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ABSTRACT: Currently, chemotherapy is still a primary method
to treat cancers. Doxorubicin is a regular chemotherapy drug, and
a previous study indicated that mPEG5k-b-P(Glu10-r-Phe10)−
doxorubicin is a more excellent nanodrug for cancer therapy,
as it created a therapeutic advantage compared with free
doxorubicin. Therefore, the efficacy of doxorubicin-resistant
tumor treatment was investigated in this paper. While the cell via-
bility and cell uptake results did not reflect an advantage of the
nanodrug in drug-resistant tumors, comparison of the genetic
expression of sensitive and resistant tumor cells highlighted
NFκB. The proteasome inhibitor bortezomib, which is approved
clinically and may influence the NFκB activity, was thus employed.
The MTT assay and flow cytometry indicated that it could
increase the therapeutic efficacy of poly(amino acid)−doxorubicin, and Western blot results showed that bortezomib and
poly(amino acid)−doxorubicin can synergistically diminish NFκB expression. The synergism was confirmed through the ortho-
topic xenograft model in vivo. Thus, bortezomib can enhance the cancer therapeutic efficiency of poly(amino acid)−doxorubicin
not only during the sensitive period but also during the resistant period. This makes the combination of bortezomib and
poly(amino acid)−doxorubicin a potent strategy and guidance for the clinic.
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■ INTRODUCTION

Breast cancer is one of the most critical malignancies and threats
to women, and its incidence is rising continuously.1 Chemo-
therapy remains the leading treatment strategy for cancer among
conventional treatment modalities.2 The efficacy of routine
chemotherapy is significantly hampered by multidrug resistance
(MDR) and severe systemic toxicity.3 In a previous study,4 an
amphiphilic anionic poly(amino acid) copolymer with three
functionalized domains, methoxy poly(ethylene glycol)-b-poly(L-
glutamic acid-r-L-phenylalanine) (mPEG5k-b-P(Glu10-r-Phe10)),
was synthesized and used as a nanovehicle for delivery of the
cationic anticancer drug doxorubicin hydrochloride (Dox·HCl)
via electrostatic interactions for cancer treatment. The poly-
(amino acid)−doxorubicin (mPEG5k-b-P(Glu10-r-Phe10)−doxor-
ubicin, n-Dox) had higher cell proliferation inhibition and
uptake, with the maximum tolerated dose (MTD) increasing
from 5 mg·kg−1 for Dox·HCl to 15 mg·kg−1 for n-Dox on a
Dox·HCl base. Thus, n-DOX demonstrated a significant safety
profile and excellent therapeutic efficacy.
One of the advantages of nanodrug is to overcome MDR, which

is defined as the resistance of cancer cells to one chemother-
apeutic drug, followed by resistance to other chemotherapeutic

drugs that may have different structures and action mecha-
nisms.5 It is estimated that more than 90% of patients that die
from cancers are affected by MDR to different extents.6

A common alteration underlies the membrane of cancer cells,
known as the overexpression of drug efflux pumps. Drug efflux
pumps are a superfamily of adenosine triphosphate binding
cassette (ABC) transporters.7 On the basis of the above mecha-
nism, the nanodrug was applied to avoid or reduce MDR pump
efflux of the drug through lysosome escape.8 P-glycoprotein
(P-gP) siRNA or molecular inhibitor was used to increase the
therapeutic efficacy of the multidrug-resistant tumors.
Although the nanodrug and P-gP inhibition treatment suc-

ceeded in multidrug-resistant tumors to some extent, MDR
remains a major concern, and overcoming the resistance is still
a challenge to achieve a better outcome. Efforts of other mecha-
nisms should be considered to attribute to this system. From the
molecular biology aspect, the resistant tumor cells exhibit other
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genetic characters, such as mutated p53,9 aberrant protein
kinase C (PKC),10 NFκB,11 and caveolin,12 except for the P-gP
upregulated signaling pathway. Thus, the other signaling path-
ways could be utilized to regulate the therapeutic sensitivity of
resistant cells.
In this work, the therapeutic efficacy of poly(amino acid)−

