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Abstract

To conquer the drug resistance of tumors and the poor solubility of paclitaxel (PTX), two PTX-
cell-penetrating peptide conjugates (PTX-CPPs), PTX-TAT and PTX-LMWP, were synthesized and
evaluated for the first time. Compared with free PTX, PTX-CPPs displayed significantly enhanced
cellular uptake, elevated cell toxicity, increased cell apoptosis, and decreased mitochondrial
membrane potential (D m) in both A549 and A549T cells. PTX-LMWP exhibited a stronger
inhibitory effect than PTX-TAT in A549T cells. Analysis of cell-cycle distribution showed that
PTX-LMWP influenced mitosis in drug-resistant A549T tumor cells via a different mechanism
than PTX. PTX-CPPs were more efficient in inhibiting tumor growth in tumor-bearing mice than
free PTX, which suggested their better in vivo antitumor efficacy. Hence, this study
demonstrates that PTX-CPPs, particularly PTX-LMWP, have outstanding potential for inhibiting
the growth of tumors and are a promising approach for treating lung cancer, especially drug-
resistant lung cancer.
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Introduction

Lung cancer is a fatal disease with high incidence and

mortality rates (Siegel et al., 2012). As a cytotoxic micro-

tubule-stabilizing agent extracted from Taxus brevifolia

(Pacific Yew) (de Hoon et al., 2012) and a commonly used

drug to treat lung cancer in the clinic (Xu et al., 2016),

paclitaxel (PTX) has made a significant contribution on

improving the quality of life and prolonging the survival time

of lung cancer patients. However, drug resistance has become

a serious challenge in the application of PTX (Zuo et al.,

2010; Rasco et al., 2010; Ferrara et al., 2016). The

mechanisms of drug resistance can be divided into pump

resistance and non-pump resistance (Minko et al., 2013).

Pump resistance plays an important role and is primarily

caused by membrane-bound active drug efflux pumps such as

P-glycoprotein, multidrug resistance-associated proteins, and

breast cancer resistance proteins (Patel et al., 2013). As a

transmembrane adenosine triphosphate (ATP)-dependent

efflux pump presenting in a great diversity of tumors

(Yusuf et al., 2003), P-glycoprotein efflux pump is the most

widely reported mechanism of PTX resistance (Yusuf et al.,

2003; Luqmani, 2005). Overexpression of P-glycoprotein in

cancer cells leads to decreased accumulation of PTX and

reduced antitumor efficacy. Many studies (Zunino &

Capranico, 1990; Nicholson, 2000; Galletti et al., 2007;

Vasile et al., 2015) have also revealed that non-pump

mechanisms, including but not limited to drug degradation,

mutation of tubulin/microtubule system, antiapoptotic

defense, and DNA repair, also participate in the development

of PTX resistance.

To conquer this problem, many efforts have been made

to diminish or circumvent the activity of efflux pumps. The

discovery of efflux pump inhibitors has attracted much

attention, and co-delivery of anticancer drugs with efflux

transporter inhibitors has shown potential for reversing drug

resistance in tumors (Patil et al., 2009; Song et al., 2009).

However, applications of the inhibitors are hindered by their

lack of specificity, poor bioavailability, adverse effects and

limited clinical activities (van Zuylen et al., 2000; Pusztai

et al., 2005; Kibria et al., 2014). With the development of

nanomedicine, some researchers (Susa et al., 2009; Wang

et al., 2011) have demonstrated that nanoparticles can help

antitumor drugs bypass efflux pumps by preventing the
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exposure of antitumor drugs and transporting them into cells

through endocytic pathway. However, in order to overcome

drug resistance using nanocarrier strategies, antitumor drugs

should remain incorporated in nanoparticles until internal-

ization (Wang et al., 2015b). Considering most nanoparticles

are designed to disassemble at the tumor site and release their

cargo, the clinical anti-drug-resistant effect of nanoparticles

still needs to be assessed cautiously.

