periods ranged from 6 h at
the beginning to 12 h after several cycles. After the first cycle of

laser irradiation (Figure 5e, vertical red line), the release was
around 12%, while during the Laser Off cycle, it took 6 h; the
release increased cumulatively up to 18% (Figure 5e, Figure S13,
Supporting Information). The next irradiation cycle increased
the release by more than 2%, similar to additional laser
irradiation cycles (Figure 5f, red columns). It can be seen that
when data are presented as release per hour of the ongoing
experiment, the stimulated release of drugs when the laser is On
is much higher than that during the laser Off cycle (kon = 2.9 ±
3.1%/h; koff = 0.2± 0.1%/h). The trend of the released RhB per
hour shows a decreased release rate with subsequent irradiation
cycles. After 100 h of the release experiment, however, around
45% of RhB was already released compared to only 14% of RhB
after releasing at 42 °C (compare Figure 5a (blue) and Figure
5e). It is worth mentioning that after the Laser On cycle, when
the pillow and the surrounding medium were heated by the laser
to 42 °C, the temperature of the release medium in the Laser Off
cycles was maintained at 24 °C (Figure S12, Supporting
Information).
According to the results reported in several articles,57−59 the

mechanism of dye release from electrospun nanofibers is based
on the desorption of the drug model from the nanopore surface
and its further diffusion in water through the pores of the
material. Diffusion of the dye in water takes place much faster
than desorption, and therefore, desorption is the limiting factor
in drug release from nanofibers. During the laser irradiation of
the pillow, the kinetics of both desorption and diffusion rise as a
result of the temperature increase. Due to the SPR effect, the
generated heat not only does increase dye desorption and
diffusive transport from the nanofibers, but an additional stage
also takes place. During laser irradiation, the plasmonic hydrogel
mass embedded between nanofibrous layers shrinks and the
water expelled during the structure contraction flows through
nanofibers (Figures S14, S15, Supporting Information). This
can introduce a convective component that makes desorption
much easier. The final equation considering the first and second
stages of drug release from the pillow can be described by eq 1.
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Gt is the amount of dye released by time t, the nanoporosity
factor α1 =Msd0/(Msd0 +Mbd0) < 1, withMsd0 andMbd0 being the
initial amount of drug on the nanofiber surface (in particular, on
the nanopore surface) and the initial amount of drug embedded
in the fiber bulk, respectively; the total initial amount of drug in
the fibers being Md0 = Msd0 + Mbd0. τr1,2 are the characteristic
time of the release process. The detailed explanation of the
entire process, as well as the mathematical model that
quantitatively describes the on-demand drug release mecha-
nism, can be found in the Supporting Information. The theory
described in previously published articles57,58 was amended by
explaining the fact that, in the present case, the second stage is
facilitating the dye release during laser irradiation. During this
stage, the additional RhB release associated with the convective
transport of the dye will proceed with the rate of the hydrogel’s
shrinking. After fitting the parameter values of eq 1 to the release
profile, a perfect match between experimental data and
theoretical model can observed (Figure 5g). The characteristic
time for the drug release is within the order of magnitude of a
typical duration of release processes, i.e., 90 h (Table S3). The
characteristic time for the second stage during the laser
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irradiation is much shorter (0.15 h) and within the order of
magnitude of the shrinking of the hydrogel. In summary, the
mathematical model well describes the process of drug
desorption and its transport to the surrounding aqueous
media, as shown in Figure 5g.
Cellular Response and Biocompatibility of the

Biomimetic Pillow. L929 cells were cultured on the control
sample (TCP), pure PLLA nanofibrous material, and on the
pillow for 1, 3, and 7 days, while the cell viability was evaluated
by the PrestoBlue and Live/Dead assays. In the PrestoBlue
assay, the weakly fluorescent resazurin-based solution (purple),
which acts as a cell viability indicator, is modified by the reduced
environment of the viable cell and turns to a highly fluorescent
pink resazurin, making possible the quantitative measure of the
cell number over culture time. All materials were able to support
the growth of L929 cells. It was seen that after 3 days of culture,
the cell number increased significantly for TCP and the
nanostructured pillow compared to day 1 (Figure 6a). For
PLLA, the increase was not evident, and cultured cells on the
fibrous microarchitecture presumably had a lower attachment
rate. Greater cell numbers for all materials were seen from day 3
to day 7, while the values for the PLLA nanofibrous material and
the PLLA/P(NIPAAm-co-NIPMAAm) pillow are notably
different from those for TCP. This is due to the fact that cells
cultured in 2D have an easier access to nutrients and migrate
easily. The live and dead assay showed that after 7 days of
culture, the number of dead cells on the pillow and PLLA

