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a b s t r a c t

To develop multifunctional delivery systems of targeted properties for biomedical applications, hybrid
fiber-nanoparticle matrices capable of controlled and monitored nanoparticles (NPs) delivery properties
were prepared. Firstly, electropinning technique was applied to produce carbon nanotubes (CNTs)
incorporated biodegradable poly(e-caprolactone)/gelatin (PG) polymer fibers (PGC fibers). Subsequently,
the photoluminescent mesoporous silica nanoparticles (PLMSNs) were electrostatically attached on the
surface of PGC fibers to form a localized delivery platform. The PGC-PLMSNs fibers can emit red light
under excitation at ~395 nm, 465 nm, and ~533 nm. Additionally, under NIR (808 nm) irradiation, PGC-
PLMSNs fibers revealed good photothermal effect. PLMSNs loading efficiency onto the PGC fibers and
PLMSNs release kinetics were assessed by TG method. More importantly, the 808 nm NIR irradiation
enabled remarkably promoted PLMSNs release rate, validating the typical NIR-triggered release prop-
erties. Meanwhile, PLMSNs released from the composite fibers could be optically monitored by decrease
in the intensity of red emission. These results suggest the possibility to develop the localized therapeutic
device that may inspire other means of treatment method for cancer therapy.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

There have been substantial developments in the field of med-
ical health-care engineering in the past few years due to remark-
able advances in enabling nanotechnology and materials science
[1e3]. Along with the evolutionary of drug delivery researches,
nanomaterials-based multifunctional drug delivery systems (DDSs)
have attracted considerable attention nowadays [4e6]. These DDSs
present striking advantage over traditional formulations, contain-
ing promoted bioavailability, greater loading efficacy, controlled
release performance, and smart therapeutic response [7,8]. Thera-
nostic nanoparticles have been widely utilized for cancer detection
gbozhang@abo.fi (H. Zhang),
. Zhou).
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and therapy. However, the clinical translation of particulate DDSs is
still facing challenges. One of the main hindrances is the low de-
livery efficacy to tumor site [9]. Recently, a controversial meta-
analysis suggests that, approximately 0.7% on average of the
injected dose of intravenously administered nanoparticles can
accumulate at the site of the tumor. Therefore, it is urgent to
develop new kind of therapeutic forms to promote therapeutic
effect.

Localized delivery of therapeutics to the tumor region was
considered as a promising approach [10e13]. At present, localized
drug delivery systems (LDDSs) are general in the form of drug-
eluting films, hydrogels, wafers, rods, and microspheres [14].
Particularly, fibrous structural matrix, mimicking the extracellular
matrix of native tissues, has been extensively studied in previous
works [15e17]. Electrospinning is a simple and effective way to
fabricate micronanofiber materials, including inorganics, polymers,
and organiceinorganic hybrid compounds [18e21]. Due to their
attractive features of highly surface area and higher porosity,
electrospun fibrous materials have been widely applied for tissue
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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regeneration and drug delivery [22,23]. Nevertheless, just incor-
poration of therapeutic biomolecules into the fibrous matrix or on
the fiber surface has been studied, and these methods suffer some
intrinsic defects, such as possible drug degradation when mixed
with organic solvents or heating treatments during the preparation
process, low drug loading, and uncontrolled release kinetics
[24,25]. To conquer the aforementioned imperfection of LDDSs,
particulate DDSs were incorporated into fibrous matrix for effective
local dosage delivery. Sustainable drug release and controlled
release kinetics have been achieved. Meanwhile, these studies also
indicated that nanoparticulate DDSs loaded with macromolecular
drugs turned to aggregate in the precursors, resulting in unstable
electrospinning process and heterogeneous fibrous matrix [26].

