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Abstract: Drug-loaded electrospun PLLA membranes are not conducive to adhesion between materials and tissues 
due to the strong hydrophobicity of PLLA, which possibly attenuate the drugs’ effect loaded on the materials. In the 
present work, we developed a facile method to improve the hydrophilicity of doxorubicin (DOX)-loaded electrospun 
PLLA fibrous membranes, which could enhance the anti-tumor effect at the early stage after implantation. A mussel 
protein, polydopamine (PDA), could be easily grafted on the surface of hydrophobic DOX-loaded electrospun PLLA 
membranes (PLLA-DOX/pDA) in water solution. The morphology analysis of PLLA-DOX/pDA fibers displayed that 
though the fiber diameter was slightly swollen, they still maintained a 3D fibrous structure, and the XPS analysis 
certified that pDA had successfully been grafted onto the surface of the fibers. The results of surface wettability 
analysis showed that the contact angle decreased from 136.7° to 0° after grafting. In vitro MTT assay showed that 
the cytotoxicity of PLLA-DOX/pDA fibers was the strongest, and the stereologic cell counting assay demonstrated 
that the adhesiveness of PLLA/pDA fiber was significantly better than PLLA fiber. In vivo tumor-bearing mice dis-
played that, after one week of implantation, the tumor apoptosis and necrosis of PLLA-DOX/pDA fibers were the 
most obvious from histopathology and TUNEL assay. The caspase-3 activity of PLLA-DOX/pDA group was the highest 
using biochemical techniques, and the Bax: Bcl-2 ratio increased significantly in PLLA-DOX/pDA group through qRT-
PCR analysis. All the results demonstrated that pDA can improve the affinity of the electrospun PLLA membranes 
and enhance the drug effect on tumors.
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Introduction

Cancer is a complex disease and is one of the 
leading causes of death worldwide [1]. Surgery 
remains the most effective treatment for the 
majority of cancer patients in the early stage of 
solid cancers [2] and securing the negative sur-
gical margin is the first step in surgical cancer 
treatment [3]. However, tumor recurrence 
sometimes occurs even with histologically neg-
ative surgical margins [3], let alone the tumors 
that are invisible to the naked eyes during the 
operation [4], and the incomplete tumor exci-
sion is strongly associated with local recur-
rence and impacts survival rates [5, 6]. Recent 
retrospective studies showed encouraging 
results with the use of postoperative adjuvant 

chemotherapy in the prevention of recurrent 
disease or in the longer survival [7-9]. The 
majority of anti-cancer drugs mostly consist of 
low-molecular-weight compounds, such as 
doxorubicin (DOX), and the main disadvantages 
of these drugs are non-specific body distribu-
tion, low bioavailability and toxic side effects, 
which seriously limited their clinical applica-
tions [10].

Polymeric drug delivery systems are able to 
improve the therapeutic efficacy, reduce the 
toxicity, and enhance the compliance of pati- 
ents by delivering drugs at a controlled rate 
over a period of time to the site of action [11]. In 
particular, the biodegradable polyesters and 
their copolymers demonstrate the potential as 
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effective carriers for drug delivery [12]. 
Electrospinning is a promising and versatile 
processing technique which utilizes electrical 
forces to produce polymer fibers using polymer 
solution [13]. In electrospinning, the polymer 
solutions are deposited as fibrous mats, in 
which chain entanglements in a sufficiently 
high polymer concentration in solution produce 
continuous fibers [14]. The resultant electros-
pun fiber meshes have large surface area, 
porosity, and well interconnected pore network 
structure for cell adhesion and growth [15, 16]. 
Poly (l-lactide) (PLLA) is a commonly used bio-
degradable polymer in the electrospinning 
technique owing to its excellent biocompatibili-
ty [17], and the PLLA electrospun membrane 
was widely used in drug delivery [18], tissue 
engineering scaffolds [19] and suitable bio-
absorbable membranes [20]. However, the 
hydrophobicity of electrospun PLLA fibrous 
membrane limits some of its potential applica-
tions [21, 22], and the hydrophobic electrospun 
polyester materials are not conducive to cell 
adhesion and growth compared to the hydro-
philic electrospun fibrous materials [23], 
because it is generally accepted that hydropho-
bicity would considerably hinder cell attach-
ment and protein adsorption on the surface of 
polymer scaffolds [24]. Thus, when the drug-
loaded PLLA electrospun membrane implanted 
into the residual tumor, it is difficult to use them 
to inhibit the tumor cells effectively in the early 
stage. Therefore, there is an urgent need to  
improve hydrophilicity of hydrophobic polymers 
to enhance the biocompatibility between the 
fibrous membrane and tissues in the initial 
stage [25].

