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1. Introduction

The biological activities of the human 
body are various, complex, and dependent 
on several factors, so biological processes 
change dynamically over time. Bioma-
terials have quite often been designed 
to deal with specific problems without 
taking into account the mutability of bio-
logical tissue activities and needs over 
time.[1] This issue has seriously affected 
the development of drug delivery sys-
tems which are frequently based on the 
belief that “extended” and “sustained” are 
synonymous with an “optimal” release.[2] 
Several nanostructured biomaterials have 
been developed to meet those require-
ments, obtaining materials able to release 
drugs over the long term, without taking 
into account the optimization of the bio-
active molecule secretion level at the first 
stage after implantation.[3] This problem is 
intrinsic to polymer nanomaterials since, 
due to the very high surface area to volume 
ratio, they release a considerable quantity 
of drug, which can easily exceed the thera-
peutic range.[4] It is worth remembering 
that the amount of drugs in body fluids 

should be kept at the therapeutic level, which is a concentra-
tion expected to be efficient without causing problems to the 
patient.[5] Therefore, there is an urgent need for the develop-
ment of systems capable of delivering desirable amounts of 
drugs in a controlled manner, thus making it possible to main-
tain a concentration of bioactive molecules that matches the 
therapeutic range.[6] Consequently, a good deal of effort has 
been put into drug delivery research, seeking to improve the 
therapeutic effectiveness and reduce the side effects of drugs, 
while targeting clinical requirements.[7]

The development of smart biomaterials is another step 
toward the production of fully biomimetic materials, by tai-
loring and tuning material properties on the basis of the needs 
of the biological tissue at a specific time.[8–10] Stimuli-responsive 
drug delivery systems are materials characterized by large 
reversible, physical, and/or chemical changes in response to 

Body tissues and organs have complex functions which undergo intrinsic 
changes during medical treatments. For the development of ideal drug 
delivery systems, understanding the biological tissue activities is neces-
sary to be able to design materials capable of changing their properties 
over time, on the basis of the patient's tissue needs. In this study, a nanofi-
brous thermal-responsive drug delivery system is developed. The thermo-
responsivity of the system makes it possible to self-regulate the release of 
bioactive molecules, while reducing the drug delivery at early stages, thus 
avoiding high concentrations of drugs which may be toxic for healthy cells. 
A co-axial electrospinning technique is used to fabricate core–shell cross-
linked copolymer poly(N-isopropylacrylamide-co-N-isopropylmethacrylamide) 
(P(NIPAAm-co-NIPMAAm)) hydrogel-based nanofibers. The obtained 
nanofibers are made of a core of thermo-responsive hydrogel containing a 
drug model, while the outer shell is made of poly-l-lactide-co-caprolactone 
(PLCL). The custom-made electrospinning apparatus enables the in situ 
cross-linking of P(NIPAAm-co-NIPMAAm) hydrogel into a nanoscale con-
fined space, which improves the electrospun nanofiber drug dosing process, 
by reducing its provision and allowing a self-regulated release control. The 
mechanism of the temperature-induced release control is studied in depth, 
and it is shown that the system is a promising candidate as a “smart” drug 
delivery platform.
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condition variations.[11] The responsiveness opens the door for 
the development of novel materials with controllable physical 
properties such as stiffness, wettability, and release of specific 
molecules.[12–15] Stimuli-responsive drug delivery systems fea-
turing sustained and controlled drug release are highly desir-
able because they can deliver the requested active molecule dose 
while avoiding unwanted cell uptake.[16] This concept under-
scores the fact that for the adjustment of drug release, more 
sophisticated systems than simple nanomaterial-embedding 
drugs are necessary, because changes and related timing are 
crucial factors in most biological processes.

Hydrogels are defined as a group of polymeric materials 
which have a water-insoluble hydrophilic structure; this struc-
ture enables them to retain large amounts of water in their 
3D networks, thus endowing them with physical properties 
similar to those of soft living tissues.[17] Hydrogels have out-
standing tunable mechanical properties and are biocompat-
ible; moreover, they are non-irritant thanks to their hydrophilic 
nature.[18,19] Additionally, it is worth pointing out that the high 
quantity of water in the system makes it possible to use them 
as efficient carriers in drug delivery systems.[20,21] Polymer 
hydrogels are still a new, rapidly developing group of mate-
rials, which are considered promising candidates for a number 
of applications in many different fields.[22–24] They are used 
extensively to design advanced biomaterials with controlled 
physical, chemical, and biological properties that make them 
particularly suitable for mimicking and stimulating biological 
tissues.[25,26] One of the most interesting hydrogel classes for 
biomedical applications is that of polyacrylate hydrogels, par-
ticularly poly(N-isopropylacrylamide) (PNIPAAm), because of 
their ability to swell and contain an enormous amount of water 
within their network. PNIPAAm-based hydrogels are proven to 
be stable in physiological body conditions; moreover, they are 
non-toxic, non-inflammatory, and their viscoelasticity is com-
parable with that of the surrounding soft living tissues.[27–29] 
Additionally, PNIPAAm is particularly attractive due to its 
responsivity depending on temperature.[30,31]

System miniaturization and structuration at the nanoscale 
level play essential roles in developing materials for biomed-
ical applications.[32–35] Material scientists are focusing their 
attention on materials that can mimic the architecture of the 
extracellular matrix (ECM), which can facilitate the develop-
ment of artificial functional tissues, improving cell–material 
interaction.[36–39] Among several methods for producing fibrous 
polymer materials, electrospinning has gained great interest 
thanks to its potential and innovations and, at present, it is the 
only technique capable of producing real nanometric fibrous 
structures with high porosity.[40–45]

Up to now, the scientific community has developed and 
investigated the function of PNIPAAm-based nanofibers using 
uncross-linked PNIPAAm or blending polyacrylate deriva-
tives with an electrospinnable polymer, as well as by embed-
ding nanofibers in PNIPAAm bulk hydrogels.[46–49] Still, at the 
present time, fully cross-linked electrospun PNIPAAm-based 
hydrogel nanofibers have not yet been successfully fabricated.

