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1. Introduction

Breast cancer is the most common malignant tumor in
women worldwide. It has a serious influence on women’s
life and health, and its incidence is increasing [1]. At
present, breast cancer treatment includes surgical resection,
radiotherapy, chemotherapy and comprehensive treatment
[2]. Breast cancer is a systemic disease, and the failure
of breast cancer treatment mainly results in systemic
metastasis. However, for surgical resection, if the scope
of surgery is expanded blindly, the survival and healing
rates of patients will decrease. Breast-conserving surgery has
become common because it can achieve a cure and improves
patients’ quality of life. In addition, breast reconstruction
has become indispensable for breast cancer treatment [3,4].
The success of breast implant surgery is determined by
the clinical experience of the surgeon. Currently, prostheses
prepared by mass production in large quantities are usually
unable to adapt to the breast anatomy of individual patients
with breast cancer. Therefore, personalized prosthesis is
of great significance. As a biocompatible and cost-effective
human implant, silicone prostheses are safe, have good
flexibility, and are widely used in medical research. 3D
printing technology is an emerging manufacturing technology
that brings major innovations in the biomedical field,
including drug delivery. 3D printing has the advantage of
accurate and rapid customization of personalized products
[5,6].

For patients with breast cancer, local recurrence is the most
serious problem after breast-conserving surgery. Therefore,
postoperative chemotherapy is common and imperative.
However, systemic chemotherapy has many disadvantages,
such as large dosage, toxic effects and frequent daily
administration. Chemotherapy via local sustained release
implants can overcome the many shortcomings of systemic
administration [7]. The main objectives of local implants are
to reduce administration times, improve the compliance of
patients, and maintain the controlled or sustained release of
drugs [8], with the aim of killing residual tumors to prevent
recurrence.

Microspheres are spheroidal particles comprising drugs
and suitable polymers, which are commonly used for
controlled/sustained release drug delivery systems [9]. A
biodegradable triblock copolymer, poly lactic-co-glycolic
acid (PLGA), is used commonly to prepare microspheres
or nanoparticles for sustained or controlled drug release
[10]. PLGA-polyethylene glycol-LGA (PLGA-PEG-PLGA) was
developed as an injectable hydrogel containing dissolved
paclitaxel, which exhibited a fairly long release period for
6 weeks [11]. Paclitaxel (PTX) and doxorubicin (DOX) are
widely used for chemotherapy of various solid tumors
in the clinic, with excellent antitumor effects, especially
as a sequential combination to treat breast cancer [12].
Clinical studies have shown that the total effective rate
of the drug combination was as high as 68%, while the
effective rate of PTX alone for breast cancer patients was
about 39%. The anti-cancer effect improved significantly,
with decreased adverse reactions, and few allergic reactions
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Fig. 1 - Illustration of production of a prosthesis loaded
with PTX and DOX microspheres.

and cardiotoxicity by the combined use of PTX and DOX
[13].

In the present study, a breast mold was printed based on 3D
printing technology. Fig. 1 shows the concept of the design of
the 3D printing-based drug-loaded implanted prosthesis for
the prevention of breast cancer recurrence post-conserving
surgery. A polydimethysiloxane (PDMS) prosthesis loaded
with microspheres of PTX and DOX was prepared using the
printed breast mold. The physiochemical properties of the
prepared prosthesis was evaluated, including morphology,
drug loading efficiency, encapsulation efficiency and drug
release in vitro. Then, the therapeutic efficacy and systemic
toxicity of the prosthesis was evaluated in a mouse model
of local recurrence and metastasis of breast cancer. The
results demonstrated that the 3D-printed prosthesis loaded
with microspheres of PTX and DOX could release the drugs
continuously for more than 3 weeks and suppressed cancer
recurrence with reduced side effects.