Modifying the structure of anti-cancer drugs is another

effective strategy to circumvent drug resistance (Liang &

Yang, 2005; Ferrara et al., 2016). According to a recent study

(Minko et al., 2013), antitumor drugs excluded by efflux

pumps need to conform to three essential properties: having a

relatively low molecular weight, capable of mimicing the

substrate of an efflux pump and being internalized into cells

through passive diffusion. Therefore, modifying the molecu-

lar structure of a drug and/or changing the mechanism of drug

internalization could, in theory, bypass efflux pumps (Minko

et al., 2013; Vargas et al., 2014). Meanwhile, conjugating

anti-cancer drugs with functional molecules, such as proteins,

peptides, monoclonal antibodies, polymers, glycans, or other

molecules, can deliver the drugs into cancer cells through

active uptake rather than passive diffusion (Liang et al., 2012;

Li et al., 2013; Murakami et al., 2013; Teow et al., 2013;

Wang et al., 2015a). Many scientists have focused their

attention on developing new antitumor drug conjugates to

overcome efflux pumps and thus the drug resistance of

tumors. For example, ANG1005, the conjugate of PTX and an

angiopep-2 peptide, had the capacity bypassing the P-gp

efflux pump and enhancing the ability of PTX to cross the

blood–brain barrier (Regina et al., 2008). Han (Han et al.,

2014) designed a triphenylphosphonium–doxorubicin conju-

gate and successfully applied it toward reversing the drug

resistance of breast cancer cells. Luo (Luo et al., 2015)

synthesized a novel xyloglucan�mitomycin C/doxorubicin

conjugate and used it to achieve an extraordinary in vivo

antitumor effect in multidrug-resistant HepG2 cells.

Cell-penetrating peptides (CPPs) have been used as

efficient tools for delivering pharmaceuticals and nanosys-

tems into cells (Xia et al., 2011; Chen et al., 2014; Zhong

et al., 2015). Some antitumor drugs, such as doxorubicin

(Soudy et al., 2013; Zhang et al., 2013) and methotrexate

(Szabo et al., 2016), have been conjugated to CPPs and

obtained the ability to overcome drug resistance. As a first-

line antitumor drug, PTX has serious limits that need to be

addressed. In addition to its limited antitumor effect on drug-

resistant cancer cells, the hydrophobicity of PTX is also a

problem that needs to be solved when developing PTX

formulations. Because most CPPs are hydrophilic, conjugat-

ing PTX to CPPs can not only enhance the transport of

PTX into tumor cells and then inhibiting drug resistance,

but also make PTX-CPPs water-soluble, thus avoiding the

use of inorganic solvents, such as Cremophor EL. Among

the CPPs, TAT (GGGYGRKKRRQRRR), derived from HIV

and discovered as the first CPP, has been widely used

to decorate bio-functional molecules and drug delivery

systems (Tseng et al., 2002; de la Torre et al., 2014; Song

et al., 2015). Low molecular weight protamine (LMWP)

(VSRRRRRRGGRRRR) is another newly found CPP and has

also been confirmed to have the capacity to enhance the

internalization of linked cargos (Xia et al., 2011, 2013).

Therefore, TAT and LWMP were selected as CPPs to modify

PTX in our study.

Hence, two new PTX-CPP conjugates (PTX-TAT and PTX-

LMWP) were synthesized for the efficient transduction of

PTX into PTX-sensitive (A549) and PTX-resistant lung

cancer cells (A549T). The conjugates were evaluated for

their intracellular delivery, cell toxicity, induction of cell

apoptosis, effect on mitochondrial membrane potential (D m)

and cell cycle, and in vivo antitumor efficacy compared with

free PTX in both sensitive and drug-resistant cells.

Materials and methods

Materials

LMWP (VSRRRRRRGGRRRR) and TAT (CGGGYGRKKR

RQRRR) peptides were purchased from Bankpeptide

Biological Technology Co., Ltd. (Hefei, China). Paclitaxel

(PTX) was purchased from Dalian Meilun Biotech Co., Ltd.

(Dalian, China). N-(2-Aminoethyl) maleimide trifluoroacetate

salt was purchased from Sigma-Aldrich Co., LLC (St. Louis,

MO). Trifluoroacetic acid (TFA), 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyl tetrazolium bromide (MTT), N-hydroxysuc-

cinimide (NHS), N-(3-dimethylaminopropyl)-N0-ethylcarbo-

diimide hydrochloride (EDC), and N,N-diisopropylethylamine

(DIPEA) were purchased from aladdin-e.com (Shanghai,

China). JC-1, propidium iodide (PI) and annexin V-FITC

were purchased from Univ Biological Technology Co., Ltd.

(Shanghai, China). Dichloromethane (DCM) and anhydrous

dimethyl sulfoxide (DMSO) were purchased from Sinopharm

Chemical Reagent Co., Ltd. (Shanghai, China).

