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Doxorubicin-loaded electrospun poly(L-lactic acid)/
mesoporous silica nanoparticles composite nanofibers
for potential postsurgical cancer treatment

Kexin Qiu,2* Chuanglong He,*2® Wei Feng,” Weizhong Wang,® Xiaojun Zhou,?*
Zhiqi Yin,” Liang Chen,” Hongsheng Wang?® and Xiumei Mo?®*

A drug-loaded implantable scaffold is a promising alternative for the treatment of a tissue defect after
tumor resection. In this study, mesoporous silica nanoparticles (MSNs) were used as carriers to load an
anticancer drug — doxorubicin hydrochloride (DOX), and the DOX-loaded MSNs (DOX@MSNs) were
subsequently incorporated into poly(i-lactic acid) (PLLA) nanofibers via electrospinning, resulting in a
new drug-loaded nanofibrous scaffold (PLLA/DOX@MSNs). The as-prepared composite nanofibrous
scaffold was characterized by various techniques. In vitro release profiles of DOX from PLLA/
DOX@MSNs composite nanofibers were examined and the in vitro antitumor efficacy against Hela cells
was also evaluated. The results showed that DOX-loaded MSNs were successfully incorporated into
composite nanofibers with different MSN (or DOX) contents. Among them, the PLLA/1.0% DOX@10%
MSN nanofibers exhibited good particle distribution and improved thermal stability. More importantly,
they possessed high DOX-loading capacities due to which the drug can be released in a sustained and
prolonged manner, and therefore higher in vitro antitumor efficacy than their MSNs-free counterparts.
Thus, the prepared PLLA/MSNs composite nanofibrous mats are highly promising as local implantable
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Introduction

Local tumor recurrence remains a major clinical problem
following surgical treatment for most cancers such as lung,*
breast,” head and neck,® colon,* and prostatic malignancies,®
which is usually caused by inadequate resection or implanta-
tion during surgery. Both radiation and chemotherapy are
commonly used for adjuvant therapies after surgical resection
to reduce the risk of local recurrence, but these therapies
frequently result in severe side effects that can affect the
patient’s quality of life and even kill the patient. Additionally,
the immediate repair and reconstruction of tissue defects after
tumor resection are of great significance for long-term
successful healing in many cancer therapies.>* Thus, it is
desirable to develop an implantable local drug delivery scaffold
by integrating anticancer drugs into a biodegradable scaffold.

Localized delivery of anticancer drugs directly to the site
where there is high risk of tumor recurrence has been proposed
as a promising alternative approach for preventing local tumor
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scaffolds for potential postsurgical cancer treatment.

recurrence after surgery.® Generally, local drug delivery can be
achieved using various dosage forms including drug-eluting
films, hydrogels, wafers, rods, microspheres, and nano-
particles,”” the majority of which are biodegradable polymer-
based drug delivery systems so as to avoid a second surgery for
implant removal. These systems have been used to decrease
local recurrence rates in many cancer types, but so far have met
with limited clinical success,* which has led to the increasing
development of novel drug delivery devices, especially of an
implantable drug delivery film. Among them, a drug-loaded
nanofibrous scaffold offers significant advantages for syner-
gistic treatment of tissue regeneration and cancer recurrence in
tumor defects. While the anticancer drug kills the tumor cells,
the nanofibrous scaffold endows a favorable microenvironment
for tissue construction of tumor defects, thus contributing a
long-term tumor healing.

Electrospun polymer fibers have been extensively used as
implantable drug delivery devices with very encouraging
preliminary results,*>'®"* due to their unique architectural
features and robust drug loading capability. Several anticancer
drugs including carmustine,*® paclitaxel,>** doxorubicin,"***
cisplatin,® polyphenol,"” and camptothecin* have been loaded
into various electrospun fibers for postsurgical cancer treat-
ment. These medicated fiber mats can be fabricated using
blend,"* coaxial,"® and emulsion electrospinning,***'* and the
drug release from these fiber mats is either diffusion-controlled
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or degradation-controlled depending on the polymer and the
electrospinning approach used. Although these approaches
provide multiple release profiles for the resultant fiber mats,
there are still certain limitations in their use."®' To overcome
these limitations, some nanoscale carriers such as mesoporous
silica nanoparticles (MSNs),>*** hydroxyapatite,’* and lipo-
some® have recently been incorporated into electrospun
nanofibers for potential anticancer therapy, from which the
prolonged drug release with tunable drug release kinetics could
be achieved, and therefore provide particular benefit for post-
surgical cancer treatment. MSNs have recently emerged as
promising drug delivery carriers because of their good
biocompatibility, large specific surface area, tunable meso-
porous structure, and facile surface functionalization.**>
Moreover, MSNs could enhance the dissolution of the poorly
water-soluble drugs and increase their bioavailability,*® and
MSNs with small sizes preferably accumulate at tumor sites
caused by the enhanced permeability and retention (EPR)
effect.””*® As a result, they have been widely employed for a
variety of biomedical applications and especially for cancer
diagnosis and therapy. Although previous studies®*** have
reported that MSNs-embedded electrospun fiber mats could co-
deliver two model fluorescent dyes in well-controlled release
kinetics, the development of such a drug delivery system for
postsurgical cancer treatment has been rarely reported.