In this study, a newly developed localized delivery
system combining photoluminescent mesoporous silica nano-
particles (PLMSNs) and electrospun poly (e-caprolactone)/gelatin/
carbon nanotubes (PGC) fibers was fabricated for localized thera-
peutic cancer. Due to the large specific surface of fibrous structure,
the PLMSNs can be easily assembled on the surface by electrostatic
binding. Carbon nanotubes (CNTs) in the fibrous matrix were used
as a photothermal agent to control the PLMSNs release. PLMSNs,
which are Eu-incorporated MSNs, are utilized for tractable agent.
This fibrous composite with NIR-responsible and optically moni-
tored nanoparticles release properties may suggest a promising
option of delivery system for future cancer therapy.
2. Experimental section

2.1. Synthesis of photoluminescence mesoporous silica
nanoparticles

Mesoporous silica nanoparticles (MSNs) were prepared by a
typical solegel method. In brief, 0.2 g of cetyltrimethylammonium
bromide (CTAB, �99%, Sigma-Aldrich Inc.) was mixed with the
solution containing 25 mL of deionized water and 5 mL of ethanol,
and then 50 mL of triethanolamine (TEA, Sinopharm Chemical Re-
agent) was added and stirred at 60 �C for 0.5 h. Afterward, 2 mL of
tetraethylorthosilicate (TEOS, 98%, Sigma Aldrich Inc.) was dropped
into the obtained solution and stirred for another 2 h. Finally, the
solution was cooled down and centrifuged. The samples were then
calcined at 550 �C for 5 h to obtain theMSNs. Subsequently, 500mg
MSNs was mixed with 1 mL of europium nitrate solution (0.25 mol/
L), and the mixture was dried in a vacuum oven at 60 �C overnight.
Lastly, the drying samples were sintered at 600 �C for 3 h to obtain
the europium-incorporated MSNs (PLMSNs).
2.2. Preparation of PGC-PLMSNs composite fibers

The PGC nanofibers were synthesized via electrospinning
technique. Typically, 10 wt% gelatin (GEL, type B from bovine skin)
and 10 wt% poly(e-caprolactone) (PCL, Mw ¼ 70,000e90,000) so-
lutions in 2,2,2-trifluoroethanol (TFE, CF3CH2OH, �99%) were pre-
pared and mixed under stirring at 40 �C. Then, 5 wt% (with respect
to biopolymer weight) carbon nanotubes (CNTs, ~97%, Alfa Aesar)
were dispersed in the obtained mixed solution and stirred over-
night. The final stable precursor was electrospun into PGC fibers.
The distance between the needle tips and the fiber collector was
tuned to ~15 cm and the applied voltage was 6e8 kV. The flow rate
of pump was ~1.6 mL/h. Lastly, the PGC fibers were dried to elim-
inate the solvent.

Then, the PLMSNs were connected to the surface of PGC fibers.
Typically, 40 mg PLMSNs was subjected to ultrasonic dispersion in
100 mL ethanol solution for 0.5 h. Next, 100 mg PGC fibers were
soaked in the PLMSNs solution. After slightly stirring for 6 h, the
PLMSNs assembled fiber composites (PGC-PLMSNs) were collected.

2.3. Characterization of composite fibers

The morphology and microstructure were characterized by
field-emission scanning electron microscopy (FESEM, Hitachi SU-
70, Japan) and transmission electron microscopy (TEM, Tecnai
F20, FEI, USA). The phase was studied by an X-ray diffraction in-
strument (XRD, X'Pert PRO, The Netherlands). The scanning range
was set at 20� � 2q� 60�. The photoluminescence (PL) spectrawere
recorded via a fluorescence spectrophotometer (PL, FLSP920,
Edinburgh) excited by a Xenon lamp.

2.4. Release behaviors

To investigated the PLMSNs release behavior from the fibrous
composites, the composite fiber meshes were immersed in PBS
solution (pH¼ 7.4) at room temperature in an incubator with slight
stirring. At each time interval, partial PBS buffer solution was
replaced with an equal volume of fresh PBS solution. Meanwhile,
PGC-PLMSNs fiber solution was irradiated by 808 nm laser with
different power densities (0.6, 0.8, 1.0 W▪cm�2) for 10 min to study
the NIR-triggered PLMSNs release performance. At selected time
intervals, the composite fibers were collected.