nanofibers was higher than that for TCP (Figure 6b and Figure
S16). However, the viability of the cells for both materials is over
75%, and considering the PrestoBlue results, both materials can
be considered non-cytotoxic. Moreover, the in vitro cell response
was also tested under NIR light irradiation to demonstrate its
safety for biomedical application. Viability tests were performed
after exposing cells to NIR light up to 15min/day (Figures S17−
S19, Supporting Information). Results revealed that NIR
irradiation did not negatively affect cell viability, comparable
with nonirradiated samples (Figure 6a,b, Figure S10). Thus,
NIR light exposure (as used in this study) can be considered safe
for biomedical platforms.
To prove that the surface of nanofibrous materials can support

the cell attachment and guarantee a suitable microenvironment
for cell functioning, SEM and fluorescence microscopy were
used to observe the morphology of cells cultured on PLLA and
the PLLA/P(NIPAAm-co-NIPMAAm) pillow. The fibroblasts
observed with SEM were well-spread, displaying a healthy
spindle-like morphology, while the cell−matrix adhesion
between L929 cells and PLLA/P(NIPAAm-co-NIPMAAm)/
AuNR pillows was also observed (Figure 6c). From day 1 of the
culture, for both PLLA and the nanostructured pillow, the cell
cytoskeleton stained with actin appeared spread and elongated
with extended lamellipodia and filopodia (Figure 6d). The
increased number of cells was also observed during the culture
time, thus supporting the PrestoBlue assay results. These results
suggest that the pillow offers a biocompatible surface supporting

Figure 6. Biocompatibility of the pillow and evaluation of the cell−material interaction. (a) L929 cell line viability after 1, 3, and 7 days of culture,
measured with PrestoBlue for TCP (control), electrospun PLLA nanofibers, and nanostructured pillows. (b) Live/Dead assay micrographs after 1 and
7 days of cell culture on TCP (control), electrospun PLLA nanofibers, and pillow: cells were stained with dyes, green fluorescent for alive cells and red
fluorescent for dead ones. (c) SEM images presenting L929 cells on the surface of an electrospun PLLA mat and PLLA/P(NIPAAm-co-NIPMAAm)
pillow after 1 and 7 days of culture, showing cell spreading and elongation as well as an increased number of cells during the culture time. (d)
Fluorescence micrographs of L929 cells’ nuclei (blue) and cytoskeletons (green), after 1 and 7 days of culture on TCP (control), electrospun PLLA
nanofibers, and the nanostructured pillow. Significant differences: *p < 0.05, **p < 0.01, and ***p < 0.001 are determined relative to TCP.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c13266
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

I

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c13266/suppl_file/am0c13266_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c13266/suppl_file/am0c13266_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c13266/suppl_file/am0c13266_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c13266/suppl_file/am0c13266_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c13266/suppl_file/am0c13266_si_002.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c13266?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c13266?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c13266?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c13266?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c13266?ref=pdf


cell viability, proliferation, and spreading. Therefore, it is
suggested that with a laser-induced drug releasing function
and good biocompatibility, the PLLA/P(NIPAAm-co-NIP-
MAAm) pillow may be used in polytherapy where on-demand
enhanced drug bioavailability and phototherapy are needed.
Nanostructured Pillow Application for Enhancing

