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Lung cancer is the most common malignancy in the world, with a high mortality rate. Nevertheless,
therapies to act effectively against lung cancer remain elusive. So far, chemotherapy is still the frontline
treatment of lung cancer. Doxorubicin (DOX) is a broad-spectrum anti-tumor drug. However, DOX of-
ten has serious side effects and causes multi-drug resistance, which greatly limits its clinical application.
In this work, biodegradable methoxy poly(ethylene glycol)-poly(lactic acid) (MPEG-PLA) and cyclo(Arg-
Gly-Asp-D-Phe-Lys) (cRGD) polypeptide modified PEG-PLA (cRGD-PEG-PLA) copolymers were used for the
co-delivery of curcumin (CUR) and DOX (CUR-DOX/cRGD-M). The particle size of the self-assembled drug-
loaded nanomicelle approximately was 27.4 nm and the zeta potential was —2.7 mV. Interestingly, CUR
can enhance the uptake of DOX by Lewis lung carcinoma (LL/2) cells. The experimental results in vivo
and in vitro showed that CUR-DOX/cRGD-M combination therapy could promote apoptosis of lung can-
cer cells, and conspicuously inhibit the tumor growth. Our data indicate that CUR-DOX/cRGD-M will be
biodegradable and sustainable, which may have potential clinical application value in the treatment of

lung cancer.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lung cancer is considered to be the second most frequently di-
agnosed malignancy in the world, accounting for 11.4% of all can-
cer diagnoses. Moreover, it is the leading cause of cancer-related
mortality (18.0% of total cancer mortality) in 2020 [1-3]. The com-
monly used surgical resection of lung cancer has the disadvantages
of operation difficulty, high risk and recurrence. Despite systemic
toxicity, chemotherapy is still an indispensable treatment [4-7].

In the past few decades, researchers have found a series of
chemical compounds that may be helpful in treating lung can-
cer. Representatively, doxorubicin (DOX) is a broad-spectrum anti-
tumor drug widely used in the treatment of various cancers as
a first-line chemotherapy drug [8,9]. However, DOX mediates ox-
idative stress in heart tissue and the dysregulation of intracellular
calcium ions, which causes cell apoptosis and myocardial injury
[10,11]. Therefore, the application of DOX is limited by myocar-
dial toxicity. Curcumin (CUR) is a natural compound derived from
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turmeric, which is certified anti-tumor effects in vitro and in vivo
[12-14]. Similarly, a significant inhibitory effect is also shown on
lung adenocarcinoma cell lines with multidrug resistance (MDR)
[15].

These studies have inspired us to design combination ther-
apy strategies of DOX and CUR to synergistically inhibit the tu-
mor growth and metastasis, maximize the therapeutic response
of chemotherapy while minimizing the occurrence of MDR [16].
Besides, DOX and CUR have the same shortcomings as other tra-
ditional chemotherapeutics, such as low water solubility and low
bioavailability. It is a very effective means to use amphiphilic poly-
mer as carriers to construct drug-loaded micelles and improve
drug solubility [17-19]. Methoxy poly(ethylene glycol)-poly(lactic
acid) (MPEG-PLA) can self-assemble in water to form a core-shell
structure. The micelle not only has an outstanding drug encapsu-
lation efficiency and total drug release rate, but also has a pre-
eminent biocompatibility [20-22]. After systemic administration in
vivo, hydrophilic structures prolong the half-life of the hydropho-
bic drug, thereby more drugs have the opportunity to be enriched
in tumor thus enhancing treatment efficacy [23-25]. cRGD pep-
tide has been identified as an essential binding motif that can
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Fig. 1. Schematic diagram of research. Self-assembled nanocomposites composed
of MPEG-PLA polymer, cRGD-PEG-PLA polymer, curcumin (CUR) and doxorubicin
(DOX) were injected intravenously into Lewis lung carcinoma (LL/2) tumor-bearing
mice, which show remarkable ability of promoting tumor apoptosis, inhibiting tu-
mor proliferation and inhibiting tumor angiogenesis.

specifically bind integrin «yf3 overexpressed by activated en-
dothelial cells and tumor cells, which greatly ameliorates the tar-
geting of nanoparticles [26-29].

Based on the above, this study combined DOX and CUR in
cRGD-M nanomicelles using a self-assembled method to obtain ac-
tively tumor-targeting nanomicelles (Fig. 1). The enhanced perme-
ability and retention effect of micelles in tumor neovascularization
can enhance the cytotoxicity of tumor cells. Moreover, DOX and
CUR are loaded in micelles simultaneously, which can reduce the
cardiotoxicity of DOX and provide a new treatment strategy for pa-
tients with advanced lung cancer.