For the past few years, many methods have 
been developed to improve the biocompatibility 
and adhesion between hydrophobic polyesters 
and cells. For example, Park et al. [26] chemi-
cally modified the surfaces of some biodegrad-
able electrospun nanofiber scaffolds using oxy-
gen plasma treatment and in situ grafting of 
hydrophilic acrylic acid (AA). Maretschek et al. 

cated a PLLA nanosheet with collagen spin-
coated on the nanosheet, and it has the ability 
to rapidly adhere cells. However, these meth-
ods have several limitations, such as compli-
cated and time consuming procedures, batch-
to-batch inconsistencies, low surface conjuga-
tion efficiency, or compromising the mechani-
cal properties of the substrate [28, 29].

Polydopamine (pDA), a mimic of mussel adhe-
sive proteins, could serve as a versatile agent 
for the surface functionalization of materials 
without geometric hindrance [30]. In aqueous 
solution, pDA can form a thin nanofilm adhered 
to the surface of various types of materials 
including noble metals, oxides, semiconduc-
tors and synthetic polymers, regardless of their 
size or morphology [31], and thus improve the 
wettability of the materials [32]. This facile 
approach introduces a universal surface modi-
fication method for various substrates [33]. 
Furthermore, pDA can also function as a cou-
pling agent allowing the conjugation of other 
biomolecules onto the polymer scaffolds with-
out surface pretreatment [34]. In summary, the 
advantage of pDA surface functionalization lies 
in both its ease and chemical reactivity [33].

In the present work, we developed a facile 
method to fabricate a pDA-modified pre-
embedded drug-loaded electrospun PLLA scaf-
fold, which been implanted in the remnant 
tumor immediately after the surgery in order to 
improve the hydrophilicity of the DOX-loaded 
electrospun PLLA membranes and enhance 
the anti-tumor effect at the early stage after 
implantation. This study characterizes the mor-
phology, x-ray photoelectron spectroscopy 
(XPS), surface wettability and drug release of 
the scaffolds. The in vitro cytotoxicity test, ste-
reological cell counting assay, and anti-cancer 
effect in a relatively early stage in vivo in the 
tumor-bearing nude mice were also investigat-
ed. The results may cast some light on the 
study and development of novel hydrophilic 
materials and anticancer strategies.

[11] produced the PLLA nanofi-
ber nonwovens with less hydro-
phobic surfaces via the addi-
tion of hydrophilic polymers 
(Cytochrome C) to the aqueous 
phase of the electrospinning 
emulsion. Niwa et al. [27] fabri-

Table 1. Different gene specific primers
Sense Antisense

Bcl-2 5’-AGACCGAAGTCCGCAGAACC-3’ 5’-GAGACCACACTGCCCTGTTG-3’
Bax 5’-AGCTGAGCGAGTGTCTCAAG-3’ 5’-TGTCCAGCCCATGATGGTTC-3’ 
GAPDH 5’-CACCCACTCCTCCACCTTTG-3’ 5’-CCACCACCCTGTTGCTGTAG-3’
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Materials and methods

Materials

Poly (L-lactide) (PLLA, Mw = 100 kDa, Mw/Mn = 
1.6) was purchased from Sigma. Dopamine 
hydrochloride (98%) was purchased from 
Aldrich. Dichloromethane (DCM), N, N-dime- 
thylformamide (DMF) were reagent grades pur-
chased from Sinopharm Chemical Reagent Co., 
Ltd. All other chemicals and solvents were of 
reagent grade or better and were purchased 
from GuoYao Regents Company (Shanghai, 
China), unless otherwise indicated.

Preparation of electrospun fibrous scaffold 

60 mg DOX was dissolved in 2 g hexafluoroiso-
propanol (HFIP) to prepare the drug solution, 
and 1 g PLLA was dissolved in 2.5 g dichloro-
methane to prepare the drug-loaded polymer 
solution. 1 g PLLA was dissolved into the mixed 
solution, which included 2 g HFIP and 2.5 g 
DCM to prepare the PLLA electrospinning solu-
tion. Finally, the drug solution and polymer solu-

tion were mixed to further prepare the electros-
pinning solutions. The electrospinning process-
es were performed as described previously 
[35]. Briefly, the blended solvent was then put 
in a 2 ml syringe pump, which was attached to 
a circular-shaped metal syringe needle as the 
nozzle. Then, the pump was connected to a 
high voltage equipment (Tianjing High Voltage 
Power Supply Co., Tianjing, China), and a 
grounded aluminum foil was used as the collec-
tor plate. The parameters for electrospinning 
were that 0.6 mL/h for flow rate, 15 kV for high-
votage, and 12 cm for collecting distance. All 
samples were vacuum dried at room tempera-
ture for 24 h before using.