Cell culture

Non-small cell lung cancer cell line A549 and the PTX-

resistant version of the same cell line, A549T, were kindly

provided by Professor Yongzhuo Huang (Shanghai Institute

of Materia Medica, Chinese Academy of Sciences). Both

cell lines were grown in RPMI-1640 medium containing 10%

fetal bovine serum and 100 mg/mL antibiotics (streptomycin

and penicillin) at 37 �C in a humidified incubator with 5% CO2.

Synthesis of the PTX-LMWP conjugate

Synthesis of PTX-SA

Succinic acid (SA) has a bis-carboxylic acid moiety and can

react with the hydroxyl group in PTX on an equimolar basis to

form a PTX-SA conjugate, which can be further linked with the

primary amino group of LMWP via its free carboxyl group.

Briefly, PTX (100 mg, 0.117 mmol) and succinic acid (20 mg,

0.169 mmol) were dissolved in 20 mL of anhydrous DCM.

DIPEA (100 mL) was then added to the mixture as a catalyst.

The reaction was performed with continuous stirring for 12 h at

room temperature. As examined by thin layer chromatography

(10:90, methanol:chloroform, v/v), PTX completely dis-

appeared from the reaction mixture, and a new compound,

PTX-SA, was formed. The resulting solution was condensed

with a rotary evaporator. The residue was purified using a silica

gel column and eluted with a chloroform–methanol mixture

(10:0.5, v/v) to afford pure PTX-SA, which was then dried

DOI: 10.1080/10717544.2017.1321060 Cell-penetrating peptide conjugates to enhance the antitumor effect 753



using a rotary evaporator (Scheme 1). 1H NMR (CDCl3,

400 MHz): �PPM 1.154 (s, 3H), 1.246 (s, 3H), 1.262–1.303 (m,

1H), 1.698 (s, 3H), 1.810–1.910 (m, 1H), 1.932 (s, 3H), 2.153–

2.214 (m, 1H), 2.233 (s, 3H), 2.334–2.431 (m, 2H), 2.458 (s,

3H), 2.512–2.635 (m, 4H), 2.653–2.804 (m, 3H), 3.824 (d, 1H,

J¼ 7.2 Hz), 4.183–4.307 (AB, 2H, J¼ 42.8 Hz), 4.398–4.496

(m, 1H), 4.995 (d, 1H, J¼ 7.6 Hz), 5.551 (d, 1H), 5.708 (d, 1H,

J¼ 7.2 Hz), 5.975–6.040 (m, 1H), 6.254 (t, 1H, J¼ 8.4 Hz),

6.313 (s, 1H), 7.101 (d, 1H, J¼ 9.2 Hz), 7.330–7.378 (m, 1H),

7.395–7.475 (m, 6H), 7.483–7.560 (m, 3H), 7.593–7.663 (m,

1H), 7.781 (d, 2H, J¼ 7.2 Hz), 8.156 (d, 2H, J¼ 6.8 Hz).

[M + H]+ HRMS (Q-TOF) m/z: 954.3523 (Supplementary

material, Figures S1 and S2).

Synthesis of PTX-LMWP

Conjugation of SA with PTX resulted in the formation of a

monocarboxylic acid group, which was further connected to

the primary amino group in LMWP. Briefly, PTX-SA

(100 mg, 0.104 mmol), EDC (200 mg, 1.043 mmol) and

NHS (24 mg, 0.208 mmol) were dissolved in 5 mL of

anhydrous DMSO and stirred at room temperature for 2 h.

Then, LMWP and DIPEA (50 mL) were added, and the

reaction solution was maintained under stirring at room

temperature. The molar ratio of LMWP to PTX-SA was

maintained at 1:1. The reaction was supervised by ultra-

performance liquid chromatography (UPLC, BEH C18

column, 1.7mm, 2.1� 50 mm). The flow rate was

0.3 mL/min, with the mobile phase starting at 90% solvent

A (0.1% TFA in water) and 10% solvent B (0.1% TFA in

acetonitrile) at 0 min and transitioning to 40% solvent A and

60% solvent B at 10 min. The retention time for PTX-LMWP

was 6.6 min. After 24 h, 1 mL of phosphate-buffered saline

(PBS, pH¼ 5.0) was added to stop the reaction, and the

product was purified by semi-preparative high performance

liquid chromatography (HPLC; Eclipse XDB-C18,

9.4� 250 mm). The flow rate was 3 mL/min, with the

mobile phase starting at 70% solvent A and 30% solvent B

(0 min) and transitioning to 10% solvent A and 90% solvent B

(30 min). Solvent A and solvent B were the same as for the

analytical UPLC method. Finally, the solution collected from

semi-preparative HPLC was lyophilized for 2 d (Scheme 1).
1H NMR (D2O and DMSO-d6, 600 MHz): �PPM 0.752–0.863