doxorubicin on doxorubicin-resistant tumors was studied.
While the cell viability and cell uptake results did not reflect
the nanodrug’s advantage in resistant tumors, comparison of
the genetic expression of sensitive and resistant cells high-
lighted NFκB. When the proteasome inhibitor bortezomib was
employed, the MTT assay and flow cytometry indicated that it
could increase the therapeutic efficacy of poly(amino acid)−
doxorubicin, and Western blot results showed that bortezomib
and poly(amino acid)−doxorubicin can synergistically diminish
NFκB expression. The synergism was confirmed through an
orthotopic xenograft model in vivo. Thus, bortezomib can
enhance the cancer therapeutic efficiency of poly(amino acid)−
doxorubicin not only during the sensitive period but also during
the resistant period.

■ MATERIALS AND METHODS
Materials. Doxorubicin·HCl was purchased from Sinopharm Chem-

ical Reagent Co. Ltd. (Beijing, P. R. China). Bortezomib (Bor) was
obtained from Beijing HuaFeng United Technology Co., Ltd. (Beijing,

P. R. China). Cell culture products, including Rosewell Park Memorial
Institute (RPMI) 1640 medium and fetal bovine serum (FBS) were
provided by Gibco (Grand Island, NY, USA). Penicillin and streptomycin
were obtained from Huabei Pharmaceutical Co., Ltd. (Shijiazhuang,
P. R. China). The BCA Protein Assay Kit was purchased from Thermo
Pierce Biotechnology (Rockford, IL, USA). 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) was purchased from Sigma-
Aldrich (Shanghai, P. R. China).

Synthesis and Characterizations. Synthesis and characteriza-
tion of nanoized doxorubicin were performed as reported previously.4

The molar composition ratio of the monomeric repeating units in
mPEG5k-b-P(Glu10-r-Phe10) was 113:10:10. The number-average molec-
ular weight of mPEG5k-b-P(Glu10-r-Phe10) calculated by 1H NMR spec-
troscopy was 7760 g·mol−1. Gel-permeation chromatography (GPC)
analyses showed that the mPEG5k-b-P(Glu10-r-Phe10) copolymer had a
narrow molecular weight distribution (polydispersity index = 1.1). The
diameter was 140 nm, and its drug loading content was 19.1%.

Cell Culture. The human breast cancer cell line MCF-7 and its
drug-resistant variant MCF-7/Adr were purchased from Shanghai
Bogoo Biotechnology Co. Ltd. They were cultured in complete RPMI
1640 medium supplemented with 10% FBS, 100 units·mL−1 penicillin,
and 100 μg·mL−1 streptomycin in a humidified incubator with 5% CO2

at 37 °C. Before drug treatment, cells were cultured at a density of
around 0.3 × 106 mL−1 overnight to reach 70% confluency.

Cellular Uptake Study. The cellular uptake of Dox and n-Dox
was assessed by confocal laser scanning microscopy (CLSM)
and fluorescence-activated cell sorting (FACS) against MCF-7 and

Figure 1. Schematic illustration of the preparation and interaction mechanism of n-Dox.
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MCF-7/Adr cells. The cells were seeded in six-well plates at (2−3) ×
105 cells per well, precultured in 2.0 mL of complete culture medium
overnight, and then incubated for another 1, 3, or 6 h with Dox or
n-Dox at 37 °C. For CLSM, cells were washed with phosphate-buffered

saline (PBS) (0.01 M, pH 7.4) three times (5 min per wash). Then the
cells were fixed with 4% (w/v) paraformaldehyde for 25 min at 25 °C
and washed five times with PBS, and the cell nuclei were stained with
4,6-diamidino-2-phenylindole (DAPI) according to the standard pro-
tocols from the supplier. CLSM images were taken using a laser
scanning confocal microscope (Zeiss). For FACS, cells were collected
and washed with PBS (0.01 M, pH 7.4) three times, sorted, and ana-
lyzed by flow cytometry. Data were analyzed using FlowJo software.