We have previously shown that electrospun poly(r-lactide)
(PLLA) nanofibers could be effectively used as carriers for
antibiotic delivery'®*® and scaffolds for tissue engineering.****
We hypothesized that incorporation of anticancer drug-loaded
MSNs into electrospun PLLA nanofibers would provide addi-
tional advantages for the treatment of a tissue defect after
tumor resection. As a proof of concept, herein we report the
development of an implantable MSNs-embedded nanofibrous
scaffold for potential postsurgical cancer treatment. MSNs were
synthesized and used as carriers for encapsulation of the anti-
cancer drug doxorubicin hydrochloride (DOX), DOX-loaded
MSNs (DOX@MSNs) were then embedded in PLLA nanofiber
mats using electrospinning. The physicochemical properties,
drug entrapment, and in vitro drug release of DOX-loaded
nanofiber mats (PLLA/DOX@MSNs) were investigated. The
potential use of these nanofiber mats for postsurgical cancer
treatment were evaluated in vitro against cancerous HeLa cells.

Experimental
Materials

PLLA with a weight-average molecular weight (M,,) of 247 000
g mol ™" was obtained from Daigang Biomaterials Inc. (Jinan,
China) and purified by dissolving in chloroform and recrystal-
lization in ethanol. DOX was purchased from Beijing HuaFeng
United Technology Co., Ltd. Proteinase K, tetraethylorthosili-
cate (TEOS), and cetyltrimethylammonium bromide (CTAB)
were purchased from Sigma-Aldrich (Shanghai) Trading Co.,
Ltd. (Shanghai, China). All other chemicals were of analytical
grade and obtained from Sino-pharm Chemical Reagents Co.,
Ltd. (Shanghai, China). HeLa cells were supplied by Institute of
Biochemistry and Cell Biology (the Chinese Academy of
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Sciences, Shanghai, China). Dulbecco's Modified Eagle's
Medium (DMEM), fetal bovine serum (FBS), 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazoliumbromide ~ (MTT), trypsin,
penicillin (100 U mL ") and streptomycin (100 pg mL~") were all
purchased from Shanghai Yuanxiang medical equipment Co.,
Ltd. 4/,6-Diamidino-2-phenylindole (DAPI) was obtained from
Byeotime Institute of Biotechnology (Jiangsu, China). Alexa
Fluor@ 488 phalloidin was obtained from Invitrogen Trading
Co., Ltd. (Shanghai, China).

Preparation of DOX@MSNs

MSNs were synthesized using the surfactant templating method
and the template (CTAB) was finally removed from MSNs by the
acidic extraction method.** Briefly, CTAB was dissolved in
500 mL buffer solution (pH 7.0) containing 3.43 g KH,PO, and
0.58 g NaOH at 25 °C. Then TEOS was added dropwise to the
mixed solution under vigorous stirring and the mixture was
aged for 20 h. The synthesized samples were filtered through a
filter of 0.22 pum, washed with double-distilled water and
ethanol for three times, and air-dried at room temperature. The
mixture samples were refluxed three times in the solution
containing 300 mL ethanol and 4 mL hydrochloric acid at 78 °C
for 8 h, then filtered and washed with ethanol. Finally, MSNs
were obtained by drying in the drying oven at 80 °C.

A modified vacuum nano-casting route was applied to load
DOX into MSNs as previously reported.** Briefly, DOX solution
was firstly prepared as follows: 30 mg DOX was completely
dissolved into 15 mL ethanol (100%), then refrigerated at
—20 °C for 30 min to reduce ethanol volatilization in the
following drug loading. The ethanol solution of DOX was added
dropwise into 300 mg dry MSNs until full soakage, and the rest
of the solution was kept frozen at —20 °C. Then the soaked
nanoparticles were vacuumized slowly at room temperature for
30 min. The above-mentioned soakage-vacuum procedures
were repeated until 15 mL of the ethanol solution of DOX was
used up. To transfer the DOX molecules adsorbed on the
external surface of MSNs into the pores, the nanoparticles were
treated with three repeated cycles of washing with 1 mL ethanol
and vacuum absorption. The obtained DOX@MSNs were
vacuum-dried at room temperature for 12 h to a constant
weight, followed by sealing and storing at —20 °C before further
use. DOX loading efficiency was calculated as follows:

Loading efficiency = Mpox/(Mpox + Mmsns) X 100%

where Mpox and Mysns are the masses of the encapsulated DOX
and MSNs, respectively.