First of all, the molecular dynamics interactions between CUR,
DOX and cRGD-PEG-PLA copolymers have been simulated by com-
puter. As shown in Fig. S3 (Supporting information) and Fig. 2A,
they gradually approached and interacted in a water environment
(pH 7.0) and the environment near tumor tissue (pH 6.5). By con-
stantly changing the position and adjusting the conformation, CUR
and DOX found a suitable position for binding on cRGD-PEG-PLA.
At the same time, cRGD-PEG-PLA provided appropriate binding
sites for CUR and DOX by dynamically adjusting the conformation,
thereby enhancing the interactions between them. In this way,
through mutual coordination, a stable system has been established
at 10 ns. cRGD-PEG-PLA was synthesized by a classic ring-opening
polymerization [30] followed by a Michael addition reaction with
cRGD (Figs. S1 and S2 in Supporting information). The drug-loaded
micelles were prepared by film dispersion and ultrasonic methods.
As shown in Fig. 2B, after completing self-assembly in the water
phase, PLA wraps the drug molecules to form a hydrophobic core,
and PEG extends outward into a hydrophilic shell. Before evaluat-
ing its cytotoxicity, the particle size and zeta potential of nanocom-
posites were investigated. The morphology of micelles was ob-
served using a transmission electron microscope (TEM), which was
uniformly spherical (Fig. 2D). According to the particle sizer de-
tection, the mean hydrodynamic diameter of the nanocomposite
was 27.4 nm (Fig. 2C). The polydispersity index (PDI) of the par-
ticle size was 0.133, showing a good dispersion coefficient. More-
over, the surface zeta potential of the nanocomposite was about
—2.7 mV (Fig. 2E). Small nanoparticles have a stronger ability to
penetrate the tumor site, while the weak negative charge on the
surface of the particles can reduce the adsorption of proteins in
the blood [31-33].

To investigate the cytotoxic effect of CUR/M, DOX/M and CUR-
DOX/M with different concentrations, we used the MTT assay. Ac-
cording to the results, the cell viability of LL/2 cells was atten-
uated with time increase (Fig. 3A). In contrast, CUR-DOX/M had
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Fig. 2. Computational simulation analysis and characterization of nanocomposites.
(A) Interaction modes of the cRGD-PEG-PLA copolymer, CUR and DOX in the en-
vironment near tumor tissue (pH 6.5) revealed by Langevin dynamics simulations.
The nanocomposite is depicted with a solid surface. (I) The initial conformation of
the cRGD-PEG-PLA copolymer complexed with CUR and DOX. The left, medial and
right represent the CUR, cRGD-PEG-PLA copolymer and DOX, respectively. Confor-
mations (II), (III), (IV), (V) and (VI) correspond to snapshots of the nanocomposite
collected at 2, 4, 6, 8 and 10 nanosecond (ns), respectively. (B) Structure of the
model of CUR-DOX/cRGD-M. (C) Size distribution spectrum of CUR-DOX/cRGD-M.
(D) TEM image of CUR-DOX/cRGD-M. (E) Zeta potential of CUR-DOX/cRGD-M.

stronger tumor cell cytotoxicity than CUR/M and DOX/M sepa-
rately, which is consistent with a previous report [34]. Owing to
the autofluorescence of DOX, we performed flow cytometry on un-
stained LL/2 cells. LL/2 cells were treated with 0, 0.0625, 0.125,
0.25, 0.5 pg/mL of DOX/M, CUR/M or CUR-DOX/M. Intriguingly,
at the same DOX concentration, we observed a significant aug-
ment in the red fluorescence intensity of LL/2 cells in CUR-DOX/M
group, and cellular uptake of DOX was ameliorated with the in-
crease in CUR/M concentration (Fig. 3C and Fig. S4B in Supporting
information). Therefore, the combination of CUR and DOX showed
greater toxicity, which might be due to curcumin enhancing the
uptake of DOX by cells. This enhancement effect mainly comes
from the inhibitory effect of CUR on P-gp-mediated drug efflux
[35]. Many studies have confirmed that CUR can overcome MDR
by sharply down-regulating the expression of ABC transporters as-
sociated with MDR, as well as inhibiting the ability of cancer cells
to resist oxidative stress [36,37].