Surface modification of electrospun fibrous 
scaffold

The DA solution was fabricated using the Tri-
buffer solution (10 mM Tris, pH 8.5). PLLA and 
PLLA-DOX electrospun fibers were immersed 
into the mixture solution containing 95% pDA 
solution and 5% ethanol (v/v) for 24 hours at 

Figure 1. SEM photographs of the electrospun PLLA (A), PLLA-DOX (B), PLLA/pDA (C), and PLLA-DOX/pDA fibers (D).
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4°C for grafting pDA onto the surface of fibers. 
The modified electrospun fibers were rinsed 5 
times with deionized water and dried under a 
stream of argon before using.

Characterization of electrospun fibrous scaf-
folds

The morphology of the fibrous scaffold was 
examined using the scanning electron micro-
scope (SEM, FEI Quanta 200, Netherlands). 
The superficial chemical compositions of the 
fibers were determined by a X-ray photoelec-
tron spectroscopy (XPS, XSAM800, Kratos Ltd, 
Britain), and data was processed using Kratos 
VISION 2000 software. Water contact angles 
(WCA) were measured by a Kruss GmbH DSA 
100 Mk 2 goniometer (Hamburg, Germany) fol-
lowed by image processing of sessile drops 
with DSA 1.8 software at room temperature.

In vitro drug release

For evaluating the in vitro release behavior of 
DOX, the drug-loaded fibrous scaffolds (weight 
100 mg) were immersed in 20 mL of 154 mM 
phosphate buffered saline (PBS, pH 7.4), con-
taining 0.02% sodium azide as a bacteriostatic 
agent in centrifuge tubes. The suspension was 
kept in a thermostated shaking water bath 
(Taichang Medical Apparatus Co., Jiangsu, 
China) with a shaking speed of 100 rpm at 
37°C. At predetermined time intervals, 5 ml of 
the release buffer was removed for analysis 
and 5 mL of fresh PBS was added back for con-
tinuing incubation. The amount of released 
drug in the collected medium was determined 
by a high-performance liquid chromatography 

ified air. Media were changed every 2 days. 
When cells reached about 80% confluence, 
they were subcultured by trypsinization with a 
trypsin (0.25%)-EDTA (0.03%) solution (Gibco).

Cell viability assay

Cell growth and viability were determined by 
MTT assay. Cells were plated in 96-well plates 
at a density of 1×104 cells per well and cultured 
overnight. After that, the original cell culture 
medium was discarded and the extraction flu-
ids were added. To get the extracts, the PLLA, 
PLLA-DOX and PLLA-DOX/pDA fibers were sec-
tioned in the same size and exactly weighed 
using microbalance (SE MES, German Sartorius 
Instrument), sterilized by 75% ethyl alcohol and 
ultraviolet irradiation, then immersed in the 
same volume of complete culture medium (2 
mL) for 72 h, at 37°C. The complete culture 
medium without materials was represented as 
control. The final 100 μL pure solution of the 
extracts of the PLLA, PLLA-DOX and PLLA-DOX/
pDA were added to cells. After different time of 
incubation, the cell viability was evaluated by 
MTT (Sigma, USA) according to the manufac-
turer’s instructions. The results were presented 
as reduction of metabolic activity in percentage 
when compared to control cells cultured in 
medium only (100%).

Stereologic cell counting

The ability of cell adherence to different mater-
ails was determined by the stereologic cell 
counting. Briefly, the PLLA and PLLA/pDA fibers 
were tailored with the diameter of 5 mm and 

(HPLC) with a UV detector set at 
234 nm (Waters 2695 and 2487, 
Milford, MA) using fresh DOX as a 
standard [19].

Cell lines and culture 

The human breast cancer cell line 
(MDA-MB-231) was purchased 
from the Cellular Biology Institute 
of the Chinese Academy of Sc- 
iences (Shanghai, China). Cells 
were cultured in Dulbecco’s modi-
fied Eagles culture medium (DM- 
EM, Gibco) supplemented with  
1% penicillin/streptomycin (Gibco), 
and 10% fetal calf serum (FCS, 
Gibco), and kept at 37°C in an 
atmosphere of 5% CO2 and humid-

Figure 2. XPS analysis (A) of the electrospun PLLA (a), PLLA-DOX (b), 
PLLA/pDA (c), and PLLA-DOX/pDA fibers (d). And contact angleanalysis 
(B) of the electrospun PLLA, PLLA-DOX, PLLA/pDA, and PLLA-DOX/pDA 
fibers.
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placed at the bottom of 96-well plates, then the 
cells were seeded onto the substrates at a den-
sity of 1×105 cells/mL/well and kept at 37°C in 
an atmosphere of 5% CO2 and humidified air for 
24 h. Both the PLLA and PLLA/pDA had experi-
mental group and control group, and set the 
cell number of experimental group as adhesive 
cell number, while the cell number of control 
group as total cell number, calculating the 
adhesiveness rates of different materails with 
the formula: adhesiveness rate = adhesive cell 
number/total cell number ×100%. All the cell 
numbers were represented as cell density. In 
experimental group, the cells were digested 
with trypsin (0.25%) after washed three times 
with PBS, In control group, the cells were 
digested with trypsin (0.25%) directly. Finally, 
we counted the cells with a cell counting cham-
ber under a light microscope. The cell density = 
(total cell number of four big grids/4) ×104/mL.