Preparation of drug-loaded composite nanofibers

The prepared DOX@MSNs nanoparticles were subsequently
incorporated into PLLA nanofibers using a blend electro-
spinning, and the nanofibers thus prepared are denoted as
PLLA/DOX@MSNs. The DOX contents in PLLA/DOX@MSNs
composite nanofibers were 0.5%, 1.0% and 1.5%, thus the
corresponding MSNs contents in nanofibers can be calculated
from the loading efficiency of MSNs. The PLLA/DOX composite
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nanofibers were also prepared by electrospinning of PLLA/DOX
blend solutions for comparison of their drug release profiles
and cytotoxicity. In a typical procedure, PLLA was dissolved in a
mixture of methylene chloride and dimethyl formamide (9 : 1,
v/v) at 10% concentration (w/v). DOX@MSNs or neat DOX was
added into the PLLA solution and stirred thoroughly to form a
homogenous blend for subsequent electrospinning. The solu-
tion was filled into a 2.5 mL plastic syringe with an 18 gauge
blunt-ended needle, and the distance between the needle and
the aluminum foil collector was 15 cm. The syringe was loaded
in a syringe pump (789100C, Cole-Parmer Instruments, USA)
and dispensed at a rate of 1 mL h™" at the applied voltage of
10 kV using a high voltage power supply (BGG6-358, BMEICO.
Ltd. China). The collected nanofibers were vacuum dried at
least 72 h to remove the residual solvent before further use.

Characterization

The surface morphologies of the MSNs and electrospun mats
were observed by a field emission scanning electron microscope
(FESEM, Hitachi S-4800, Japan) and a scanning electron
microscope (SEM, Hitachi TM-1000, Japan). Before FESEM
observation, MSNs were dispersed in ethanol, placed a drop
onto a silica wafer. After drying, MSNs onto the silica wafer were
sputter coated with gold films and observed with FESEM. As for
SEM observation of electrospun mats, the nanofibers were also
sputter coated with gold films. The distribution of MSNs in the
nanofibers was observed by a transmission electron microscope
(TEM, Hitachi H-800, Japan) at an operating voltage of 200 kV.
Nanofibers for TEM were loaded onto a copper/carbon grid and
air-dried before measurement. The particle size distribution of
MSNs was determined by dynamic light scattering (DLS)
measurements using a Malvern Zetasizer Nano ZS model
ZEN3600 (Worcestershire, UK) equipped with a standard
633 nm laser. The zeta potential of the nanoparticles was also
measured on a Zetasizer Nano ZS apparatus (Malvern, UK). The
average diameter of nanofibers was obtained from at least 50
measurements on a typical FESEM image using Image J 1.40 G
software (NIH, USA). The fluorescent images of PLLA/DOX and
PLLA/DOX@MSNs composite nanofibers were observed by a
fluorescence microscope (Nikon TS100, Japan). For analysis, the
nanofibers were loaded onto the glass slide during the process
of the electrospinning.

Nitrogen adsorption-desorption isotherms were measured
with a Micromeritics Tristar II analyzer (Micromeritics, USA) at
liquid nitrogen temperature under a continuous adsorption
condition, MSNs were outgassed at 100 °C for at least 12 h
before measurements. Average pore size distributions of MSNs
were determined from the desorption branches of isotherms by
the Barrett-Joyner-Halenda (BJH) method and the specific
surface area was calculated according to the Brunauer-Emmett-
Teller (BET) method. Attenuated total reflection Fourier trans-
form infrared spectroscopy (ATR-FTIR) was performed by a
Nicolet-670 FTIR spectrometer (Nicolet-Thermo, USA). All
spectra were measured in the wavelength range of 500 to 4000
em ™! with a resolution of 4 cm™'. X-ray diffraction (XRD)
patterns were obtained with a D/max-2500 PC diffractometer
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(Rigaku Co., Japan) using Cu/K, radiation with a wavelength of
0.154 nm at 40 kV and 200 mA over the range of 5-60°. The
thermogravimetric analysis (TGA) was employed to evaluate the
weight loss of the samples in air from the room temperature to
900 °C at a heating rate of 10 °C min~" using a thermal analyzer
(TG 209 F1, Germany).

The tensile testing of the composite nanofibers was per-
formed using a universal material tester (H5K-S, Hounsfield,
U.K.) with a 50 N load cell under ambient conditions. A straight-
line sample with a planar area of 50 mm x 10 mm was cut for
tensile testing, as described in our previous work.*" A cross-head
speed of 10 mm min~ " was used for all the specimens. At least 5
specimens were tested for each group.

