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ABSTRACT: To avoid excessive usage of antibiotics and
antimicrobial agents, smart wound dressings permitting controlled
drug release for treatment of bacterial infections are highly desired.
In search of a sensitive stimulus to activate drug release under
physiological conditions, we found that the glass transition
temperature (Tg) of a polymer or polymer blend can be an ideal
parameter because a thermal stimulus can regulate drug release at
the physiological temperature of 37 °C. A well-tuned Tg for a
controlled drug release from fibers at 37 °C was achieved by
varying the blending ratio of Eudragit® RS 100 and poly(methyl
methacrylate). Octenidine, an antimicrobial agent often used in
wound treatment, was encapsulated into the polymer blend during
the electrospinning process and evaluated for its controlled release based on modulation of temperature. The thermal switch of the
nanofibrous membranes can be turned “on” at physiological temperature (37 °C) and “off” at room temperature (25 °C), conferring
a controlled release of octenidine. It was found that octenidine can be released in an amount at least 8.5 times higher (25 mg·L−1)
during the “on” stage compared to the “off” stage after 24 h, which was regulated by the wet Tg (34.8−36.5 °C). The “on”/”off”
switch for controlled drug release can moreover be repeated at least 5 times. Furthermore, the fabricated nanofibrous membranes
displayed a distinctive antibacterial activity, causing a log3 reduction of the viable cells for both Gram negative and positive
pathogens at 37 °C, when the thermal switch was “on”. This study forms the groundwork for a treatment concept where no external
stimulus is needed for the release of antimicrobials at physiological conditions, and will help reduce the overuse of antibiotics by
allowing controlled drug release.
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■ INTRODUCTION

Bacterial infections and biofilm formation are considered as the
leading factors causing chronic or nonhealing wounds due to
their enhanced resistance toward host defense mechanisms and
antibiotics.1,2 Once chronic wounds are generated, the local
skin temperature of the wound bed could rise up to 4−5 °C
higher than normal skin’s approximate temperature of 33 °C.3

Wound-dressing materials which can protect the wounds from
bacterial infections are highly desired, especially dressings
allowing controlled release of antimicrobial agents to prevent
overuse of antibiotics and being active only when needed.
Controlled release of drugs from polymer matrices for zero-

order release have been extensively studied.4,5 Many
therapeutic applications do not necessarily require continuous
drug release, especially those for postsurgical pain control and
the treatment of infections.6,7 It has been reported that
material changes based on noninvasive self-stimulation can
lead to a localized pulse-wise release, which matches the
patients’ needs and permits lower doses of potent drugs.4 The
drug efficiency and safety can thereby be improved

substantially for any specific patient by precisely controlling
the location and dosage.8 Controlled drug release can be
achieved using stimuli-responsive polymeric materials,9,10 pH-
responsive materials, and materials responsive to temperature,
light, and ionic strength (e.g., calcium cation).11 Poly(N-
isopropylacrylamide) (PNIPAAm) as a classic thermorespon-
sive polymer has been widely studied as a biocompatible
material with a sharp and reversible phase transition between
hydrophobicity and hydrophilicity at 32 ± 1−2 °C.12

Moreover, PNIPAAm based polymer blends were broadly
utilized to fabricate nanofibrous membranes with controlled
drug release of an applied temperature stimulus of 25 °C.13−15

Poly(di(ethylene glycol) methyl ether methacrylate), another
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thermosensitive polymer, was also applied to produce
nanofibrous membranes for controlled drug delivery16 at a
room temperature of 25 °C. The above-mentioned thermo-
responsive materials displayed high levels of drug release at
comparatively low temperature (<30 °C), and failed in
achieving a drug release at preferred physiological temper-
ature.17 A wound temperature is close to the physiological
temperature 37 °C,18 at which bacteria display the most
pathogenic ability due to their highest growth rate.19

Keurentjes et al.4 reported that the glass transition temperature
(Tg) of poly(D,L-lactic acid) was 56 °C, causing the increased
diffusion rate of drugs through the films. This can be
furthermore utilized to trigger drug release, but this Tg was
too high to be applicable in patients. Additionally, Fujimori et
al.20 have shown that the model drug aminopyrine can be
released at levels seven times higher at 42 °C than at 36 °C
from the membrane of blend polymer containing 90% Eudragit
RS and 10% polyethylene glycol 400. Moreover, we reported
that a tunable “wet” Tg, glass transition temperature in aqueous
environment, can be obtained by varying the mass ratio of
Eudragit® RS 100 (ERS) and bioinert and widely applied
material poly(methyl methacrylate) (PMMA).21 ERS is a
copolymer of poly(ethyl acrylate, methyl-methacrylate, and
chlorotrimethyl-ammonioethyl methacrylate) with an amount
of quaternary ammonium groups between 4 and 8%.22 With
the dye Rhodamine B (RhB) as a model drug, it was shown
that 45 °C (“wet” Tg) allowed higher levels of RhB release.
However, the “wet” Tg here is still higher than the
physiological temperature of 37 °C. RhB differs largely in
chemical structure23 from antimicrobials (e.g., octenidine
dihydrochloride (OCT),24 polyhexamethylene biguanide25

