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A novel amphiphilic cationic block copolymer polylysine-b-polyphenylalanine (PLL-b-PPhe) was
synthesized and self-assembled into micelles in aqueous solution, then shielded with poly(glutamic
acid) (marked as PG/PLL-b-PPhe) to codeliver gene and drug for combination cancer therapy. Here,
doxorubicin (DOX) was selected to be loaded into PLL-b-PPhe micelles and the drug loading efficiency
was [15_TD$DIFF]8.0%. The drug release studies revealed that the PLL-b-PPhe micelles were pH sensitive and the
released DOX could reach to [16_TD$DIFF]53.0%, 65.0%, 72.0% at pH 7.4, 6.8 and 5.0, respectively. In order to reduce
positive charge and cytotoxicity of PLL-b-PPhe micelles, PG was used as shelding, simultaneously
condensedwith Bcl2 siRNA to form gene carrier system. Comparedwith PEI, PG/PLL-b-PPhe had excellent
gene transfection efficiency, especially when the molar ratio of PLL to PPhe was 30:60 and the mixed
mass ratio of PLL-b-PPhe to genewas 5:1. More importantly, DOX and Bcl2 siRNA gene codelivery system
displayed remarkable cytotoxicity against B16F10 cells. Confocal laser scanning microscopy (CLSM) and
flow cytometry were used to characterize endocytosis of the codelivery system, and confirmed that both
DOX and Bcl2 siRNA had been endocytosed into B16F10 cells. The above results indicated that gene and
drug codelivery was a promising strategy in future cancer therapy.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
According to the Global Cancer Statistics 2018, there were 1.8
billion new cases of cancer and 9.6 million cancer deaths
worldwide in 2018 [1]. Although researchers have taken a lot of
efforts for cancer therapy [2–5], the incidence and mortality of
cancer are still high. At present, chemotherapy, radiation therapy,
surgical resection and gene therapy have used in clinic cancer
therapy. Among them, chemotherapy is a common and effective
method to kill cancer cells by drugs. However, the traditional
anticancer drugs have low bioavailability, short circulation time,
high drug toxicity and inefficient tumor penetration [6,7]. So, it is
necessary to modify or carry drugs to overcome these disadvan-
tages. Cheng [17_TD$DIFF]et al. used glycol chitosan modified liposomal
encapsulated DOX to form a pH-responsive platform, which can
effectively kill cancer cells [8]. Zou [18_TD$DIFF]et al. encapsulated doxorubicin
in MOF to eliminate breast cancers effectively [9]. Meng [19_TD$DIFF]et al.
designed a lipid modified mesoporous silica nanoparticles for
co-deliver gemcitabine and paclitaxel to eliminate human
pancreatic cancer [10]. However, due to the complexity of the
malignant tumors [11], a single chemotherapy cannot inhibit them
ciac.ac.cn (H. Tian).
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thoroughly. For example, long-term chemotherapy reduces the
sensitivity of cancer cells to anticancer drugs, resulting in
multidrug resistance (MDR) [12].

In order to solve this problem, the drug and gene co-delivery
systemhas received extensive attentionas a newantitumor strategy
[13–18]. The exogenous genes cannot only achieve a certain
therapeutic effect but also enhance the effective concentration of
chemotherapeuticdrugs incancercellsbysilencingtheexpressionof
related genes [19–21]. Xu [20_TD$DIFF]et al. investigated the codelivery of DOX
and Bcl2 siRNA in polyethyleneimine (PEI) carrier for synergistic
anti-tumor therapy [22]. The strategy of codelivery of genes and
drugs would acquire therapeutic effects with smaller doses and
break a certain limitation of traditional chemotherapy.