(m, 6H), 0.929–1.015 (m, 6H), 1.399–1.582 (m, 30H), 1.608–

1.775 (m, 16H), 1.859–1.970 (m, 3H), 2.084 (s, 3H), 2.153–

2.222 (m, 5H), 2.264–2.470 (m, 6H), 2.538–2.633 (m, 4H),

3.136–3.370 (m, 4H), 3.510–3.671 (m, 5H), 3.717 (t, 3H,

J¼ 16.8 Hz), 3.850–3.900 (m, 2H), 3.955–4.129 (m,7H),

4.134–4.314 (m,12H), 4.892 (d, 2H, J¼ 9.6 Hz), 5.273 (t,

2H, J¼ 9.6 Hz), 5.388 (d, 2H, J¼ 7.2 Hz), 5.437–5.487 (m,

2H), 5.750–5.839 (m, 2H), 7.160 (t, 1H, J¼ 7.2 Hz), 7.369–

7.462 (m, 4H), 7.483 (t, 2H, J¼ 7.2 Hz), 7.536–7.565 (m,

1H), 7.626–7.686 (m, 2H), 7.737 (t, 1H, J¼ 7.2 Hz),7.816 (d,

2H, J¼ 7.2 Hz), 7.951 (d, 2H, J¼ 7.2 Hz). [M + H]+ HRMS

(MALDI-TOF) m/z: 2816.4023 (Supplementary material,

Figures S3, S4 and S5).

Scheme 1. Reaction schemes for the syntheses of PTX-CPPs. (A) The synthesis of PTX-LMWP. (B) The synthesis of PTX-TAT. (I) Succinic acid,
DIPEA, DCM, RT, 12 h. (II) EDC, NHS, DIPEA, LMWP, RT, DMSO, 24 h. (III) Succinic anhydride, DIPEA, DCM, RT, 12 h. (IV) EDC, NHS,
DIPEA, N-(2-aminoethyl) maleimide, DMSO, RT, 12 h. (V) TAT, DMSO, RT, 1 h.
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Synthesis of the PTX-TAT conjugate

Synthesis of PTX-SA-MAL

There are three primary amino groups in TAT, including two

lysine amino acid residues in its sequence. If TAT was

conjugated with PTX through the reaction of a primary amino

group and a carboxylic acid group in the same way as LMWP, a

complicated mixture including at least three types of PTX-TAT

conjugates would be generated because of the random reaction

of PTX-SA with one or more of the three primary amino groups

in TAT. In addition, because the lysine amino acid residues

play a crucial role in the transduction function of TAT (Park

et al., 2002), reacting the primary amino groups of the lysines

would decrease the ability of TAT to translocate into cells. To

avoid the occurrence of these issues, N-(2-aminoethyl)