2. Materials and methods
2.1. Materials

The chemicals and their commercial sources were as
follows: DOX (Aladdin, Shanghai, China); PTX (Nanfang
Pharmaceutical Co., Ltd., Fujian, China); 4/,6-diamidino-
2-phenylindole (DAPI; Sigma, St. Louis, MO, USA); PLGA
(LA/GA =50/50, MW 10,000; Shandong Institute of Medical
Devices, Jinan, China); Polyvinyl alcohol (PVA; Yili Fine
Chemicals Co., Ltd., Beijing, China); Dichloromethane and
phosphate (Sinopharm Chemical Reagent Co., Ltd., Beijing,
China); Tween 80 and Tween 20 (Volkswagen Pharmaceutical
Factory, Shanghai, China); Sodium lauryl sulfate (Amresco,
Solon, OH, USA); Polydimethysiloxane Sylgard 184 (PDMS,
viscosity at 25°C 3500 cP; DOW CORNING Co., Ltd.,); LCD
photosensitive resin (Shenyue Technology Co.,Ltd., Shenzhen,
China); CCK-8 (Gen-View, Scientific Inc., Jacksonville, FL, USA);
Chloral hydrate was supplied by 307 Hospital of PLA. Trypsin-
EDTA and Dulbecco’s modified Eagle’s medium (DMEM) basic
were supplied by Gibco Co., Ltd.(Grand Island, NY, USA).
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Fig. 2 - The design and 3D printing of mouse breast mold. (A) Scheme of clinical prosthesis implantation. (B) The section
and calculation of prosthesis mold. (C) The design model of prosthesis mold.

2.2. Cell lines

Luciferase tagged 4T1 cells (4T1-luc; a mouse breast cancer
cell line) were purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China) and cultured in DMEM
supplemented with 10% fetal bovine serum (FBS) at 37°Cin a
humidified 5% CO, atmosphere.

2.3. Animals

Female Balb/c mice (18-20 g) were purchased from Beijing Vital
River Experimental Animal Technology Co., Ltd., China. All
animal handling and surgical procedures were conducted in
strict accordance with the NIH Guidelines for the Care and
use of Laboratory Animals. They were housed in standard
laboratory conditions with free access to food pellets and
drinking water. Anesthesia was performed by intraperitoneal
injection with chloral hydrate.

2.4. Design of breast mold and prosthesis preparation
According to the different clinical implantations of the breast
prosthesis (Fig. 2A), the interface and the bottom side of the
mold were designed, including prosthesis section height a, the
bottom radius b, the arc radius r, the length ¢, and the height
d. For the designed prosthetic model, the model area S, the
volume V, and the mass m of the prosthesis were calculated
using the following formula by measuring the geometric data
(Fig. 2B). The modeling parameters used in our study were
as follows: a=4.8mm, b=5.6mm, r=5.66 mm, p (the density
of silicone rubber) = 1.03 g/cm?, with the calculated results of
S=170.62 mm?, V=35.08mm?3, m=1.9g. The CAD-designed
prosthetic mold program was input into the photo-curing 3D
printer (ANYCUBIC PHOTON-5.5, Zongheng Lifang Scientific
Technology Co., Ltd., Shenzhen, China). The LCD resin was
melted, extruded by the 3D printer at a high temperature, and
rapidly solidified after molding (Fig. 2C). The PDMS and 1 ml of
the silicone elastomer curing agent as the initiator were mixed

thoroughly (100:5, w/w). The bubbles were removed under a
vacuum, the mixture was poured into the above mold, and
solidified for 55 min to obtain the mouse breast prosthesis.
2.5.  Safety of PDMS prosthesis
To investigate the toxicity of a blank prosthesis on mice, a 3D
printed blank prosthesis of PDMS was implanted surgically. Its
effect on the heart, liver, spleen and lungs was evaluated using
hematoxylin-eosin (H. E.) staining. The mouse’s abdomen
was depilated 24h before the test with a hair removal area
of 3cm x3cm on the left and right sides of the midline.
The abdominal skin was cut open, the PDMS prosthesis
was implanted, and the wound was sutured; the implanted
part was marked and photographed. After implantation,
the animal’s activities, feces, urine, eating and weight were
observed. The mice were sacrificed on the 10th, 20th, and 30th
d after implantation. The local and surrounding tissues, heart,
liver, spleen, lung, and kidney were fixed in formalin, and H. E.
pathological sections were prepared.
2.6. Preparation of PTX, DOX microspheres and PPDM
PTX is hydrophobic; therefore, PTX microspheres were
prepared using the O/W single emulsion method [14]. In
brief, PTX (10mg) and PLGA (200mg) were dissolved in
dichloromethane (DCM, 2ml) at 4°C to prevent evaporation.
This solution was added dropwise to 40ml of a 2% (w/v) PVA
aqueous solution, shaken at 3000 rpm for 2min, and stirred
continuously for 5h at room temperature on a magnetic stirrer
to evaporate DCM completely. The suspension was frozen and
centrifuged at 1062.9 (x g) for 15min. The supernatant was
removed and the precipitate was washed with distilled water
3 times. After lyophilization for 24 h, the freeze-dried powder
of microspheres was collected and stored in a desiccator until
use.