3. Result and discussion

3.1. Characteristics of Eu-incorporated mesoporous silica
nanoparticles

Rare earth elements have been extensively used to prepare
photoluminescent (PL) materials. Europium (Eu), as a significant
rare earth element, has been widely employed as a detective agent
for drug delivery and cell imaging. In our study, europium element
was incorporated into the matrix of MSNs to design the MSNs: Eu
(abbreviated as PLMSNs). As shown in Fig. 1a & b, the as-prepared
PLMSNs possess a uniform spherical morphology with size of
~65 nm and the insert SAED pattern demonstrates a typical ‘halo’
ring, confirming the expected amorphous nature. Fig. 1c reveals the
porous structures and mesoporous character, which are favorable
for functional drug loading. The element mapping and energy-
dispersive X-ray spectroscopy (EDS) data demonstrate that Si, O,
and Eu elements are uniformly distributed within the structures of
MSNs (Fig. 1d & e). In addition, the X-ray photoelectron spectros-
copy (XPS) further conforms the composition of PLMSNs (Fig. 1f).
The XRD pattern of PLMSNs sample reveals a broad peak at ~23�,
which is ascribed to the amorphous silica phase (Fig. 1g). The XRD
result is consistent with the TEM diffraction. In the excitation
spectra of PLMSNsmonitored at emission spectrum peak at 615 nm,
sharp peaks at ~395 nm, ~465 nm, and ~533 nm were observed
owing to the fef transitions of Eu3þ (Fig. 1h). When the particles
were excited using the spectrum at 395 nm, characteristic transi-
tion lines from the excited 5D0 level of Eu3þ were observed in the
emission spectra. Two typical peaks from 5D0-7F1 (~590 nm) and
5D0e

7F2 (~615 nm) are dominant (Fig. 1i). This phenomenon is
consistent with previous reported works [27]. Meanwhile, red
emission was observed under excitation at 465 nm and ~533 nm,
simultaneously. The evident difference was that the intensity of the
emission spectrum varies, which may be due to the excitation light.
It is known that the intensity of the emission spectrum in Fig. 1i
may be due to the different wavelength of the excited light. The
shorter thewavelength, the higher the frequency, so that the higher
the energy of the photon [28,29]. Therefore, ~395 nm, 465 nm, and



Fig. 1. Characterization of PLMSNs (aec) SEM and TEM images of as-prepared PLMSNs (d,e) Elemental mapping patterns and spectroscopy of PLMSNs. (f,g) XPS and XRD patterns.
(h,i) Excitation spectrum and photoluminescent spectra.
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~533 nm can be chosen as the excitation sources. Considering
biomedical application, the longer wavelength of light at ~533 nm
was selected as an excitation light source in the following
experiment.

3.2. Characteristics of PLMSN assembled composite fibers

The as-spun poly(e-caprolactone)/gelatin/carbon nanotubes
(PGC) composite fibers show a uniform morphology and the
diameter is ~1000 nm, approximately (Fig. 2a). The water con-
tact angle of the PGC composite fiber is ~57.5�, reflecting its
good hydrophilicity (inset of Fig. 2a). After the assembly process,
massive PLMSNs nanoparticles covered the surface of the PGC
fibers (Fig. 2b & c). Previous studies have demonstrated that
solegel silica materials contain abundant hydroxyl groups [30],
which can bond to amino group of gel-contained PGC fibers by
electrostatic attraction. Consequently, the water contact angle of
PGC-PLMSNs fibers decreased to 38.6�, indicating the promoted
hydrophilicity due to the admired hydrophilicity of silicate-
based nanomaterials. The Raman spectrum analysis showed
that the characteristic peaks of the composite meshes consist of
all peaks from PGC fibers and PLMSN particles (Fig. 2d), further
validating the successful formation of PGC-PLMSN composite
fibers. Finally, the amount of attached PLMSNs particles on the
composite fiber was quantitative analyzed by TG curves and
demonstrated that the loading efficiency of PLMSNs particles is
~19.6% (Fig. 2e). The attached PLMSNs could be used as DDSs.
Meanwhile, the carbon nanotubes(CNTs)-incorporated polymer
fibers were used as the localized photothermal agents. After
being implanted to the tumor region, the cancer cells could
adhere and spread on fibrous structure. Subsequently, the
PLMSNs on the fiber were released and thus could be well
internalized by cancer cells.



Fig. 2. (a) SEM and water contact angle images of electrospun PGC fibers. (b, c) SEM and water contact angle images of PGC-PLMSNs composite fibers. (d) Raman spectra of PGC
fibers, PLMSNs, and PGC-PLMSN composite fibers. (e) TG curve of PGC-PLMSNs composite fibers.