Drug Penetration in Soft Tissues by NIR-Light Assis-
tance. First, RhB internalization into L929 fibroblasts has been
studied to prove the NIR light activation’s impact on living
matter. Fluorescence images reported in Figure S20 showed the
RhB presence in the cell cultures. Consistently, control cells and
cells in contact with pillows did not show any related
fluorescence. On the other hand, samples loaded with RhB
released the molecules during the culture time, revealing the
presence of RhB in the culture. More specifically, RhB detection
was the highest for samples subjected to NIR light irradiation,
while nonirradiated samples showed lower RhB signals,
according to the release rate. To evaluate the performance of
the laser-triggered release of RhB in forming the nanostructured

pillow, the release platform was applied to pig skin, which is
commonly used as a surrogate for human skin. The transdermal
drug delivery has generally many design challenges, but it
provides several advantages as compared to, e.g., intravenous
drug administration.60,61 These advantages include a more
uniform pharmacokinetic profile of the drug in plasma and, most
importantly, reduced off-target adverse effects. However, the
outermost layer of the skin, the stratum corneum, constitutes a
strong barrier for many molecules making it difficult for drugs to
pass through the skin at clinically relevant rates. Drug-loaded
electrospun fibers can provide sustained release and, if necessary,
an additional on-demand dose of drug if subjected to NIR light
stimulation. Fiber mats can be incorporated into wound
dressings as part of a drug-releasing wound treatment
technology. The nanostructured pillow was left on the
continuously laser-irradiated skin for 15 min before examination
(Figure 7a). The control experiment was performed under
identical conditions, except that the laser was turned off. The
fluorescence images under the microscope (Figure 7b) showed

Figure 7. Ex vivo studies evaluating an externally regulated application of the drug model, releasing from the pillow and penetrating into a biological
tissue. (a) Experimental setup showing the NIR laser source and the optical elements that make it possible to irradiate a nanostructured pillow
positioned on a piece of pig skin. (b) Top-view fluorescence images and photographs of the pig skin for control experiments without NIR-laser
irradiation and after one 15 min irradiation cycle. (c) Proposed use of a nanostructured pillow on the human skin tissue. (d) Pig skin cross section
presenting RhB fluorescence and its transport across the skin for control experiments (no NIR-light irradiation) and NIR-laser irradiated samples in
four 15 min cycles. (e) Fluorescence intensity chart presenting RhB penetration depth for control experiments (without NIR-laser irradiation) across
the skin, showing a rise in fluorescence intensity with time. (f) Fluorescence intensity chart across the skin presenting the RhB penetration depth for
four laser irradiation cycles, clearly showing a visibly increased penetration depth of RhB in the tissue depending on the number of cycles. Data reported
in panels (e) and (f) were extracted when analyzing panel (b). Standard deviation for all the intensity curves in cycles was lower than 15%.
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that the fluorescence of RhB delivered into the skin from the
laser-irradiated pillow was much stronger than the one detected
in the control. In the future, such platforms could be easily
attached to the treated skin, as shown in Figure 7c.
Histological images of the skin cross section after three

additional cycles of laser irradiation were also taken to compare
results further (Figure 7d). For each cycle, different skin
fragments were used. The graphs in Figure 7e,f show averaged
(from 2 mm distance) fluorescence intensity across the cut
samples in order to visualize the drug model penetration depth.
The fluorescence of RhB is hardly visible after the first cycle in
the control experiment. The maximum intensity is approx-
imately 40 ± 3.9 intensity units and increases according to the
number of cycles up to 93± 12 intensity units at the fourth cycle.
Most importantly, the penetration depth increases also. The
distinct contrast between the fluorescent cross-sectional images
(Figure 7d) provides additional evidence that more RhB was
released into the skin from the laser-irradiated pillow, while RhB
was delivered more deeply into the skin with laser-induced
release. Altogether, these results demonstrate the feasibility of
the proposed laser-induced drug delivery with simultaneous
photothermal treatment.