In vitro drug release

The DOX release behaviors of the PLLA/DOX@MSNs composite
nanofibers were investigated with proteinase K in PBS at pH 7.4.
For comparison, PLLA/DOX composite nanofibers containing
the same DOX contents were also investigated for reference. The
blank PLLA/MSNs and PLLA nanofibers with the same
concentration as the experimental groups were used as controls
to eliminate potential interference by enzyme and MSNs.
Briefly, a piece of composite nanofibrous mat (80 mg, DOX were
about 0.8 and 1.2 mg for PLLA/1.0% DOX@10% MSNs and
PLLA/1.5% DOX@15% MSNs nanofibers respectively) was
soaked in a centrifuge tube filled with 15 mL of PBS (pH 7.4)
containing 50 pg mL ™" proteinase K. The centrifuge tube was
incubated at 37 °C in a thermostatted shaker with the shaking
speed of 100 rpm. At selected time intervals, 3 mL of the release
medium was taken out and replaced with an equal volume of
fresh PBS containing proteinase K. The collected release
medium was filtered through a filter of 0.22 pm and then
monitored by a Jasco V530 UV-Vis spectrophotometer (Jasco,
Japan) at a wavelength of 480 nm. The absorbance was con-
verted to its concentration according to the calibration curve of
DOX in the same buffer solution. The content of DOX was
determined as the average value of three parallel samples. The
total contents of DOX in both medicated nanofibrous mats were
determined using the same detection procedure as given above
except that different release media were used. For the PLLA/
DOX mat, the total content of DOX was measured after the
nanofibrous mat (80 mg) was degraded completely in 15 mL of
PBS (pH 7.4) containing 100 pg mL ™" of proteinase K. The same
degradation procedure was carried out for the PLLA/
DOX@MSNs mat, but an adequate volume of hydrofluoric acid
(HF) was subsequently added to adjust the pH to 1.0 for fully
dissolving all the MSNs in the solution.

Cytotoxicity assay of DOX-loaded composite nanofibrous mats

HelLa cells were cultured in the DMEM medium supplemented
with 10% FBS, 100 U mL ™" penicillin and 100 ug mL " strep-
tomycin. The cells were cultured at 37 °C in a humidified
atmosphere containing 5% CO,. For all experiments, cells were
harvested by using trypsin solution and resuspended in the
fresh DMEM medium. Prior to cell seeding, the electrospun
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nanofibers were sterilized under UV light for 3 h and washed
with PBS for three times.

The cytotoxicity of PLLA/DOX@MSNs composite nanofibers
against HeLa cells was evaluated by the MTT assay after treat-
ment of cells with electrospun nanofibers, and the cytotoxicity
of bare MSNs (the same amount as that used in nanofibers),
neat PLLA nanofibers and PLLA/DOX nanofibers with the
equivalent of DOX was also tested for comparison. Briefly, HeLa
cells (1 x 10* cells per well) were seeded in 24-well plates and
incubated overnight at 37 °C to allow cells to attach. Then the
medium was changed with a fresh medium (negative control)
and the medium containing the MSNs, PLLA, free DOX (positive
control), PLLA/1.0% DOX and PLLA/1.0% DOX@10% MSNs
composite nanofibers at the total DOX concentrations of 10 pg
mL ", 25 ug mL ™" and 50 ug mL " for 24 h, 48 h and 72 h. After
a predetermined time point, the culture medium was removed
and the cultured cells were washed twice with PBS. Then 360 pL
of the fresh culture medium and 40 pL of MTT solution (5 mg
mL~" in PBS) were added to each well and incubation was
continued for another 4 h. After removing the 400 uL suspen-
sion, 400 pL of DMSO was added to each well to solubilize the
precipitate. Then 100 pL of the resulting supernatant was
transferred to 96-well microplates and the absorbance was
measured by a microplate reader (MK3, Thermo, USA) at the
wavelength of 492 nm. The relative cell viability was calculated
by [ODJest/[ODlcontrol X 100%, and the average value was
obtained from five parallel samples.

The morphologies of HeLa cells treated with PLLA, MSNs,
PLLA/1.0% DOX, PLLA/1.0% DOX®@10% MSNs composite
nanofibers and free DOX at the total DOX concentration of 25 pg
mL~" for 24 h and 72 h were analyzed using SEM (JSM-5600 LV,
JEOL, Japan) and confocal laser scanning microscopy (CLSM,
Carl Zeiss LSM 700, Germany).