maleimide trifluoroacetate salt, a heterobifunctional cross-

linker, was first reacted with PTX-SA. Briefly, PTX-SA

(100 mg, 0.104 mmol), EDC (200 mg, 1.043 mmol), and NHS

(24 mg, 0.208 mmol) were dissolved in 5 mL of anhydrous

acetonitrile and stirred at room temperature for 2 h. Then, N-

(2-aminoethyl)maleimide trifluoroacetate salt (30 mg,

0.118 mmol, dissolved in 10 mL of PBS, pH¼ 7.0) was

added. The resulting solution was stirred for 12 h. Then,

acetonitrile was removed with a rotary evaporator, and DCM

(10 mL) was added as an extractive solvent to remove excessive

EDC and NHS. The water phase was abandoned, and the

organic phase was concentrated with a rotary evaporator. The

residue of the organic phase was purified with a silica gel

column and eluted with a chloroform:ethyl acetate mixture

(4:10, v/v) to obtain pure PTX-SA-MAL (Scheme 1). 1H NMR

(DMSO-d6, 400 MHz): �PPM 0.968 (s, 3H), 0.998 (s, 3H),

1.212 (s, 1H), 1.416–1.449 (m, 1H), 1.470 (s, 3H), 1.534–1.667

(m, 1H), 1.739 (s, 3H), 1.758–1.816 (m, 1H), 2.080 (s, 3H),

2.209 (s, 3H), 2.230–2.340 (m, 3H), 2.512–2.624 (m, 2H),

3.055–3.158 (m, 2H), 3.390 (t, 2H, J¼ 6 Hz), 4.034–4.126 (m,

1H), 4.627 (s, 1H), 4.886 (d, 1H, J¼ 10 Hz), 4.926 (s, 1H),

5.308 (d, 1H, J¼ 9.2 Hz), 5.386 (d, 1H, J¼ 7.2 Hz), 5.495 (t,

1H, J¼ 8.4 Hz), 5.788 (t, 1H, J¼ 8.8 Hz), 6.264 (s, 1H), 6.977

(s, 2H), 7.132–7.188 (m, 1H), 7.389–7.446 (m, 4H), 7.446–

7.511 (m, 2H), 7.517–7.574 (m, 1H), 7.620–7.684 (m, 2H),

7.692–7.753 (m, 1H), 7.833 (d, 2H, J¼ 6.8 Hz), 7,958 (d, 2H,

J¼ 7.2 Hz), 8.000 (t, 1H, J¼ 6 Hz), 9.210 (d, 1H, J¼ 8.4 Hz).

[M + H]+ HRMS (Q-TOF) m/z: 1076.4033 (Supplementary

material, Figures S6 and S7).

Synthesis of PTX-TAT

Linking a heterobifunctional cross-linker to PTX-SA

provided a maleimide group that could react with the

thiol group of TAT. Briefly, PTX-SA-MAL (100 mg,

0.093 mmol) and TAT (200 mg, 0.109 mmol) were dissolved

in a solution comprising 5 mL of acetonitrile and 10 mL of

PBS (pH¼ 7.0). The solution was then stirred at room

temperature for 1 h. The reaction was monitored by UPLC

using the same column and analytical method as that used

for PTX-LMWP. The retention time for PTX-TAT was

6.2 min. The solution was purified by semi-preparative

HPLC, also using the same method as that used for PTX-

LMWP. The collected semi-preparative HPLC elution was

lyophilized immediately (Scheme 1). 1H NMR (D2O and

DMSO-d6, 600 MHz): �PPM 0.946 (s, 3H), 0.959 (s, 3H),

1.206–1.375 (m, 7H), 1.445 (s, 3H), 1.471–1.614 (m, 18H),

1.625–1.830 (m, 14H), 1.837–1.928 (m, 2H), 2.064 (s,

3H),2.159 (s, 6H), 2.252–2.362 (m, 4H), 2.546–2.636 (m,

3H), 2.682–2.746, 2.896–2.959 (brs, 4H), 2.773 (t, 4H,

J¼ 7.2Hz), 3.095–3.267 (m, 6H), 3.332–3.451 (m, 3H),

3.470–3.558 (m, 2H), 3.583–3.799 (m, 7H), 3.799–3.920

(AB, 3H), 3.941 (t, 1H, J¼ 6.0Hz), 3.986 (s, 2H), 4.021–

4.092 (m, 2H), 4.102–4.230 (m, 8H), 4.864–4.929, 5.327–

5.385 (AB, brs, 4H), 5.231–5.287, 5.385–5.444 (AB, brs,

4H), 5.711–5.806 (m, 2H), 6.212 (s, 1H), 6.619–6.704,

6.974–7.067 (AA‘BB’; 4H), 7.090–7.136 (m, 1H), 7.363–

7.421 (m, 4H), 7.455 (t, 2H, J¼ 7.8 Hz), 7.536 (t, 1H,

J¼ 7.2 Hz), 7.632 (t, 2H, J¼ 7.8 Hz), 7.719 (t, 1H,

J¼ 7.2 Hz), 7.765 (d, 2H, J¼ 7.2 Hz), 7.923 (d, 2H,

J¼ 7.8). [M + H]+ HRMS (MALDI-TOF) m/z: 2910.3787

(Supplementary material, Figures S8, S9 and S10).