DOX is a water-soluble drug and the W/O/W double
emulsion method was used to prepare the DOX microspheres
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[15]. DOX (10 mg) was dissolved in 20ml of water and PLGA
(200 mg) was dissolved in 2ml of DCM at 4°C. The solution
of PLGA in DCM was added to the prepared DOX aqueous
solution and emulsified at 3500rpm to obtain the W/O
emulsion. Then the W/O emulsion was added to 40 ml of the
2% PVA aqueous solution, stirred for 1 min at 3500 rpm, and
stirred continuously for 5h at room temperature to obtain the
W/O/W multiple emulsion. The subsequent steps were the
same as those for the PTX microspheres.

Prostheses loaded with free PTX and DOX (PPD) and PPDM
were prepared according to the following steps. Briefly, PTX,
DOX and microspheres of PTX and DOX were weighed and
mixed with PDMS and its initiator (100:5, w/w). The mixture
was mixed uniformly, vacuumed, degassed, and then poured
into a mold coated with white petroleum jelly. Finally, they
were solidified at 45 °C for 55 min, and demolded to obtain the
prostheses for the mice’s mammary gland.

2.7. Characterization of PPD and PPDM

The dynamic light scattering method was performed on a
Zetasizer Nano ZS (Malvern, UK) to measure the size of the
two microspheres. The microsphere suspension was diluted
with water and measurements were taken at 25°C. The zeta
potential of the microspheres was also measured with the
same instrument employed for the size measurements. The
morphology of both of the microspheres and PPDM were
observed using scanning electron microscopy (SEM; S-4800,
HITACH]I, Tokyo, Japan).

2.8.  Measurement of drug loading efficiency and
encapsulation efficiency

Contents of PTX and DOX in microspheres were determined
using HPLC. PTX microspheres and DOX microspheres
(10mg) were dissolved in DCM (0.5ml) and water (0.5ml)
and sonicated, respectively. Then, 2.5ml of methanol was
added, vortexed, and centrifuged at 800rpm for 10min
to obtain the supernatant. The procedure was repeated
for 3 times and all of the supernatants were analyzed
using HPLC. HPLC experiments were conducted on an
Agilent 1260 HPLC system (Santa Clara, CA, USA) with
a DAD detector. The Diamonsil C;3-ODS HPLC column
(4.6 mm x 250mm, 5 pm) was purchased from Dikma Co., Ltd.
(Beijing, China). The UV detector was set at 227 nm and 254 nm
for PTX and DOX, respectively. The mobile phase for PTX
measurement was methanol: water: acetonitrile =40:25:35
(v/v) with a flow rate of 1ml/min and an injection volume of
10ml at 30°C. The mobile phase for DOX measurement
was sodium dodecylsulfate (2.88mg/ml): acetonitrile:
methanol =500:500:60 (v/v) with a flow rate of 1ml/min
and an injection volume of 20ml at 35°C. Loading capacity
and encapsulation efficiency were calculated according to the
following equations:

Loading capacity (%)= (actual drug amount) / (weight of
microspheres) x 100%

Encapsulation efficiency (%) = (actual drug amount) / (total
drug amount) x 100%

2.9.  Measurement of drug release from microspheres and
prosthesis

PTX and DOX microspheres (5 mg) and one piece of PPDM were
put into a beaker and then added with 10 ml of phosphate
buffer (pH=7.4), containing 0.1% (w/v) Tween 80 and 0.1%
(w/v) Tween 20. After immediate shaking and mixing, the
beaker was placed on a constant temperature oscillator at
200rpm, 50°C for 30h. Samples (10ml) were completely
withdrawn for HPLC analysis and then quickly filled with the
same amount of the release medium (32°C) at 1, 3, 4, 7, 14, 21
and 30 h. The cumulative release (Q) was calculated according
to the following equation.