In Vitro Cytotoxicity Assay. The cytotoxicities of Dox, n-Dox,
Bor, and n-Dox and Bor combined were studied using the MTT assay.
MCF-7 or MCF-7/Adr cells were seeded in 96-well plates at 7000 cells
per well in RPMI 1640 containing 10% FBS overnight. The culture
medium was replaced with fresh medium containing drugs at various
concentrations for another 24 or 48 h incubation. Then the medium in
each well was replaced with 180 μL of fresh medium and 20 μL of
MTT (5 mg·mL−1 in PBS), and the cells were incubated for another
4 h at 37 °C. The MTT solution was removed and 150 μL of dimethyl
sulfoxide (DMSO) was added to each well to dissolve formazan crystals.
The absorbance was measured at 490 nm on a Biotek microplate reader.
The relative cell viabilities were calculated as (Asample/Acontrol) × 100,

Figure 2. Cytotoxicity and cell uptake of Dox and n-Dox in MCF-7 and MCF-7/Adr cells. (A, B) MTT assay results showing the relative cell
viabilities and IC50 values in (A) MCF-7 and (B) MCF-7/Adr cells. (C, D) Confocal laser scanning microscopy images (left) and quantification of
relative fluorescence intensities (right) of (C) MCF-7 and (D) MCF-7/Adr cells. In the merged pictures, red represents doxorubicin and blue
represents DAPI. (E, F) Fluorescence-activated cell sorting data for (E) MCF-7 and (F) MCF-7/Adr cells upon Dox and n-Dox treatment at
different times. The relative fluorescence intensities of Dox from all images were analyzed using ImageJ software. Data were reported as mean ± SD
from three independent experiments. *, P < 0.05 and **, P < 0.01 compared with the control as determined by Student’s t test.

Figure 3. Gene expression differences between MCF-7 and MCF-7/
Adr cells. (A) Western blot showing Mdr-1 and p53 expression.
(B) Western blot indicating the NFκB p65 and its phosporylation.
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where Asample and Acontrol are the absorbances of the sample well and
control well, respectively. Data were presented as mean ± standard
deviation (SD) (n = 3). The data were analyzed with Graphpad Prism
software. The points were fitted by nonlinear regression, and the half-
maximal inhibitory concentrations (IC50) were obtained according to
the log(inhibition)−response curve.
Quantitative Determination of Drug Interactions. Drug inter-

actions were evaluated through combination index (CI) analysis based
on the Chou−Talay method13 and the following equation:

= +D D D DCI / /1 x1 2 x2

where D1 and D2 represent the concentrations of drug 1 and drug 2
that in combination give the same response as drug 1 alone (Dx1) or
drug 2 alone (Dx2). CI values less than, equal to, and greater than 1
indicate synergism, additive effect, and antagonism, respectively.
Cell Apoptosis Study. Propidium iodide (PI) (Sigma-Aldrich) or

7-aminoactinomycin D (7-AAD) uptake was taken as a measure of cell
membrane permeability, and annexin V−FITC binding was used as a
measure of cell membrane scrambling with phosphatidylserine trans-
location at the cell surface, as described previously14.15 To this end, the
drug-treated cells were incubated with annexin V−FITC and PI
(MCF-7) or annexin V−FITC and 7-AAD (MCF-7/Adr) to assess cell
apoptosis and necrosis. The labeled samples were then determined by
flow cytometry using a FACSCalibur flow cytometer (BD Biosciences,
Heidelberg, Germany).