In this work, we report the development of the first method 
capable of producing fully cross-linked PNIPAAm-based 
hydrogel nanofibers using electrospinning. This innovative pro-
cess is based on the use of a co-axial electrospinning setup to 

obtain a cross-linked hydrogel core confined within an electro-
spinnable polymer shell. Our research effort was first devoted 
to overcoming the difficulties faced during the design of core–
shell fibers by co-axial electrospinning, while paying special 
attention to the challenges related to the electrospinning of 
water-like monomer solutions. In this frame, the system we 
propose appears particularly original due to its novel core–shell 
structure. Indeed, it has been designed to possess a thermore-
sponsive hydrogel core, while generally core–shell fibers have 
been more easily developed having hydrogel shell.[50,51] More-
over, PNIPAAm-based core–shell structures, which are typically 
considered for tissue engineering purposes, here are introduced 
as drug delivery platforms, exploiting the advantage of having a 
polymeric shell barrier. Thus, the higher level of fabrication diffi-
culties is rewarded by achieving an optimized release rate when 
compared to simple fibrous constructs.[52] The morphology, 
structure, and chemical properties of the electrospun core–shell 
fibers were characterized in depth by comparing them with 
poly-l-lactide-co-caprolactone (PLCL) nanofibers. In vitro experi-
ments clearly prove the benefit provided by the developed nano-
structures in terms of material interactions with living cells. 
Moreover, in vitro drug release tests show that the initial release 
of drug model molecules from hydrogel-based core–shell fibers 
is remarkably slower than in pure PLCL systems, while the drug 
delivery is optimized even at the late release stage.

2. Results and Discussion

2.1. Core–Shell Nanofibers Fabrication by Light-Assisted 
Co-Axial Electrospinning

PNIPAAm-like hydrogels are a very popular class of smart 
thermo-responsive materials. Due to their chemical and struc-
tural features these polymers respond to temperature variations 
in a range close to that of the human body. Because of the high 
biocompatibility these hydrogels become one of the most attrac-
tive biopolymer families.[53]

Electrospinning can be applied to a wide range of polymers, 
provided that the polymer solution exceeds a critical value of 
molecular weight, viscosity, and concentration sufficient to 
obtain nanofibers.[42] Unfortunately, it is very difficult to elec-
trospin N-isopropylacrylamide-co-N-isopropylmethacrylamide 
(NIPAAm-co-NIPMAAm) hydrogel precursor solutions because 
these systems (mainly made of small molecules in water) do 
not meet the chemical and physical requirements necessary 
to be considered electrospinnable. The fabrication of hydrogel 
fibers is now possible thanks to the implementation of an inno-
vative electrospinning-based method able to confine a hydrogel 
core into a polymer shell. The enclosure of hydrogel in the 
form of nanofibers is possible due to the use of a PLCL shell 
(70% l-lactide and 30% caprolactone). The fabricated core–shell 
nanostructures consist of a PLCL shell and a fully cross-linked 
poly(N-isopropylacrylamide-co-N-isopropylmethacrylamide) 
(P(NIPAAm-co-NIPMAAm)) hydrogel for self-regulated drug 
delivery with rapid responsiveness to temperature. Figure  1 
schematically shows core–shell fiber fabrication via electro-
spinning. The custom-developed electrospinning setup as well 
as core–shell needle system play a vital role in solving this 

Adv. Mater. Interfaces 2020, 2000247



www.advancedsciencenews.com

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2000247  (3 of 13)

www.advmatinterfaces.de

specific issue, allowing a formation of a core–shell Taylor cone  
(Figure S1a, Supporting Information).

It is vital to keep the temperature below the hydrogel lower 
critical solution temperature (LCST) during the electrospinning 
in order to obtain a defect-free and homogeneous hydrogel 
structure.[54,55] This is because uncross-linked PNIPAAm-
based systems are miscible with water at low temperature, 
but a typical phase separation followed by precipitation occurs 
when the characteristic LCST is exceeded.[56] However, the 
cross-linking of PNIPAAm chains makes it possible to obtain 
hydrogels that convert precipitation behavior into a significant 
structural modification of the polymer chain network, resulting 
in shrinking, stiffening, and reduction in volume and porosity 
(Movie S1, Supporting Information). This structural changes of 
PNIPAAm takes place at approximately 33 °C. However, it can 
be increased by copolymerizing NIPAAm with its derivative 
NIPMAAm, which has additional hydrophobic groups in the 
polymer chains.[57–60] Adding a second monomer, in order to set 
the LCST at around 37  °C, allows achieving an effective drug 
release responsivity in physiological condition (Figure S1b, Sup-
porting Information).

The fabrication of polymeric fibers through electrospinning 
requires great attention to numerous parameters that affect 

the final structure of the fiber.[42] In the case of core–shell 
fibers, where the core is a non-polymerized hydrogel precursor 
solution in the initial stage of fiber formation, the number of 
such parameters increases. The attention to these parameters 
is crucial to obtain a material with the desired structure. In 
this work, concentration of PLCL and hydrogel precursor solu-
tions have been previously optimized in order to obtain a reg-
ular and defect-free fiber structure. The hydrogel precursor is 
loaded with a small amount of Rhodamine B (RhB) as a drug 
model for the drug delivery test and oxygen molecules are 
removed by bubbling with Argon gas upon starting the poly
merization reaction (Figure 1a). Solutions are then loaded into 
syringes and mounted into a closed double-walled chamber, 
which makes it possible to perform the electrospinning pro-
cess in strictly defined environmental conditions (Figure  1b). 
Thanks to the addition of a cooling system to the chamber, it 
is possible to control temperature and humidity. The cooling 
unit, which consists of a refrigerator, a heat exchanger, and a 
fan embedded in the electrospinning apparatus, makes it pos-
sible to reach a stable temperature up to −10  °C in the spin-
ning area (Figure S1c, Supporting Information). The possibility 
of controlling environmental parameters during the electro-
spinning of our polymer system is fundamental because if 

Figure 1.  Schematic of core–shell fiber production. a) NIPAAm-co-NIPMAAm hydrogel precursor loaded with RhB is degassed by Argon bubbling and 
loaded into a syringe and connected to a core–shell needle as the core solution. PLCL solution is loaded into a syringe and connected to the core–shell 
needle as the shell solution. b) Formation of electrospun core–shell fibers into the electrospinning chamber. The solutions flow from the needle tip and 
the resulting fibers are collected onto a rotating drum while irradiated with UV light. c) The obtained electrospun matrix is placed in ice, and exposed 
to UV light to allow the cross-linking of the hydrogel component and obtain P(NIPAAm-co-NIPMAAm)-PLCL core–shell fibers.
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the polymerization takes place at temperatures higher than 
the LCST, the hydrogel structure shrinks, transitioning to a 
globular structure which, in turn, generates structural inho-
mogeneity. In this situation the material is not transparent but 
opaque, expels most of its water, and loses most of the physical 
change potential that will take place during the LCST transi-
tion (Figure S1d, Supporting Information). On the other hand, 
too low temperature in the chamber may interfere with the 
solvent evaporation process during the formation of the PLCL 
shell. Therefore, the use of a temperature controller offers the 
possibility of achieving a balance between these two important 
aspects for the electrospinning of this challenging core–shell 
system. Humidity control is also a standard procedure in the 
electrospinning process. It is well-known that during the elec-
trospinning of polymeric solutions with an organic solvent 
humidity should not exceed 50–60%, in order to prevent the 
formation of fiber defects.[61] However, in case of water-like 
solutions it is necessary to increase the humidity to around 70% 
in order to avoid the unwanted water loss associated with the 
evaporation from the fiber structure and compensating for this 
loss of water. In the spinning of a core aqueous solution, water 
is trapped in the hydrogel network as a result of polymeriza-
tion. A key factor in the nanostructure fabrication is the in situ 
hydrogel polymerization, which should be carried out before 
the core solution leaks and/or evaporates from the nanofiber 
structure. Therefore, while fibers are collected on a rotating 
drum, a free-radical polymerization of P(NIPAAm-co-NIP-
MAAm) hydrogel was activated by simultaneous use of both 
chemical and ultraviolet (UV) light irradiation pathways 
(Figure  1b). In this perspective, another improvement in the 
operation of the electrospinning chamber and electrospinning 
process was the irradiation of just-spun fibers by UV light, 
which is necessary to trigger the polymerization reaction of the 
hydrogel core structure. Immediate polymerization prevents 
the escape of the aqueous solution (which has low viscosity) 
from the fiber centers through any possible cracks in the shell 
structure. Similar in situ UV irradiation tactics were used by 
Lin and Tsai in their studies on UV-cross-linking gelatin elec-
trospun fibers.[62] It is worth pointing out that a small amount 
of ammonium persulfate (APS) combined with thetramethyl-
enediamine (TEMED) was added to the core solution to slowly 
catalyze the polymerization. This process improves the quality 
and the stability of the final structure by increasing the core 
solution viscosity during the electrospinning process. In addi-
tion, in order to ensure the complete polymerization, a post-
electrospinning UV irradiation was performed in ice, retaining 
the temperature below LCST (Figure 1c).