and chlorhexidine26) and is not an ideal candidate to mimic
drug release. Among the mentioned antimicrobials, OCT has
been applied as a substitute for other drugs such as
chlorhexidine due to its fast action and low MIC (minimal
inhibition concentration), and consequently low cytotoxicity.27

In this work, we aim to design and fabricate Tg-modulated
nanofibrous membranes which can be triggered for higher
release of antimicrobials at the physiological temperature of 37
°C. To the best of our knowledge, it has not been exploited to
utilize Tg as a stimulus to reach thermo-activated drug release
of nanofibrous membranes to prevent bacterial infections
during wound healing. We first fabricated the elecrospun
nanofibrous membranes based on ERS and bioinert PMMA
blended polymers to achieve a tuned wet Tg, a thermal
stimulus (Figure 1). OCT (an efficacious antiseptic24,28) was
then utilized as the model drug and incorporated into the
blend polymer. A controlled OCT release at physiological
temperature was achieved at an optimized wet Tg of the
nanofibrous membranes by varying the ratio of ERS and
PMMA. The fabricated nanofibrous membrane displayed
strong antibacterial activity against both Gram positive and
negative pathogens at physiological temperature, due to the
controlled OCT release regulated by the thermal switch. The
results and findings obtained here are not only scientifically
interesting, but also more importantly will allow noninvasive
self-stimulated release of antimicrobials for treatment of e.g.
skin wound infections, and consequently reduce the overuse of
antibiotics.

■ RESULTS AND DISCUSSION
Material Development and Characterization. The

nanofibrous membranes made from the PNIPAAm-based

polymer blend usually allow drug release at a temperature
lower than the physiological temperature 37 °C, due to its
temperature-induced negative volume transition at the lower
critical solution temperature of around 32−33 °C.13 To
explore the possibility of the desired drug release at 37 °C,
polymer blends of ERS and PMMA were subsequently
investigated. Here ERS, a biomaterial widely applied as a
polymer carrier of active substances to the site of interest,29

and PMMA, a broadly utilized biomaterial with low toxicity,30

were selected. OCT, an effective antimicrobial often used as a
skin antiseptic,28 was chosen as the model drug. The ratios of
ERS and PMMA of 7:3 and 8:2 (w/w) were selected in this
work based on our previous work21 and the results are shown
in Table S1 of the Supporting Information (SI). The polymer
blends were prepared, and the dry and wet Tg values of these
blends loaded with different amounts of OCT were measured
(Table 1). The dry Tg values of pure ERS and pure PMMA
nanofibers were 48.5 and 93.3 °C, respectively, similar to the
previously reported results.21 The dry Tg values of fibers 7:3
(ERS:PMMA-7:3) and fibers 8:2 (ERS:PMMA-8:2) were 62.2
and 55.0 °C, respectively, locating between the Tg values of
pure ERS and pure PMMA nanofibers. The OCT of 5, 8, and
10 wt % (with respect to polymer amount, simplified as OCT-
5, 8, 10,) loaded fibers 7:3 and fibers 8:2 displayed dry Tg
values of 62.5, 62.7 and 62.6 °C and of 54.9, 54.8 and 54.5 °C,
which varied little compared with non-OCT loaded fibers 7:3
and fibers 8:2. The pure ERS, pure PMMA, non-OCT loaded,
and OCT loaded fibers 7:3 and fibers 8:2 showed slight weight
loss (<0.8%) during heating up to 145 °C, which was likely
caused by evaporation of the moisture present during storage
(Figures 2a and S1). Therefore, the fabricated fibers had a
stable thermal durability at the temperature of their intended
application (physiological temperature 37 °C).
The morphological analysis of ERS/PMMA blended nano-

fibers by scanning electron microscopy (SEM) is displayed in
Figure 2b. The fibers 7:3 with OCT-5, -8, and -10 had
diameters varying from 147 ± 71, 149 ± 39, and 168 ± 47 nm,
respectively, while the counterpart fibers 8:2 with OCT-5, -8,
and -10 had diameters of 139 ± 22, 134 ± 33, and 147 ± 98
nm (Table 1). Similarly to our previous observation,21 fibers
8:2 had a comparatively smaller diameter due to the higher
elongation force, which originated from the overall increase of