Q= (Cn x50+ ) Cn x 2)/M x 100% (1)

where, Q was the cumulative release ratio. C, was the
concentration of the sample n, C; was the concentration of
sample i, and M was the total drug amount.

The drug release mechanism was fitted using
mathematical models, including zero order, first order, the
Higuchi equation, and the Ritger-Peppas exponent equation.
Equation fitting was calculated and the best model was
identified as that with the highest correlation coefficient (r)
[16].
2.10. In vitro cytotoxicity and synergic effect
The toxicity of single PTX or DOX, and their combinations,
was measured using the cell counting kit-8 (CCK-8) assay.
Briefly, 4T1-luc cells (3000 cells/well) were seeded into 96-
well plates and cultured overnight. The cells were then
incubated with media supplemented with single drugs or the
drug combinations for 48 h. Cell viability was then measured
according to the instructions of the CCK-8 assay. The dose-
response curves were drawn according to the fractional cell
inhibition against drug concentrations using the median
effect model [17]. The combination index was calculated
according to the dose-response curves [18].

2.11. Cellular uptake of DOX microspheres

The cellular uptake behavior of DOX microspheres was
determined by confocal laser scanning microscopy (CLSM)
using 4T1-luc cells. The cells were seeded on coverslips
in 6-well plates at a density of 2.5x10° cells per well
in 2ml of DMEM and cultured for different times, and
then the original medium was replaced with free DOX
and DOX microspheres (DOX-equivalent concentration of
500nM), which were incubated with the cells for 12, 24
and 48h. At each time point, the slides were taken out
for fixation, staining and sealing. The cells were washed
3 times with phosphate-buffered saline (PBS), fixed with
4% paraformaldehyde for 20min, and washed a further 3
times with PBS. The cells were finally stained with DAPI
for 20-30min (DAPI stock solution was diluted 100 times
with PBS), and washed 3 imes with PBS (Being careful not
to drop the PBS directly onto the slide to avoid crushing
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the cells). The cell nuclei were stained with DAPI according
to the standard protocol provided by the supplier. The
coverslips were placed onto the glass microscope slides.
The subcellular localization and intracellular DOX release of
microspheres were visualized under a laser scanning confocal
microscope.

2.12. Pharmacodynamic study

Female Balb/C mice (18-20g) were purchased from the Vital
River Experimental Animal Technology Co. Ltd. (Beijing,
China). The animals were maintained in the animal laboratory
under specific pathogen free (SPF) conditions. 4T1-luc cells
(1 x 107 cells/ml, 0.1ml) were inoculated subcutaneously into
the right flank of each mouse to observe tumor growth.
When the tumor volume reached approximately 100 mm?3,
the mice with tumors were imaged using a non-invasive
fluorescence imaging system (IVIS Spectrum, Perkin Elmer,
Waltham, MA, USA) to ascertain the successful establishment
of the tumor model. The mice were randomly divided into
5 groups (n=7). The tumor was resected completely by
surgery and this day was designated as Day 0. Each mouse
is injected intraperitoneally with penicillin sodium solution
(4 10, 0.5ml) for 3 d The mice were treated with the
different medical treatments as follows. The tumor-bearing
mice in Group I (Model) were injected with saline. The
mice in Group II (Injection) were injected with DOX & PTX
injection intraperitoneally, with a PTX dose of 38 mg/kg and
a DOX dose of 12.5mg/kg on day 0, 7, and 14. The mice in
Group III (Control) were implanted with a blank prosthesis
subcutaneously. The mice in Group IV (PPD) were implanted
with a prosthesis of PTX and DOX (PPD) subcutaneously
with a PTX dose of 38 mg/kg and a DOX dose of 12.5mg/kg.
The mice in Group V (PPDM) were implanted with PPDM
subcutaneously with a PTX dose of 38 mg/kg and a DOX dose of
12.5 mg/kg.