2.2. Morphological and Structural Properties of Hierarchically 
Architectured Nanofibers

The schematic of core–shell fibers composed of P(NIPAAm-co-
NIPMAAm) hydrogel core and PLCL shell is reported 
in Figure  2a. The morphology of the fibers was characterized 
using various imaging techniques in order to investigate the 
fiber composition and structure. Fluorescence imaging was 
used first of all to assess the presence of a fluorescent core 
and the regularity of the core–shell structure. Fluorescence 

micrographs combined with bright-field images showed a 
continuous fluorescent hydrogel fibrous core surrounded by 
a transparent PLCL shell (Figure  2b). These results were con-
firmed by the images obtained using transmission electron 
microscopy (TEM). Indeed, TEM investigations clearly showed 
the presence of internal structures within the fibers (core), as 
can be seen in Figure 2c.

The morphological analysis performed by scanning electron 
microscopy (SEM) of core–shell and pure PLCL fibers showed 
significant differences in fiber shapes (Figure 2d). In the case 
of pure PLCL fibers, a standard cylindrical shape of the fibers 
was observed, while core–shell fibers were more flattened, dis-
playing ribbon-like shapes.[63] This is due to the collapse of the 
central part of the fiber core that occurs when the water from 
the hydrogel evaporates during the preparation of SEM analysis 
sample. Figure  2e shows SEM images of a partially dissolved 
shell of the core–shell fibers obtained by treating the fibrous 
material with N,N-dimethylformamide (DMF). Figure 2e shows 
the core–shell fiber at the solvent drop border, with a trace of 
core in the area where the shell of core–shell fibers was dis-
solved. The selective shell removal makes it possible to directly 
visualize the core structure.

To determine the dimension of the hydrated core–shell 
fibers, atomic force microscope (AFM) analysis was carried 
out (Figure 2f). Due to long-term sample incubation in deion-
ized water before the AFM imaging, it was possible to measure 
the diameter of core–shell fibers with a completely hydrated 
hydrogel core. The values of core–shell and PLCL fiber dia
meters obtained on the basis of AFM measurements were as 
follows: 1.40 ± 0.13 and 1.40 ± 0.3 µm, respectively. Thus, it can 
be seen that the hydrated core–shell fibers are comparable in 
size to PLCL fibers. This is a significant advantage, because 
the dimension of core–shell fibers did not exceed that of PLCL 
fibers. Indeed, the fiber dimension might affect the release rate: 
the larger the diameter of fibers, the longer the diffusion path 
of drug molecules embedded into the fiber polymer matrix, 
thus resulting in a longer time for diffusion onto the surface 
of the fibers. On the other hand, smaller fibers have a higher 
surface area to volume ratio, which accelerates the molecule 
release from nanomaterials. Finally, core–shell and PLCL fibers 
were designed to have similar dimensions and, in turn, to allow 
a quantitative comparison of fibers in terms of the rate of dye 
molecule release from their structure, which is described in 
detail in Section 2.4.

Differential scanning calorimetry (DSC) and wide angle 
X-ray scattering (WAXS) were used to investigate the structure 
of the analyzed materials, while Fourier transform infrared 
(FTIR) spectroscopy was performed to confirm the presence 
of the hydrogel component into the core–shell fibers. DSC 
thermogram of the investigated P(NIPAAm-co-NIPMAAm) 
hydrogel shows a broad endothermic peak having the max-
imum at around 37 °C (Figure 3a). The LCST of NIPAAm and 
NIPMAAm are 32 and 42  °C, respectively. NIPMAAm mole-
cules have different steric hindrance and hydrophilicity than 
NIPAAm, therefore NIPMAAm amount in the co-polymer 
chemical structure allows shifting the phase transition tem-
perature toward higher values.[58] Polymerizing NIPAAm with 
another monomer containing a slightly different lateral group 
is one of the most common way to modify the phase transition 
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temperature. The presence of methyl groups in the main chain 
worsens the hydrophobic interaction, which means that a higher 
temperature value is needed to trigger the structural changes. 
The NIPAAm:NIPMAAm monomer ratio is proportional to 

the shift value and the higher is the NIPMAAm content in the 
copolymer, closer to 42  °C the phase transition temperature 
is.[56] In our case, the molar percentage of NIPMAAm was 
equal 3%, so the LCST should increase to 33–34 °C if compared 

Figure 2.  Morphology of P(NIPAAm-co-NIPMAAm)-PLCL core–shell fibers. a) Schematic of core–shell fibers composed of P(NIPAAm-co-NIPMAAm) 
core and PLCL shell. b) Images of fluorescent P(NIPAAm-co-NIPMAAm)-PLCL core–shell fibers: regular core–shell structure with a fluorescent green 
hydrogel core and transparent shell. c) TEM image of P(NIPAAm-co-NIPMAAm)-PLCL core–shell fiber: the presence of an internal core structure is visible 
within the fiber. d) SEM images of PLCL and P(NIPAAm-co-NIPMAAm)-PLCL core–shell fibers: the two materials reported different fiber shapes, cylin-
drical shape for PLCL fibers, flatter and ribbon-like shape for P(NIPAAm-co-NIPMAAm)-PLCL core–shell fibers. e) SEM image of a partially dissolved shell 
of core–shell fibers with visible the internal core structure. f) AFM topographic images of PLCL and P(NIPAAm-co-NIPMAAm)-PLCL core–shell fibers.
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to uncross-linked PNIPAAm-based polymer chains.[56,57] The 
higher value of LCST obtained in our case is associated with an 
additional effect due to the presence of cross-linker molecules 
(BIS-AAm) in the hydrogel structure.[58,59] Therefore, the chem-
ical and structural modifications associated with the presence 
of BIS-AAm allows to customize the LCST value of PNIPAAm-
based systems, causing an additional shift of the phase transi-
tion temperature. This strategy allows to adjust the copolymer 
phase transition setting it at a temperature close to that of the 
human body.[56,58]

