
International Journal of Biological Macromolecules 136 (2019) 48–56

Contents lists available at ScienceDirect

International Journal of Biological Macromolecules

j ourna l homepage: ht tp : / /www.e lsev ie r .com/ locate / i jb iomac
Biodegradable PLGA implants containing doxorubicin-loaded chitosan
nanoparticles for treatment of breast tumor-bearing mice
Amirhosein Kefayat a, Sedigheh Vaezifar b,⁎
a Department of Oncology, Cancer Prevention Research Center, Isfahan University of Medical Sciences, Isfahan 81746-73461, Iran
b Department of Medical Engineering, Payame Noor University, Isfahan, Iran
Abbreviations: CS, chitosan; DOX, doxorubicin; PLGA,
DOX, doxorubicin-loaded chitosan; EPR, enhanced permea
phate buffer solution; SEM, scanning electron microscope
⁎ Corresponding author.

E-mail address: s.vaezifar@pnu.ac.ir (S. Vaezifar).

https://doi.org/10.1016/j.ijbiomac.2019.06.055
0141-8130/© 2019 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 3 April 2019
Received in revised form 3 June 2019
Accepted 9 June 2019
Available online 10 June 2019
Drug-loaded implants have exhibited many advantages over intravenous or oral drug administration, especially
for cancer treatment. Therefore, biodegradable implants have received lots of attention for controlled release and
delivery of anti-cancer drugs. In the present study, doxorubicin-loaded chitosan (CS-DOX) nanoparticles were
synthesized and characterized. Subsequently, polylactic-co-glycolic acid (PLGA) was used as a maintainer to
form a biodegradable implant containing CS-DOX nanoparticles for subcutaneous implantation (PLGA/CS-
DOX). The therapeutic efficacy of these implants was investigated in different groups of 4T1 breast tumor-
bearing BALB/c mice including no-treatment, PLGA, PLGA/CS, PLGA/CS-DOX, and doxorubicin (5 mg/kg/day).
The most therapeutic efficacy was observed at PLGA/CS-DOX implants which significantly (P b 0.05) inhibited
breast tumors' growth and metastasis. The PLGA/CS-DOX implant was completely biodegradable and caused
71% and 62% decrease in the tumors' volume and lung metastatic nodules in comparison with no-treatment, re-
spectively. In addition, 41 days increase in the tumor-bearing mice survival of the PLGA/CS-DOX group was ob-
served in comparison with the no-treatment group. Therefore, the subcutaneous implantation of PLGA/CS-DOX
can be an appropriate choice for replacement of multiple-doses injections of doxorubicin for breast cancer
treatment.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Breast cancer is themost common cancer amongwomen.More than
one million new cases are diagnosed every year [1,2]. Metastasis is the
main cause of breast cancer patients' mortality [3]. Breast cancermetas-
tasis is characterized by breast cancer cells' migration to the regional
lymph nodes, bone marrow, lung, and liver [4]. Despite advance
achievements in the breast cancer treatment, the metastatic patients'
prognosis is still poor and not satisfying [5].

One of the most common and useful breast cancer chemotherapy
drugs is doxorubicin [6]. It has an excellent anti-proliferative and cyto-
toxic effect on the primary and metastatic breast cancer [7]. Intercala-
tion into DNA, disruption of topoisomerase-II-mediated DNA repair,
and generating free radicals which cause cellular damages are the
main mechanisms of action for doxorubicin [8]. However, side effects
of doxorubicin can significantly decrease the treatment outcomes and
limit its utilization. Many studies have focused on the enhancement of
polylactic-co-glycolic acid; CS-
bility and retention; PBS, phos-
; DLS, dynamic light scattering.
doxorubicin therapeutic efficacy by improving tumor-specific drug de-
livery [9,10]. Chitosan nanoparticles have been vastly used as promising
carriers for passive tumor targeting [11]. Also, it has exhibited high effi-
ciency for sustained drug-release [12]. Loading of chemotherapy drugs
in the chitosan nanoparticles not only enhances their therapeutic effi-
cacy in the solid tumors' treatment but also, reduces the side effects
[13]. In addition, chitosannanoparticles can increase the drugs' bioavail-
ability which highly affects the anti-tumor efficacy [14]. Tamoxifen-
loaded chitosan nanoparticles increased the accumulation of tamoxifen
in tumor cells through enhancing of the permeability and retention
(EPR) effect, induction of caspase-dependent apoptosis, and improving
of antitumor activity [12]. In addition, chitosan nanoparticles per se can
cause anti-proliferative and pro-apoptotic effects on the cancer cells
[15,16].