Animals and in vivo tumor models

Forty healthy Balb/c mice of about 5-6 week 
old with an average body weight of 20-25 g 
were obtained from the Animal Breeding Center, 
Shanghai Sixth People’s Hospital Affiliated to 
Shanghai Jiao Tong University School of 
Medicine, China. The animals were housed in 
standard size polycarbonate cages (5/cage) fed 
with standard pellet diet and water freely, at the 
temperature about 26 ± 1°C and 12 h light/
dark cycles.

All the procedures followed the policies of 
Shanghai Jiao Tong University School of 
Medicine and the National Institutes of Health. 

MDA-MB-231 cells were used for tumor inocu-
lation when they reached 80% confluence and 
tumors were established by subcutaneously 
injecting 2×106/0.1 ml/site cells into the front 
flank of the mice. The tumor sizes were moni-
tored every other day and the animals were 
subjected to in vivo experiments when the 
tumor size reached about 100 mm3. Then a 
part of tumor was removed and different scaf-
folds were implanted into the remnant tumor. 
The day when scaffolds were implanted was 
assigned as day ‘0’. On day 1, the animals were 
randomly divided into four groups (each group 
n = 10). Control mice underwent partial tumor 
excision and were left untreated. The fiber scaf-
fold implanted in every mouse was sectioned 
as 0.5×1.0 cm2, weighing 0.5 mg, so the con-
tent of DOX administered to each animal was 
about 1.75 μg. Thus, the experimental groups 
were PLLA group, PLLA-DOX group and PLLA-
DOX/pDA group. The animals were observed 
three times a week for tumor size, body weight 
and survival time, but euthanized in the first 
week after scaffold implantations. Then sam-
ples of the subcutaneously localized tumor 
remnant were harvested and bisected, one half 
fixed in 10% formalin, and the other half depos-
ited in liquid nitrogen.

Histological analysis

The mice were sacrificed and tumors were col-
lected and fixed for 24 h in 10% formalin at 
room temperature, then dehydrated in ethanol, 
cleared in xylene, and in order arrangement 
embedded in paraffin. The above-treated speci-
mens were then sectioned in 5 μm and stained 
with hematoxylin and eosin for histological 
observation for the changes such as an inflam-
matory reaction, necrosis and mitotic Figures.

In situ terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) as-
say

The apoptosis assay was performed using a 
TUNEL-POD kit according to the manufacturer’s 
protocol (Roche, Switzerland). Briefly, the tumor 
sections were deparaffinized with xylene and 
ethanol, and washed with 1× TBS. Then 50 μL 
of TUNEL reaction mixture was added to the 
sections and incubated for 60 min in a humidi-
fied chamber at 37°C and rinsed three times 
with PBS. After that, 50 μL of POD (peroxidase) 
was added to the sections and incubated for 

Figure 3. (In vitro drug release) In vitro DOX release 
profiles of the electrospun PLLA-DOX (a) and PLLA-
DOX/pDA fibers (b) in pH 7.4 buffer solution.
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30 min in a humidified chamber at 37°C and 
rinsed three times with PBS. The exposed 3’-OH 
ends of the breakage DNA fragment in the 
apoptotic cells were labeled with biotin-labeled 
deoxynucleotides. The tumor sections were 
incubated at room temperature for 30 min with 
the horseradish peroxidase, during which the 3, 
3-diaminobenzidine tetrahydrochloride (DAB) 
reacted with the labeled sample to generate an 
insoluble brown signal. Finally, all the sections 
were counterstained with hematoxylin and 
viewed under a light microscope (DM4000B, 
Leica, Germany). Image analysis was used to 
perform quantitation for TUNEL analyses using 
the ImagePro Plus 7 (Media Cybernetics, USA). 
Briefly, the brown (positive) staining areas were 
expressed relative to the total area of the tis-
sue of interest within the image, and described 
as the number of cells per mm2, as previously 
described [36].