Mice were weighed every other day from the first day of
surgical resection and the weight changes were recorded.
Recurrence and transformation of luciferous tumors in
mice were observed using non-invasive fluorescence
imaging on day 14 and 21. Mice were depilated before
imaging and were kept anesthetized under continuous
isoflurane flow. Autofluorescence and undesired background
signals were eliminated by spectral analysis using a
blank control mouse without tumors as the background.
The mice were then sacrificed, and the tumor, heart,
liver, spleen and lungs were taken out and fixed in 10%
formaldehyde solution. H.E.-stained histopathological
slides were prepared according to the standard protocol
and observed under an inverted fluorescence microscope
(BDS200-FL, Chongging Optec Instrument Co., Ltd, Chongging,
China). Immunohistochemical detection of CD31 expression
in tumors and lungs was performed as previously reported
[19]. The obtained slides were observed using the BDS200-FL
microscope and analyzed using Image-Pro-Plus 6.0 software
(Media Cybernetics, Rockville, MD, USA. In addition, inhibition
by PPDM of tumor cell apoptosis was investigated by terminal
deoxynulceotidyl transferase nick-end-labeling (TUNEL)
staining.

2.13. Statistical analysis

All experiments were repeated three times and expressed as
means + standard deviations (SD). Statistical significances
were analyzed using SPSS19.0 software (IBM Corp., Armonk,
NY, USA. One way analysis of variance (ANOVA) with a
post-hoc Tukey’s test was employed to identify significant
differences (P < 0.05 or P < 0.01) between data sets.

3. Results and discussion
3.1.  Characteristics of PTX & DOX microspheres

Solvent evaporation is an important method to prepare
microspheres for drug delivery [14]. The parameters of the
preparation process affected the particle size and morphology
of the microspheres, such as ultrasonic time, power, solvent
evaporation time and stirring rate. Insufficient ultrasonic
time leads to insufficient emulsification of the microspheres
and a low microsphere yield. High ultrasonic power makes
the microspheres small, which causes relatively quick drug
release from the microspheres. The stirring rate also affected
the morphology of the microspheres. A faster stirring rate
could break the microspheres into pieces and destroy their
perfect morphology. Both the PTX and DOX microspheres
were completely round, with an average particle size of 3.1 and
2.2 pm, respectively (Fig. 3A). The encapsulation efficiency of
the PTX microspheres and DOX microspheres were 84% =+ 4.6%
and 70% +4.6% with particle sizes of 4.1+3.1, 40+2.2pm
and the zeta potential of -16.2+0.3, —16.5+0.1mV,
respectively.

Biodegradable sustained release microspheres can release
drugs at a certain rate over several weeks or months
to maintain an effective concentration and reduce the
frequency of drug administration; however, the period
of sustained release from microspheres in vitro is long,
which causes difficulties for prescription screening and
daily quality control. An accelerated release test can solve
this problem [20,21]. The microspheres could release PTX
or DOX continuously for up to 30h (Fig. 3B), and the
concentration at different time points all reach the 80%
inhibitory concentration for PTX of 733nM and DOX of
948nM on 4T1-luc cells (unpublished data). A suitable in
vitro release test method can better reflect the release
correlation of microspheres in vivo, which is beneficial to
identify ideal prescriptions and processes. The release profile
of the microspheres obviously affects treatment efficacy.
However, the commonly used in vitro release assay of the
sustained-release microspheres usually takes a long time,
which is a challenge for optimization and quality control.
The accelerated release test can better solve the problem
[22]. Surprisingly, we found that the release method had an
important effect on the amount release and the release rate
from the microspheres. There was almost no drug release
using the dialysis bag, but the release behavior was good using
the glass beaker. There might be a strong adsorption between
the dialysis bag and the microspheres, resulting in little drug
release.
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3.2.  Characteristics of PPDM

The preparation process of PPD or PPDM via the perfusion
method involves various preparation parameters, such as the
mixing degree of drugs with the PPDM matrix, the ratio of the
curing agent, the curing time, and temperature. If the curing
time was too long, it affected the drug’s stability and reduced
the drug loading efficiency. By contrast, insufficient curing
time resulted in failure of the formation of the prosthesis.
The PPDM still maintained their spherical morphology, as
observed by SEM. This indicated that microspheres and blank
prosthesis were only mixed by physical interaction (Fig. 4A).
Based on 3D printing technology [23], PPDM were prepared
to inhibit tumor recurrence and metastasis after breast
conserving surgery, with the simultaneous function of
breast reconstruction. Personal customization with 3D
printing technology ensured that the silicone prosthesis
could be matched perfectly with the lesion based on the
anatomical features of the patient’s mastectomy site. The
sustained release of the microspheres could ensure precise
and continuous medical treatment.The drug release results
showed that PPDM could release PTX and DOX continuously
and simultaneously within 30 h. The sustained release profiles
demonstrated no sudden release at the initial stage. For the
release behavior of DOX (Fig. 4B), the cumulative release rate
of DOX in PPD was 4.8%, which showed a significant burst
release behavior, because DOX is a drug with good water