Wide-angle X-ray scattering (WAXS) spectra of PLCL 
nanofibers showed three characteristic intense peaks at 
2θ  = 14.1°, 16.6°, and 19.2°, indicating the presence of crys-
talline domains in the copolymer (Figure  3b).[64] The WAXS 
spectrum of the core–shell P(NIPAAm-co-NIPMAAm)-PLCL 
structure showed additional peaks which were slightly shifted 
and masked by the halo of the amorphous hydrogel struc-
ture (Figure 3b).[65,66] The degree of crystallinity for PLCL and 
core–shell materials was quantified by analyzing the WAXS 
diffractograms, obtaining crystallinity values of 1.5% and 11%, 
respectively. The higher degree of crystallinity in the core–
shell structure is due to the influence of water content and 
high humidity in the system, which slows down the solvent 
evaporation and, in turn, promotes the formation of crystalline 
domains.

The FTIR spectra of PLCL and P(NIPAAm-co-NIPMAAm)-
PLCL (core–shell) fibers are shown in Figure 3c. Moreover, the 
spectra of pure P(NIPAAm-co-NIPMAAm) hydrogel are shown 

for comparison of their characteristic peaks with those present 
in the core–shell structure. FTIR results showed the charac-
teristic P(NIPAAm-co-NIPMAAm) absorption peaks at: 3390, 
3295, and 3073 cm−1, which are assigned to the NH stretching 
of the secondary amine. Peaks at 1677 and 1538 cm−1 are also 
registered and can be attributed to the CO stretching mode 
of amine (NCO).[67–70] The FTIR spectra of PLCL show three 
absorption peaks at 2996, 2946, and 2868 cm−1 corresponding 
to alkyl group vibrations, as well as a peak at 1744 cm−1 attrib-
uted to a COOR groups, and two peaks at 1183 and 1085 cm−1 
attributed to CO stretching vibration in PLCL.[64,71] The FTIR 
spectroscopy results confirm that P(NIPAAm-co-NIPMAAm) 
was incorporated into the final material core–shell structure. In 
the graph of core shell fibers (Figure 3c), the peaks from both 
P(NIPAAm-co-NIPMAAm) and PLCL can be observed, con-
firming the presence of both polymers in the core–shell struc-
ture (Table S1, Supporting Information).

2.3. Biomimetic Nanostructuration Supporting Polymer–Cell 
Interaction, Cell Viability, and Integration

At first, we investigated the applicability of the core–shell mate-
rial as a biocompatible drug delivery system by studying its 
biological properties. In order to verify the possibility of a prac-
tical use of the proposed material for biomedical applications, 
some in-depth in vitro cell tests were performed. For this pur-
pose, the cytotoxicity and cell response of L929 fibroblast cells 

Figure 3.  Chemical and structural properties of P(NIPAAm-co-NIPMAAm)-PLCL core–shell fibers. a) DSC of P(NIPAAm-co-NIPMAAm) shows the shift 
of the LCST from the typical 33 °C of PNIPAAm hydrogel to around 37 °C due to the addition of NIPMAAm in the precursor solution. b) WAXS spectra 
of P(NIPAAm-co-NIPMAAm)-PLCL core–shell fibers having additional, slightly shifted and masked peaks compared to the spectra of PLCL fibers, due 
to the amorphous structure of P(NIPAAm-co-NIPMAAm). c) FTIR graph of P(NIPAAm-co-NIPMAAm)-PLCL core–shell fibers having the characteristic 
peaks of PNIPAAm hydrogel, proving its presence in the final core–shell structure.
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cultured in direct contact with the materials were investigated, 
in terms of cell viability, metabolic activity and morphology. Cell 
viability was investigated using CyQuant assay measuring the 
DNA quantity on each sample. Data were collected from two 
time points, after 1 day to investigate on cell attachment, and 
after 3 days to evaluate the cell growth. Figure  4a shows that 
cells cultured on PLCL and P(NIPAAm-co-NIPMAAm)-PLCL 
fibrous materials attached and proliferated over the time, indi-
cating that the scaffolds do not have negative effects on cell via-
bility and function. Results were comparable for both types of 
fibrous materials during the culture time. However, fibroblasts 
cultured on the tissue culture plate (TCP) performed better 
at each time point. This is most probably due to the flat and 
smooth bulk TCP substrate which might allow a more efficient 
cell attachment and migration compared to more irregular and 
rough fibrous surfaces.[72,73] Subsequently, since cells are able 
to form and grow in a monolayer structure on TCP, they will 
easily have access to nutrients, resulting in higher rate of pro-
liferation (Figure 4a). The metabolic activity and proliferation of 

fibroblasts cultured up to 7 days on core–shell material, PLCL 
fibrous scaffold and TCP were detected using 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and 
PrestoBlue assays (Figure  4b,c, respectively). Data collected 
from the two tests were comparable for all the time points 
selected during the culture, reporting no significant difference 
among the tested conditions at any time point. Results show 
that cell metabolic activity and proliferation increased over the 
culture time, proving that both the fibrous materials provide a 
biomimetic micro-environment suitable for cell attachment and 
proliferation, without any toxic effect. We prove that cells pro-
liferated, grew over time, and populated the scaffold, demon-
strating the biocompatibility of these systems.