For SEM observation, the cells were washed with PBS and
fixed with 2.5% glutaraldehyde in PBS buffer for 4 h. Then the
fixed samples were dehydrated in an ascending series of ethanol
(15%, 50%, 75%, 80%, 90% and 100%) for 20 min each and
dried in a vacuum. Afterwards, the samples were sputter coated
with gold and observed by SEM at an accelerating voltage of 15
kV. For confocal microscopy observation, HeLa cells were
washed with PBS and then fixed with 4% glutaraldehyde for
10 min at 4 °C. Thereafter, the cells were washed twice with PBS,
and permeabilized in 0.1% Triton X-100 in PBS for 5 min, fol-
lowed by blocking with 1% BSA for 20 min. After washing with
PBS, the fixed cells were stained with Alexa Fluor@ 488 phal-
loidin solution (165 nM) for 10 min. For nucleus labeling, the
cells were washed again with PBS, and stained with DAPI
solution (100 nM) for 5 min. Then the samples were washed
with PBS and observed by CLSM.

Statistical analysis

All experiments were conducted at least three times and all
values were reported as the mean and standard deviation.
Statistical analysis was carried out by the one-way analysis of
variance (one-way ANOVA) and the Scheffe's post hoc test. The
criteria for statistical significance were *p < 0.05 and **p < 0.01.
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Results and discussion

The brief fabrication process of PLLA/DOX@MSNs composite
nanofibers is shown in Fig. 1. MSNs were synthesized as
reported elsewhere,** DOX was then loaded into MSNs. After
that, the prepared DOX@MSNs were added into PLLA solution
to fabricate PLLA/DOX@MSNs composite nanofibers by elec-
trospinning. Based on the weight change of MSNs before and
after DOX loading, the DOX loading efficiency in MSNs was
calculated to be 9.09%. Therefore, the MSNs contents in PLLA/
DOX@MSNs composite nanofibers were respectively 5%, 10%
and 15% for predetermined DOX contents of 0.5%, 1.0% and
1.5%. For convenience, the obtained electrospun mats were
denoted as PLLA/0.5% DOX@5% MSNs, PLLA/1.0% DOX@10%
MSNs, and PLLA/1.5% DOX@15% MSNSs, respectively.

The morphology and structure of MSNs

The morphology and structure of MSNs were analyzed by
FESEM, TEM, DLS and nitrogen adsorption—-desorption
isotherm analysis. As seen from Fig. 2A and C, MSNs have a
spherical shape and uniform particle size, with the mean
hydrodynamic size of 110.19 nm measured by DLS (Fig. 2C). The
polydispersity index (PDI) of nanoparticles was 0.18, indicating
a relatively narrow particle size distribution, while the zeta
potential of MSNs was —10.88 + 3.39 mV due to the existence of
silanol groups on MSNs. The wormlike pore structure and
highly ordered mesoporous channels of MSNs were also clearly
observed (Fig. 2B). The nitrogen adsorption-desorption
isotherms and pore size distribution data of MSNs are shown in
Fig. 2D, which exhibited the characteristic of mesoporous
materials.>* The specific surface area of MSNs was 909.97 m?>
g¢~', and the pore size distribution (inset) revealed that the
average pore size was 3.5 nm. These results indicated that the
synthesized silica nanoparticles possessed a reasonably small
size for incorporating into polymer nanofibers and a large
internal volume for drug loading.

Characterization of PLLA/DOX@MSNs composite nanofibers

The content of MSNs in the polymer is an important factor in
electrospinning, which can affect the morphology and the
diameter of the resulting nanofibers. From Fig. 3A-D, it can be
seen that the surface morphologies of nanofibers became
irregular, and the fiber diameters got more widely distributed

@ DOX

PLLA/DOX@MSNs DOX@MSNs

Fig. 1 Schematic illustration for the process of fabrication of PLLA/DOX@MSNs
electrospun composite nanofibers and the location of DOX in the fiber.
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Fig.2 The morphology, size distribution and structure of MSNs. (A) FESEM image, (B) TEM image (inset is the magnified image), (C) size distribution and (D) nitrogen

adsorption—desorption isotherms (inset is pore size distribution) of MSNs.
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Fig.3 The morphology and diameter distribution of PLLA and PLLA/DOX@MSNs composite nanofibers. SEM images of (A) neat PLLA, (B) PLLA/0.5% DOX@5% MSNs,
(C) PLLA/1.0% DOX@10% MSNs, (D) PLLA/1.5% DOX@ 15% MSNs nanofibers. (E-H): the corresponding TEM images of (A)-(D) (insets are the magnified images). (I-L):

the corresponding diameter distributions of (A)—(D).

with the increase of the MSNs content. In particular, when the
content of MSNs was 15%, the surface morphologies of
composite nanofibers got rough, with lots of protrusions being
clearly observed on the surface of nanofibers. TEM images
shown in Fig. 3E-H indicate the structure of DOX@MSNs-con-
tained PLLA nanofibers, where MSNs formed a uniform