Cellular uptake assay

The cellular uptake experiment was implemented basing on

the protocol designed by Meng with some modifications

(Meng et al., 2011). Briefly, A549 and A549T cells were

cultivated in chambered 24-well plates with 5% CO2 at 37 �C
for 48 h. Then, the adherent cells were washed twice with

PBS. Each of the three drugs was diluted in cell medium at

concentrations of 10 mM and 20 mM and added to the

chambers. The cells were incubated for 2 h and washed four

times with PBS after incubation. After that, the cells were

scraped from the wells and quantitatively transferred to

Eppendorf centrifuge tubes. The resulting cell/saline suspen-

sions were sonicated for 20 cycles of 2 s each with 2 s of rest

between each cycle using a probe sonicator. The lysed cell

solution was centrifuged at 7000 g for 30 min at 4 �C. Then,

100 mL of the supernatant was withdrawn carefully and tested

with UPLC (BEH C18, 1.7 mm, 2.1� 50 mm). The flow rate

was 0.3 mL/min, and the mobile phase consisted of 55%

solvent A (PBS, pH¼ 5) and 45% solvent B (acetonitrile). To

further test the change in cellular uptake against incubation

time, the drugs (20 mM) were added to the cells, and the cells

were then incubated for different times, ranging from 15 min

to 4 h. The other steps of the experiment were performed as

described above.

Cytotoxicity study

The inhibitory activities of the drug samples on cell growth

were evaluated using a 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) colorimetric assay.

A549 and A549T cells were harvested by trypsinization

and resuspended at a concentration of 2� 104 cells/mL in

fresh culture medium. Then, the cells were seeded at a

density of 5000 cells per well in 96-well plates. After 48 h

of incubation at 37 �C with 5% CO2, the culture medium

was replaced with 200 mL of medium containing one of the

three drug samples, PTX, PTX-LMWP, or PTX-TAT. The

concentration of the drugs ranged from 0.1 mM to 100 mM.

After 24 h of incubation, the drug-containing media were

abandoned, and 20 mL of MTT (5 mg/mL) solution was

added to each well. The plate was incubated for an
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additional 4 h, and then, 200 mL of DMSO was added to

each well to dissolve any formed purple formazan crystals.

The plates were vigorously shaken before measuring the

relative color intensity. The absorbance at 570 nm of each

well was measured with a plate reader.

Cell apoptosis detection

Cell apoptosis was determined by an annexin V-FITC/PI

assay. The externalization of phosphatidylserine, a result of

early stage apoptosis, was detected by FITC-annexin V

protein staining, and the membrane damage due to late-stage

apoptosis was detected by the binding of PI to nuclear DNA.

Briefly, 2� 105 A549 and A549T cells were plated in 6-well

plates and incubated for 24 h. After exposure to the different

drugs at a concentration of 10 mM for 48 h, the cells were

harvested by trypsinization, washed in PBS twice and

incubated in the dark for 10 min at room temperature

in 500 mL of binding buffer containing annexin V-FITC

(1mg/mL) and PI (1 mg/mL). The cells were immediately

analyzed by flow cytometry (Becton Dickinson, Franklin

Lakes, NJ). The fluorescence intensity of annexin V-FITC

was measured at an excitation/emission wavelength of 488/

530 nm and that of PI was measured at an excitation/emission

wavelength of 488/617 nm. Approximately 10 000 cells were

analyzed in each of the samples. Each assay was repeated in

triplicate.

Mitochondrial membrane potential (D m)
determination

Changes in the mitochondrial membrane potential (D m)

were detected using JC-1 and analyzed with flow cytometry.

Briefly, A549 and A549T cells were seeded at a density of

1� 105 cells/mL in 6-well plates and exposed to the drugs

(10mM) for 48 h. The control experiments were performed by

adding only culture medium. Then, the cells were harvested

by trypsinization, washed in PBS twice, incubated with JC-1

(5 mg/mL) at 37 �C for 10 min in the dark, and finally

analyzed by flow cytometry (Becton Dickinson, Franklin

Lakes, NJ). Each assay was repeated in triplicate. JC-1

accumulates in mitochondria that have a high membrane

potential and then dimerizes due to the high local concentra-

tions achieved. Dimerized JC-1 emits red fluorescence, while

monomeric JC-1 emits green fluorescence. The results are

expressed as a ratio of red to green fluorescence. High values

indicate that the cells have an intact mitochondrial membrane

potential, while low values suggest the cells are in the early

stage of apoptosis.

Cell-cycle analysis

To analyze the effect of the PTX-CPP conjugates on the cell

cycle distribution, A549 and A549T cells were seeded at a

density of 1� 105 cells/mL in 6-well plates and then exposed

to 5 mM PTX, PTX-TAT, or PTX-LMWP solution for 48 h.