Chemotherapy courses are usually long-term which routinely need
multiple injections and are highly time consuming which can consider-
ably decrease patients' comfort and compliance [17,18]. Implants which
contain chemotherapy drugs have exhibited many advantages includ-
ing elimination of daily dosing and injections, maintenance of the
steady-state concentration of the drug, better patient's comfort and
compliance over intravenous or oral administrations [19–23]. Biode-
gradable polymers have received lots of attention for developing these
implants. Poly (lactic-co-glycolic) acid or PLGA is a completely
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biodegradable and biocompatible copolymer which has been
broadly utilized for this purpose [24,25]. PLGA exhibits strong phys-
ical properties and have been extensively studied as drug delivery
vehicle. Also, FDA has approved many PLGA-based devices [26,27].
Many studies have employed subcutaneous or intratumoral PLGA-
based implants for controlled drug release in the long-term periods
[28]. PLGA is more useful than the several available biodegradable
polymers for implants' formation due to its long history of experi-
mental and clinical trails, promising degradation characteristics,
controlled and sustained drug release and delivery performance
[29,30]. Recent studies have demonstrated that degradable PLGA im-
plants can be used for sustained drug release at required doses. Also,
it is possible to tune the overall physical properties of the polymer-
drug matrix by controlling the relevant parameters to achieve a de-
sired dosage and release interval [31,32].

In the present study, doxorubicin-loaded chitosan nanoparticles
were incorporated into the PLGA based implants (PLGA/CS-DOX).
Then, the PLGA/CS-DOX implants were subcutaneously implanted
at 4T1 tumor-bearing BALB/c mice to inhibit breast tumor's growth
and metastasis. Chitosan nanoparticles play the role of an anti-
proliferative and anti-metastatic carrier for doxorubicin delivery to
the breast cancer cells. In addition, PLGA as a biodegradable polymer
can prepare an appropriate matrix for incorporation of CS-DOX
nanoparticles for sustained release and tumor-specific drug delivery.
To the best of our knowledge, this is the first time to employ a subcu-
taneous implant with this composition for the treatment of breast
tumor-bearing mice.
Fig. 1. Characterization of the chitosan nanoparticles (CS) and doxorubicin-loaded chitosan
distribution and (C) zeta potential of the CS and CS-DOX nanoparticles. (D) SEMmicrographs
2. Materials and methods

2.1. Materials

PLGA (LA = GA 85 = 15; Mw¼50,000–75,000) and acid soluble
chitosan (low molecular weight with a deacetylation degree of N85%)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium
tripolyphosphate, acetic acid, and all other reagents were purchased
from Merck (Darmstadt, Germany). RPMI 1640 medium, 10% fetal bo-
vine serum (FBS), penicillin, streptomycin was purchased from Sigma,
USA. All the cell culture supplies including plates, flasks, pipettes, etc.
were purchased from Millipore, USA.

2.2. Preparation of chitosan nanoparticles

Low molecular weight chitosan (Sigma Aldrich, Germany) was dis-
solved in acetic acid 1% (w/v). The pH of the solutions was raised to
4.6–4.8 by addition of the appropriate amount of NaOH. Aqueous so-
dium tripolyphosphate (TPP) solutions were prepared by dissolving
TPP in distilled water. The TPP solution was then added drop-wise to a
chitosan solution while stirred with a magnetic stirrer (IKA, Basic 2,
Germany) at room temperature to form chitosan nanoparticles sponta-
neously. Turbidity pointwas determined by laserflash pointer. Themix-
ture was then stirred during the reaction time. The temperature of
reaction and pH were kept constant. The chitosan concentration and
TPP concentration were 1.0 mg/mL, and reaction timewas 60min. Sub-
sequently, the nanoparticle suspension was centrifuged at 20,000 rpm
nanoparticles (CS-DOX). (A) FT-IR spectra of the CS and CS-DOX nanoparticles. (B) Size
of the CS-DOX nanoparticles.