Meanwhile, Pl/annexin-V staining flow cytometry was used to
detect the apoptosis and necrosis of LL/2 cells after treatment with
different concentrations of CUR/M, DOX/M and CUR-DOX/M. The
results indicated that CUR/M, DOX/M and CUR-DOX/M could in-
duce LL/2 cell apoptosis in 48 h (Fig. 3B and Fig. S4A in Support-
ing information). At a concentration of 0.5 pg/mL, the percentage
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Fig. 3. In vitro anti-tumor effect of CUR/M, DOX/M and CUR-DOX/M. (A) Cell cytotoxicity analysis. LL/2 cells viability was detected by MTT assay after treatment with different
concentrations of CUR/M, DOX/M and CUR-DOX/M at 24 and 48 h. (B) Cell apoptotic study in LL/2 cells. LL/2 cells treated with different concentrations of CUR/M, DOX/M
and CUR-DOX/M for 48 h were stained by Pl/annexin-V FITC to analyze cell apoptosis. (C) Effect of CUR/M on intracellular uptake of DOX/M. LL/2 cells were incubated with
different concentration of nanocomposites (0, 0.0625, 0.125, 0.25 and 0.5 pg/mL) for 48 h. Then, cells were collected for uptake analysis. (D) Western blot of apoptosis-related
proteins. LL/2 cells were incubated with different nanocomposites (0.5 pg/mL) for 48 h. Then, cells were collected for western blot analysis.

of annexin V* in LL/2 cells was 28.34% in the combination treat-
ment group versus 6.30% in the CUR/M group and 26.69% in the
DOX/M group, respectively (Fig. 3B). Hence, the above results con-
firmed that CUR-DOX/M induced more cell apoptosis and necro-
sis than either drug alone at the same concentration. Western blot
results showed that cells treated with 0.5 pg/mL CUR-DOX/M ex-
hibited higher expression of the apoptosis-related proteins cleaved
caspase 3, caspase 8, caspase 9 and Bax, and lower expression of
the anti-apoptotic protein Bcl-2 compared with the cells treated by
single drug (Fig. 3D), suggesting that CUR-DOX/M promoted apop-
tosis of lung cancer cells.

In vivo, the anti-tumor activity of nanomicelles was firstly stud-
ied in the LL/2 subcutaneous model. The tumor-bearing mice were
divided into six groups (n = 5): NS, Vehicle, CUR/M, DOX/M, CUR-
DOX/M, CUR-DOX/cRGD-M. After being treated with the different
drugs, the tumor volume of the mice was measured every 3 days.
As seen in Fig. 4A, the vehicle group almost had no inhibitory ef-
fect on tumors. Compared with single-drug or non-targeted dual-
drug treatment, the growth of tumors in the CUR-DOX/cRGD-M
group was significantly inhibited. On the 14 day post-inoculation,
the targeted combination treatment group had the smallest mean
tumor volume of 700 mm? (Figs. 4A and B) and a mean tumor
weight of 0.4 g (Fig. S5A in Supporting information), yet other
groups were far larger, all above 1000 mm3 (P < 0.001). In ad-
dition, Fig. S5B (Supporting information) shows that there was no
significant restraint of mice body weight (P > 0.05). Therefore, we
concluded that targeted combination therapy could prevent pri-
mary tumor progression more effectively than the monotherapy.

The CUR-DOX/cRGD-M not only had a significant effect on LL/2
subcutaneous tumors, but also had a more significant effect on
LL/2 pulmonary metastases. The pulmonary metastases model was
established by injecting LL/2 cells into the tail vein and the mice
were treated since the 7 day. On the 22M day, the mice were
sacrificed and their lungs were removed for metastatic nodules
counting and subsequent tissue sections preparation. According to
the photographs (Figs. 4C and D), no visible pulmonary nodules
were found in lungs from mice treated with CUR-DOX/cRGD-M,
while multiple metastatic nodules could be seen in the lungs from

other groups (Figs. S6A and B in Supporting information). Further-
more, the pathological sections of the lung shown by H&E stain-
ing also had a significant difference (Fig. 4E). These results indi-
cated that treatment with CUR-DOX/cRGD-M could remarkably in-
hibit the pulmonary metastases. In addition, Fig. S6C (Supporting
information) shows that there was no significant restrain of mice
body weight (P > 0.05). All animal experiments were approved by
the Animal Experimental Ethics Committee of State Key Laboratory
Biotherapy (SKLB), Sichuan University (No. SKLB 2020-1016).