Fig. 3. Photothermal performance of PGC-PLMSNs. Photothermal heating curves of PBS solution containing PGC-PLMSN composite fibers and pure PBS solution under irradiation
with 808 NIR at 0.6 W/cm2 (a), 0.8 W/cm2, (b) and 1.0 W/cm2 (c).

Fig. 4. PLMSNs release performance without (a) and with (b) NIR irradiation (808 nm, 0.8 W/cm2), (ced) PLMSNs release kinetics.
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Fig. 5. (a) PL spectra under 533 nm excitation of PGC fibers and PGC-PLMSNs fibers. (b, c) The change of PL emission spectra of PGC-PLMSNs fibers as a function of PLMSNs release
time with and without NIR irradiation.
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3.3. Photothermal performance of composite fibers

CNTs have been diffusely recognized as excellent photothermal
agents due to their efficient ability to convert near-infrared light
(NIR) into heat. Meanwhile, the good biocompatibility of CNT made
it suitable for biomedical application. Hence, the CNT was incor-
porated into the PG fibrous matrix to form the NIR-responsible
photothermal composite fibers. In this study, under different po-
wer density NIR irradiation (808 nm), the temperature variation
curves of a PBS solution containing PGC-PLMSNs composite fibers
and pure PBS were carefully investigated. As shown in Fig. 3, almost
no temperature changes were found in pure PBS solution upon NIR
irradiation. Evenly, temperature variation of pure PBS solution was
not observed after increasing the NIR irradiation power density.
However, when PGC-PLMSNs composite fibers were added, the
temperature of PBS solution promoted promptly, and the increase
of irradiation power density would distinctly elevate the heating
rate. Namely, during the heating process by NIR, the temperature of
PBS solution containing PGC-PLMSNs fibers exhibited a quite direct
relationship with the laser energy. For example, PGC-PLMSNs fibers
solution, irradiated with an 808 nm laser at 1.0 W/cm2, could in-
crease the water temperature by 20�. These results demonstrated
that the valid NIR laser-guided temperature elevation of PGC-
PLMSNs fibers could be eligibly achieved and precisely controlled
via regulating the laser power density.

3.4. NIR-responsible PLMSNs release performance

With the purpose to study PLMSNs release behavior in answer
to the NIR irradiation, the PGC-PLMSNs fibers were immersed in
PBS medium (pH 7.4) at 37 �C. As demonstrated in Fig. 4, the
PLMSNs release profilewas determined by TG curves. Distinctly, the
PGC-PLMSNs fibers proved the NIR-responsible PLMSMs particles
release behavior. Within the 12 h period, less than ~15% of PLMSNs
were released from the PGC-PLMSNs fibers without NIR irradiation,
yet muchmore PLMSNs (~30%) were released when exposed to NIR
light. Meanwhile, the PLMSNs release curve exhibited a slower
release performance compared to the PGC-PLMSNs fibers with NIR
irradiation. The results demonstrated that the irradiation of NIR
light has promoted the release rate of PLMSNs from the PGC-
PLMSNs composite fibers. Previous studies have demonstrated
that PLMSMs contain eOH groups, which interact favorably with
eNH2 groups in the gel-incorporated PGC fibers through electro-
static attraction. Under the irradiation with NIR, the PLMSNs
release ratewas enhanced [25]. As a result, during the immersion in
PBS solution, a significantly increased amount of nanoparticles
assembled was liberated from PGC-PLMSNs fibers. This is contrib-
uted to the PGC heating effect caused by NIR light, which weakens
the electrostatic interaction between the PLMSNs and PCG fibrous
matrix. In our design, the photoluminescent silica nanoparticles
would be utilized for drug loading. After this composite device was
implanted to the tumor site, the cancer cells could adhere, spread,
and penetrate into the fibrous structure. Then the PLMSNs on the
fibers were released and internalized by cancer cells. Therefore, it is
significant to study the PLMSNs release behavior.