Figure 1. Schematic hypothesis of Tg triggered OCT release from the
electrospun fibers. Once the temperature was increased above wet Tg,
switching the “on” button from glassy state to rubbery state, the
release of the encapsulated OCT can be induced from electrospun
membrane. By switching the temperature to above or below the Tg, a
pulse-like OCT release from the nanofibers can be regulated to
optimize a controlled antimicrobial dosage.
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the charge density in the electrospun jet by higher amount of
ERS, a material of substantial cationic charges.31

To ensure OCT encapsulation in the fabricated nanofibrous
membranes, Fourier Transform Infrared (FTIR) analysis was
utilized to characterize the molecular nature of the fibers
(Figure 2c). There was an aromatic CN signal of OCT32

present at wavelength of 1653 cm−1 but not found from the
spectrum of fibers without OCT (fibers PMMA, fibers ERS,
fibers 7:3 and fibers 8:2). The aromatic CN signal from
FTIR spectrum was also present in fibers 7:3 OCT-5, -8, and
-10 and fibers 8:2 OCT-5, -8, and -10, suggesting a successful
encapsulation of OCT in the fabricated nanofibrous mem-
branes loaded with OCT. Furthermore, the crystallinity of
encapsulated OCT in fibers 7:3 and fibers 8:2 was
characterized by X-ray diffraction (Figures 2d and S2) as
drug crystallization is a challenge for physical stability during
storage, homogeneity of drug distribution, as well as drug
release kinetics and uniformity.33 A broad peak of amorphous
phase34 for nanofibrous membranes with and without OCT
was observed when the 2θ angle was increased from 8° to 90°,
indicating the absence of OCT crystals for fibers 7:3 OCT-5,
-8, and -10 and fibers 8:2 OCT-5, -8, and -10. Thus, the
produced nanofibrous membranes allowed the loading of
amorphous OCT.
Controlled Drug Release. The cumulative release of the

drug from fibers 7:3 and fibers 8:2 with 5, 8, and 10 wt % OCT
loading was quantified in PBS buffer at two different
temperatures (room temperature 25 °C and physiological
temperature 37 °C) by UV−vis (Figure 3a and Table S2). The
7:3 OCT-5 fibers allowed a release of 2.4 ± 0.5, 2.5 ± 0.4, and
2.6 ± 0.4 mg·L−1 at room temperature and 3.1 ± 0.5, 4.0 ± 0.5,
and 4.1 ± 0.5 mg·L−1 at 37 °C for release times of 12 h, 24 h,
and 60 h, respectively. A similar OCT release was noted for
fibers 7:3 OCT-8 and -10 at 25 and 37 °C. Although the OCT
release from fibers 7:3 OCT-5, -8, and -10 was slightly higher
at physiological temperature compared to room temperature,
the OCT release amount was both lower than 9 wt % of the
loaded OCT at both temperatures. The little difference of
OCT release at 25 and 37 °C was probably due to slightly
higher molecular diffusion rate at higher temperature. Fibers
8:2 loaded with OCT showed dramatically different results
from fibers 7:3. The fibers 8:2 OCT-5 allowed an OCT release
of 2.0 ± 0.2, 3.4 ± 0.3, and 5.2 ± 0.4 mg·L−1 at room

temperature, but 27.2 ± 0.6, 39.0 ± 0.8, and 40.7 ± 0.8 mg·L−1

at 37 °C for release times of 12 h, 24 h, and 60 h, respectively.
Fibers 8:2 OCT-8 and -10 conferred a similar release of OCT
to fibers 8:2 OCT-5. A higher OCT release (5 mg·L−1) from
fiber 7:3 at 37 °C than room temperature was noticed, even
though these fibers displayed wet Tg values at 42.9−45.8 °C
and are not expected to allow OCT release at 37 °C. Thus, this
5 mg·L−1 release is probably caused by the increased mobility
of the OCT molecules at 37 °C compared to the room
temperature. There was at least 30 mg·L−1 more OCT release
from fiber 8:2 at 37 °C than room temperature. Considering
the same amount of OCT molecules loaded in both fibers 7:3
and 8:2, the additional released OCT from fiber 8:2 is very
likely caused by better mobility of polymers, which was
regulated by Tg. Thereby, fibers 8:2 with different OCT
loading could respond to the temperature change from 25 to
37 °C to regulate OCT release.
Water, a well-known plasticizer with a Tg of −138.15 °C,35

can work as a polymer interchain mobility enhancer because it
can lead to a significant reduction of the glass transition
temperature of a polymer when saturated with water.36,37 It
was reported that water could be confined into a polymeric
matrix as a plasticizer to increase the free volume of the
polymer chains. For poly(lactic-co-glycolic acid) the decreased
Tg namely “wet” Tg has been reported to be 13−18 °C lower
than the “dry” Tg during hydroplasticization.