Regardless of whether it was in the subcutaneous tumor model
or the pulmonary metastases model, the CUR-DOX/cRGD-M group
showed a better effect than the CUR-DOX/M group, mainly due
to the accumulation of cRGD-PEG-PLA micelles in the tumor via
receptor active targeting and nanoparticle enhanced permeabil-
ity and retention (EPR) effect. According to previous reports, in-
tegrin oyB3 is markedly up-regulated in various types of tumor
cells and activated endothelial cells to promote tumor angiogene-
sis, whereas it is not up-regulated at all or rarely in resting vascu-
lar cells and other normal cells [38,39] . For lung cancer, integrin
ayf3 is widely overexpressed on tumor neovasculature and tumor
cells. Therefore, cRGD-micelles that can specifically bind to recep-
tors exhibit superior treatment effects.

We detected the proliferation of tumors in tumor tissue sec-
tions of different treatment groups using Ki67 staining. Generally,
a higher Ki67 index indicates that the tumor is more active in
proliferation and poorer prognosis. After treatment with CUR/M,
DOX/M, CUR-DOX/M or CUR-DOX/cRGD-M, the Ki67 index was ob-
servably diminished, indicating that all four treatments had prolif-
eration inhibition effects. Notably, the DOX-CUR/M group had the
lowest Ki67 index among treatment groups (Fig. 5A and Fig. S7B in
Supporting information). Additionally, angiogenesis was analyzed
by CD31 immunohistochemical staining. As shown in Fig. 5B and
Fig. S7A (Supporting information), the CUR-DOX/cRGD-M group
had the lowest number of vessels (P < 0.001). At the same time,
TUNEL apoptosis staining was used to evaluate the apoptosis of tu-
mor cells in the LL/2 subcutaneous model. As shown in Fig. 5C and
Fig. S7C (Supporting information), the CUR-DOX/cRGD-M group
had the highest apoptotic percentage than other groups (P <
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Fig. 4. Anti-tumor effects in the LL/2 subcutaneous model and pulmonary metastasis tumor model. (A) Images of the LL/2 subcutaneous tumors from different groups. (B)
Tumor growth curve during the treatment. n = 5, **P < 0.01, ****P < 0.0001. (C) Images of the LL/2 pulmonary metastasis tumor model from different groups. (D) Lung

metastatic nodules on LL/2 pulmonary metastasis tumor model from different groups. (E) Representative histopathological sections of the lung from each group. Scale bar:
1000 pm.
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Fig. 5. Tumor proliferation, angiogenesis and apoptosis assays in vivo. (A) Ki67 staining was performed in tumor tissue sections of different groups to visualize tumor
proliferation. (B) CD31 staining was applied to analyze tumor angiogenesis. (C) TUNEL staining was conducted to evaluate tumor apoptosis. Scale bar: 50 pm.
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0.001). The results of immunohistochemical staining demonstrated
that CUR-DOX/cRGD-M therapy can effectively inhibit cell prolifer-
ation and angiogenesis in vivo, and promote apoptosis.

In the anti-tumor experiment, because micelles can efficiently
deliver drugs to the lesion, we used a lower dose (3 mg/kg) than
the usual treatment (5 mg/kg), which improved the safety with-
out affecting the treatment efficacy. To evaluate the safety of CUR-
DOX/cRGD-M in the treatment of lung cancer, we performed H&E
staining of vital organs and blood biochemical analysis. After treat-
ment, the vital organs of the treated mice showed no abnormal
histopathological changes on H&E staining, such as necrosis, injury
or inflammation, suggesting CUR-DOX/cRGD-M was well tolerated
by mice (Fig. S8 in Supporting information). In addition, blood bio-
chemical analyses showed no obvious differences (Fig. S9 in Sup-
porting information). The initial safety evaluation confirmed that
the combination of CUR and DOX delivered by cRGD-M micelles
were well tolerated in mice without noticeable side effects and
systemic toxicity.

In summary, we developed a new strategy to construct CUR-
DOX/cRGD-M as an efficient combination therapy nanodrug for
lung cancer treatment. It exhibited good tumor-targeting capabil-
ity, well biodegradability and biocompatibility. Combined treat-
ment displayed enhanced anti-tumor and anti-metastatic ability
in lung cancer therapy. Our results suggest CUR-DOX/cRGD-M has
great potential for the treatment of lung cancer and provide a basis
for clinical drug development.
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