solubility. The dissolution rate is very fast, and a sudden
release effect occurs. DOX release suddenly decreased to 3%
at 3h, and the cumulative release rate at 5h was 0.2%. The
release rate at subsequent times was close to zero. Therefore,
even if the local drug concentration is higher at 1h, with the
progress of the body’s metabolic processes, free DOX is easily
metabolized, and the drug effect cannot be maintained, let
alone the exertion of synergy. The release of DOX from PPDM
showed no obvious sudden release behavior at 1h, and the
drug was released at a relatively constant rate from 2h. We
speculated that a more stable pore channel had been formed
at this time, allowing smooth drug release. The released
amounts reached the 80% inhibition concentration for PTX of
733nM and DOX of 948 nM, based on our unpublished data,
indicating that the PPDM might inhibit tumor cell growth
or migration. The release profile best matched the Higuchi
equation (Table 1). This was advantageous for a continuous
and effective effect on tumor inhibition. Therefore, while
maintaining an effective drug concentration, it is also
beneficial for DOX to exert its synergistic effect with PTX and
improve tumor cell killing. We analyzed the causes of two
different release phenomena. Matrix erosion, including PLGA
and PDMS, played an important role in drug release [24]. First,
the water-soluble drug DOX was wrapped in the polymer
material PLGA. The PLGA microspheres have a more obvious
slow-release effect than the free drug, effectively avoiding its
sudden release. This is consistent with the above microsphere
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Table 1 - In vitro release simulation of PTX and DOX from

PPDM.

Drug Simulation Equation r

Release model

PTX Zero order Qn =0.3202t +2.7693 0.88
First order In(100-Qn) = —0.037t +4.5761 0.85
Higuchi Qn=2.19tY2 4+ 0.209 0.95
Ritger-Peppas InQ, =0.789Int +0.29 0.77

DOX Zero order Qn =0.0955t + 0.9985 0.78
First order In(100-Qn) =-0.0013t +4.5916  0.83
Higuchi Qn=6.75t1/2 + 0.441 0.90
Ritger-Peppas InQn=0.767Int + 0.97 0.86

release curve. Similarly, we could not ignore the delayed effect
of PDMS on drug release. For the release of PTX, release from
the PPD was relatively stable at 1—4h, and after 4h, the
drug release rate was significantly reduced, with a value
approaching 0.1%, and the amount of drug released was too
small. In this way, the concentration of local antitumor drugs
cannot be guaranteed; however, the release of PTX from the
PPDM was relatively gentle. Its minimum cumulative release
rate was 0.5%, and it is sufficient to exert an 80% inhibitory
anticancer effect; therefore, the drug could be maintained at
an effective concentration, and can play a synergistic effect
with DOX released at the same time. The evaluation of the
synergy was based on our unpublished data. It demonstrated
that the 3D-printed prosthesis loaded with microspheres of
PTX and DOX could release the drugs continuously for more
than 3 weeks and thereby suppress cancer recurrence with
reduced side effects.

To evaluate the safety of PDMS, PPDM were implanted
subcutaneously and the topical irritation was observed (Fig.
5A). The diets, weight, activity, and routine habits of the mice
were similar to the mice in the control group within 30 d after
prosthesis implantation. There was no redness and fever in
the local area after prosthesis implantation, and the surgical
incision healed quickly and well. H.E. staining (Fig. 5B) showed
no obvious pathological changes of the mouse epidermis,

there was only mild inflammatory cell infiltration on Day 1.
There was slight thickening inflammation of the alveolar wall;
however, this situation was restored to normal on Day 20. By
30 d, the inflammation had disappeared. Overall, there was no
significant toxicity or topical irritation.