Fig. 2. Characterization of the PLGA microspheres. (A) Sizes distribution and (B) SEM micrographs of the PLGA microspheres.
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for 10 min. The chitosan nanoparticles were extensively washed with
distilled water to remove any impurity. Finally, the nanoparticles were
precipitated and dried at 70 °C for 24 h. The chitosan nanoparticles syn-
thesis was performed in the specific conditions using high shear and
low speed mixing systems. The agglomerated chitosan nanoparticles
were deagglomerated by ultrafine milling process. In addition, the per-
centage yields of chitosan nanoparticles were calculated from the
weight of dried nanoparticles recovered and sum of initial dry weight
of starting material [33] as the following equilibrium:

Yield %ð Þ ¼ WCSNP

WCS
� 100 ð1Þ

whereWCSNP= the total weight of the prepared chitosan nanoparticles
(mg), WCS = the total weight of the initial chitosan (mg).

2.3. Doxorubicin-loaded chitosan nanoparticles preparation

Doxorubicin-loaded chitosan (CS-Dox) nanoparticles were prepared
by adding an aqueous solution of doxorubicin hydrochloride (1mg/mL)
Fig. 3. Doxorubicin release profiles of PLGA/CS-DOX im
into the chitosan nanoparticles suspension (containing 20 mg of nano-
particles). The encapsulation of Dox in CS nanoparticles was achieved
by continuous stirring of the suspension mixture in the dark overnight
at room temperature. The CS-DOXnanoparticleswere separated by cen-
trifugation at 25 °C, 10,000 rpm for 1 h. Remaining free doxorubicin in
the supernatant was measured for its absorbance at λ = 485 nm by
using UV–Vis Spectrophotometer (PerkinElmer Lambda 35, Perkin
Elmer, Boston, MA, USA). CS-Dox nanoparticles were washed and cen-
trifuged 3 times, and then oven dried overnight at 55 °C (FD 115, Fisher
Scientific, Limburg, Germany).

2.4. Implantable device fabrication

The microspheres of Poly (lactide-co-glycolide) (PLGA) were pre-
pared by emulsifying a 6% solution of PLGA (LA/GA 85/15; Mw =
50,000–75,000) in dichloromethane in 1% poly (vinyl alcohol) (PVA).
Microspheres were washed four times with deionized water to remove
residual PVA and lyophilized overnight. The PLGA microspheres' mor-
phology was observed using a scanning electron microscope (Seron
TechnologyAIS 2500, India). The diameters of the resultingmicrosphere
plants with different formulations (1:1, 2:1, 4:1).



Fig. 5.Mass loss kinetics of the PLGA and PLGA/CS implants in PBS.

Table 1
Drug loading concentration, loading content, and encapsulation efficiency.

Samples Weight of
chitosan
(mg)

Weight of
PLGA
(mg)

Weight of
drug (mg)

Loading
content
(%)

Encapsulation
efficiency (%)

PLGA – 50 – – –
PLGA/CS 25 25 – – –
PLGA/CS-DOX 22.5 22.5 5 22.2 79
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were determined using the Image J software from the SEMmicrographs.
The measured values were averaged.

At the next step, PLGA microspheres and CS-Dox were mixed and
the mixture was pressed in a steel die at 1500 psi (5 mm diameter,
2 mm height). The ingredient of the implants is as follow: PLGA (PLGA
100%), PLGA/CS (PLGA:CS = 50%:50%), PLGA/CS-Dox (PLGA:CS:Dox =
45:45:10).

2.5. Drug loading content and encapsulation efficiency

The drug loading and encapsulation efficiency in the chitosan nano-
particles were analyzed by calculating the difference between the total
of the drug fed (Wt) and the free drug (Wf) concentrations in the nano-
particles supernatant per weight of chitosan nanoparticles. Data were
given as averagemeasurements of three independent values. Drug load-
ing and encapsulation efficiency are calculated by Eqs. (2) and (3)
below according to previous studies [8]:

Loading content ¼ Wt−W f

Wnp
� 100 ð2Þ

where Wt = the total weight of drug fed, Wf = the weight of the non-
encapsulated free drug, Wnp = the weight of the nanoparticles.