Western Blot. Western blotting was carried out with whole-cell
lysates as previously described.16 As to single treatment, MCF-7 cells
were treated with 0.25 or 0.75 μg·mL−1 Dox or n-Dox or 10, 30, or
60 nM Bor for 48 h, while MCF-7/Adr cells were treated with 10 or
30 μg·mL−1 Dox or n-Dox or 1, 2, or 5 μM Bor for 48 h. For
combination treatment, MCF-7 cells were treated with 0.15 μg·mL−1

n-Dox and 30 nM Bor for 48 h, and MCF-7/Adr cells were treated
with 10 μg·mL−1 n-Dox and 2 μM Bor for 48 h. Whole-cell proteins
were prepared by lysing the cells in 1× cell lysis buffer [2 mM Tris-
HCl (pH 7.5), 15 mM NaCl, 0.1% Triton] supplemented with pro-
teinase inhibitors. After protein lysates were quantified, 10−40 μg of
protein was loaded into 6% or 15% polyacrylamide SDS-PAGE gels
and transferred to PVDF membranes (Millipore). β-Actin was used as
an internal reference. Antibodies used were as follows: NFκB p65,
Bcl-2, and Bax from Abcam; Mdr-1 and β-actin from Santa Cruz; and
p-NFκB p65 from Cell Signaling. The proteins detected were visu-
alized using an enhanced chemiluminescence Western blot detection
system (Tanon Science & Technology Co. Ltd.).

In Vivo Tumorigenicity Assays. Nude mice (female, 6 weeks
old) were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. All of the animal experiments were performed in
accordance with the Guide for Care and Use of Laboratory Animals
and were approved by the Animal Care and Use Committee of Jilin
University. To build the MCF-7 orthotopic xenograft model, about
2 × 106 MCF-7 cells were injected subcutaneously into the right

Figure 4. Influence of Dox and n-Dox on NFκB p65 expression. (A) Western blot showing the indicated protein expression after Dox and n-Dox
treatment in MCF-7 cells. (B) Western blot for NFκB detection upon Dox and n-Dox treatment in MCF-7/Adr cells.

Figure 5. Borteomib is synergistic with n-Dox in doxorubicin-sensitive MCF-7 cells. (A) MTT assay reflecting the cytotoxicity of MCF-7 with
different doses of bortezomib. (B) MCF-7 cells were treated with bortezomib for 48 h, and then the protein samples were subjected to Western blot.
Apoptotic gene expression was detected. (C) Western blot showing NFκB expression in bortezomib-treated MCF-7 cells. (D) MTT assay
demonstrating the cell viability change after n-Dox or/and bortezomib treatment. (E, F) MCF-7 cells were treated with n-Dox or/and bortezomib
for 48 h, and the protein samples were then subjected to Western blot. The indicated apoptosis-related gene (E) and NFκB expression (F) were
investigated.
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mammary fat pad of each mouse for xenograft tumor (n = 6 mice per
group). When the tumor volume was approximately 50 mm3, the mice
were divided into four groups and then treated with PBS, n-Dox
(1.5 mg·kg−1 on a Dox·HCl basis), Bor (0.115 mg·kg−1), or n-Dox
plus Bor (1.5 mg·kg−1 on a Dox·HCl basis, 0.115 mg·kg−1) by tail
intravenous injection on days 1, 4, 8, and 11. To build the MCF-7/Adr
orthotopic xenograft model, about 10 × 106 MCF-7/Adr cells (resus-
pended in 1:1 PBS:Matrigel) were injected subcutaneously into the
right mammary fat pad of each mouse for xenograft tumor (n = 6 mice
per group). When the tumor volume was approximately 50 mm3, the
mice were divided into four groups and then treated with PBS, n-Dox
(2.5 mg·kg−1 on a Dox·HCl basis), Bor (0.192 mg·kg−1), or n-Dox
plus Bor (2.5 mg·kg−1 on a Dox·HCl basis, 0.192 mg·kg−1) by tail
intravenous injection on days 1, 4, 8, and 11. The tumor sizes were
measured every 2 days. The tumor volume (in mm3) was calculated
using V = ab2/2,17 where a and b stand for the longest and shortest
diameters of the tumor, respectively. All of the tumors were excised at
the same time. The liver, spleen, lung, and kidney sections were col-
lected and together with the tumors were fixed in 4% paraformalde-
hyde.
Hematoxylin and Eosin (H&E) Staining. Tumors and tissues

collected from our animal studies were fixed with 4% paraformalde-
hyde. The paraffin-embedded samples were cut to 5 μm thickness and
stained with H&E.
Statistical Analysis. The quantification was analyzed using

Student’s t test. All of the statistical analyses were conducted using
GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA).
Differences were considered statistically significant at P < 0.05. All of
the P values were two-sided.