38,39 In our study,
the wet Tg values of non-OCT loaded and OCT loaded fibers
8:2 were lower than 37 °C, in the range of 34.8−36.5 °C, and
lower than those measured for fibers 7:3 samples: 42.9−45.8
°C (Tables 1 and S1). These results suggested that the wet Tg
of fibers 8:2 can function as the thermal stimulus regulating
OCT release at physiological temperature (Figure 3a). Water
here worked as a plasticizer to lower the glass transition
temperature of fibers 8:2 to below 37 °C (Table 1). At a
temperature above wet Tg, polymer chains of the nanofibers
changed from the glassy state to the rubbery state, a better
mobility of polymer chains permitted a higher OCT
diffusion.40 The Tg values of non-OCT loaded and OCT-
loaded fibers 7:3 decreased as reported previously21 but they
were still higher than 37 °C, indicating that at 37 °C the
polymer chains of fibers 7:3 were still confined in a glassy state.
In the next step, a thermal “switch” experiment was

designed: 37 °C was defined as the “on” button and room

Table 1. Thermal Properties of Blended Electrospun Membranesa

sample name ratio ERS:PMMA (wt %/wt %) loaded OCT amount wt % w.r.t total polymer dry Tg (°C) wet Tg (°C) diameter (nm)

fibers ERS 1:0 0 48.5 ± 0.3 34.1 ± 0.2 128 ± 56
fibers PMMA 0:1 0 93.3 ± 0.2 82.3 ± 0.4 161 ± 74
fibers 7:3 7:3 0 62.2 ± 0.2 45.8 ± 0.3 152 ± 37
fibers 8:2 8:2 0 59.1 ± 0.1 36.5 ± 0.1 143 ± 28
fibers 7:3 OCT-5 7:3 5 62.5 ± 0.3 44.7 ± 0.2 147 ± 71
fibers 8:2 OCT-5 8:2 5 54.9 ± 0.2 36.1 ± 0.3 139 ± 22
fibers 7:3 OCT-8 7:3 8 62.7 ± 0.2 43.2 ± 0.1 149 ± 39
fibers 8:2 OCT-8 8:2 8 54.8 ± 0.2 35.4 ± 0.3 134 ± 33
fibers 7:3 OCT-10 7:3 10 62.6 ± 0.3 42.9 ± 0.1 168 ± 47
fibers 8:2 OCT-10 8:2 10 54.5 ± 0.3 34.8 ± 0.3 147 ± 98

aThe electrospun fibers were collected by a static collector located 15 cm away from the metallic needle tip (inner diameter: 0.8 mm) of the plastic
syringes with applied 18 kV potential. Different mass ratios between ERS and PMMA and different OCT loadings were applied to get
homogeneous polymer solutions for nanofibers fabrications. Tg was a temperature to describe the transition of a polymer from glassy-to-rubbery
state during heating. Average dry Tg and the related standard deviation were based on five measurements of each sample and that of wet Tg (glass
transition temperature when samples saturated with PBS) was derived from two measurements with three replicates in each measurement. ImageJ
was utilized to derive the average mean diameter and standard deviation based on the measurements on more than 1000 fibers of each sample.
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Figure 2. Physical and chemical properties analysis of fabricated fibers. (a) Thermogravimetric analysis (TGA) was utilized to measure the mass
change of a sample during heating, indicating its thermal stability. The TGA curves of each sample showed less than 0.8% mass loss while heating to
145 °C, revealing no decomposition of each sample below 145 °C and suggesting a desired thermal stability. Each fibers sample was measured five
times and similar results were obtained. One set of data was displayed. (b) Representative scanning electron microscopy (SEM) micrographs of
fibers 7:3 and 8:2 without and with a OCT loading of 5%, 8%, and 10% confirmed the fabricated fibers were homogeneous and no beads formation
was observed. The scale bars of upper and lower micrographs are 5 and 20 μm, respectively. Each fiber sample was imaged on five different
positions at both 2000× and 6000× and one representative image of each imaging is displayed. (c) Fourier-transform infrared spectroscopy of
OCT, fiber PMMA, fiber ERS, fiber 7:3 and fiber 8:2 with 0%, 5%, 8% and 10% OCT loading. The light grey shadow column corresponds to the
spectrum at a range of 1678−1618 cm−1 and the light blue column correlates with a spectrum range of 1572−1536 cm−1. There are two distinct
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temperature as the “off” button, to periodically and reversibly
switch the nanofibers between rubbery and glassy states
(Figure 3b and Table S3). At the first “on” state (rubbery
state) for 2 h, there was an OCT release of 7.7 ± 0.7, 14.3 ±
0.8, and 18.1 ± 1.5 mg·L−1 from fibers 8:2 OCT-5, -8, and -10,