Measurement of caspase-3 activity

To measure the caspase-3 activity from the 
fresh tissues, the caspase-3 activity assay kit 
was used (KeyGEN BioTECH, Nanjing, China). 
Fristly, the whole protein fraction was extracted 
with the lysis buffer (50 μL lysis buffer: 0.5 μL 
DTT) and the supernatant was obtained. 
Secondly, 1-2 µL of supernatant was used to 
determine the protein concentrations with the 
BCA method. Thirdly, made each reaction with 

RNA extraction and qRT-PCR

Total RNA from tumor tissues was extracted by 
using Trizol (Invitrogen, Carlsbad, CA) following 
the manufacturer’s instructions. The RNA was 
reverse transcribed into cDNA using the Revert 
Aid First Strand cDNA Synthesis Kit (Thermo, 
USA). The quantification of relative mRNA con-
centrations was detected by qRT-PCR using the 
7500 Fast Real-Time PCR System (Applied 
Biosystems, USA) and the SYBR green Plusre 
agent kit (Roche, Switzerland). Primers used for 
qRT-PCR were listed in Table 1. Quantifications 
were always normalized using endogenous con-
trol GAPDH and each reaction was run in three 
times. Relative quantification was performed 
according to the comparative 2-ΔΔCt method as 
described previously [37].

Statistical analysis

All data were given as the mean ± standard 
deviation (SD). Experimental results were ana-
lyzed by Student’s t-test and One-way analysis 
of variance (ANOVA) with Student-Newman-
Keuls Method. P < 0.05 was considered statis-
tically significant.

Results

Morphology of electrospun fibrous scaffolds 

As shown in Figure 1, the morphology of all the 
fibers displayed that there were no beads in the 

Figure 4. MTT assay. Cytotoxicity of extracts of different materials tested 
on MDA-MB-231 cell line. The results are presented as reduction of met-
abolic activity in percentage when compared with the negative control 
(cells without extracts of materials, 100%). *P < 0.05 represents signifi-
cant difference between different groups.

a final volume of 50 μL (containing 
100~200 μg protein) and assem-
bled on ice. Then, 50 µL of 2× 
reaction buffer was added (50 μL 
2× reaction buffer: 0.5 μL DTT). 
After that, 5 μL of caspase-3 sub-
strate (Ac-DEVD-pNA, 1 mM) was 
added to the aforementioned sys-
tem and incubated under the con-
ditions of protection from light at 
37°C for 4 hours. Finally, absor-
bance values were measured by 
an automated spectrophotometer 
(Tecan, Switzerland) at the wave-
length of 405 nm, and the activa-
tion extent of caspase-3 was cal-
culated through the comparation 
between ODexperiment and ODblank con-

trol. Specially, the mixture of lysis 
buffer (50 μL) and 2× reaction 
buffer (50 μL) acted as the blank 
control.
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fibrous structure and the fibers were uniform in 
size, and randomly interconnected. The fiber 
diameter of PLLA and PLLA-DOX is 1.21 ± 0.36 
μm and 1.17 ± 0.49 μm, and PLLA/pDA and 
PLLA-DOX/pDA fibers was slightly swollen after 
24 hours incubation, which increased to 1.96 ± 
0.43 μm and 1.84 ± 0.43 μm. The fibrous scaf-
folds maintained the stable 3D structure before 
and after modification.

Characterization of electrospun fibrous scaf-
folds

X-ray photoelectron spectroscopy (XPS) can 
also be called the electron spectroscopy for 
chemical analysis (ESCA), it is one of the major 
surface analytical tools. In Figure 2A, there was 
no N peak in PLLA group, and a small number 
of N peak in PLLA-DOX group, which may be 
induced by DOX. While, in PLLA/pDA group, the 
N peak was obvious and elevated, due to the 
pDA grafted onto the surface of the fibers. And 
the result of PLLA-DOX/pDA group was similar 
with PLLA/pDA group. The above results dem-
onstrated that we successfully grafted pDA 
onto the surface of the electrospun fibrous 
scaffolds.

The water contact angle analysis can differenti-
ate the surface properties of the materials. The 
hydrophobic materials have high water contact 
angles, while the hydrophilic materials have low 
water contact angles. As shown in Figure 2B, 
the contact angles of PLLA/pDA (0°) and PLLA-
DOX/pDA (0°) group were significantly lower 
than PLLA (136.7 ± 3.8°) and PLLA-DOX (135.5 
± 3.2°) group.

The drug encapsulation efficiency of PLLA-DOX 
group was 98.4%, while after grafted by pDA, 
the drug encapsulation efficiency of PLLA-DOX/
pDA group was 90.1%, indicating that about 
8.3% of DOX was dissolved in the immersion 
fluid during the grafting process. Despite all 
this, the drug encapsulation efficiency of PLLA-
DOX/pDA group was still high and efficient. The 
in vitro DOX release profiles of the electrospun 
fibrous scaffolds in pH 7.4 buffer solution 

pDA fibers was about 90.6% within 40 days and 
the initial burst release was about 47.1% in the 
first 6 days. The drug release of PLLA-DOX/pDA 
fibers was significant higher and faster than 
that of PLLA-DOX fibers, ascribed to the accel-
erated effect of pDA in the fibers. Moreover, 
after electrospinning and grafting process, the 
appearance of prominent peak of the drug was 
remained as original, which proved that the 
property of the model drug had not been 
changed by these processes.