■ RESULTS AND DISCUSSION
Comparison of Cytotoxicity and Endocytosis between

n-Dox and Dox. The structure, composition, and function
of poly(amino acid)−Dox are shown in Figure 1. Doxorubicin-
sensitive MCF-7 and doxorubicin-resistant MCF-7/Adr cells
were employed in this study. On the basis of the study of MCF-7,
n-Dox indeed exhibited stronger cytotoxicity, with IC50 values of
0.28 μg·mL−1 for Dox and 0.19 μg·mL−1 for n-Dox (Figure 2A).

The FACS and CLSM results showed faster and greater uptake
of n-Dox compared with Dox, and the drug was concentrated in
the nuclei of cells (Figure 2C,E). The fluorescence intensity
was obviously higher at 1, 3, and 6 h, and the counted number
of labeled cells at 1 h was greater for n-Dox treatment.
However, when MCF-7/Adr cells were treated with Dox and

n-Dox, the drug concentration had to be increased greatly to
obtain cytotoxicity. The IC50 values were 26.2 μg·mL−1 (Dox)
and 30.6 μg·mL−1 (n-Dox) (P > 0.05). This seems to indicate
that poly(amino acid)−doxorubicin did not excel compared
with free doxorubicin in regard to toxicity (Figure 2B). To this
end, the cell uptake was evaluated through CLSM and FACS
(Figure 2D,F). The fluorescence intensity was obviously higher
at 1 h, and the counted numbers of labeled cells at 1, 3, 6, and
10 h were greater for n-Dox treatment. Endocytosis of n-Dox
was faster and greater than that of free doxorubicin, and the
location of drug after uptake was mainly concentrated in cell
plasma. Therefore, it is the drug location, further the drug
release, that may limit the therapeutic efficacy of poly(amino
acid)−doxorubicin in MCF-7/Adr cells.

Gene Expression Difference between Doxorubicin-
Sensitive and -Resistant Cells. Since the poly(amino acid)−
doxorubicin had an advantage in treating doxorubicin-sensitive
cells but not doxorubicin-resistant cells, we wondered what is
the genetic mechanism for this. Thus, the gene expression dif-
ference between MCF-7 and MCF-7/Adr cells was assessed.
It has been reported that multidrug-resistant protein P-gP was
highly expressed and the apoptotic-related p53 protein was
mutated in resistant cells. This was confirmed through Western
blot, and the results showed that Mdr-1 protein was overexpressed
and the p53 (mutated p53) protein was expressed strongly in
MCF-7/Adr cells compared with MCF-7 cells (Figure 3A).
As it showed that NFκB may influence the therapeutic result of
multiple myeloma, NFκB p65 and its phosphorylation were
explored in the Dox-sensitive and -resistant cells (Figure 3B).

Figure 6. Borteomib is synergistic with n-Dox in doxorubicin-resistant MCF-7/Adr cells. (A) MTT assay reflecting the cytotoxicity of MCF-7/Adr
with different doses of bortezomib. (B) MCF-7/Adr cells were treated with bortezomib for 48 h, and then the protein samples were subjected to
Western blot. Apoptotic gene expression was detected. (C) Western blot showing NFκB expression in bortezomib-treated MCF-7/Adr cells.
(D) MTT assay demonstrating the cell viability change after n-Dox or/and bortezomib treatment. (E, F) MCF-7/Adr cells were treated with n-Dox
or/and bortezomib for 48 h, and the protein samples were then subjected to Western blot. The indicated apoptosis-related gene (E) and NFκB
expression (F) were tested.
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The results revealed that the oncogenic NFκB p65 exists more
and that the elevated phosphorylation influences the function
of NFκB. Together, the elevated NFκB may cause the resistant
cells became aberrant and tough to kill.
Influence of Dox and n-Dox on NFκB p65 Expression.