respectively. After being switched to the “off” state (glassy
state) for 10 h, there was an OCT release of 1.1 ± 0.2, 2.1 ±
1.0, and 2.6 ± 0.9 mg·L−1 OCT from fibers 8:2 OCT-5, -8, and
-10, respectively, indicating a decrease of OCT release
compared to “on” state. During the second “on” state, there

Figure 2. continued

peaks found at 1653 and 1557 cm−1 from OCT loaded fibers 7:3 and 8:2, relating to the characteristic peaks of OCT at 1653 and 1557 cm−1 and
confirming a successful encapsulation of OCT in fibers 7:3 OCT-5, -8, and -10 and fibers 8:2 OCT-5, -8, and -10. Each fiber sample was measured
five times and similar results were obtained. One set of measurements is displayed. (d) X-ray diffraction was applied to characterize the OCT
distribution inside OCT encapsulated fibers 7:3 and 8:2. A broad peak of a characteristic hump of the amorphous phase of each non-OCT and
OCT encapsulated fibers 7:3 and 8:2 was observed, explaining why there was no crystal structure measured from the characterized fibers. Each
measurement was carried out five times for each fiber sample and one set of measurements is shown.

Figure 3. Analysis of thermo-regulated OCT release from OCT-loaded fibers 7:3 and 8:2. (a) Cumulative OCT in vitro release from fibers 7:3
OCT-5, -8, and -10 and fibers 8:2 OCT-5, -8, and -10. The total amount of OCT encapsulated in each fiber sample was set as 100% to compare the
total amount of OCT released at different time points. The solid line in each graph shows OCT release at 37 °C and dash line represents OCT
release at room temperature. The release experiments were conducted five times with three replicates for one sample in each experiment. One set of
measurements is shown with the standard deviation (error bar) derived from three replicates. (b) In vitro pulse-wise drug release from fibers 8:2
OCT-5, -8, and -10. The light grey shadow column indicates OCT release at 37 °C for 2 h and the rest column without shadow shows OCT release
at room temperature for 10 h. The pulse-wise OCT release was carried out for five cycles. The in vitro controlled drug release from fibers OCT-5,
-8, and -10 was executed three times. In each independent measurement, three replicates were included for one sample. One set of measurements is
displayed with the error bar representing standard deviation from one measurement with three replicates.
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was an OCT release of 6.5 ± 0.4, 9.8 ± 1.8, and 15.3 ± 1.0 mg·
L−1 from the fibers 8:2 OCT-5, -8, and -10, respectively. After
switching to “off” state, there was an OCT release of 1.2 ± 0.5,
1.8 ± 0.8, and 2.3 ± 0.7 mg·L−1 noticed from fibers 8:2 OCT-
5, -8, and -10, respectively. This analogous OCT release can be
extended to five “on”/“off” switches, although there was less
and less OCT release from OCT-loaded fibers at the “on”
state. After all five “on” stages, there was around 48.9, 52.6, and
57.1 wt % release of the loaded OCT from fibers 8:2 OCT-5,
-8, and -10, respectively, and around 11 wt % release of the
loaded OCT from fibers 8:2 OCT-5, -8, and -10 during the five
“off” stages. Therefore, the pulse-wise OCT release correlated
well with cumulative OCT release (Figure 3a), and
demonstrated that the fibers 8:2 OCT-5, -8, and -10 can
realize controlled drug delivery regulated by thermal stimuli.
Antibacterial Activity of the Fabricated Nanofibrous