The Bcl2 gene is an apoptosis-suppressing gene that inhibits
apoptosis of various tissue cells by expressing related proteins [23].
At present, the mechanism of anti-apoptosis of Bcl2 gene mainly
includes: (1) antagonizing thepro-apoptotic geneBax; (2) inhibiting
the pro-apoptotic cytochrome C into the cytosol; (3) preventing the
cytochrome C activates caspase in the cytoplasm; (4) antioxidation
and maintaining intracellular calcium homeostasis [24]. Using RNA
interference (RNAi) technology, the introduction of Bcl2 siRNA gene
into cancer cells can inhibit the expressionof Bcl2 gene andpromote
the apoptosis of cancer cells [25,26].
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. PG/PLL-b-PPhe/DOX/siRNA codelivery nanoparticles for cancer therapy.
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Positive polylysine (PLL) has excellent binding ability to
negative DNA, which has been used as a gene carrier [27].
However, the high cytotoxicity and the low transfection efficiency
limit PLL’s application as a polymer gene carrier. In order to
improve the transfection efficiency, many attempts had beenmade
to modify PLL, such as introducing polyethylene glycol (PEG) to
reduce cytotoxicity, grafting a histidine derivative to increase the
lysosomal escape ability of the polycation/pDNA complex, thereby
promoting cellular uptake of the complex [28–30].

In this work, polyphenylalanine (PPhe) was selected to graft
onto PLL to form block copolymer PLL-b-PPhe, then PLL-b-PPhe
self-assembled into micelles to carry doxorubicin (DOX), last, Bcl2
siRNA gene and a certain amount of polyglutamic acid (PG)
compound with the micelles to perform drug and gene codelivery
with PG as shielding [31,32] to reduce toxicity by electrostatic
interaction. As a result, a novel drug and gene co-delivery system
(marked as PG/PLL-b-PPhe/DOX/siRNA) was prepared successfully.
Finally, B16F10 cells were selected to evaluate the synergistic effect
Scheme 2. The synthesis of (A) the PG and (B) the diblock copolymer PLL-b-PPhe.
[(Scheme_2)TD$FIG]
of DOX and Bcl2 siRNA in cancer cell eliminating, and the design
was shown in Scheme 1.

The synthesis of the PG and the diblock copolymer PLL-b-PPhe
was shown in Scheme 2. The PLL-b-PPhe was synthesized through
three steps. Firstly, PLL(Z) was synthesized by ring-opening
polymerization with Lys(Z)-NCA as monomer and N-hexylamine
as initiator. Secondly, amino-terminated PLL(Z) was used as a
macromolecular initiator to induce further ring-opening polymer-
izationwith Phe-NCA asmonomer. Finally, the amphiphilic diblock
copolymers PLL-b-PPhe were obtained after the deprotection of
PLL(Z)-b-PPhe by HBr/HAc in TFA solution. PG, PLL(Z) and three
different ratios of PLL-b-PPhe (30:20, 30:40, 30:60) were
characterized by 1H NMR in Fig. 1. As shown in Fig. 1A, the proton
peaks of 4.18 ppm (a, -CH), 2.18 ppm (b, -CH2) and 1.82 ppm
(c, -CH2) confirmed the successful synthesis of PG. The proton
peaks of 7.32-7.01 ppm (d + e+i + j, -C6H5), 5.38-5.13 ppm
(f, -C6H5CH2), 4.74-4.5 ppm (h, g, -CH) and 2.91 ppm (o, n, -CH)
indicated the successful synthesis of PLL(Z)-b-PPhe (Fig. 1B).
Through the integral analysis, the ratio of PLL(Z) to PPhe was 3:6,
3:3.6, 3:2, respectively, which basically showed PPhewith different
rations had been grafting on PLL(Z) to form three types of PLL(Z)-
b-PPhe successfully. Following with GPC characterization (Fig. S1
in Supporting information), we found the curves of the three types
of PLL-b-PPhe copolymer all showed only one peak, indicated only
one polymer in the final products. And the molecular weight of
PLL-b-PPhe calculated by GPC listed in Table S1 (Supporting
information), which was close to the designed molecular weight.

The transfection performance of PLL-b-PPhe was mainly
evaluated by a siRNA silencing in vitro. The HeLa-luc cells that
persistently express of luciferase were used for transfection with
selected gene Bcl2 siRNA and the non-acting gene NC siRNA. The
transfection performance of the materials was evaluated by the
difference between the silencing efficiency of Bcl2 siRNA and NC
siRNA. Fig. 2 showed the results of transfection with different
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Fig.1. 1HNMR spectra of (A) PG, (B) PLL:PPhe (30:60), (C) PLL:PPhe (30:40), (D) PLL:
PPhe (30:20), (E) PLL(Z).