MTT assay

In our present experiments, the in vitro MTT 
assay showed that there was significant cell 
cytotoxicity of DOX-loaded groups on MDA-
MB-231 cells relative to the control and neat 
PLLA groups (P < 0.05), and there was no sig-
nificant difference between control group and 
neat PLLA group, nevertheless, the PLLA-DOX/
pDA group had better cytotoxic effect than DOX 
and PLLA-DOX group (P < 0.05), which meant 
that the PLLA-DOX/pDA group had the stron-
gest inhibition on tumor cells (Figure 4).

Stereologic cell counting

In our present experiments, the in vitro stereo-
logic cell counting assay demonstrated that 
there was significant difference between PLLA 
group and PLLA/pDA group on adhesiveness (P 
< 0.05). As shown in Table 2, there was no sig-
nificant difference on the total cell number 
between PLLA group and PLLA/pDA group, 
while the adhesive cell number of PLLA group 
and PLLA/pDA group was significantly di- 
fferent.

Histopathological changes

The tumors produced by MDA-MB-231 cells 
exhibited fast growth and size progression, and 
the skin showed significant bulging at the time 
of the second week after the tumor cells 
implantation. The histological analysis of the 
tumor tissues after different materials imbed-

Table 2. Adhesiveness rate by stereologic cell counting

Group Adhesive cell number 
(104/mL)

Total cell number 
(104/mL) Adhesiveness rate (%)

PLLA 3.8 ± 1.023 7.0 ± 1.432 54.29 ± 10.66
PLLA/pDA  4.9 ± 0.976* 6.8 ± 1.325  72.06 ± 12.57*
*P < 0.05 represents significant difference compared to PLLA group.

showed in Figure 3. The 
PLLA-DOX fibers released 
about 82.1% of loaded DOX 
within approximately 40 days 
with initial burst release of 
about 38.6% in the first 6 
days. While the amount of 
released drug of PLLA-DOX/
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ded in the residual tumors at different times 
was shown in Figure 5. On the 3rd day after 
operation, the tumor tissues in control, PLLA 
and PLLA-DOX group had vigorous growth, and 
there were no obvious necrotic tumor tissues. 
Only in PLLA-DOX/pDA group, there was spo-
radic and small area of necrotic tumor tissues. 
On the 7th day, the tumor invaded into the mus-
cular tissues in control group and there were no 
obvious necrotic tumor tissues. In PLLA group, 
the mesenchymal inflammatory reaction and 
hyperplasia of fibrous tissue were significant, 
but there were no obvious necrotic tumor tis-
sues. In PLLA-DOX group, the inflammatory 
reaction was obvious as well, and there was 
necrosis deep inside the tumor. And in PLLA-
DOX/pDA group, there were massive necrosis 
of tumor cells and lots of inhomogeneous 
growth of cells in the periphery.

TUNEL assay

The brown region within the nuclei in TUNEL 
staining indicated the apoptotic cells. As shown 
in Figure 6, after one week of operation, the 
apoptotic cells could be detected in control and 
PLLA group though the positive cells were few 
and scattered, and there was no significant dif-
ference between control and PLLA group. 
However, in PLLA-DOX group and PLLA-DOX/
pDA group, which treated with DOX obviously 
exhibited a large area of apoptotic cells, and 
there was significant difference between the 
drug-loaded groups and other groups (P < 
0.05), especially, the PLLA-DOX/pDA group was 

even significantly different from PLLA-DOX 
group (P < 0.05).

Caspase-3 activity assay

The caspase-3 activity was determined by the 
enzymatic conversion of DEVD-p-nitroaniline to 
pnitroaniline measured at 405 nm. As shown in 
Figure 7, the OD value in blank control group, 
control group, PLLA group, PLLA-DOX group and 
PLLA-DOX/pDA group was 0.027 ± 0.014, 
0.425 ± 0.012, 0.461 ± 0.103, 0.731 ± 0.015 
and 0.986 ± 0.09, respectively, on the 7th day. 
The drug-treated groups had the higher OD 
value than others, and the OD value of PLLA-
DOX/pDA group was obviously the highest (P < 
0.05). When compared the OD value of expri-
ment groups (including control group) to that of 
blank control, the activation extent of cas-
pase-3 of PLLA-DOX/pDA group was the most 
significant.