Membranes. The thermo-regulated antibacterial activity of
fibers 8:2 OCT-5, -8, and -10 was investigated against
Pseudomonas aeruginosa (Gram negative) and Staphylococcus
aureus (Gram positive), two typical pathogens associated with
wound infections. The viable P. aeruginosa and S. aureus were
quantified after their interaction with fibers 8:2 OCT-5, -8, and
-10 at room temperature and 37 °C for 2 h, respectively
(Figure 4a,b), using fibers PMMA, fibers ERS, fibers 8:2 as
comparison. All OCT loaded membranes allowed at least 3 log
reduction of viable cells P. aeruginosa and S. aureus, compared
to the non-OCT loaded samples. In line with an increased
loading of OCT, higher antibacterial activity was noticed,
however still in the same magnitude against P. aeruginosa and
S. aureus. The enhanced antibacterial activity of fibers 8:2 with
higher OCT loading was probably due to the higher amount of
OCT released from the fibers (Figure 3). Thereby, the Gram
negative and positive pathogens can be killed by the
antimicrobials released from fibers 8:2 OCT-5, -8, and -10
regulated by thermal stimuli.
Cytotoxicity. The presented thermo-regulated nanofibrous

membrane was capable of limiting the OCT release at room
temperature or storage temperature and stimulating OCT
release once reaching physiological temperature. The cytotox-
icity of the OCT-loaded fibers toward normal human dermal

fibroblasts (nHDFs) was evaluated according to ISO10993-5
(Figure 4c). Extract solutions were collected after OCT release
in DMEM (Dulbecco’s Modified Eagle Medium) with 1%
penicillin/streptomycin/neomycin (PSN) for 60 h from the
nanofibers at room temperature and 37 °C, respectively. The
viability of nHDFs was assessed using the MTS [(3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium] assay, as described in the exper-
imental procedures. The cytotoxic cutoff was defined at 70%
viability of the negative control. The solutions obtained from
all extracts showed more than 84% cell viability. Thereby,
cytotoxicity was not observed in the extracts of nanofibers
encapsulated with OCT during release at room temperature
and physiological temperature, even after release for 60 h (the
highest amount of OCT release from each nanofibers sample
and this amount was up to 79.0 ± 2.0 mg·L−1 from fibers 8:2
OCT-10) (Figure 4c).

■ CONCLUSIONS

This proof of principle study pioneeringly demonstrates the
glass transition temperature (Tg) of a thermally stable polymer
blend can be applied as a noninvasive thermal stimulus to
achieve controlled drug release at the physiological temper-
ature of 37 °C. The difference of the drug released between
“on” and “off” achieved a value higher than 25 mg·L−1 under
our experimental conditions. Moreover, the “on”/“off” switch
for controlled drug release can effectively function 5 times.
Bacterial pathogens can be effectively killed with a log3
reduction of the viable cells at physiological temperature when
exposed to the loaded nanofibrous membranes. This study
forms the base for a treatment process where no external
stimulus is needed for release of antimicrobials at physiological
conditions, hence allowing reduction of the bacterial load.
While the therapeutic efficacy of pathogen elimination in real
wounds remains to be demonstrated in clinics, the proposed
Tg-based drug release is sought to help reduce the overuse of
antibiotics by allowing controlled release only at or above
physiological temperature. In the future Tg will be fine-tuned to
permit a thermal switch between normal skin temperature and

Figure 4. Characterization of biological functions of the fabricated nanofibrous membranes. Antimicrobial killing analysis of OCT-loaded fibers 8:2
at room temperature and 37 °C against P. aeruginosa (a) and S. aureus (b). The antimicrobial assay was carried out four times and similar results
were obtained. One set of data is shown. Error bars represent standard deviations based on three replicates of each measurements. Significant
difference in the antimicrobial activity can be noticed for the OCT loaded fiber 8:2 at room temperature and 37 °C and also noted for fibers 8:2
OCT-5, -8, and -10 comparing to fibers PMMA, ERS, and 8:2 and suspension controls at 37 °C. No significant difference in viable bacterial cell
numbers was found for bacterial suspension, and fibers (fibers PMMA, fibers ERS, fibers 8:2) after 2 h of interaction with P. aeruginosa and S. aureus
at room temperature and 37 °C, neither for bacterial suspensions and fibers (fibers PMMA, fibers ERS, fibers 8:2 and fibers 8:2 OCT-5, -8, and
-10) after interacting with P. aeruginosa and S. aureus at room temperature for 2 h. (c) Cytotoxicity of nanofibers samples toward normal human
dermal fibroblasts (nHDFs). Error bars represent the standard deviations of 9 measurements and no significant difference was determined for all
samples between room temperature and 37 °C, except for fiber ERS and fiber 8:2 OCT-5. Student’s t-test (p < 0.05) was applied for statistical
analysis.
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infected skin temperature, so that an on-demand release of a
loaded drug would be achieved only for the infected locations.