Changes in cell morphology during the culture time were 
analyzed using both SEM and fluorescent microscope. In addi-
tion, some more detailed information such as cellular adhesion 
and spreading on the materials were possible to be observed 
using field emission SEM (FE-SEM). Figure  4d illustrates 
actin/nuclei stained cells after 7 days of culture on PLCL and 

Figure 4.  Biological responses of L929 fibroblasts cultured on PLCL fibers, P(NIPAAm-co-NIPMAAm)-PLCL core–shell fibers and TCP control. a) 
CyQuant DNA quantification of L929 cultured on the substrate having an increasing trend over the time for all tested conditions. b) Cell metabolic 
activity measured using the MTT test: values increased during the culture time in all the conditions tested. c) Cell proliferation measured with Presto-
Blue assay: values increased over the culture time with no significant difference among the samples. Cell morphology: d) cell cytoskeleton and nuclei 
(actin/Hoachst 33342 staining) and e) cell SEM images. Cells spreads and elongates on the surface of both tested materials, showing the typical 
morphology of L929 fibroblasts.
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P(NIPAAm-co-NIPMAAm)-PLCL core–shell fibers, showing 
elongated cytoskeletons of fibroblasts, proving the positive 
influence of the biomimetic structure of the analyzed mate-
rials on cell spreading. Results are supported by SEM images 
(Figure 4e), which proved that L929 cells achieved their typical 
morphology after 7 days of culture on both fibrous materials. 
However, it possible to observe that L929 fibroblasts seeded 
on P(NIPAAm-co-NIPMAAm)-PLCL core–shell fibers showed 
higher spreading compared to cells cultured on PLCL fibers. 
This difference in morphology, is probably related to the dif-
ferent architecture of the two samples. Indeed, PLCL and 
P(NIPAAm-co-NIPMAAm)-PLCL core–shell fibrous mats may 
show slightly different local porosity. Thus, different material 
porosity of the fibers influenced the morphology of seeded 
cells, as it has been also previously.[74] Moreover, SEM images 
in Figure S2, Supporting Information, show well developed 
filopodia of fibroblast cells attached to core–shell fibrous mate-
rial. Taking into account all the imaging results, it is apparent 
that fibroblasts cultured on TCP and both fibrous materials 
achieved the clearly flattened and elongated cell morphology 
typical of fibroblasts. We can state that the core–shell material 
provides favorable conditions for the attachment, spreading 
and growth of fibroblasts, confirming the biocompatibility 
of the P(NIPAAm-co-NIPMAAm)-PLCL material. Our study 
proves that P(NIPAAm-co-NIPMAAm)-PLCL fibrous materials 
are good candidate substrates for growing cells, suggesting 
that this kind of material can be used for cell culture and 
tissue engineering applications, as well as for implantable drug 
delivery systems.

2.4. Self-Regulated Drug Delivery Mechanism of “Smart” 
Nanoplatforms

The ultimate objective of the present study was to develop 
thermo-responsive drug delivery systems based on cross-linked 
electrospun P(NIPAAm-co-NIPMAAm) nanofibers, stating that 
the release of bioactive molecules from cross-linked electro-
spun PNIPAAm nanofibers might be responsive to tempera-
ture changes. RhB is a fluorescent dye with a molecule size of 
0.9 nm which is very often used as a drug model. Additionally, 
RhB is less expensive and easier to quantify with spectroscopic 
instruments than drugs with a similar diffusion coefficient.[75] 
Moreover, the majority of drug delivery models for electrospun 
fibers have been developed using RhB;[76,77] therefore, it is con-
sidered the best candidate, having a large spectrum of potential 
drug applications and offering the possibility to quantitatively 
compare our data with previous results.
Figure 5a shows the release of RhB from both PLCL fibrous 

structure and core–shell (P(NIPAAm-co-NIPMAAm)-PLCL) 
fibers, at three different temperatures. Significant differences 
in the release level were observed for the two types of mate-
rials tested. In the case of PLCL fiber material, after just 1 h 
of release at 24 °C, approximately 25% of the total mass of the 
dye trapped in the fiber structure was released. At 43  °C the 
release was over 60%. At a temperature of around 37  °C, we 
were dealing with the immediate release of RhB, and a pla-
teau was reached after 24 h of release. At room temperature 
(24  °C) a significantly slower release was observed, which 

would asymptotically increase to 80%, as in the case for 37 and 
43 °C. The reported graphs clearly show a higher degree of RhB 
release from fibrous polymer materials when the temperature 
is higher than 37 °C and a lower level of release when the tem-
perature is lower than 37 °C. This is obviously associated with 
an increase in terms of desorption rate and further diffusional 
transport of RhB in nanopores when there is an increase in 
temperature. From the point of view of drug therapies, this 
phenomenon can result in a toxic effect at the initial stage due 
to the high concentration of bioactive molecules, followed by an 
inefficient drug release at the late stage (Figure 5b).[76]

In the case of core–shell fibers, release curves have a 
smoother trend and gradually reach values of around 20%, 
25%, and 30% at 24, 37, and 43 °C, respectively, in up to 41 days 
of incubation (Figure  5a). Thus, when enclosing the hydrogel 
structure in a PLCL shell—which works as a porous mem-
brane limiting the transport from the core—the release rate 
was significantly lower than in case of PLCL fibers. Moreover, 
we also did not observe such a large release of dye in the first 
hours as it was in case of PLCL fibers. This is a great step for-
ward in the development of drug delivery nanosystems capable 
of avoiding any unwanted drug uptake just after the material 
implantation, and allowing an optimal drug supply during at 
both early and late stages (Figure 5b). By way of comparison, in 
the case of hydrogel material, the amount of the drug released 
decreases when temperature increases (Figure S3a, Supporting 
Information). A similar behavior was observed by Tsunomori 
and Ushiki.[78] They investigated the effect of pore size of 
P(NIPAAm-co-NIPMAAm) gel structure on the diffusion coef-
ficient of RhB, proving their direct correlation. As indicated 
in the previous section, 37  °C is the typical P(NIPAAm-co-
NIPMAAm) LCST. Above the LCST, the hydrogel shrinks and 
becomes dehydrated. This is a consequence of hydrogel confor-
mation changes, which can result in a hydrogel volume phase 
transition from the hydrophilic, swollen state (T  < LCST), to 
the hydrophobic, shrunken state (T > LCST).[79] The high envi-
ronmental temperature in which the hydrogel was suspended 
causes its stronger and faster volume reduction. The pore size 
of the hydrogel structure also decreases, thus making it diffi-
cult to release the trapped RhB molecules from its structure. 
In addition, the diffusion coefficient of molecules within the 
hydrogel is much slower than in water at low temperatures.[80]

Surprisingly, in our study, when the hydrogel was confined 
within a polymer shell, a decreased release was not observed 
at temperatures higher than 37  °C. In the case of core–shell 
fibers, the presence of a PLCL shell plays a significant role in 
the mechanism of this unconventional drug delivery process. 
The glass transition temperature (Tg) of PLCL  family can be 
individuated in a wide range of temperature, depending on 
monomer ratio, as well as synthesis temperature.[81] The Tg of 
pure poly(l-lactic acid) is around 60  °C, while pure polycap-
rolactone has a much lower Tg. By increasing the amount of 
caprolactone in the final copolymer, the Tg of PLCL copolymers 
can be easily reduced and adjusted according to the target.[82] In 
this case, the Tg of the copolymer is lower than the incuba-
tion temperature set during release tests. It is well-known that 
temperatures higher than Tg provoke changing in the mobility 
of the polymer matrix, inducing a more efficient transport of 
molecules though the matrix. Similar observations were made 