qRT-PCR analysis

The relative mRNA expression of Bax in DOX-
loaded groups was different from control and 
PLLA group (P < 0.05), especially, in PLLA-DOX/
pDA group, the relative mRNA expression of 
Bax was even higher than PLLA-DOX group (P < 
0.05). The relative mRNA expression of Bcl-2 in 
DOX-loaded groups was also different from 
control and PLLA group (P < 0.05), especially, in 
PLLA-DOX/pDA group, the relative mRNA ex- 
pression of Bcl-2 was the lowest (P < 0.05). 
Because of the up-regulation of Bax expression 
and down-regulation of Bcl-2 expression, the 

Figure 5. Histopathological analysis of mice with breast residual tumor (50×). The insert images showed the mor-
phology of tumor tissues in the blank dotted box under 200×. The black arrows in the Figures represent the necrosis 
of tumor tissues.
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Figure 6. In vivo TUNEL analysis of mice with breast residual tumor. (A) control group (200×); (B) PLLA group (200×); 
(C) PLLA-DOX group (200×); (D) PLLA-DOX/pDA group (200×); (E) the number of cells per mm2. *P < 0.05 represents 
significant difference compared to control group; **P < 0.05 represents significant difference compared to control 
group and PLLA-DOX group.
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Bax: Bcl-2 ratio demonstrated an increase ten-
dency in control, PLLA, PLLA-DOX and PLLA-
DOX/pDA group, successively (Figure 8).

Discussion

PLLA is a Food and Drug Administration-
approved biodegradable polymer that is widely 

used for implantable medical applications such 
as surgical sutures, dental devices, orthopedic 
plates and screws [17]. In our previous studies, 
PLLA is well tolerated by tissues and cannot 
induce acute inflammation or aggravate the 
existed inflammatory response [18, 19, 38], 
which is corresponding to the other reported 
results [39]. Despite their good mechanical 

Figure 7. Caspase-3 activity. A. caspase-3 activity in different groups by the spectrophotometric determination; B. 
the activation extent of caspase-3 calculated by ODexperiment/ODblank control. *P < 0.05 represents significant difference 
compared to control group; **P < 0.05 represents significant difference compared to control group and PLLA-DOX 
group.

Figure 8. qRT-PCR analysis of Bax expression (A); Bcl-
2 expression (B); and Bax: Bcl-2 ratio (C) in differently 
treated groups after one week of operation. Each bar 
represents the mean values ± SE from experiments 
performed in triplicate. *P < 0.05 represents signifi-
cant difference compared to control group; **P < 
0.05 represents significant difference compared to 
control group and PLLA-DOX group.
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properties and biocompatibility, its application 
has been limited due to its stiffness and hydro-
phobicity [21]. Because the attachment and 
growth of cells need materials with a hydrophil-
ic surface [40, 41], however, the PLLA scaffold 
had the water contact angle (WCA) of 136.7 ± 
3.8°, which indicated a hydrophobic material. 
After grafted with pDA, the WCA of the PLLA-
DOX/pDA scaffolds decreased to 0°. This result 
indicated that pDA can improve the hydrophility 
of the scaffold. On the other hand, the drug 
encapsulation efficiency of PLLA-DOX/pDA 
group was 90.1%, which was high and efficient. 
And the in vitro DOX release of PLLA-DOX/pDA 
fibers was higher than PLLA-DOX fibers, which 
ascribed to the accelerated effect of pDA in the 
fibers. Moreover, after electrospinning and 
grafting process, the appearance of prominent 
peak of the drug was remained as original, 
which proved that the property of the model 
drug had not been changed by these process-
es. These aforementioned results illustrated 
that pDA could not hinder the drug loading and 
release, on the contrary, it could accelerate the 
drug release and improve the anti-tumor effect 
accordingly.

Previously, Lee et al. [29] successfully conju-
gated trypsin onto the pDA modified cellulose 
paper and the immobilized trypsin remained 
active. And in the study of Ku et al. [42], when 
pDA-coated Polycaprolactone (PCL) nanofibers 
were compared to unmodified and gelatin-coat-
ed nanofibers, human umbilical vein endotheli-
al cells (HUVECs) exhibited highly enhanced 
adhesion and viability, increased stress fiber 
formation, and positive expression of endothe-
lial cell markers. In another study, the adhesion 
and proliferation of human mesenchymal stem 
cells (hMSCs) cultured on pDA-coated PLLA 
were significantly enhanced relative to those on 
PLLA [43]. Further, in the study conducted by 
Sun et al. [23], they modified the bFGF-grafted 
electrospun poly (lactide-co-glycolide) (PLGA) 
fibrous scaffolds via pDA for in vivo skin wound 
healing, and their results demonstrated that 
such scaffolds effectively promoted skin 
remodeling. All these evidences proved that 
pDA could enhance the adhesion and viability 
of supported cells by means of improving the 
hydrophility of scaffolds, besides that, pDA 
would not affect the effectiveness of the drugs 
carried by PLLA scaffolds.