In addition to the NIR-responsible particles releasing perfor-
mance, the tracking of release content is equally vital. As shown in
Fig. 5a, no obvious photoluminescent phenomenon was obtained
from the pure PCG fibers under excitation at 533 nm compared
with the PGC PLMSNs fibers. Due to the intrinsic photoluminescent
characteristics of PGC-PLMSNs fibers constructed, the relationship
between the emission intensity of PGC-PLMSNs composite fibers
and particles release behavior was investigated. During the
releasing process, the PL spectrum of red emission (~590 nm and
~615 nm) intensity of PGC-PLMSNs fibers with or without NIR
irradiation is faded due to the liberated PLMSNs from the composite
fibers (Fig. 5b & c). More interestingly, the red emission of PLMSNs
fibers with NIR irradiation decreases faster. In comparison, the
system with the slower PLMSNs-releasing rate without NIR irra-
diation shows a delayed red emission quenching rate. The variation
of photoluminescent intensity has thus accurately reflected the
particles release behavior. Therefore, the PL attenuation phenom-
enon and PLMSNs releasing rate are well corresponding to each
other.
4. Conclusion

In summary, we have described a novel and efficient
approach to assemble the PLMSNs on the surface of fibrous
matrices and release them with NIR-triggered performance. The
PLMSNs presented effective red light emission under excitation at
~395 nm, 465 nm, and ~533 nm. After exposed to 808 nm NIR
irradiation, PLMSNs can rapidly be liberated from the surface of
composite fibers. The main mechanism is that the photothermal
effect reduces the electrostatic interaction between PLMSNs and
the PGC fibers. Furthermore, the PL intensity of red emission of the
composite fibers corresponded well with the particles release
behavior. Fast particles release behavior (under NIR irradiation)
induced faster decayed emission. This research may open up a new
strategy to rationally design hybrid drug delivery platforms for
more effective biomedical application.
Author contributions

For this manuscript, Guohong Cao, Yangyang Li, Hongbo Zhang,
Wenguo Cui, and Min Zhou conceived and designed the experi-
ments; Guohong Cao, Yangyang Li, and Min Zhou analyzed the data



G. Cao et al. / Materials Today Advances 6 (2020) 1000446
and prepared the figures; Guohong Cao, Yangyang Li, and Min Zhou
wrote the paper.
Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.
Acknowledgments

This work was supported by the National Key Research and
Development Program of China (No. 2018YFC0115701), the Na-
tional Natural Science Foundation of China (No. 81671748 and No.
81971667), China Postdoctoral Science Foundation (2017M620243),
and the Natural Science Foundation of Zhejiang Province
(LGF19H180004).
References

[1] Q.H. Zhang, Y.Y. Li, Z.H. Ren, Z. Ahmad, X. Li, G.R. Han, Synthesis of porous
CaTiO3 nanotubes with tunable hollow structures via single-nozzle electro-
spinning, Mater. Lett. 152 (2015) 82e85.

[2] Z.Y. Hou, C.M. Zhang, C.X. Li, Z.H. Xu, Z.Y. Cheng, G.G. Li, W.X. Wang, C. Peng,
J. Lin, Luminescent porous silica fibers as drug carriers, Chem. Eur J. 16 (2010)
14513e14519.

[3] C.M. Zhang, C.X. Li, S.S. Huang, Z.Y. Hou, Z.Y. Cheng, P.P. Yang, C. Peng, J. Lin,
Self-activated luminescent and mesoporous strontium hydroxyapatite nano-
rods for drug delivery, Biomaterials 31 (2010) 3374e3383.

[4] P. Couvreur, Nanoparticles in drug delivery: past, present and future, Adv.
Drug Deliv. Rev. 65 (2013) 21e23.

[5] S. Mura, J. Nicolas, P. Couvreur, Stimuli-responsive nanocarriers for drug de-
livery, Nat. Mater. 12 (2013) 991e1003.

[6] G.A. Hughes, Nanostructure-mediated drug delivery, Nanomed. Nanotechnol.
1 (2005) 22e30.

[7] J. Zhang, Z.F. Yuan, Y. Wang, W.H. Chen, G.F. Luo, S.X. Cheng, R.-X. Zhuo,
X.Z. Zhang, Multifunctional envelope-type mesoporous silica nanoparticles for
tumor-triggered targeting drug delivery, J. Am. Chem. Soc. 135 (2013)
5068e5073.

[8] Q. Zhang, F. Liu, K.T. Nguyen, X. Ma, X.J. Wang, B.G. Xing, Y.L. Zhao, Multi-
functional mesoporous silica nanoparticles for cancer-targeted and controlled
drug delivery, Adv. Funct. Mater. 22 (2015) 5144e5156.