■ CONCLUSIONS

In summary, we reported the successful fabrication of a drug
delivery platform with biomimetic structural properties for the
on-demand delivery of drugs. This platform consists of
electrospun PLLA nanofibers loaded with a Rhodamine B
drug model that encapsulates plasmonic hydrogel P(NIPAAm-
co-NIPMAAm)/AuNR. The paper describes the development
of a simple strategy for significantly increasing drug delivery to a
specific tissue. The release control is accomplished by cascade-
like stimulation activated by NIR light, which is absorbed by
AuNR and converted into heat, which, in turn, causes structural
changes in the hydrogel and accelerates drug release kinetics.
The pillow platform responsiveness was investigated using a
series of analyses performed at various temperatures. The pillow
showed a temperature-dependent drug delivery kinetics where
the dye release is controlled by the increase in temperature.
During laser stimulation cycles, we observed a 3-fold higher
release of the dye than the temperature-controlled release, which
can be regulated by implementing a certain number of On/Off
cycles.
The light-activated multifunctionality of our system plays a

vital role in the development of a platform for combined
therapies (e.g., integrating the on-demand delivery of bioactive
molecules and photothermal therapy). For instance, especially
in the eradication of melanomas, PLLA/P(NIPAAm-co-
NIPMAAm)/AuNR pillows can be implanted into the post-
operative bed after the removal of the tumor and additionally
NIR light-treated to kill the remaining cancer cells. The same
process can be applied to nonhealing, infected wounds where a
laser-triggered pillow could release locally antimicrobials, while
the generated heat would decrease bacterial colonies.62,63

Because such a platform successfully meets the desired
requirements of biocompatibility and stability for thermores-
ponsive nanomaterials, the PLLA/P(NIPAAm-co-NIP-
MAAm)/AuNR system is an excellent candidate for achieving
on-demand drug release in synergy with photothermal treat-
ment.

■ METHODS AND EXPERIMENTS
Materials. Poly(L-lactide) (PLLA, PL18, Corbion Purac, Nether-

lands), chloroform (CHCl3, POCh, Poland), N,N-dimethylformamide
(DMF, POCh, Poland),N-isopropylacrylamide (NIPAAm, 97%, Sigma
Aldrich, Poland), N,N′-methylene bisacrylamide (BIS-AAm, 99.5%,
Sigma Aldrich, Poland), N-isopropylmethacrylamide (NIPMAAm,
97%, Sigma Aldrich, Poland), 2-hydroxy-4′-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure 2959, 98%, Sigma Aldrich, Poland),
Rhodamine B (RhB, 95%, Sigma Aldrich, Poland), gold nanorods
(AuNRs, λl = 800 nm, OD = 50, cAuNR ≈ 1 mg/mL nanoComposix,
USA), fibroblasts L929 (Sigma-Aldrich, Poland), DMEM (Thermo-
Fisher Scientific, USA), FBS (F9665, Sigma Aldrich, Poland), penicillin
(Sigma Aldrich, Poland), streptomycin (Sigma Aldrich, Poland), cell
viability assay (PrestoBlue, Invitrogen, USA), ethanol (POCh, Poland),
hexamethyldisiloxane (HMDSO, Sigma Aldrich, Poland), paraformal-
dehyde (PFA, Sigma Aldrich, Poland), glutaraldehyde (GTA, Sigma
Aldrich, Poland), Live/Dead Fixable Dead Cell Stains (ThermoFisher
Scientific, USA), Triton X (Sigma Aldrich, Poland), ActinGreen, and
NucBlue Reagent (Invitrogen, USA) were used as received.

Preparation of Electrospun Nanofibers. The polymer solution
used for electrospinning was prepared by dissolving 5.75 (w/w %)
(PLLA) polymer in a mixture of CHCl3 and DMF 9:1 (w/w).
Afterward, RhB was mixed with the polymer solution (1 wt % with
respect to the polymer). Rhodamine B was used as a model drug,
soluble in a polymer solvent as well as in aqueous media. The PLLA
nanofibrous material was electrospun using a 17 kV positive voltage and
with the flow rate set at 800 μL/h. Fibers were collected on a grounded
rotating drum collector at 500 rpm and placed 15 cm away from a 26G
needle tip. The temperature during electrospinning was around 23 °C,
and humidity was 50−60%. A PLLA nanofibrous material without
Rhodamine B was prepared with the same parameters.

Preparation of the Hydrogel Precursor Solution with
Dispersed Gold Nanorods. The hydrogel precursor solution (4.8
wt %) was a mixture of NIPAAm, NIPMAAm, and BIS-AAm in a
proportion of 1:0.05:0.03, dissolved in deionized water (95.2 wt %).
Irgacure 2959 was used at a concentration of 1 mg/mL as the
photoinitiator of the polymerization reaction and was added to obtain a
final concentration of 0.1 wt %. Finally, a gold nanorod suspension was
added to the hydrogel precursor solution in a proportion of 1:5,
resulting in a 0.02 wt % AuNR concentration in the hydrogel precursor.