[(Fig._2)TD$FIG]

Fig. 2. Transfection effect of different molar of PLL-b-PPhe. The PLL-b-PPhe/siRNA
with different mass ratios (2.5:1, 5:1, 10:1, and 20:1) and PLL/PPhe molar ratios are
30:20, 30:40, 30:60 and PEI25k, respectively.

[(Fig._3)TD$FIG]

Fig. 3. (A) The critical micelle concentration (CMC) of PLL-b-PPhe. (B) The
hydrodynamic radii (Rh) of PLL-b-PPhe and PLL-b-PPhe/DOX. (C) The TEM images of
(a) PLL-b-PPhe (b) PLL-b-PPhe/DOX.

[(Fig._4)TD$FIG]

Fig. 4. Drug release of PG/PLL-b-PPhe/DOX at different pH.
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molar ratios of PLL-b-PPhe at 24 h, in which the low expression of
luciferase proved that the material had a high silencing effect. And
the high silencing efficiency of materials by NC siRNA indicated
that thematerial was highly toxic. The result indicated PLL-b-PPhe/
Bcl2 siRNA had the similar silencing effect on the express of
luciferase as PEI, especially in PLL-b-PPhe with a molar ratio of
30:60. When the mass ratio of PLL-b-PPhe to Bcl2 siRNAwas 5:1, it
had the best silencing effect.

To characterize the ability of PLL-b-PPhe self-assembling into
micelles in aqueous solution, the critical micelle concentration
(CMC) was tested and shown in Fig. 3A as 0.0396mg/mL. So the
micelles can be stable as long as the material concentration was
higher than 0.0396mg/mL. Then the micelles were used to carry
DOX as PLL-b-PPhe/DOX. The particle sizes of PLL-b-PPhe micelles
and PLL-b-PPhe/DOX detected by DLS were around 98.4 nm and
49.8 nm, respectively (Fig. 3B). Interestingly, after the drug was
loading, the particle size became smaller due to hydrophobic
interaction between the PLL-b-PPhe and DOX, which was also
observed by TEM (Fig. 3C). And the morphologies of PLL-b-PPhe
before and after drug loading were both spheres. The particle sizes
of PLL-b-PPhe/DOX/Bcl2 siRNA were 54 nm, which was closed to
PLL-b-PPhe/DOX (Fig. S2 Supporting information). Moreover, the
drug loadingwas [21_TD$DIFF]7.98%, and the encapsulation efficiencywas [22_TD$DIFF]36.7%.

The DOX released from PG/PLL-b-PPhe/DOX was tested and
shown in Fig. 4. The cumulative drug release increased with the
decreasing pH, and reached to [23_TD$DIFF]60% for 24 h at pH 6.8, slightly below
that at pH 5.0. This result demonstrated that the codelivery system
was pH sensitive, which caused more drug release in acidic tumor
microenvironment, and the systemwas suitable for cancer therapy.
When co-carried with siRNA, PG/PLL-b-PPhe/DOX/Bcl2 siRNA was
also pH sensitive (Fig. S3 in Supporting information).

The zeta potential of PLL-b-PPhe and PG/PLL-b-PPhe were
shown in Fig. 5A. PLL-b-PPhe had a positive charge of 31mV. The
addition of PG significantly reduced the potential to 12mV. The
complexes of PG/PLL-b-PPhe were added into B16F10 cells to
demonstrate that PG shielding could reduce cytotoxicity (Fig. S4 in
Supporting information). From MTT test, PG reduced the cytotox-
icity of PLL-b-PPhe micelles.