Adv. Mater. Interfaces 2020, 2000247



www.advancedsciencenews.com

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2000247  (9 of 13)

www.advmatinterfaces.de

Figure 5.  RhB release kinetics from PLCL fibers and P(NIPAAm-co-NIPMAAm)-PLCL core–shell fibers. a) Cumulative release of PLCL fibers and 
P(NIPAAm-co-NIPMAAm)-PLCL core–shell fibers incubated at 24, 37, and 43 °C for up to 41 days. After an initial burst release of around 80%, PLCL 
fibers reach a plateau after 24 h when incubated at 37 and 43 °C. In the case of a temperature of 24 °C, a slower release is reported, reaching a pla-
teau of 70% after 400 h. The P(NIPAAm-co-NIPMAAm)-PLCL core–shell fiber system shows a more gradual release of around 20%, 25%, and 30% 
at 24, 37, and 43 °C, respectively, in up to 41 days of incubation. b) Schematic of thermo-responsive release at 37 °C: at the early incubation stage the 
PLCL fiber system releases a large quantity of RhB, at later stages it releases very few molecules. The P(NIPAAm-co-NIPMAAm)-PLCL core–shell fiber 
system releases a suitable quantity of RhB molecules within the therapeutic range at both early and late stages. c) Relative release of PLCL fibers and 
P(NIPAAm-co-NIPMAAm)-PLCL core–shell fibers at early incubation stages (up to 50 h) at 24 and 43 °C. A significantly higher level of dye was released 
from PLCL fibers than from core–shell fibers in case of room temperature. At a higher temperature and during the incubation time this trend gradually 
reversed detecting a higher release from the core–shell than from PLCL fibers.
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by Yu and co-authors during investigation of PNIPAAm-ethyl 
cellulose core–shell microspheres.[80] It is suggested that the 
presence of the hydrogel core increases the diffusion resist-
ance of dye molecules, which slows down the release of RhB 
from the system. A further analysis shows that at room tem-
perature (24 °C), a significantly higher level of dye was released 
from PLCL fibers than from core–shell fibers (Figure 5c). These 
values were at least twice as high in favor of PLCL. As the tem-
perature and release time increased, these differences gradu-
ally decreased until the dependence was reversed—more RhB 
was released from core–shell fibers than from PLCL fibers. For 
instance, after only 12 h at 43  °C, PLCL fibers released 80% 
of the dye while the core–shell released approximately 27% 
(Figure  5c). At a temperature of 37  °C and after a 24-h incu-
bation, the level of release of both materials was similar, and 
subsequently higher for the core–shell fibrous mat at each next 
time point (Figure S3b, Supporting Information). An additional 
advantage of core–shell fiber mats as a controlled drug release 
system is the extended release time. After 41 days of release, 
RhB was no longer present in the supernatant for PLCL 
nanofibers. After the same release time (at each investigated 
temperature), a small continuous release of dye from core–shell 
mats was detected (Figure S3c, Supporting Information).

An important parameter which may affect the drug release 
rate from core–shell fibers is PLCL shell thickness. Various 
strategies to control the thickness of core–shell architec-
ture can be found in the literature, including modulation of 
flow rate of shell[83] and core[84,85] polymers. The strategy we 
adopted, combining those two, relies on establishing the cor-
rect ratio between shell and core flow rate.[86] It is well-known 
that increasing of the shell flow, the thickness of the shell 
increases,[83] while when the core flow increases, a decreasing 
of shell thickness is observed.[84,85] In this case, we optimized 
simultaneously the flow rate of core and shell components, 
obtaining core–shell fibers with the desired structure (e.g., con-
tinuous core), size and drug release properties. We state that 
the polymer shell coating on the hydrogel core could reduce the 
release of molecules at the early stage. The PLCL shell acted 
as an additional barrier, thus limiting the amount of the dye 
released from the core–shell fiber structure compared to simple 
fibrous hydrogel systems.[52] RhB molecules were gradually dif-
fusing through the shell structure and escaped through its sur-
face. The diffusion rate strongly depends on the temperature—
the higher the temperature, the higher the diffusion coefficient 
of RhB molecules and, consequently, the higher the concentra-
tion of released RhB over time.

In summary, two factors control the release rate of the sub-
stance entrapped in the core–shell structure. The first is the tem-
perature, which affects the hydrogel core. During dehydration, 
the water expelled drags dye molecules out from the core, while 
the diffusional transport through the shell layer increases. The 
second factor is the hierarchical structuration of nanofibers, espe-
cially the shell properties (e.g., thickness and composition).[87]

The core–shell nanofiber system developed is able to self-
regulate drug delivery, thus avoiding an excessive and dan-
gerous release of bioactive molecules during the first stage of 
drug administration, while extending the delivery time. This 
strategy opens up great opportunities in the development of 
brand-new drug delivery systems, in which the time and rate of 

release are controlled on several levels: by designing the com-
position of the hydrogel (the quantitative content of individual 
monomers and cross-linker strongly affect the porosity and 
drug diffusion), and its hierarchical structure (determining the 
approximate shell structure and composition).

3. Conclusion

In summary, for the first time, we have reported on the suc-
cessful fabrication of an electrospun hierarchical-structured 
nanoplatform based on fully cross-linked P(NIPAAm-co-
NIPMAAm) hydrogel with biomimetic structural properties for 
the self-regulated delivery of drugs. The core–shell fibrous mat 
was fabricated by a custom-designed co-axial electrospinning 
technique assisted by an in situ UV light-triggered free-radical 
cross-linking polymerization under controlled environmental 
conditions and followed by a post-electrospinning treat-
ment. We have shown that the release rate of our system was 
self-programmable, thanks to the presence of both a thermo-
responsive hydrogel core loaded with a drug model and a 
PLCL shell that acted as both a protective layer and a reservoir 
during the release. The role of the hydrogel core is vital in the 
regulation mechanism, since it undergoes reversible physical 
changes upon exceeding the normal body temperature (e.g., 
during diseases or inflammation). P(NIPAAm-co-NIPMAAm) 
hydrogel system has a typical LCST of around 37  °C, like the 
human body temperature, making it possible for the system 
to thermally induce the drug delivery self-regulation. In addi-
tion, the hydrogel is encapsulated within a PLCL shell in order 
to limit the release of the drug model. The polymeric shell is 
designed not only to make possible the formation of nanofibers 
during electrospinning, but also to mimic the native ECM, thus 
improving the cell–material interaction. To study the controlled 
functions of the “smart” drug delivery system to release drugs, 
RhB was chosen, since it is one of the most used drug models. 
Nanofiber responsiveness was investigated by means of a series 
of analyses performed at different temperatures. The core–shell 
hydrogel-based nanofibrous material showed a temperature-
dependent drug delivery kinetics, in which the drug model 
release is driven by a temperature-controlled desorption. The 
system developed paves the way for the development of fully 
cross-linked electrospun polyacrylate hydrogel-based nanofibers 
which make it possible to expand the electrospinning capa-
bilities beyond traditional structures. The final electrospun 
nanoplatform has great potential within the framework of self-
regulated drug delivery, and appears promising for various 
clinical applications, especially to overcome issues connected 
with the inability to achieve therapeutic levels and/or to avoid 
nonspecific drug uptake in healthy tissues during bioactive 
molecule delivery.