Nanostructured Pillow Fabrication. The pillow consists of two
components: the nanofibrous material and the plasmonic hydrogel
embedding gold nanorods. The fabrication steps for obtaining the
pillow are reported in Figure 3c and Figure S21. For the preparation of a
single nanostructured pillow, two discs of PLLA fibrous material were
used (with an average weight of around 2.5 mg, diameter of 1.3 cm, and
thickness of around 100 um). A nanofibrous disc was placed in a 4-well
Petri dish with a single well size 10 mm in diameter and 1 mm in depth
(cat. No. 627170, Greiner Bio-One). A nanofibrous disc was carefully
fitted into the well, and its edge was directed upward. Then, 50 μL of the
hydrogel precursor solution with AuNRs (after 10 min of oxygen
removal by bubbling the solution with argon) was supplied and evenly
spread onto the nanofibrous disc surface. Finally, a second electrospun
disc was applied on the top to form a sandwich-like composite, while the
edges of both discs were pressed with tweezers to ensure connection
and tightness. The pillow was left in the Petri dish for 1 min before UV
irradiation to ensure that the hydrogel precursor penetrated the pores of
the nanofibrous material and permitted a proper anchorage of the
pillow at the hydrogel−fiber interface. The prepared composite was
irradiated under a UV lamp (Dymax, 400W, power density of 225mW/
cm2) for 5 min with the use of an ice bath in order to keep the
temperature below 15 °C. After polymerization, the pillow was washed
with deionized water.

Morphological Characterization. In order to study the AuNR
shape, dimension, composition, presence, and distribution in the
hydrogel matrix, transmission electron microscopy (TEM) was
performed. For the analysis of the pure AuNR, the solution was
dripped onto a TEM grid coated with a polymer film. In the case of the
nanostructured hydrogel, freeze-dried samples were cut into small
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pieces and placed on a TEM grid. After 4 h of drying in a vacuum drier,
samples were analyzed on an FEI Talos F200XTEM (applied voltage of
200 kV). Additionally, energy-dispersive X-ray spectroscopy (EDX)
was performed in STEM mode. For this purpose, a high-angle annular
dark field detector and a Super-X EDX system with four silicon drift
detectors (SDDs) were used. Scanning electron microscopy (SEM)
and field-emission SEM (FE-SEM) observations were performed using
JEOL JSM-6390LV and FEI Nova NanoSEM 450 microscopes,
respectively. Before the SEM and FE-SEM imaging, materials were
sputtered with layers of gold approximately 5 nm thick using a SC7620
Polaron mini sputter coater (Quorum Technologies Ltd., Ashford,
UK). The surface topography of the samples was evaluated using an
atomic force microscope (AFM, Ntegra, NT-MDT) equipped with a
silicon cantilever (NSG01, NT-MDT). The spring constant and
mechanical resonance were in the range of 0.003−0.13 N/m and 4−17
kHz, respectively. Measurements were performed in a semicontact
mode, with a resonance frequency of 150 kHz and 500× 500 points per
image.
Chemical Characterization. Ultraviolet−visible (UV−vis) spec-

tra were acquired using a Multiskan GO spectrophotometer (Thermo
Scientific, USA) to scan over a range of 400 to 1000 nm every 5 nm. A
dynamic light scattering (DLS) Zetasizer Nano ZS (Malvern, UK) was
used to analyze the hydrodynamic diameter of AuNRs. In order to
prove the presence of gold nanoparticles in the hydrogel matrix and
detect any potential changes in the hydrogel polymer structure caused
by the inclusion of nanorods or laser irradiation, wide-angle X-ray
scattering (WAXS) analyses were performed.Measurements were done
on a Bruker D8 Discover diffractometer in reflection mode, using the
Bragg−Brentano geometry. The analysis was conducted in the angular
range (2θ) of 5−50°. Data were collected with a step of 0.02° per 1.0 s
in each point. The molecular mass and polydispersity of the polymers
were determined in CHCl3 at room temperature by gel permeation
chromatography (GPC) on an HPLC Lab Flow 2000 apparatus
equipped with a Rheodyne 7725i injector, a Phenomenex Phenogel
mixed-bed 5 μ MXL type column, and an RI K-2301 KNAUER
detector. The eluent flux was 1 mL/min, and the calibration curve was
obtained using monodisperse polystyrene standards.
Photothermal Property Evaluation. The thermo-optical setup