After that, the cells were harvested by trypsinization, washed

in PBS twice, and fixed in 70% cold ethanol for 24 h at 4 �C.

The fixed cells were washed in cold PBS and then

resuspended in 0.5 mL of PBS containing 50 mg/mL PI,

0.1% Triton-X-100, 0.1% sodium citrate, and 100 mg/mL

RNase. After incubation at 4 �C in the dark for 30 min, the

fluorescence-activated cells were sorted. The cellular DNA

content was analyzed by flow cytometry (Becton Dickinson,

Franklin Lakes, NJ). Each analysis contained at least 10 000

cells. The changes in cell distribution at each cell-cycle phase

were observed, and the results are displayed in histograms.

The percentages of cells in different cell cycle phases were

then recorded. Each experiment was performed in triplicate,

and the results were expressed as the mean ± SD.

Antitumor efficacy

The protocol to evaluate the in vivo antitumor efficacy of the

PTX-CPP conjugates was approved by the ethics committee

of Fudan University. Four-week-old female BALB/c nude

mice were purchased and housed in the Animal Care

Facilities in the School of Pharmacy, Fudan University.

BALB/c mice bearing subcutaneous tumors were used as an

animal model for the evaluation of the anticancer activities of

PTX-LMWP and PTX-TAT. The subcutaneous tumor xeno-

graft model was established by inoculating 2� 106 A549 or

A549T cells (in 100 mL of cell culture medium) into the

subcutaneous tissue of the armpit of the right anterior limb

(Gu et al., 2014). Tumor size was measured with Vernier

calipers for the largest (length) and smallest (width) super-

ficial visible diameters of the protruding tumor mass through

the skin. Tumor volumes were calculated according to the

following formula: volume¼ 0.52�W2�L, where W and L

represent the width and the length, respectively (Lee et al.,

2011). The drugs were administered 2 weeks after tumor

implantation, when the size of the tumors reached approxi-

mately 100–150 mm3. Test compounds included (I) PBS

solution (control), (II) PTX (1000 mM), (III) PTX-LMWP

(1000 mM), and (IV) PTX-TAT (1000 mM). Each experimental

group contained six mice. The mice were treated (100mL

volume) three times over 8 d via peritumoral injection. Tumor

volumes were measured at 2-d intervals. At the end of the

experiment, the mice were sacrificed, and necropsies were

performed. The tumors were removed, weighed and fixed

with formalin.

Results

Cellular uptake assay

The cellular uptake of PTX was evaluated in A549 and

A549T cells. As shown in Figure 1(A), the results indicated

that both A549 and A549T cells treated with PTX-CPPs had

higher cellular uptake of PTX than cells incubated with PTX

(p50.01), regardless of the concentration was 10 mM or

20 mM. As shown in Figure 1(B), the cellular uptake of

PTX-CPPs increased with prolonged incubation time in both

cell lines. The uptake of PTX-LMWP was stronger than that

of PTX-TAT in A549 cells at all incubation times (p50.05),

but this phenomenon was not observed in A549T cells.

Cytotoxicity study

The cytotoxic efficiency of PTX and PTX-CPPs toward tumor

cells was measured in A549 and A549T cells. The concen-

tration of PTX and PTX-CPPs ranged from 0.01 nM to

100 000 nM. LMWP and TAT peptides were also selected in
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the same molar concentrations as PTX to test the toxicity of

the CPPs. In MTT assay, all cells exposed to PTX/PTX-CPPs

exhibited a typical dose-dependent curve. The viability of

A549 cells was higher than 80% when the concentration of

PTX was below 1 nM. When the concentrations of PTX and

PTX-CPPs ranged from 100 nM to 100 000 nM, the cell

viabilities decreased to 40%. As shown in Figure 2(A), from

1 nM to 100 nM, the survival curves of the cells treated with

PTX-CPPs declined more sharply than that of the cells treated

with PTX. In A549T cells, no effect on cell viability was

observed in response to either PTX-CPPs or PTX when the

concentrations were below 1000 nM because of the drug

resistance of these tumor cells. Meanwhile, the cell viabilities

of the PTX-CPP groups were notably decreased compared

with those of the PTX groups when the concentration changed

from 1000 nM to 100 000 nM. No harmful effect was

observed in A549 or A549T cells treated with TAT or

LMWP alone.