3.3.  Invitro cytotoxicity of PTX and DOX and the
combination index

Combination chemotherapy is widely applied clinically to
enhance therapeutic efficacy and alleviate side effects [25].
PTX and DOX possess different anticancer mechanisms
and are used for the combination treatment of cancers,
demonstrating a synergistic effect [26]. Both PTX and DOX
alone markedly inhibited the proliferation of 4T1 cells,
with ICso values of 261.3nM and 331.3nM, respectively.
Furthermore, the PTX microspheres and DOX microspheres
had better anticancer effects than the free drugs, with
lower ICso values of 197.5nM and 243.9nM, respectively.
The combination indexes (CI, <1) of the two drugs (10:3
combination) further confirmed their synergistic effect (Fig. 6).

3.4.  Cellular uptake of DOX microspheres

The results of phagocytosis assays showed that free DOX and
DOX microspheres entered 4T1-luc cells. The red fluorescence
appeared in both groups at 24h; DOX fluorescence was
significantly enhanced at 48 h, and the fluorescence intensity
of DOX microspheres was further enhanced. The fluorescence
intensity of the DOX microspheres was larger than of the free
DOX group, and the nuclear atrophy of the microsphere group
was more obvious, indicating that the cells had undergone
apoptosis. The DOX microspheres had a stronger effect within
48h (Fig. 6E).

3.5. Highly efficient prevention of breast cancer
recurrence by PPDM

Currently, the majority of invasive and noninvasive breast
cancers are treated by breast conservation therapy (BCT),
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which includes wide local excision and subsequent radiation
treatment. Nevertheless, the incidence of local-regional
recurrence and distant metastases after BCT is common,
which correlates positively with the grade of malignancy [27].
In the present study, Balb/c mice were used to establish a
breast cancer model with local recurrence and metastasis. In
vivo imaging techniques were used to characterize whether
the model was successfully established and the subsequent
pharmacodynamics effect. The fluorescence intensity of the
mice with breast cancer tumors was relatively strong before
surgical excision. Then, the mice were grouped randomly, the
tumors were excised, and there was no fluorescence signal in
the tumor resection sites, which indicated that there was no
residual tumor or metastasis elsewhere.

On the 14th d after incision, the previous tumor sites
showed different fluorescence signal intensities, indicating
local recurrence. The order of fluorescence intensities was
as follows: Group I (Model) > Group III (Control) > Group IV
(PPD) > Group II (Injection) > Group V (PPDM). At this time
point, there was no lung metastasis in any of the groups.
The inhibitory effect of PPDM was the most obvious and
was equivalent to that of Group II (Injection). On the 21st d
post-surgery, the fluorescence signal intensity of each group
became stronger. In addition, the model group, the blank
prosthesis group, and Group IV (PPD) mice showed more
obvious tumor metastasis (Fig. 7A). Local-regional recurrence
or distant metastatic growth in the lungs is caused by the
presence of disseminated or circulating tumor cells [28].
Despite some medical progress, there has been no significant
improvement in the treatment of postoperative recurrence
and metastasis. In view of the many anti-tumor advantages
of local chemotherapy, clinicians have used direct intra-tumor
delivery of chemotherapy drugs extensively to increase local
efficacy. However, when drugs are directly injected into the
tumor, they are easily cleared at the administration site.
Therefore, an effective formulation to deliver chemotherapy
drugs into tumors with a sustained release effect is required,
which can be implanted or injected in peritumoral sites after
tumor resection to achieve local long-term chemotherapy
[4].

According to different pathogenetic conditions, there have
been diverse applications of chemotherapy drugs. Local
sustained-release chemotherapy can also be implanted before
surgery to control the primary tumor, such that the tumor
shrinks to reduce the scope of surgical resection [29,30].
Postoperative implants can used as adjuvant chemotherapy
to kill residual tumors or subclinical lesions. In patients
with advanced or metastatic tumors, systemic chemotherapy
can be performed at the same time with local sustained-
release implantation around a solid tumor with high drug
loading, which can result in a concentrated attack on the
tumor [31]. PTX and DOX were the first class of combined
chemotherapeutic drugs used to treat breast cancer [32].
A controlled and sustainable release of PTX and DOX can
induce continuous apoptosis of tumor cells by stopping
microtubule disassembly, thereby preventing cell division
[33,34]. In the present study, the inhibitory effect of PPDM on
tumor recurrence was better than that in the other groups,
and was equivalent to that of Group II (Injection) (Fig. 7B).
However, the mortality of the mice in Group II (Injection) was
higher than that in the PPDM group, indicating that PPDM
maintained a local effective therapeutic concentration and
had a synergistic effect.