[9] S. Wilhelm, A.J. Tavares, Q. Dai, S. Ohta, J. Audet, H.F. Dvorak, W.C.W. Chan,
Analysis of nanoparticle delivery to tumours, Nat. Rev. Mater. 1 (2016) 1e12.

[10] A.J. Meinel, O. Germershaus, T. Luhmann, H.P. Merkle, L. Meinel, Electrospun
matrices for localized drug delivery: current technologies and selected
biomedical applications, Eur. J. Pharm. Biopharm. 81 (2012) 1e13.

[11] G.G. Xia, H.B. Zhang, R.Y. Cheng, H.C. Wang, Z.L. Song, L.F. Deng, X.Y. Huang,
H.A. Santos, W.G. Cui, Localized controlled delivery of gemcitabine via
microsol electrospun fibers to prevent pancreatic cancer recurrence, Adv.
Healthc. Mater. 7 (2018) 1800593.
[12] S.Z. Xie, S.H. Tai, H.X. Song, X.M. Luo, H. Zhang, X.H. Li, Genetically engineering
of Escherichia coli and immobilization on electrospun fibers for drug delivery
purposes, J. Mater. Chem. B 4 (2016) 6820e6829.

[13] Z.Y. Zhang, Y.J. Wu, G.Z. Kuang, S. Liu, D.F. Zhou, X.S. Chen, X.B. Jing,
Y.B. Huang, J. Mater. Chem. B 5 (2017) 2115e2125.

[14] J.B. Wolinsky, Y.L. Colson, M.W. Grinstaff, Local drug delivery strategies for
cancer treatment: gels, nanoparticles, polymeric films, rods, and wafers,
J. Control. Release 159 (2012) 14e26.

[15] B. Song, C. Wu, J. Chang, Dual drug release from electrospun poly(lactic-co-
glycolic acid)/mesoporous silica nanoparticles composite mats with distinct
release profiles, Acta Biomater. 5 (2012) 1901e1907.

[16] Y. Dou, C. Wu, J. Chang, Preparation, mechanical property and cytocompati-
bility of poly(l-lactic acid)/calcium silicate nanocomposites with controllable
distribution of calcium silicate nanowires, Acta Biomater. 8 (2012)
4139e4150.

[17] M. Abrigo, S.L. Mcarthur, P. Kingshott, Electrospun nanofibers as dressings for
chronic wound care: advances, challenges, and future prospects, Macromol.
Biosci. 14 (2014) 772e792.

[18] Y.Y. Li, B.B. Li, G. Xu, Z. Ahmad, Z.H. Ren, Y. Dong, X. Li, W.J. Weng, G.,R. Han,
A feasible approach toward bioactive glass nanofibers with tunable protein
release kinetics for bone scaffolds, Colloids Surf., B 122 (2014) 785e791.

[19] X. Wang, J. Chang, C. Wu, Bioactive inorganic/organic nanocomposites for
wound healing, Appl. Mater. Today 11 (2018) 308e319.

[20] X.L. Hu, S. Liu, G.Y. Zhou, Y.B. Huang, Z.G. Xie, X.B. Jing, Electrospinning of
polymeric nanofibers for drug delivery applications, J. Control. Release 185
(2014) 12e21.

[21] Y.F. Goh, I. Shakir, R. Hussain, Electrospun fibers for tissue engineering, drug
delivery, and wound dressing, J. Mater. Sci. 48 (2013) 3027e3054.

[22] T.K. Dash, V.B. Konkimalla, Poly-є-caprolactone formulations for drug delivery
and tissue engineering: a review, J. Control. Release 158 (2012) 15e33.

[23] Z.M. Yuan, Y. Pan, R.Y. Cheng, L.L. Sheng, W. Wu, G.Q. Pan, Q.M. Feng, W.G. Cui,
Doxorubicin-loaded mesoporous silica nanoparticle composite nanofibers for
long-term adjustments of tumor apoptosis, Nanotechnology 27 (2016)
245101.

[24] G. Yang, J. Wang, Y. Wang, L. Li, X. Guo, S.B. Zhou, An implantable active-
targeting micelle-in-nanofiber device for efficient and safe cancer therapy,
ACS Nano 9 (2015) 1161e1174.