uses a CWdiode laser (Coherent Powerline) operating at 810 nm in the
high absorption range of AuNRs (longitudinal plasmon band). The
laser beam has a rectangular profile, but it was converted into an almost
circular spot by means of a 20 cm focal length elliptical lens. A high-
resolution thermal camera (FLIR, A655sc) was used for mapping and
identifying both the heating spatial distribution and the temperature
profile under top-pumping laser illumination. The camera produces
thermal images of 640 × 480 pixels with an accuracy of ±0.2 °C. It
works seamlessly with proprietary software (FLIR ResearchIR Max) to
record and process the thermal data acquired by the camera.
Release from the Pillow at Different Temperatures. The

release of Rhodamine B from the pillow was analyzed at three different
temperatures: 24, 37, and 42 °C. The release at 42 °C simulated the
conditions during the laser irradiation obtained by the light−plasmonic
material interaction. After preparation, each pillow was separately
immersed in 1 mL of deionized water at the abovementioned
temperatures. The vial was sealed and wrapped with aluminum foil to
prevent water evaporation and light exposure. The supernatant fluid
was exchanged with fresh water, maintained at the same temperature as
set for any specific test, after 1, 4, 10, and 12 h of release. The sample
temperature was monitored by a thermocouple (accuracy ±0.1 °C)
several times for each sample. Over the next 4 days, the release level of
RhB was measured every 12 h. Subsequently, the measurement time
points were reduced to once per day (over the next 7 days) and then,
finally, to one measurement per week. Fluorescence signals were
measured with a precisely calibrated fluorometer (Fluoroskan Ascent
TM Microplate Fluorometer, Thermo Scientific, USA) (excitation/
emission 485/538 nm) and used to evaluate the concentration of
released RhB based on a calibration curve.
Release from the Pillow under NIR Laser Irradiation. The

experiments with pillow irradiation were carried out using an 810 nm
CWdiode laser (Coherent Powerline) and power density of 2740mW/

cm2, similar to that described Photothermal Property Evaluation. The
pillow was suspended in a closed vial filled with 1 mL of deionized
water. The vial was additionally secured with a parafilm seal to protect
the sample fromwater evaporation. The pillow was laser-irradiated for 1
h. Afterward, the supernatant was collected and its concentration was
measured using the fluorometer to evaluate the amount of RhB
released. The pillow was then immersed in fresh deionized water (1
mL), parafilm-sealed, and left at room temperature for 6 h. Again, the
supernatant concentration was measured, and the vial was refilled with
fresh deionized water, parafilm-sealed, and laser-irradiated further. This
procedure was repeated for 4 days with different release intervals at
room temperature.

In Vitro Cell Study. In order to determine the cellular response to
the prepared PLLA/P(NIPAAm-co-NIPMAAm) pillow, different
studies were performed in direct contact with the materials. Cell
viability tests, adhesion and spreading tests on thematerial surfaces, and
nuclear and cytoskeleton stainings were performed with and without
NIR light irradiation (Figures S17−S19, Supporting Information).

Cell Culture.Material cytotoxicity tests were performed using L929
fibroblasts. Cells were cultured in 75 cm2

flasks in a culture medium
consisting of 89% Dulbecco’s minimum essential medium (DMEM),
10% FBS, and 1% antibiotic (penicillin/streptomycin) and held in an
incubator at 37 °C with 5% CO2. The culture medium was changed
every 3 days. For seeding, cells were harvested by washing them with
PBS, adding 5 mL of 0.05% (0.25%, diluted 5-fold with PBS) trypsin
solution to the flask, and placed for 5 min in an incubator. Afterward, a
gentle tapping on the side of the flask lifted the cells up from the bottom
of the flask. The harvested cells, with the addition of 5 mL of culture
medium, were then centrifuged for 5 min at 100g. The collected pellet
was resuspended with the culture medium and diluted to the desired
cell density.