Lung metastasis is an important index to evaluate the
chemotherapeutic effect after incision. There were obvious
fluorescence signals in the lungs of the mice in the model,
blank prosthesis, and Group IV (PPD), which indicated that
lung metastasis had occurred. In addition, some pulmonary
nodules also appeared in the lungs of the mice in the model,
the blank prosthesis, and the PPD groups (Fig. 7C). The results
further illustrated the local recurrence and metastasis of
breast cancer. PPDM (Group V) showed a better inhibitory
effect than that of the model and the blank prosthesis groups
on recurrence and metastasis in mice (Fig. 7D). In comparison,
one mouse died in Group II (Injection), possibly because of the
toxicity of PTX and DOX delivered via direct intraperitoneal
injection.

PTX is a broad-spectrum anticancer drug with a
unique anti-microtubule mechanism [35]. It promotes the
assembly of tubulin dimers into microtubules, prevents its
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depolymerization and stabilizes microtubules, which allows
cancer cells to be fixed in the mitosis process, eventually
resulting in their death. However, it cannot affect the
synthesis of DNA, RNA and proteins [36]. In comparison,
DOX interferes with DNA transcription and can bind to the
corresponding proteins, thereby inhibiting the synthesis
of intracellular RNA, protein and DNA, which kills cancer
cells. Combination chemotherapy with PTX and DOX is
a first-line clinical treatment protocol [37]. Its superiority
is mainly manifested in the following aspects [38]: (1)
Chemotherapy drugs with different anti-tumor mechanisms
would produce synergistic effects in killing tumor cells [39];
(2) single chemotherapeutic drugs are commonly delivered
as a large dose and with a long treatment time, which leads
to marked levels of side effects in patients. Combination
chemotherapy could eliminate this possibility using several
different chemotherapeutic drugs. Therefore, combination
chemotherapy is important to treat cancer by improving the
synergistic effect and reducing systemic side effects. In the
present study, there was no significant metastasis in Group V
(PPDM) because of the simultaneous release of PTX and DOX.

Assessment of in vivo toxicity via mouse body weight
evaluation was performed on all the animal groups during
the 21 days after prosthesis implantation. No signs of in vivo
toxicity or other physiological complications were observed
in any of the animals during this period, as indicated by
the preservation of steady body weight, which suggested

that the prosthesis was biocompatible (Fig. 8A) [40]. Finally,
we calculated the tumor recurrence rate among the groups
(Fig. 8B), which was also consistent with the living image
results.

3.6.  Histopathological changes and tumor metastasis

On the 21st d after incision, the major tissues, including
the heart, liver, spleen, lung and kidney, were dissected. H.E.
staining was performed to observe the pathological changes,
which showed that the lungs had different numbers of lesions
in the mice of the model, blank prosthesis and Group IV
(PPD). In addition, the lung metastases of the mice in Group
I (Model), Group II (Injection) and Group IV (PPD) lost their
normal structure to different extents. The alveolar cavity
was solidified and showed solid deformation, which was
caused by the presence of tumor nodules. The mice in the
model group and the blank prosthesis group showed the
most obvious metastasis, and there were no obvious lesions
in the mice of PPDM group (Fig. 9A). CD31 is an angiogenic
marker, and its increased level indicates active tumor growth.
Immunohistochemistry showed that the model group had
the most obvious positive expression of CD31 in situ breast
cancer. The Group II (Injection) and Group V (PPDM) had
the least staining for CD31 (Fig. 9B). Similar results were
obtained for lung metastasis. PPDM also demonstrated the
most significant apoptosis of tumor cells, which was similar
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to that of Group II (Injection), and better than that of Group
I (Model), Group III (Control) and Group IV(PPD) (Fig. 9C). This
might be related to the continuous cytotoxic action of PTX and
DOX.

4, Conclusions

The PPDM showed good biocompatibility and obvious
inhibitory effects on the local recurrence and metastasis
of breast cancer in mice. The combined use of PTX and DOX
had a synergistic effect, a long-acting duration time, and low
toxicity. PPDM are expected to provide a promising choice
for simultaneous breast reconstruction and breast cancer
treatment after breast conserving surgery.
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