4. Experimental Section
Materials: Core–shell nanofibers were produced and subsequently 

analyzed using the following materials without any further 
modification: poly-l-lactide-co-caprolactone (PLCL, 70% l-lactide and 
30% caprolactone, Corbion Purac, Netherlands), chloroform (CHCl3, 
POCh, Poland), N,N-dimethylformamide (DMF, POCh, Poland), 
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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), ammonium persulfate (APS, 
98%, Sigma-Aldrich, Poland), N,N,N′,N′-tetramethylethylenediamine 
(TEMED, 99%, Sigma-Aldrich, Poland), RhB (95%, Sigma-Aldrich, 
Poland), mouse fibroblasts (L929, Sigma-Aldrich ATTC), DMEM (phenol 
red, l-glutamine, high glucose, no sodium pyruvate, ThermoFisher 
Scientific), fetal bovine serum (FBS, F9665, Sigma-Aldrich), 1% 
antibiotic (penicillin/streptomycin), PrestoBlue cell viability reagent 
(Invintrogen, ThermoFisher Scientific), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay (MTT, ThermoFisher Scientific), 
CyQuant assey (ThermoFisher Scientific), glutaraldehyde (25%, Sigma-
Aldrich, Poland), hexadimetylosiloxane (HDMS, 98,5%, Sigma-Aldrich, 
Poland), ethanol (POCh, Poland), paraformaldehyde (PFA, 95%, Sigma-
Aldrich, Poland), Triton X-100 (Sigma-Aldrich, Poland), Actin Green 
(Invintrogen, ThermoFisher Scientific), NucBlue Live ReadyProbes 
Reagent (Invintrogen, ThermoFisher Scientific), ActinGreen 488 
ReadyProbes Reagent (Invintrogen, ThermoFisher Scientific), PBS 
(Sigma-Aldrich, Poland), isopropanol (POCh, Poland), and hydrochloric 
acid (HCl, POCh, Poland).

Sample Preparation: The shell polymer solution was prepared 
by dissolving 1  g of PLCL in 10  g of a mixture of CHCl3 and DMF 9:1 
(w/w). The hydrogel core solution (10 wt%) was a mixture of 0.876 g of 
NIPAAm, 0.025 g of NIPMAAm, 0.1 g of BIS-AAm, 0.01 g of photoinitiator 
(Irgacure 2959), and 10 mL of deionized water. A photoinitiator was used 
to trigger the hydrogel polymerization reaction upon UV irradiation, 
while BIS-AAm was the hydrogel system cross-linker. Before spinning, 
the hydrogel precursor solution was bubbled with argon gas for 10 
min. To increase the viscosity of the hydrogel precursor solution in 
electrospinning, a small amount of APS and TEMED was added to a 
final concentration of 2 and 0.4  µL mL−1, respectively. Custom-made 
co-axial electrospinning equipment was used for the fabrication of core–
shell nanofibers. Furthermore, an additional source of UV radiation was 
installed in the electrospinning chamber in the form of an optical fiber 
connected to a mercury lamp to shine UV light directly onto the collector 
where the fibers were collected during the process. The chamber was 
additionally equipped with a temperature control system, which ensured 
that the spinning took place in strictly defined conditions, providing 
fibers with specific parameters. Core–shell fibers were electrospun using 
15 kV positive voltage and a flow rate of 300 µL h−1 for the core solution 
and 800 µL h−1 for the shell solution. A custom-made co-axial needle was 
used, with a 21G needle for the core and a 15G needle for the shell. Fibers 
were collected on a grounded drum rotating at 500  rpm and placed 
20  cm away from the needle. The typical temperature and humidity in 
electrospinning were below 20  °C and above 70%, respectively. High 
humidity is crucial for spinning core–shell fibers with aqueous core 
solution, while temperature control is important to prevent exceeding 
the LCST (37  °C for P(NIPAAm-co-NIPMAAm)), so there is no loss of 
water by the hydrogel core or inhomogeneity during the polymer cage 
formation. After electrospinning, the core–shell mat was additionally 
irradiated under a UV lamp (density of power 225  mW cm−2) for 2 
min with cooling of the irradiated sample. Core–shell fibrous materials 
containing a drug model were fabricated using the same procedure 
and adding 5  mg of RhB in 5  mL of the hydrogel precursor solution 
during the early stage of preparation. In addition, PLCL nanofibers with 
RhB were prepared as a reference material. The polymer solution was 
prepared in exactly the same way as the shell polymer solution, with a 
quantity of RhB reaching at 1 wt%. of the total polymer mass. A single 
needle (26G) was used as spinneret. Electrospinning parameters were 
set at 15  kV positive voltage, 800  µL h−1 flow rate, needle-collector 
distance of 20 cm, 500 rpm of drum rotation, temperature of 24 °C, and 
humidity of 70%.

Morphological Analysis: In order to visualize the presence of the core, 
fluorescein-o-acrylate was added in the hydrogel precursor (0.1  mg 
mL−1). The core–shell structure of the fibers was observed by using an 
inverted epifluorescence microscope (Leica AM TIRF MC) with a set of 

microscopic lens (20×/0.40 CORR, 63×/0.70 CORR), an appropriate set 
of filters (Leica GFP ET, excitation 450–490 nm, emission 500–550 nm), 
and a mercury lamp (Leica EL6000) as a source for fluorescence 
excitation.

SEM was used to analyze the size and shape of core–shell and pure 
PLCL fibers. SEM and FE-SEM images were observed using JEOL JSM-
6390LV and FEI Nova NanoSEM 450 microscopes with an accelerating 
voltage of 10  kV. Before imaging, nanofibrous mats were coated 
with a 8  nm-thick gold layer. The distribution of the fiber diameter 
was determined using at least 100 measurements for each sample. 
This technique was also useful for the observation of the partially 
dissolved shell layer. TEM was used to prove the presence of a core–
shell structure. TEM analysis was conducted on the Jeol JEM-1011 at an 
accelerated voltage of 80 kV. The core–shell fibers were electrospun on a 
TEM Cu grid with 300 mesh. In order to analyze the sample morphology, 
AFM was used for additional measurements. Five fibers from five 
different sample areas were measured using an AFM (Ntegra, NT-MDT) 
equipped with a silicon cantilever with a 6  nm nominal tip radius 
(NSG01, NT-MDT) in a semicontact mode, with a resonance frequency 
of 150  kHz and 500  ×  500 points per image. Before this analysis, the 
core–shell samples (fibers deposited on a glass slide) were immersed in 
deionized water for one day to fully hydrate the hydrogel core, and the 
experiment was performed at room temperature.