Encapsulation efficiency ¼ Wt−W f

Wt
� 100 ð3Þ

where Wt = the total weight of drug fed, Wf = the weight of the non-
encapsulated free drug.
Fig. 4. Doxorubicin release profiles of the CS-
2.6. Characterization of chitosan and doxorubicin-loaded chitosan
nanoparticles

Fourier transform infrared (FT-IR) spectrum of both CS and CS-DOX
nanoparticles were taken with potassium bromide pellets on a spec-
trometer (JASCO FT/IR-6300, Japan) at wave number range of
500–5000 cm−1 with a resolution of 4.0 cm−1. The nanoparticle size
distribution and zeta potential of chitosan nanoparticles was deter-
mined by dynamic light scattering (DLS) using Zetasizer Nano (Malvern
Instrument Co., UK) before and after loading doxorubicin. The analysis
of DLS was performed at a scattering angle of 90°, at a temperature of
25 °C using samples dispersed in de-ionized distilledwater. Morpholog-
ical characterizations of chitosan nanoparticles were performed by
Scanning Electron Microscopy (SEM) (Seron Technology AIS 2500,
India). Samples were coated by spraying gold powder to make them
conductive. The chitosan nanoparticles were suspended in water by
sonication for 3 min to obtain a dilute suspension. A drop of dilute sus-
pension was deposited onto a glass slide and allowed to dry.
2.7. Drug release in vitro

To measure the in vitro release of drug, CS-DOX and PLGA/CS-DOX
suspensions (containing powder with the same drug content) in
50 mL of PBS buffer were prepared. At predetermined intervals, the
DOX and PLGA/CS-DOX implants in PBS.
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drug concentration was determined by measuring the absorbance at a
selected wavelength λmax = 485 nm on a UV–vis spectrophotometer.
The data are given as mean ± standard deviation (SD) based on the
measurements of the samples from three replicates.

2.8. Mass loss kinetics

The mass loss kinetics of the implants was evaluated by measuring
the weight change in PBS. The loss of scaffold weights was evaluated
after cultivation as follows. The initial mass of the scaffolds was mea-
sured. Then, theywere allowed to degrade by placing them in phosphate
buffer solution PBS (pH 7.4) and incubated at 37 °C. At selected time in-
tervals (1, 2, 7, 14, 21, and 30 days), the implants were removed from
Fig. 6. Photograph of different implants including (A) PLGA, (B) PLGA/CS, and (C) PLGA/CS-DO
The photographs from left to right illustrate the implantation procedure step by step, including
the PLGA/CS-DOX in the incision site, and (G) suturing of the incision. (H-J) Photographs exhib
implants 20 days after the implantation. The PLGA/CS and PLGA/CS-DOX implantswere complet
surrounding tissues. No-sign of skin damage was observed.
the solution, blotted with an absorbent tissue, dried in a vacuum oven,
and thenweighed. The degradation percentagewas calculated by Eq. (4):

Degradation %ð Þ ¼ wi−wt

wt
� 100 ð4Þ

whereWi is the initial weight of the scaffold andWf is the final weight of
scaffold at the selected time intervals.

2.9. Cells culture

Murine breast cancer cell line (4T1) was purchased from Pasteur In-
stitute, Tehran, Iran. The cells were cultured in RPMI 1640 medium
X implants. (D–G) Implantation of the samples at the left flank of the tumor-bearing mice.
(D) anesthetizing themice, (E) making a small incision, (F) subcutaneous implantation of
it the biodegradation efficacy of (H) the PLGA, (I) the PLGA/CS, (J) and the PLGA/CS-DOX
ely degraded, but the PLGA implantsmaintained their structurewhichwas engulfed by the



Fig. 8. The implants effects on the metastatic nodules' formation at the lungs of tumor-
bearing mice (n=5). (not significant (ns): P N 0.05 *: P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001).

Fig. 7. Therapeutic effect of the implants on the 4T1 breast tumors' growth in the tumor-
bearing mice (n = 8). The PLGA/CS-DOX implants exhibited the most anti-tumor effect.
(not significant (ns): P N 0.05 *: P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001).
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(Sigma, USA) containing 10% fetal bovine serum(FBS) (Sigma, USA) and
1% antibiotics mixture containing penicillin (Sigma, USA) and strepto-
mycin (Sigma, USA). The cells were incubated at 37 °C in a humidified
incubator in 5% CO2 atmosphere.

2.10. Animals studies

Female BALB/c mice (age: 6–8 weeks, weight: 25 ± 2 g) were pur-
chased from the Pasteur Institute, Tehran, Iran. The mice were accli-
mated for at least 1 week before the start of the study for 1 week and
maintained throughout at standard conditions: 24 ± 2 °C temperature,
50 ± 10% relative humidity, and 12 h light/12 h dark. All mice were fed
sterilized standard mouse chow and water ad libitum. All procedures
verified according to the guidelines of the Institutional Animal Care
and Ethics Committee of Isfahan University of Medical Sciences.