This journal is © The Royal Society of Chemistry 2013

dispersion in nanofibers when the MSNs content in the
composite nanofibers was lower than 15%. However, the MSNs
agglomeration could be observed when the MSNs content was
up to 15%, which was consistent with the results obtained by
Song et al.>* From the SEM and TEM images, it can be observed
that DOX@MSNs were positioned near the outer surface of the
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fibers. In addition, the average diameter of the PLLA/MSNs
fibers with 5% MSNs (651 + 153 nm), 10% MSNs (1439 + 394
nm), 15% MSNs (595 + 123 nm) were all greater than neat PLLA
nanofibers (583 &+ 65 nm) (Fig. 3I-L). This phenomenon may be
due to the increase in viscosity of the mixed solution with the
content of MSNs increasing.*® Hence, the optimal concentra-
tions of MSNs were 5% and 10% which facilitate achieving
composite nanofibers with homogenously dispersed MSNs.

The chemical structures of different nanofibers were evalu-
ated using FTIR analysis. Fig. 4A shows the FTIR spectra of the
MSNs, DOX, PLLA and PLLA/1.0% DOX@10% MSNs composite
nanofibers. From the spectrum of MSNs, the peaks at 795 and
953 cm ™' can be assigned to the Si-O-Si and Si-OH stretching
vibrations of MSNs, respectively, and the broad peak near 3468
cm ™ is associated with the intra- and intermolecular-hydrogen
bonds of Si-OH groups.*® From the FTIR spectra of the neat
PLLA and PLLA/1.0% DOX@10% MSNs nanofibers, the
absorption peaks at approximately 1757 and 1188 cm ™' can be
attributed to C=0 stretching and C-O-C stretching of PLLA,
respectively.** However, no characteristic absorption peaks of
MSNs and DOX (the typical absorption bands at 1088, 1285,
1434 and 1621 cm ™ ") can be observed in the spectrum of PLLA/
1.0% DOX@10% MSNs nanofibers, which may be caused by the
fact that DOX@MSNs were effectively embedded into the inte-
rior of the composite nanofibers.

XRD patterns of MSNs, PLLA, and PLLA/DOX@MSNs
composite nanofibers were shown in Fig. 4B. A broad peak
centered at 26 = 23° related to the amorphous SiO, was

View Article Online

diffraction peak at 26 of 21°, which indicated that PLLA was
amorphous. However, from XRD patterns of various PLLA/
DOX@MSNs nanofibers, the peak at 260 = 15° became sharper
with increasing MSNs content in PLLA nanofibers, which
confirmed that the addition of MSNs could improve the crys-
tallinity of nanofibers.*

TGA was used to examine the thermal properties of the
prepared PLLA/DOX@MSNs composite nanofibers. As shown in
Fig. 4C, a moderate decrease in weight before 100 °C could be
due to the vaporization of water in nanofibers. The weight
decreased rapidly from approximately 250 °C to 400 °C, which
can be attributed to the strong decomposition of PLLA and
DOX. From curves in Fig. 4C, it can be observed that the weight
percentages of residual MSNs were 4.2%, 9.0% and 12.2% for
composite nanofibers with 5%, 10% and 15% of MSNs content,
respectively, which are almost equal to the initially added
weight of MSNs. Therefore, MSNs could be incorporated into
the nanofibers with less weight loss during the electrospinning
process. The TGA curves also indicated the effect of different
MSN contents on the thermal stability of composite nanofibers.

Table 1 Tensile mechanical properties of PLLA nanofibers and PLLA/
DOX@MSNs nanofibers

Tensile
strength (MPa)

MSNs
content (%)

Elongation
at break (%)

Young's
modulus (MPa)

observed in the XRD pattern of MSNs, which was consistent 0.64 £ 0.94 1220243420 163.71 + 3.30
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The onset degradation temperature (Tynset) Of the PLLA sample
was 307.4 °C, whereas all composite samples showed prom-
inent increase in the T,,se¢ Value, suggesting that the addition of
MSNs can improve the thermal stability of the composites.
The typical tensile strain-stress curves of neat PLLA and the
PLLA/DOX@MSNs composite nanofibers with different MSNs

View Article Online

contents are shown in Fig. 4D, and the mechanical properties of
PLLA/DOX@MSNs composite nanofibers are summarized in
Table 1. It can be found that the tensile strength decreased with
the increase of MSNs contents, which was basically in agree-
ment with the data of the elongation at break and the Young's
modulus. For example, the elongation at break for composite
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——

Fig. 5 Fluorescent images of PLLA/DOX and PLLA/DOX@MSNs composite nanofibers. (A) PLLA/0.5% DOX, (B) PLLA/1.0% DOX, (C) PLLA/1.5% DOX, (D) PLLA/0.5%
DOX@5% MSNs, (E) PLLA/1.0% DOX@10% MSNs and (F) PLLA/1.5% DOX@15% MSNs composite fibers.
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nanofibers with 15% of MSNs content was only 25.3% as
compared to 122.0% for neat PLLA nanofibers. The result can be
supported by the TEM and SEM images in Fig. 3D and H, where
MSNs aggregation can be observed, which would destroy the
original structure of nanofibers due to the poor interfacial
adhesion between the MSNs and the PLLA matrix, and thus
reduces the mechanical properties of the composite structure.