First, we evaluated the effect of Dox and n-Dox on NFκB
expression in both Dox-sensitive and -resistant cells. Western
blot experiments were performed, and the results showed that
n-Dox could induce diminished NFκB to a greater extent than
Dox in MCF-7 cells (Figure 4A). However, the n-Dox did not
significantly decrease NFκB expression in MCF-7/Adr cells
compared with Dox (Figure 4B). Thus, this revealed that NFκB
expression had some accordance with the sensitivity of drug
treatment and cell response.
Bortezomib Increases Poly(amino acid)−Doxorubicin

Therapeutic Efficacy in Vitro. Bortezomib is a classic pro-
teasome inhibitor, and it has been reported that bortezomib can
disrupt SP1 and NFκB association, influence NFκB activity, and
regulate leukemia cell fate. Here, bortezomib was applied to
diminish the NFκB activity in order to see whether it can
enhance doxorubicin nanodrug’s therapeutic sensitivity.
The sensitivity of n-Dox treatment in MCF-7 cells was first

explored. As shown in Figure 5A−C, bortezomib exhibited
cytotoxicity toward MCF-7 cells. The pro-apoptotic gene Bax was

upregulated and the anti-apoptotic gene Bcl-2 was downregulated,
which indicates that bortezomib can induce cell apoptosis.
When n-Dox was combined with bortezomib, the cytotoxcixity
was synergistically enhanced compared with the n-Dox or bort-
ezomib single treatment (Figure 5D). The changes in apoptotic-
related gene expression revealed that n-Dox and bortezomib can
induce apoptosis (Figure 5E). From the mechanism, they can
synergistically decrease NFκB expression (Figure 5F).
The synergism of n-Dox and bortezomib triggered us to

apply the regimen to doxorubicin-resistant MCF-7/Adr cells.
As shown in Figure 6A−C, bortezomib exhibited cytotoxicity
toward MCF-7/Adr cells. The pro-apoptotic gene Bax was
upregulated, and the anti-apoptotic gene Bcl-2 was downreg-
ulated. This indicates that bortezomib can induce cell apoptosis.
When n-Dox was combined with bortezomib, the cytotoxicity
was synergistically enhanced compared with the n-Dox or bort-
ezomib single treatment (Figure 6D). The changes in apoptotic-
related gene expression revealed that n-Dox and bortezomib can
induce apoptosis (Figure 6E). From the mechanism, they can
synergistically decrease NFκB expression (Figure 6F).

Bortezomib Increases Poly(amino acid)−Doxorubicin
Therapeutic Efficacy in Vivo. Since good results were obtained
in vitro, we performed the tumor inhibitory experiments in vivo.
An orthotopic xenograft model was established on the basis of
the previous report, and nude mice were employed. MCF-7

Figure 7. Bortezomib increases n-Dox therapeutic efficacy toward
MCF-7 xenografted tumor. About 2 × 106 MCF-7 cells were injected
subcutaneously into the right mammary fat pad of each mouse for
xenograft tumor (n = 6 mice per group). When the tumor volume was
approximately 50 mm3, the mice were divided into four groups and
then treated with PBS, n-Dox (1.5 mg·kg−1 on a Dox·HCl basis),
bortezomib (0.115 mg·kg−1), or n-Dox plus bortezomib (1.5 mg·kg−1

on a Dox·HCl basis, 0.115 mg·kg−1) by tail intravenous injection on
days 1, 4, 8, and 11. (A) Tumor growth curve and body weight change
after n-Dox or/and bortezomib treatment. (B) H&E staining for heart,
spleen, lung, and kidney after treatment. (C) H&E staining for tumor
after treatment (200× magnification).