[25] A. Mickova, M. Buzgo, O. Benada, M. Rampichova, Z. Fisar, Eva Filova,
M. Tesarova, D. Lukas, E. Amler, Core/Shell nanofibers with embedded lipo-
somes as a drug delivery system, Biomacromolecules 13 (2012) 952e962.

[26] A. GhavamiNejad, A.R.K. Sasikala, A.R. Unnithan, R.G. Thomas, Y.Y. Jeong,
M.V. Varnoosfaderani, F.J. Stadler, C.H. Park, C.S. Kim, Mussel-inspired elec-
trospun smart magnetic nanofibers for hyperthermic chemotherapy, Adv.
Funct. Mater. 25 (2015) 2867e2875.

[27] C.T. Wu, L.G. Xia, P.P. Han, L.X. Mao, J.C. Wang, D. Zhai, B. Fang, J. Chang,
Y. Xiao, Europium (Eu)-containing mesoporous bioactive glass scaffolds for
stimulating in vitro and in vivo osteogenesis, ACS Appl. Mater. Interfaces 8
(2016) 11342e11354.

[28] Y. Fan, P.P. Yang, S.S. Huang, J.H. Jiang, H.Z. Lian, J. Lin, Luminescent and
mesoporous europium-doped bioactive glasses (MBG) as a drug carrier,
J. Phys. Chem. C 113 (2009) 7826e7830.

[29] S.V. Kuznetsova, A.S. Nizamutdinov, M.N. Mayakova, E.I. Madirov,
A.R. Khadiev, V.G. Gorieva, V.V. Voronov, A.D. Yapryntsevc, V.K. Ivanov,
V.V. Semashko, P.P. Fedorov, Synthesis and down-conversion luminescence
investigation of CaF2:Yb:Ce powders for photonics, J. Fluorine Chem. 222
(2019) 46e50.

[30] S. Carregal-Romero a, M. Ochs, P. Rivera-Gil, C. Ganas, A.M. Pavlov, Gl
B. Sukhorukov, W.J. Parak, NIR-light triggered delivery of macromolecules
into the cytosol, J. Control. Release 159 (2012) 120e127.

http://refhub.elsevier.com/S2590-0498(19)30118-3/sref1
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref1
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref1
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref1
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref1
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref2
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref2
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref2
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref2
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref3
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref3
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref3
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref3
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref4
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref4
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref4
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref5
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref5
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref5
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref6
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref6
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref6
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref7
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref7
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref7
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref7
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref7
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref8
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref8
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref8
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref8
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref9
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref9
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref9
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref10
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref10
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref10
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref10
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref11
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref11
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref11
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref11
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref12
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref12
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref12
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref12
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref13
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref13
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref13
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref14
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref14
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref14
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref14
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref15
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref15
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref15
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref15
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref16
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref16
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref16
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref16
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref16
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref17
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref17
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref17
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref17
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref18
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref18
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref18
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref18
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref19
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref19
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref19
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref20
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref20
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref20
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref20
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref21
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref21
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref21
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref22
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref22
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref22
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref23
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref23
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref23
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref23
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref24
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref24
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref24
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref24
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref25
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref25
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref25
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref25
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref26
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref26
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref26
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref26
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref26
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref27
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref27
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref27
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref27
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref27
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref28
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref28
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref28
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref28
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref29
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref29
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref29
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref29
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref29
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref29
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref29
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref30
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref30
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref30
http://refhub.elsevier.com/S2590-0498(19)30118-3/sref30

	NIR-responsible and optically monitored nanoparticles release from electrospinning fibrous matrices
	1. Introduction
	2. Experimental section
	2.1. Synthesis of photoluminescence mesoporous silica nanoparticles
	2.2. Preparation of PGC-PLMSNs composite fibers
	2.3. Characterization of composite fibers
	2.4. Release behaviors

	3. Result and discussion
	3.1. Characteristics of Eu-incorporated mesoporous silica nanoparticles
	3.2. Characteristics of PLMSN assembled composite fibers
	3.3. Photothermal performance of composite fibers
	3.4. NIR-responsible PLMSNs release performance

	4. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References