DOX loading and release profiles

For comparison, the PLLA/DOX electrospun mats containing
the equivalent DOX contents with PLLA/DOX@MSNs electro-
spun mats were also prepared for the following drug release and
in vitro cytotoxicity studies. Accordingly, these electrospun mats
are denoted as PLLA/0.5% DOX, PLLA/1.0% DOX and PLLA/
1.5% DOX, respectively.

The DOX loaded in composite nanofibers can be clearly
observed by the red fluorescence of DOX using a fluorescence

View Article Online

microscope (Fig. 5). All the PLLA/DOX composite nanofibers
exhibited a uniform red fluorescence (Fig. 5A-C), which is
attributed to homogeneous dispersion of DOX in the nano-
fibers. In contrast, the PLLA/DOX@MSNs composite nanofibers
showed a local stronger red fluorescence as compared to their
PLLA/DOX counterparts (Fig. 5D-F), this may have been caused
by the partial aggregation of nanoparticles in the nanofibers.
PLLA is a semicrystalline polyester with high crystallinity and
hydrophobicity, which make it degrade very slowly both in vitro
and in vivo.** The use of proteinase K to accelerate the degra-
dation of PLLA, therefore, has been considered as an effective
approach in obtaining overall drug release profiles of PLLA-
based drug delivery systems in a very short time period.**'**¢
The electrospun mats containing 1.0% and 1.5% DOX contents
were selected for comparative drug release studies, because
previous studies have shown that the sustained DOX release
and effective anticancer cytotoxicity could be achieved when
DOX content in electrospun mats was up to 1.0%."" Fig. 6A

Fig. 7 SEM micrographs of Hela cells treated with PLLA, PLLA/1.0% DOX, MSNs, PLLA/1.0% DOX@10% MSNs and free DOX for 24 h and 72 h. DOX concentration

was 25 ug mL™".
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shows the release profiles from 1.0% and 1.5% DOX-loaded
electrospun mats. All the electrospun mats, except for the PLLA/
1.5% DOX@15% MSNs nanofibers, indicated a similar two-
stage release behavior, an initial rapid release followed by a
constant release during 20 days of incubation. For example,
over 40% of DOX was released from PLLA/1.0% DOX, PLLA/
1.0% DOX@10% MSNs and PLLA/1.5% DOX mats at 60 h. In
contrast, only 19.2% of DOX was released from the PLLA/1.5%
DOX@15% MSNs mats at the same time period. The initial
rapid release is mainly due to the DOX molecules distributed
close to the fibers surface during the electrospinning process.
Interestingly, the release rate of DOX for both nanofiber
formulations (with and without MSNs) decreased with
increasing DOX content in the fibers during the whole drug
release period, and the MSNs-containing formulations
contributed a more steady drug release profile compared to
their MSNs-free counterparts. These results indicate that MSNs-
containing electrospun mats could be tailored to provide an
initial rapid release followed by a sustained release of the drug.
An initial rapid drug release is preferable for inhibition of the

24 h
Red

Blue Gre

)

2

5]

Q

: .
- L7l

- :
A -
[72]

E 3 5
< i

é .

- -

— F

oo

Zz

[72]

E .

@ [}

<

-

9

(-9

x .

(@]

a

! :

View Article Online

tumor cell growth by providing sufficient initial dosage of the
anticancer drug within a short time period, and the subsequent
sustained release allows us to maintain a desired therapeutic
concentration of anticancer drug over an extended period of
time, which is very beneficial for preventing the proliferation of
the cancer cells that survive the initial stage of the drug
release.'>**

In vitro cytotoxicity effect on HeLa cells

To verify pharmacological efficacy of the released DOX, the
cytotoxicity of the composite nanofibers with different DOX
contents against HeLa cells was evaluated by the MTT assay.
According to the release rate of DOX from both nanofiber
formulations, the electrospun mats with 1.0% DOX loading
(PLLA/1.0% DOX@10% MSNs and PLLA/1.0% DOX) were
selected as the representative to evaluate their cytotoxicity.
HelLa cells were treated with different samples for 24 h, 48 h
and 72 h. As shown in Fig. 6B-D, in the case of neat PLLA
nanofibers and bare MSNs, they did not display any obvious