The cytotoxicity of the co-delivery system against B16F10 cells
was investigated and showed in Fig. 5B. The viability of B16F10
cells decreased with DOX concentration increasing, and PG/PLL-[24_TD$DIFF]
b-PPhe/DOX/Bcl2 siRNA was more cytotoxic than PG/PLL- [25_TD$DIFF]b-PPhe/
DOX and others. When the DOX concentration was increased to
1mg/mL, the viability of B16F10 cells treated with PG/PLL- [24_TD$DIFF]b-PPhe/
DOX/Bcl2 siRNA and PG/PLL-b-PPhe/DOX/NC siRNA had the most
significant differences, indicated Bcl2 siRNA started to take effects.
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Fig. 5. (A) Zeta potential of PLL-b-PPhe, PG and PG/PLL-b-PPhe. (B) Synergistic
therapeutic effect of PG/PLL-b-PPhe/DOX/Bcl2 siRNA (1: PG/PLL-b-PPhe/DOX/Bcl2
siRNA, 2: PG/PLL-b-PPhe/DOX/NC siRNA, 3: PG/PLL-b-PPhe/DOX, 4: PG/PLL-b-PPhe/
Bcl2 siRNA, 5: PG/PLL-b-PPhe/NC siRNA, *P< 0.05). (C) Cell uptake of PG/PLL-
b-PPhe/DOX/Cy5 siRNA (a: 3 h, b: 24 h).

[(Fig._6)TD$FIG]

Fig. 6. Intracellular distribution of PG/PLL-b-PPhe/DOX/Cy5 siRNA carrying drugs
and genes at (A) 3 h, (B): 24 h.
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So the PG/PLL-b-PPhe/DOX/Bcl2 siRNA co-delivery system had the
best killing effect on B16F10 cells.

Fig. 5 [26_TD$DIFF]C showed the distribution of genes and drugs fromPG/PLL-
b-PPhe/DOX/Cy5 siRNA in B16F10 cells cultured at 3 h [27_TD$DIFF]and 24 h. The
fluorescence intensity of the DOX can be clearly observed in the
nuclear region at 3 h and 24 h, and the fluorescence of DOX was
more pronounced at 24 h than at 3 h. In addition, the green
fluorescence on the photograph was from Cy5 siRNA. At 3 h, Cy5
siRNA had been delivered into the cells, and at 24 h, the
fluorescence signal of Cy5 siRNA was more evenly distributed
around the nucleus than 3 h. This demonstrated that the PG/PLL-
b-PPhe/DOX/Cy5 siRNA co-delivery system had more efficiently
endocytosed by B16F10 cells.

The cell uptake of PG/PLL-b-PPhe/DOX/Cy5 siRNA was also
studied by flow cytometry at 3 h and 24 h and shown in Fig. 6,
where the ordinate was the fluorescence of DOX and the abscissa
was the fluorescence emitted by the Cy5 siRNA. It was not difficult
to find that the fluorescence absorption of PLL-b-PPhe/Cy5 siRNA
was stronger than Cy5 siRNA alone, while PLL-b-PPhe/DOX also
had stronger absorption than DOX. PLL-b-PPhe/DOX/Cy5 siRNA
codelivery system had both higher gene and DOX endocytosis.
Therefore, the co-delivery system was more efficient in delivering
both genes and drugs into B16F10 cells simultaneously.

In this paper, different mass ratio (30:20, 30:40, 30:60) of the
amphiphilic diblock copolymer PLL-b-PPhe were designed and
synthesized successfully, and their structures were analyzed by 1H
NMR and GPC. For PLL-b-PPhe was amphiphilic, it can self-
assemble into micelles in aqueous solution. The PLL-b-PPhe
micelles were stable demonstrated by CMC, DLS, and TEM. The
CMC was 0.0396mg/mL. DLS and TEM indicated that the particle
size of the micelles decreased after drug loading due to
hydrophobic interaction. The cumulative drug release increased
with the pH decreasing, and reached to [23_TD$DIFF]60% for 24 h at pH 6.8,
slightly below that at pH 5.0, confirmed the system was pH
sensitive. PG was synthesized to shield positive charge of the PLL-
b-PPhe micelles to reduce cytotoxicity and the zeta potential of
PLL-b-PPhe was reduced from 30mV to 12mV after shielding.
Then, Bcl2 siRNA and DOX co-carried in PG/PLL-b-PPhe to form PG/
PLL-b-PPhe/DOX/ Bcl2 siRNA co-delivered system, which had
obvious synergistic therapeutic effects of drug and gene. Finally,
PG/PLL-b-PPhe/DOX/Bcl2 siRNA endocytosed by B16F10 cells was
characterized by CLSM and flow cytometry, indicated the co-
delivery system can be endocytosed by B16F10 cells efficiently. As a
result, the co-delivery system can deliver genes and drugs into
B16F10 cells together and perform effective synergistic cancer
therapy.
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