2.11. 4T1 breast cancer implantation

BALB/c mice were injected subcutaneously (s.c.) into the 4th ab-
dominal mammary fat pad with 1.5 × 106 cells suspended in 50 μl of
PBS. Tumor sizes were measured with a digital caliper every 3 days
and tumor volumes were estimated using the following tumor volume
Eq. (5) [34].

Tumor volume ¼ Tumor lengthð Þ � Tumor widthð Þ2=2 ð5Þ

When the tumors' volume reached 50–100mm3, micewere divided
into five groups (n = 8). 1) No-treatment, 2) treated with doxorubicin
(10 mg/kg/day), 3) treated with the PLGA implant, 4) treated with the
PLGA/CS implant, 5) treated with the PLGA/CS-DOX implants. At no-
treatment group, one incision was made at the left flank of the tumor-
bearing mice and sutured without implantation of any implants. It
should be mentioned that for the second and fifth treatment groups,
the overall injected doxorubicin dose was approximately the same. All
the operations were done under anesthesia. For anesthetizing of the
mice, they were intraperitoneally injected with a Ketamine-Xylazine
(KX) solution (Ketamine: 191.25 mg/kg, Xylozine: 4.25 mg/kg). To
manage post-surgery pain, Ketoprofen (5 mg/kg) was administered
subcutaneously until next 3 days after laser administration. If any
signs of pain, wounds infection, massive necrosis and hemorrhage, dif-
fuse metastasis were observed during any steps of the study, the mice
were sacrificed by KX overdose.

2.12. Implantation of the PLGA/CS-DOX implants

Themicewere completely anesthetized with the combination of ke-
tamine and xylazine. The left flank was shaved and scrubbed with
betadine. The scrub solution was wiped away from the surgical site
with alcohol 70% and coveredwith a sterile drape. Then, a small incision
wasmade and the implant was embedded under sterile conditions. The
skin was sutured and to manage post-surgical pain, ketoprofen
(5 mg/kg) was administered subcutaneously until next 72 h. The mice
weremonitored daily for prolonged signs of pain,weight loss or surgical
site infections.

2.13. 4T1 breast tumors' metastasis

After 35 days from the cancer cells injection, the tumor-bearingmice
were sacrificed and their lungswere taken out andpreserved in 10% for-
malin for histopathological investigations and to evaluate the metasta-
sis nodules. In addition, organs were fixed in 10% formalin neutral
buffer solution and embedded in paraffin. In the next step, dehydration
was performed and the tissues were blocked. Thin sections about 5 μm
were prepared in a microtome and stained by hematoxylin and eosin.
Histological photographswere obtained using a digital light microscope
(Olympus, Japan).
2.14. Statistical analysis

Statistical analysis was performed using JMP 11.0. All data were an-
alyzed by One Way ANOVA. Statistical significance was set at P ≤ 0.05.
All experiments were performed in triplicates and the results were
expressed as mean ± SD. (not significant (ns): P N 0.05 *: P ≤ 0.05, **:
P ≤ 0.01, ***: P ≤ 0.001).
3. Results and discussion

3.1. Characterization of PLGAmicrospheres (PLGA) and doxorubicin-loaded
chitosan nanoparticles (CS-DOX)

Chitosan nanoparticles were prepared by the ionic interaction be-
tween the positively charged amino groups (−NH+3) of chitosan and
the negatively charged phosphate groups (−P3O5

−10) of TPP. The yield
of chitosan nanoparticles preparation was 73 ± 4%. The FT-IR spectra
of CS and CS-DOX nanoparticles are shown in Fig. 1A. The broadband
at around 3436 cm−1 is attributed to –NH2 and –OH stretching vibra-
tion, related to extra-molecular hydrogen bonding ofmolecules. The ab-
sorption bands appeared at 1065 cm−1, 1338 cm−1, and 1638 cm−1 are
related to the drug. The characteristic absorption bands appeared at
1657 cm−1 (Amide I), 1598 cm−1 (–NH2 bending), and 1320 cm−1

(Amide III).