Material Preparation and Cell Seeding. Samples were sterilized
with UV light for 30 min on each side before cell culture. Samples were
placed in a 48-well plate, and a suspension of L929 cells was placed on
top of the materials. Cells were seeded with an initial density of 15,000
units/cm2.

Cell Viability Test and Live/Dead Assay. After 1, 3, and 7 days of
cell culture, the cell viability test was performed via a PrestoBlue assay,
using a solution made of 9:1 culture medium/PrestoBlue reagent. The
modified culture medium was added to each sample, according to the
protocol, and samples were incubated for 1 h. Then 150 μL from each
well was transferred to a 96-well plate, and data were collected using a
fluorometer (Fluoroskan Ascent TMMicroplate Fluorometer, Thermo
Scientific, USA), with excitation at 530 nm and emission at 620 nm.
The Cell Live/Dead assay was performed with Live/Dead Fixable Dead
Cell Stains. First, samples were transferred to new multiwell plates and
washed with PBS three times. The dye solution (1 mL PBS, 0.5 μL
calcein, 2 μL ethidium homodimer) was added to samples, and
subsequently, the latter was incubated for 10 min. Finally, the dye
solution was removed, and the samples were washed again with PBS.
Observations were performed using a fluorescence microscope (Leica,
AM TIRF MC, Germany).

Cell Morphology and Spreading. For characterizing cellular
morphology and spreading onmaterials, SEM imaging and fluorescence
staining were conducted. For SEM observations, cells were fixed with
2.5% GTA for 30 min and washed with PBS to remove any residual
GTA. Then samples were dehydrated in a series of ethanol solutions
(for 20 min each) at increasing concentrations (60, 80, and 100%)
followed by ethanol/HDMS solutions (2:1 and 1:2) and, as a final step,
in a solution of 100% HDMS, in which they were left to dry under the
fume hood. Finally, samples were coated with a gold layer. SEM
observations were performed using a JEOL JSM-6390LV microscope.

For fluorescence microscopy observations, samples were fixed with a
3% PFA solution for 30 min. In order to increase the permeability of the
cell membrane for dyes, samples were incubated in Triton X-100
solution (1% v/v) for 5 min. Then samples were immersed in an
ActinGreen and NucBlue Reagent solution (2 drops/mL in PBS) and
incubated for 30 min. Finally, the solution was replaced with PBS. The
samples were observed using a fluorescent microscope (Leica, AM
TIRF MC, Germany).
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Ex Vivo Test. For the analysis of the drug model release from the
pillow and penetration throughmammalian tissues, we selected pig skin
as a model for dye transport evaluation after laser irradiation. The
selection of such a model is also in agreement with the 3R
(Replacement, Reduction, Refinement) guiding principles for a more
ethical use of animal testing. The pig’s ears were obtained from a
slaughterhouse, which was exempt from approval by the Local Ethical
Committee for Experiments on Animals. The pig’s ears were washed,
shaved, and cut to pieces of 5 cm2 using a scalpel (Figure S22a). The
pillow material was placed on the skin, covered with a hydrogel patch
(Figure S22b), and irradiated with an 810 nm laser (power density 2740
mW/cm2), for 15 min per cycle, for a total of four cycles. After each
cycle, a slice of the ear was excised with a scalpel from the center of a
circle that was marked by RhB during the contact with the pillow
(Figure S22c,d). For each cycle, different pieces of pig skin were used.
Finally, the slices were imaged using a fluorescence microscope (Leica,
AM TIRF MC, Germany) in order to visualize the longitudinal cross
section of the sample and quantify the drug model penetration into the
tissue. A control experiment was performed under identical conditions
but without laser irradiation at room temperature.
Statistical Analysis. The data obtained for cellular viability were

expressed as mean ± standard deviation (SD) and compared using a
one-way ANOVA test and analysis of variance (Tukey’s test). Data were
considered as significantly different when p < 0.05. Rhodamine B
release experiments from pillows were performed in quintuplicate for
each temperature and for laser-assisted experiments.
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