■ MATERIALS AND METHODS
Materials. All chemicals and reagents were purchased with

analytical purity from Sigma-Aldrich (Buchs, Switzerland) and applied
as-received unless otherwise noted. Poly(methyl methacrylate)
(PMMA, Mw = 100 000 g·mol−1) was purchased from Polyscience.
Eudragit® RS 100 (ERS, Mw = 32 000 g·mol−1),41 a copolymer of
ethyl acrylate, methyl methacrylate, and low content of methacrylic
acid ester of quaternary ammonium groups, was a gift sample from
Evonik GmbH (Darmstadt, Germany). N,N-Dimethylformamide
(DMF, 99.5%) was purchased from VWR International. Octenidine
dihydrochloride (OCT) were purchased from TCI Chemicals.
Phosphate-buffered saline (PBS) at pH 7.4 was prepared: 8 g·L−1

NaCl, 0.2 g·L−1KH2PO4, and 1.44 g·L−1 Na2PO4 in distilled water.
Bacterial growth medium (LB broth) was prepared as following: 10 g·
L−1 tryptone, 5 g·L−1 yeast extract and 5 g·L−1 NaCl in distilled water.
Fabrication of Drug-Loaded Blended Nanofibers. In a typical

experiment, two separate solutions were used for blend electro-
spinning. An ERS (40 wt %) solution was prepared by dissolving
appropriate amounts into a binary solvent system of dimethylaceta-
mide-acetone (9:1, wt %) and PMMA (40 wt %) solution was
prepared similarly by dimethylformamide (DMF)-tetrahydrofuran
(9:1, wt %). The ERS solution was mixed with the PMMA solution to
obtain blends with the weight percentage ratios of ERS to PMMA at
7:3 and 8:2 (fibers 7:3 and fibers 8:2). OCT was dissolved in DMF
(5, 8, and 10 wt % with respect to polymer amount, briefly OCT-5, -8,
and -10) and subsequently added to the blend solution.
The electrospinning setup was equipped with a syringe pump (KD

Scientific, MA, U.S.A.), a high-voltage power supply (AIP Wild AG,
Switzerland), and a planar stainless steel collector placed inside a
Faraday cage in a chemical hood as previously reported.42,43 The
solutions were loaded into plastic syringes fitted with a metallic needle
(inner diameter of 0.8 mm). During the spinning process, the applied
voltage and a tip-to-collector distance were 18 kV and 15 cm, while
the flow rate was kept at 1 mL·h−1. After electrospinning, the
composite nanofiber mats were vacuum-dried in an oven at 30 °C for
24 h to remove the residual solvent. For comparison, plain ERS and
PMMA nanofibrous membranes were also fabricated through the
same procedures and under the same conditions.
Scanning Electron Microscopy (SEM). SEM (Hitachi S-4800,

Hitachi-High Technologies, Japan) was used to analyze the fiber
morphology and fiber diameter. The punched samples with a
diameter of 6 mm were sputtered with a gold/platinum layer of 8
nm (EM ACE600 sputter, Leica, Germany) before SEM imaging. The
mean fiber diameter (over 1000 fibers were included for the
calculation) was analyzed using the ImageJ software (National
Institutes of Health, U.S.A.).
Fourier-Transform Infrared Spectroscopy (FTIR). FTIR

analysis was performed using Bruker FTIR operating in transmission
mode (TENSOR-27, Bruker, Germany). FTIR spectra were recorded
in a range of 600−4000 cm−1 with a resolution fixed to 1 cm−1.
Thermogravimetric Analysis (TGA). TGA was performed with

4.0−5.0 mg samples via a thermogravimetry (TG-209 F1 Iris,
Netzsch, Germany) in N2 and air (unless mentioned) performed at a
heating rate of 10 °C·min−1 from 28 °C to 145 °C.
Tg Measurement. The fabricated fibers were immersed in PBS for

2 days and then the excessive PBS was manually squeezed out.
Subsequently the wet fibers (6−7 mg sample sealed inside aluminum
crucibles) were applied to determine the wet Tg by differential
scanning calorimetry (DSC, Netzsch Polyma 214, Netzsch, Selb,
Germany).39 The heating rate was programmed as 10 °C·min−1 and
scanned from 25 °C to 90 °C. The flow rate of nitrogen gas was set to
40 mL·min−1. The dry Tg of each dry sample was determined with the
same instrument but scanned from 25 °C to 160 °C.
Crystallinity Analysis of Loaded Drugs. Crystallinity analysis

was performed by a powder X-ray diffractometer with a Vantec-1PSD
detector (D8 Discovery, Bruker, Germany), operating at a voltage of

40 kV and a current of 40 mA with Cu/Ka radiation having a
wavelength of 1.5406 Å. XRD patterns were recorded over an angular
range (2θ) of 8° to 90° with fiber samples (6 mm diameter). Each
fiber sample was measured five times.