Fig. 9. The tumor-bearing mice survival time at different treatment groups (n = 8). The
PLGA/CS-DOX implants could significantly increase the breast tumor-bearing mice
survival time. (not significant (ns): P N 0.05 *: P ≤ 0.05, **: P ≤ 0.01, ***: P ≤ 0.001).
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The particle size distributions of CS and CS-DOX nanoparticles
were investigated as shown in Fig. 1B. The average particle size of
CS and CS-DOX nanoparticles were 90.76 ± 1.83 nm and 105.62 ±
2.25 nm, respectively which are inconsistent with Antonioua's
study [35]. In addition, the zeta potential of the CS and CS-DOX nano-
particles were +20.5 ± 1.15 mV and +18.0 ± 1.03 mV, respectively
(Fig. 1C). The positive zeta potential indicates the positive surface
charge in both CS and CS-DOX nanoparticles. Many studies have re-
ported the benefits of positive surface charge for better cancer cells
uptake and tumor targeting [36,37]. SEM micrographs of CS-DOX
nanoparticles are shown in Fig. 1D. The CS-DOX nanoparticles had
round morphology.

In addition, the PLGA microspheres' morphology and size were in-
vestigated (Fig. 2). The PLGA microspheres' size was ranged from 0.5
to 6 μm (Fig. 2A). The microspheres which their size ranged from 2.5
to 5 μm exhibited the most frequencies. Also, the morphology of the
PLGA microspheres were evaluated by SEM photographs (Fig. 2B).

In this study, the CS-DOX nanoparticles were incorporated in the
PLGA-based matrix to form biodegradable implants with efficient DOX
release profile. The drug release profile of PLGA/CS-DOX implants de-
pend on the initial drug diffusion in the chitosan nanoparticles followed
by erosion of the PLGA matrix. PLGA 85:15 co-polymer is known to hy-
drolyze at a slower rate than PLGA co-polymers containing a lower pro-
portion of polylactic acid such as PLGA 50:50. Therefore, the implants
made of PLGA 85:15 will release the encapsulated drug at a slower
rate in comparison with other PLGA co-polymers [32,38,39]. To find
the best ratio between PLGA microspheres and CS-DOX nanoparticles
for designing an implant with appropriate drug release property, vari-
ous ratios (PLGA:CS-DOX, 1:1, 2:1, and 4:1) were studied (Fig. 3). The
drug release profiles exhibit that after initial burst drug release of the
2:1 and 4:1 PLGA/CS-DOX implants within first 30 h, the drug release
was stopped and remained in the abundance line. While, the 1:1
PLGA/CS-DOX implants exhibited sustained drug release after the
burst release phase. Therefore, the 1:1 PLGA/CS-DOX implants had
more favorable drug release profiles in comparison with other
formulations.
Table 2
Mean survival time of the tumor-bearing mice in different treatment groups.

Groups Mean survival time (Days)

No-treatment (n = 8) 51 ± 8.5
PLGA (n = 8) 53.5 ± 9.8
PLGA/CS (n = 8) 71.1 ± 10
PLGA/CS-DOX (n = 8) 94 ± 12.3⁎

Doxorubicin (n = 8) 76 ± 11.6

⁎ P ≤ 0.05, n: the number of mice in each group.
3.2. Drug loading and encapsulation efficiency

Drug loading and encapsulation efficiency are very important in the
drug delivery systems; it's one of the determinative parameters for eval-
uation of the nanocarriers efficacy. As illustrated in Table 1, drug loading
content had a significant effect on the encapsulation efficiency. The re-
sults indicated that more drug loading into the chitosan nanoparticles
caused a higher percentage of drug lost in the loadingmedium. The for-
mulation used in PLGA/CS-DOX implants has a loading content of 22.2%
and encapsulation efficiency of 79%. The chitosan nanoparticles have a
strong capability to load drugs regardless of their surface charge and hy-
drophilicity since the drugs could be loaded into the hybrid nanoparti-
cles due to the capillary force [40].

3.3. Doxorubicin release profile

The in vitro release of doxorubicin from the CS-DOX and PLGA/CS-
DOX is shown in Fig. 4, where the profile of Dox release indicates two
different phases of release. The first phase is the burst or fast release
of 81% and 39% of the DOX within 36 h for the CS-DOX and PLGA/CS-
DOX, respectively. The second phase is the sustained released of DOX
where approximately 97% was released for CS-DOX. The cumulative
percentage of the released doxorubicin fromPLGA/CS-DOXwas approx-
imately 60% within 120 h. The slow release of DOX from implants can
significantly enhance the therapeutic efficacy [41].