As reported by previous studies, the interac-
tions between cells and materials are the main 

areas of the tissue engineering research, espe-
cially, the cell adhension is the basis of these 
researches [44]. In our present experiments, 
the in vitro stereologic cell counting assay dem-
onstrated that the adhesiveness rate of PLLA/
pDA group was significantly higher than PLLA 
group. The in vitro MTT assay showed that there 
was significant difference between PLLA-DOX/
pDA group and other groups, which indicated 
that the anti-cancer agent had a stronger killing 
efficiency to tumor cells in PLLA-DOX/pDA 
group attributing to the improved cell adhesion 
and affinity of the scaffold via pDA. Histological 
results from in vivo study demonstrated that 
PLLA-DOX/pDA induced mixed inflammatory 
reaction and increased apoptosis, even large 
area of necrosis (Figure 5), which were con-
firmed by the results of TUNEL assay. Overall, 
the treatment groups with DOX-loaded electro-
spun membranes showed more apoptotic and 
nectrotic cells than other groups, especially the 
DOX-loaded electrospun membrane modified 
by pDA. The results indicated that our PLLA-
DOX/pDA could significantly inhibit tumor 
growth by inducing tumor cell apoptosis and 
necrosis.

Caspase-3, a major effector caspase, is respon-
sible for cleavage of numerous cell death sub-
strates, cellular dysfunction and destruction 
[45]. From our caspase-3 activity analysis, the 
expression of caspase-3 of PLLA-DOX/pDA 
group was increased as compared to other 
groups, indicating the apoptotic stimuli of PLLA-
DOX/pDA group was stronger than other 
groups, and these results were in line with our 
histological analysis and many other studies 
[46, 47]. An increase in Bax: Bcl-2 ratio has 
been demonstrated during apoptosis [48, 49]. 
The members of the Bcl-2 family are important 
regulators of apoptosis [46]. Bax is a proapop-
totic member of Bcl-2 family, while Bcl-2 acts as 
a potent anti-apoptotic role. The results of our 
qRT-PCR analysis proved that after regional 
treatment with DOX, the residual tumor tissues 
demonstrated significant apoptosis and necro-
sis. Thus, the DOX-loaded groups showed up-
regulation of Bax and down-regulation of Bcl-2 
at mRNA levels compared to control group. 
Especially, because of the affinity of pDA, the 
apoptosis of PLLA-DOX/pDA group was the 
most prominent.

In recent years, the expression of dopamine 
receptor D2 has been confirmed in many differ-
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ent tumors, such as pituitary tumors [50], neu-
roendocrine tumors [51], lung cancers [52] and 
gastric cancers [53]. And the dopamine (DA) 
can promote the apoptosis of these tumor cells 
through the dopamine receptor D2 [50-53]. On 
the other hand, inspired by the composition of 
adhesive proteins in mussels, Lee et al. [34] 
used dopamine self-polymerization to form 
thin, surface-adherent films onto a wide range 
of inorganic and organic materials, which is 
because the dopamine can be easily oxidized 
by dissolved oxygen in aqueous solution and 
occured self-assembled and crosslinking reac-
tions subsequently, leading to the formation of 
polydopamine (pDA). However, the role of DA in 
mussel adhesive proteins has not been fully 
understood, and whether DA and pDA can bind 
to the same receptor has not yet been report-
ed. Therefore, whether the pDA can also play a 
role in tumor apoptosis like DA has to be stud-
ied further.

Conclusion

We successfully fabricated the DOX-loaded 
hydrophilic electrospun PLLA scaffolds using 
pDA, which can improve the hydrophilicity of 
the fibrous scaffold and cannot affect the load-
ing rate and release rate of drugs. In vitro stud-
ies, from the SEM results, the DOX-loaded 
hydrophilic electrospun PLLA scaffolds can 
maintain a stable fibrous structure; and the 
XPS analysis certified that pDA had success-
fully been grafted onto the surface of the fibers. 
The results of surface wettability analysis 
showed that the contact angle decreased from 
136.7° to 0° after grafting. In the drug release 
study, the in vitro DOX release of PLLA-DOX/
pDA fibers was higher than PLLA-DOX fibers. 
The in vitro MTT assay showed that PLLA-DOX/
pDA group had a stronger killing efficiency to 
tumor cells than other groups. In vivo studies, 
from the morphology level, protein level and 
mRNA level, the pDA-modified DOX-loaded 
electrospun PLLA scaffolds have the signifi-
cantly better proapoptosis and necrosis-
induced effect than the others. In one sen-
tence, the pDA modified DOX-loaded electros-
pun PLLA scaffold is an effective drug delivery 
system for residual tumors after operation.
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