In Vitro Drug Release Kinetics and Controlled Drug Release
Kinetics. The dried electrospun nanofibrous membranes were cut
into pieces weighing 10 mg and placed in 15 mL centrifuge tubes
containing 10 mL of PBS. All vials were incubated at room
temperature and at 37 °C and shaken at 30 rpm. At specified time
intervals within 60 h, 50 μL of release medium was removed and
replaced with fresh PBS. A UV−visible spectrophotometer (Power-
Wave HT, BioTek instruments Inc., U.S.A.) was utilized to quantify
the OCT release at wavelength of 282 nm. The corresponding
cumulative percentage of OCT has been determined with a standard
calibration curve at this wavelength. The controlled drug release
measurement of OCT was performed at 37 °C in an incubator with a
shaking rate of 30 rpm for 2 h and 50 μL of release medium (in PBS)
was pipetted out and replaced with fresh PBS. Subsequently, all vials
were transferred to an incubator at room temperature. After 10 h
incubation with shaking at 30 rpm, 50 μL of release medium was
removed and replaced with fresh PBS. The drug amount in the pulse-
wise release assay was determined by the same method as the
quantification of cumulative OCT release.

Antibacterial Assay. Samples of 6 mm diameter were punched
from the nanofibrous membranes prepared in this work and sterilized
for 20 min under UV (254 nm, 100 μW·cm−2, Kojair Tech Oy, 18541
UV-Valo, Finland). Staphylococcus aureus ATCC 6538 and Pseudo-
monas aeruginosa ATCC 43390 were utilized in the antibacterial assay.
Bacteria colonies from an agar plate were incubated in 10 mL LB in
50 mL Falcon tubes at 160 rpm and 37 °C overnight. 100 μL of
overnight culture was transferred into 10 mL fresh LB and cultivated
for around 2 h until an exponential growth phase was reached. The
bacterial cultures of S. aureus and P. aeruginosa were diluted with
sterile PBS as reported44 to around 106 colony forming units (CFU)·
mL−1. 50 μL of bacterial suspension was then loaded on the surface of
the punched fibers samples and incubated at room temperature or 37
°C for 2 h. The suspension was subsequently removed, and the fiber
samples were washed twice with 225 μL PBS to remove the
nonadhered bacteria. The removed bacterial suspension and the
washing solution from each sample were collected and mixed. Serial
dilutions of the collected bacterial mixture were spotted as reported45

on BHI agar plates as reported.45 All plates were incubated at 37 °C
overnight. Bacterial colonies were counted subsequently after
overnight incubation to obtain an estimation of the viable cells on
each surface of fibers sample.

Cytotoxicity Assay. Cytotoxicity of the nanofibers samples was
studied employing normal human dermal fibroblasts (nHDFs, female,
caucasian, skin/temple, PromoCell, C-12352) following the
ISO10993-5 norm. Extracts were prepared with different nanofiber
samples and a negative control (empty wells) in DMEM (Dulbecco’s
Modified Eagle Medium) containing 1% penicillin/streptomycin/
neomycin (PSN) for an extraction ratio of the surface area per
medium volume of 3 cm2·mL−1. The extraction process was
subsequently carried out in an incubator (25 and 37 °C, 100%
humidity, and 5% CO2) for 60 h. nHDFs were seeded with 10 000
cells per well (TPP, Trasadingen, Switzerland) in 100 μL DMEM
containing 10% fetal calf serum (FCS) 1 day before incubation with
extracts. Hereafter, the nHDFs were incubated for 24 h with 100 μL
95% extracts diluted with FCS. The viable nHDFs cells of negative
control were set as 100%, and the ones incubated with 1% Triton X-
100 in DMEM containing 5% FCS were regarded as the positive
control. Cell viability was investigated via MTS [(3-(4,5-dimethylth-
iazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium)] assay via the absorbance at 490 nm to determine metabolic
activity of the nHDFs.46

Statistics. Statistical differences between each material were
evaluated by utilizing unpaired and two-tailed student’s t-test for
comparison between two groups.
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