Characterization Methods: DSC was performed using a Perkin Elmer 
PYRIS-1 unit and data were analyzed using Origin 8 software. DSC made 
it possible to determinate hydrogel LCST and the degree of crystallinity 
of the materials fabricated. Measurements were performed in heating 
and cooling modes from −30 to 200  °C, at a rate of 10  °C min−1 with 
5-min isothermal stops at the beginning and end of the heating mode. 
The sample weight was approximately 5 mg. The Tg was determined at 
the deflection point, while the melting temperature (Tm) was determined 
at a peak maximum point, both in cooling mode. WAXS was performed 
with a Bruker D8 Discover diffractometer in the reflection mode, using 
Bragg-Brentano geometry. The analysis was conducted in the angular 
range (2 theta, 2θ) between 5° and 31°. Data were collected with a step 
of 0.02° per 1.0 s at each point. FTIR spectroscopy was used for the 
characterization of the present material functional groups. FTIR analysis 
was conducted in the attenuated total reflectance (ATR) mode with a 
Bruker Vertex70 FT-IR Spectrometer, and carried out in the wavenumbers 
range of 400–4000 cm−1 with a resolution of 2 cm−1 and 12 scans for each 
sample. In the case of P(NIPAAm-co-NIPMAAm), the samples were 
characterized by ATR-FTIR using the freeze-dried hydrogel.

In Vitro Biocompatibility Tests: In order to study the cellular response 
to nanofibrous materials, a series of different biological tests were 
performed using mouse fibroblasts (L929, Sigma-Aldrich ATTC) cultured 
on P(NIPAAm-co-NIPMAAm)-PLCL and PLCL scaffolds as well as 
TCP. All materials were cut into squares (1 cm2 each, suitable for 48 
well plates), sterilized by UV light (30 min on each side), and seeded 
with cells with density of 8000 units cm−2. Samples were cultured in a 
medium consisting of DMEM (phenol red, l-glutamine, high glucose, 
no sodium pyruvate, ThermoFisher Scientific) modified with 10% FBS 
(F9665, Sigma-Aldrich), and 1% antibiotic (penicillin/streptomycin). 
A CyQuant assay was performed at days 1 and 3 of culture to measure 
the DNA content on each surface in order to investigate the cell viability 
and subsequent growth. In each time point, before the CyQuant 
assay, the samples were rinsed with PBS and stored in -75  °C, until 
the measurement was performed. Directly before the analysis, the dye 
solution was prepared using water, cell-lysis buffer (5%) and CyQuant 
GR (0,25%) dye, according to the protocol. 200  µL of this solution 
was added to the samples, previously warmed up to the ambient 
temperature. After 5 min, the data were collected using fluorescence, 
with excitation in 480 nm and emission at 520 nm. On the other hand, 
to evaluate the viability and the mitochondrial metabolic activity MTT 
and PrestoBlue assays were performed. In order to investigate the cell 
proliferation, the tests were repeated after 1, 3, and 7 days of cell culture. 
In vitro experiments were conducted on 5 samples of each material. 
For quantitative measurements, three repetition for each sample were 
done. In order to perform MTT assay, after each time point, the culture 
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medium was removed and directly replaced with solution containing: 
medium (300 µL) and terazolium dye (100 µL). Later, the samples were 
incubated per 3 h at 37 °C. Finally, the medium with dye was removed 
and replaced with izopropanol. After 10 min washing, the formazan from 
the samples, 130  µL of each sample was transferred to 96-well plate 
in order to measure the absorbance. Absorbance was measured at a 
570 nm wavelength using a MultiskanGO Microplate Spectrophotometer 
(Thermo Fisher Scientific, USA). For PrestoBlue test, after removing the 
culture medium, 10% solution of resazulin dye solution was added to the 
samples, 360 µL culture medium and 40 µL of resazulin dye solution. Cell 
incubation time in PrestoBlue solution (Invintrogen) was set to 1 h. The 
data were collected using fluorescence, with excitation in 530  nm and 
emission  at 620  nm. The characterization of cellular morphology was 
studied by SEM imaging and optical fluorescent microscopy. For SEM 
imaging, samples were incubated in 2.5% GTA for 0.5 h and dehydrated 
sequentially with three different concentration of ethanol solutions 
(60%, 80%, 100%) for 15 min each. Then, samples were incubated 
for 15 min in differently proportioned ethanol/hexadimetylosiloxane 
solutions (1:2, 1:1, 2:1), and finally with 100% hexadimetylosiloxane. At 
the end, samples were let dry under the fume hood. Samples were then 
coated with sputtered gold and imaged using both SEM and FE-SEM 
microscopes. The samples addressed to fluorescent microscopy were 
fixed with 3% PFA solution for 30 min. Afterward, cell membrane 
permeability was increased by immersing samples in Triton X-100 for 
5 min. Finally, samples were immersed in ActinGreen and NucBlue 
Reagent (Invintrogen), incubated for 30 min, rinsed in PBS, and imaged 
on a Leica DMI3000B fluorescent microscope.

Drug Release Experiment: The RhB release from two types of 
materials—core–shell fibrous mats and PLCL mats—was analyzed. 
RhB concentration in nanofibrous mats was set to 1  wt% of the total 
polymer weight. In the case of core–shell materials, RhB was added to 
the hydrogel precursor solution, while for PLCL mats, RhB was added 
to the polymer solution before electrospinning. The release process was 
performed at three different temperatures: room temperature (24  °C), 
37 °C, and 43  °C. Core–shell nanofibrous and PLCL mats (1 cm2 of 
each) were weighed to determine RhB contents and immersed in 1 mL 
of deionized water at the same temperatures mentioned above. The 
supernatant fluid was removed after 1, 3, 6, 12, and 24 h of release and 
exchanged with fresh water. Over the next few weeks, the release level 
of RhB was measured after every 24 h. Subsequently, the measurement 
time points were ultimately increased to once per week. A fluorometer 
(Fluoroskan Ascent Microplate Fluorometer, Thermo Scientific, USA) was 
used to evaluate the concentration of the released RhB from the fibrous 
mats (e.g., core–shell, PLCL) based on the calibration curve. The data 
were collected with excitation in 485 nm, emission at 538 nm. All release 
experiments were repeated at least six times for each temperature.

Statistical Analysis: Data were displayed as means ± standard 
deviation. If not specified, experiments were performed in quintuplicates. 
Statistical significance of the data was determined using one way single 
factorial analysis of variance (ANOVA). The p-values were considered as 
significant differences when p < 0.05 (**p < 0.01, ****p < 0.0001).
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from the author.
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