Fig.8 Confocal laser scanning microscopy images of Hela cells treated with PLLA, PLLA/1.0% DOX, MSNs, PLLA/1.0% DOX@ 10% MSNs and free DOX for 24 h and 72
h. DOX concentration was 25 pg mL™". Blue, green and red fluorescence respectively represent the DAPI-stained cell nuclei, the Alexa Fluor@ 488 phalloidin-stained F-
actin and the released DOX. The yellow and pink suggest the entry of the released DOX into the cytoplasm and the cell nuclei, respectively.
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cytotoxicity to HeLa cells within the measured concentrations
and time periods. The cytotoxicity of PLLA/1.0% DOX@10%
MSNs, PLLA/1.0% DOX composite nanofibers and free DOX
against HeLa cells increased with the increase of the total DOX
concentration and the incubation time (Fig. 6B-D). However,
the PLLA/1.0% DOX and PLLA/1.0% DOX®@10% MSNs
composite nanofibers showed a statistically significant lower
inhibition effect than free DOX when the DOX concentration
was less than 25 g mL~" from 24 h to 48 h. This is probably
because a large proportion of DOX molecules was still within
the composite nanofibers, which results in a lower DOX
concentration in the medium of the composite nanofibers than
that of free DOX. In contrast, when the total DOX concentration
increased to 50 pg mL™', the cytotoxicity of PLLA/1.0%
DOX@10% MSNs composite nanofibers was similar to free
DOX, which was statistically significantly higher than that of
PLLA/1.0% DOX nanofibers (p < 0.01), and the cell viability
decreased from 14.67 £ 2.02% to 7.41 £+ 0.83% from 24 hto 72 h
of incubation. Therefore, DOX incorporated into MSNs-con-
taining nanofibers seemed to have a higher cytotoxic effect on
the HeLa cells than their MSN-free counterparts. Although the
mechanism is not clear, the beneficial results from MSNs-con-
taining nanofibers might be explained by reducing the adverse
impact of the solvent and electric field on the antitumor activity
of DOX, due to the protection provided by MSNs during the
electrospinning process. It can be expected that a long-term
growth inhibition in cancer cells could be achieved with the
sustained DOX release from the MSNs-containing composite
scaffold after the scaffold was implanted into the body.

The morphological changes of HeLa cells treated with
different samples at the DOX concentration of 25 ug mL~ " for 24
h and 72 h were observed by SEM and CLSM. The SEM images in
Fig. 7 show that HeLa cells adopt an extended morphology after
treating with neat PLLA fibers and bare MSNs, which is similar
to the control, indicating no toxicity of the neat PLLA nanofibers
and MSNs under the conditions of this experiment. However,
cells treated with both PLLA/1.0% DOX and PLLA/1.0%
DOX@10% MSNs nanofibers acquired a round-shaped
morphology and a reduced cell number compared to cells
treated with neat PLLA nanofibers. Specifically, cells treated
with PLLA/1.0% DOX®@10% MSNs nanofibers for both time
points exhibited apoptotic morphological changes, including
cellular shrinkage and cytoplasmic vacuolization, which can be
further confirmed by the CLSM images that the red fluorescence
of DOX in the nucleus were clearly observed for PLLA/1.0%
DOX@10% MSNs nanofibers (Fig. 8). The results suggest that
DOX released from both the composite nanofibers is cytotoxic
on HelLa cells. In addition, the SEM images (Fig. 7) showed that
treatment of HeLa cells with free DOX caused rapid cellular
apoptosis, and the merged confocal images (Fig. 8) indicated
that free DOX could enter into HeLa cells and accumulate in the
nucleus after 24 h of incubation. Taking all the results together,
we can expect that the MSNs-containing composite nanofibers
would exhibit efficient and long-term antitumor efficacy, which
might be used as a potential implantable device for the
prevention of cancer recurrence, by surgical implantation into
the site or cavity area where a tumor was resected.
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Conclusions

In summary, various PLLA/DOX@MSNs composite nanofibers
were successfully fabricated via electrospinning. The resultant
composite nanofibers might be potentially used as implantable
scaffolds for postsurgical cancer treatment. We showed that the
PLLA/1.0% DOX®@10% MSNs composite nanofibers not only
provide a good particle distribution in nanofibers and an
improved thermal stability, but also possess high DOX-loading
capacities, from which the drug can be released in a sustained
and prolonged manner, and therefore higher in vitro antitumor
efficacy than their MSNs-free counterparts. Thus, the prepared
PLLA/MSNs composite nanofibers are highly promising as local
implantable scaffolds for the treatment of a tissue defect after
tumor resection.
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