Figure 8. Bortezomib increases n-Dox therapeutic efficacy toward
MCF-7/Adr xenografted tumor. About 10 × 106 MCF-7/Adr cells
(resuspended in 1:1 PBS:Matrigel) were injected subcutaneously into
the right mammary fat pad of each mouse for xenograft tumor (n =
6 mice per group). When the tumor volume was approximately
50 mm3, the mice were divided into four groups and then treated
with PBS, n-Dox (2.5 mg·kg−1 on a Dox·HCl basis), bortezomib
(0.192 mg·kg−1), or n-Dox plus bortezomib (2.5 mg·kg−1 on a Dox·
HCl basis, 0.192 mg·kg−1) by tail intravenous injection on days 1, 4, 8,
and 11. (A) Tumor growth curve and body weight change after n-Dox
or/and bortezomib treatment. (B) H&E staining for heart, spleen,
lung, and kidney after treatment. (C) H&E staining for tumor after
treatment (200× magnification).
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cells (2 ×106, resuspended in PBS) or MCF-7/Adr cells (10 ×
106, resuspended in 1:1 PBS:Matrigel) were injected subcuta-
neously into the right mammary fat pad of mice. As shown in
Figure 7A, n-Dox and bortezomib could synergistically inhibit
the MCF-7 tumor growth and give a smaller tumor relative
to n-Dox or bortezomib single treatment (P < 0.05). From the
body weight change image, the combination treatment scheme
exhibits little toxicity (Figure 7B). Moreover, histological staining
showed that the drug did not have much toxicity toward tissues
like heart, spleen, lung, and kidney (Figure 7C). When the tumors
were fixed, sliced, and stained with H&E, low- and high-power
magnification of H&E staining demonstrated clear apoptosis with
typical apoptotic bodies. Diffuse tumor cell growth without signs
of apoptosis or necrosis in untreated tumors and confluent
areas of necrosis with typical loss of nuclei could be found
(Figure 7D). Similar results were obtained in MCF-7/Adr
xenograft tumors, as n-Dox and bortezomib could synergisti-
cally inhibit the MCF-7/Adr tumor growth (P < 0.01) without
significant toxicity (Figure 8A,B). Furthermore, the treatment
strategy did not have obvious toxicity toward the heart, spleen,
lung, and kidney (Figure 8C). The histological staining of tumors
showed that n-Dox and bortezomib combination treatment
resulted in more apoptosis and necrosis (Figure 8D).
From the above tumor growth inhibition results, the n-Dox

and bortezomib combination treatment strategy was more effec-
tive in the resistant tumors compared with n-Dox or bortezomib
single treatment. Thus, bortezomib could increase the ther-
apeutic efficacy of n-Dox toward both doxorubicin-sensitive
and -resistant tumors. Therefore, bortezomib may prolong the
application time of the poly(amino acid)−doxorubicin nano-
drug not only at the initiation of treatment but also even when
the tumor becomes resistant to the doxorubicin. To this end,
bortezomib can make the poly(amino acid)−doxorubicin a
“universal” drug. This makes bortezomib and poly(amino acid)−
doxorubicin a potential combination program in the clinic, and
poly(amino acid)−doxorubicin could be a clinical anticancer
drug candidate.

■ CONCLUSION

This work studied the effect of poly(amino acid)−doxorubicin
nanodrug on doxorubicin-sensitive MCF-7 cells and doxorubicin-
resistant MCF-7/Adr cells. It highlighted that NFκB overexpres-
sion may limit the poly(amino acid)−doxorubicin therapeutic
sensitivity in MCF-7/Adr cells. The proteasome inhibitor bort-
ezomib was employed to diminish the NFκB activity, which
indeed increased the therapeutic efficacy of poly(amino acid)−
doxorubicin. Thus, bortezomib could enhance the cancer thera-
peutic efficiency of poly(amino acid)−doxorubicin not only
during the sensitive period but also during the resistant period.
This makes the bortezomib and poly(amino acid)−doxorubicin
combination a potent strategy and guidance for the clinic.
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