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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, PGCPLMSNs 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 properties. 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/).
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1. Introduction
There have been substantial developments in the ﬁeld of medical health-care engineering in the past few years due to remarkable 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, containing promoted bioavailability, greater loading efﬁcacy, controlled
release performance, and smart therapeutic response [7,8]. Theranostic nanoparticles have been widely utilized for cancer detection
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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 delivery efﬁcacy to tumor site [9]. Recently, a controversial metaanalysis 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 drugeluting 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
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regeneration and drug delivery [22,23]. Nevertheless, just incorporation 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 nanoparticles (PLMSNs) and electrospun poly (e-caprolactone)/gelatin/
carbon nanotubes (PGC) ﬁbers was fabricated for localized therapeutic 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 monitored nanoparticles release properties may suggest a promising
option of delivery system for future cancer therapy.

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 SU70, Japan) and transmission electron microscopy (TEM, Tecnai
F20, FEI, USA). The phase was studied by an X-ray diffraction instrument (XRD, X'Pert PRO, The Netherlands). The scanning range
was set at 20  2q  60 . The photoluminescence (PL) spectra were
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 (pH ¼ 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▪cm2) for 10 min to study
the NIR-triggered PLMSNs release performance. At selected time
intervals, the composite ﬁbers were collected.

2. Experimental section

3. Result and discussion

2.1. Synthesis of photoluminescence mesoporous silica
nanoparticles

3.1. Characteristics of Eu-incorporated 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 Reagent) 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 the MSNs. Subsequently, 500 mg
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).

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 energydispersive 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 spectroscopy (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 PLMSNs monitored 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 transition lines from the excited 5D0 level of Eu3þ were observed in the
emission spectra. Two typical peaks from 5D0-7F1 (~590 nm) and
5
D0e7F2 (~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 the wavelength, the higher the frequency, so that the higher
the energy of the photon [28,29]. Therefore, ~395 nm, 465 nm, and

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) solutions in 2,2,2-triﬂuoroethanol (TFE, CF3CH2OH, 99%) were prepared 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 overnight. 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 eliminate 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
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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.

~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 contact 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 silicatebased 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.
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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.

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 incorporated into the PG ﬁbrous matrix to form the NIR-responsible
photothermal composite ﬁbers. In this study, under different power 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 increase the water temperature by 20 . These results demonstrated
that the valid NIR laser-guided temperature elevation of PGCPLMSNs 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 proﬁle was 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 much more 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 PGCPLMSNs composite ﬁbers. Previous studies have demonstrated
that PLMSMs contain eOH groups, which interact favorably with
eNH2 groups in the gel-incorporated PGC ﬁbers through electrostatic attraction. Under the irradiation with NIR, the PLMSNs
release rate was 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 contributed 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 performance, 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 irradiation shows a delayed red emission quenching rate. The variation
of photoluminescent intensity has thus accurately reﬂected the
particles release behavior. Therefore, the PL attenuation phenomenon 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.
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