3.4. Mass loss kinetics

Fig. 5 illustrates theweight loss percentage of the PLGA and PLGA/CS
implants in PBS (pH 7.4, 37 °C). The PLGA/CS implants exhibited higher
weight loss than the PLGA implants. Therefore, incorporation of chito-
san nanoparticles in the PLGA implants increase the degradation rate.
The main reason for this behavior can be attributed to the hydrophilic
properties of chitosan [42]. Therefore, incorporation of chitosan nano-
particles as the drug carriers in the PLGA implants can increase their
biodegradation.

3.5. Assessment of the PLGA/CS-DOX implants' therapeutic effects on the
4T1 breast tumor-bearing mice

When the tumors reached 50–100 mm3, the samples were im-
planted in the leftflank of themice (Fig. 6). As Fig. 7 illustrates, although
the PLGA samples were ineffective on tumors' growth, the PLGA/CS im-
plants significantly decreased the tumors' growth. This fact can be at-
tributed to the anti-tumor and anti-proliferative properties of the
chitosan nanoparticles [43]. In addition, the PLGA/CS-DOX implants
had even more significant anti-tumor effect in comparison with the in-
jection of the same amount of doxorubicin in multiple doses (5
mg/kg/day) and PLGA/CS implants. After 20 days from implantation,
the PLGA/CS and PLGA/CS-DOX implants were completely degraded
without any residue. However, the PLGA implants remained at the sub-
cutaneous space of themice (Fig. 6). Therefore, the incorporation of chi-
tosan and CS-DOX nanoparticles to the PLGA implants increase their
biodegradation in the body environment. Chitosan as a natural biode-
gradable biopolymer undergoes enzymatic transformation to its basic,
non-toxic components in the human and animals' body. Several en-
zymes are involved in the chitosan degradation. Lysozyme as a non-
specific protease is the main enzyme for in vivo degradation of
chitosan-based implants. This enzyme is present in all mammalian tis-
sues and fluids. It targets the acetylated residues of chitosan polymer
and degrades chitosan to non-toxic oligosaccharides which can be ex-
creted or incorporated to glycosaminoglycans and glycoproteins
[44–46]. Also, eight human chitinases (in the glycoside hydrolase 18
family) have been identified, three of which have shown enzymatic ac-
tivity [47].
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The main cause of cancer patients' death is metastasis [48]. There-
fore, inhibition of cancer cells metastasis is one of themain goals of can-
cer treatment. In this study, 4T1 breast tumors' metastasis to the lung
was evaluated at different treatment groups. As Fig. 8 illustrates, the
PLGA/CS-DOX implants exhibited significant inhibition of metastatic
nodules' formation at lungs. Their effects were even more significant
than the PLGA/CS implants and doxorubicin treatment. According to
previous studies, chitosan has anti-metastatic effects and decreases can-
cer cells migration andmetastasis [49]. Doxorubicin as a chemotherapy
drug has exhibited anti-metastatic properties, too [50,51]. Therefore, a
combination of these two agents in the PLGA/CS-DOX can significantly
inhibit metastasis formation at the mice lungs. Generally, not only the
PLGA/CS-DOX can significantly inhibit 4T1 breast tumors' growth, but
also decrease the lung metastasis (Fig. 8).

To have a general view of different treatment regimens effect on the
breast tumor-bearingmice. The implants effect on breast tumor-bearing
mice survival was evaluated. As Fig. 9 illustrates, the PLGA/CS-DOX
group had more survival time in comparison with other groups
(Table 2). This can be explained by more inhibition of tumors' growth
and metastasis by the PLGA/CS-DOX implants in comparison with the
PLGA/CS implants or doxorubicin treatment.

4. Conclusions

Drug-loaded implants have exhibited many advantages over intra-
venous or oral drug administration, especially for cancer treatment.
Therefore, biodegradable implants have received lots of attention for
controlled delivery and release of anti-cancer drugs. In the present
study, doxorubicin-loaded chitosan nanoparticles were incorporated
into the PLGA implants for sustained release and tumor-specific drug
delivery. The PLGA/CS-DOX implants could significantly inhibit 4T1
breast tumor growth and metastasis in comparison with the same
amount of doxorubicinwhichwas injected in themultiple doses. There-
fore, these implantable biodegradable devices can be an appropriate
choice for replacement of multiple doses injection of doxorubicin for
breast cancer treatment.
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