GraphPad Prism software (GraphPad Software, Inc.,

La Jolla, CA) was used to calculate the IC50 of PTX and

the PTX-CPPs. As shown in Figure 2(B), in both A549

cells and A549T cells, the IC50 values of PTX-LMWP and

PTX-TAT, which were 33.5% and 47.2% of PTX in A549

cells and 21.5% and 39.5% of PTX in A549T cells,

respectively, were decreased significantly compared with

that of PTX (p50.01). The observed IC50 value of PTX-

LMWP was remarkably lower than that of PTX-TAT in

A549T cells (p50.01), while this phenomenon was not

observed in A549 cells.

Cell apoptosis

As shown in Figure 3(A,B), the Q1, Q2, Q3, and Q4 regions

represent necrotic cells (PI+/annexin V�), late apoptotic cells

(PI+/annexin V+), early apoptotic cells (PI�/annexin V+)

and viable cells (PI�/annexin V�), respectively. The apop-

tosis results revealed that PTX-CPPs induced early apoptosis

and/or late apoptosis in more tumor cells than PTX. From

Figure 3(C), it can be seen that PTX induced late apoptosis in

only 13.03% of A549 cells. After the treatment with PTX-

TAT or PTX-LMWP, the percentage of late apoptotic A549

cells sharply increased to 72.57% or 84.03%, respectively

(p50.01). PTX-LMWP had a better ability to induce late

apoptosis in A549 cells than PTX-TAT (p50.05). In A549T

cells, PTX-TAT and PTX-LMWP induced late apoptosis in

54.20% and 55.75% of cells, respectively, while PTX only

induced late apoptosis in 16.10% of cells (p50.01). The

percentages of early apoptotic A549T cells induced by PTX-

TAT and PTX-LMWP were 23.15% and 38.10%, respectively,

both of which were significantly higher than that of PTX

(p50.01). Obviously, the effect of PTX-LMWP on inducing

early apoptosis in A549T cells was stronger than that of

PTX-TAT (p50.05).

Mitochondrial membrane potential (D m)

The effects of PTX and PTX-CPPs on the mitochondrial

membrane potential (D m) in A549 cells and A549T cells

are shown in Figure 4(A,B). The x-axis and the y-axis

display the JC-1 monolayer signals and JC-1 aggregate

Figure 1. Intracellular drug accumulation of PTX and PTX-CPPs. (A) Cells were incubated with different concentrations of PTX and PTX-CPPs for
2 h. (B) Cells were incubated with 20mM PTX and PTX-CPPs for different times. **p50.01.
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signals, respectively. Q1 + Q2 and Q3 + Q4 represent the

aggregate form and monomeric form of JC-1, respectively.

The results indicated that PTX and PTX-CPPs significantly

reduced the D m in both A549 and A549T cells compared

with the control cells (p50.01). PTX-CPPs induced more

severe collapse of the D m than PTX in both cell lines

(p50.01). In addition, in A549T cells, treatment with PTX-

LMWP resulted in significant breakdown of the D m

compared with the PTX-TAT treatment (p50.05). However,

the same result was not observed in A549 cells.

Cell-cycle analysis

The effects of PTX and PTX-CPPs on the cell-cycle

distribution of A549 and A549T cells were displayed in

Figure 5. In A549 cells, exposure to PTX and PTX-CPPs

substantially increased the percentages of cells in G2/M phase

cell-cycle arrest compared with the control cells (p50.01),

and significantly higher percentages of G2/M phase cells

were observed in PTX-CPP-treated cells than the cells treated

with PTX (p50.05). In A549T cells, the fitting result showed

that a large number of A549T cells were induced into

tetraploids with exposure to PTX and PTX-TAT, and PTX-

TAT-treated A549T cells showed higher tetraploid-G2/M

phase arrest than those incubated with PTX (p50.05). In

contrast, A549T cells treated with PTX-LMWP demonstrated

limited generation of tetraploids but a large number of cells in

diploid-S phase cell-cycle arrest. Compared with the control

cells, the percentages of diploid-G0/G1 phase A549T cells in

the PTX and PTX-CPP groups were extremely reduced

(p50.01), which was similar to the results in A549 cells.

Antitumor efficacy

A549 and A549T tumor cells xenografted into nude mice

were used for the in vivo efficacy study. As shown in Figure 6,

A549 tumor growth in mice treated with PTX-CPPs was

significantly suppressed, and the size of tumors reduced

continuously compared with the control (p50.05) from 20 to

30 d. PTX treatment also had a significant antitumor effect in

A549 tumor-bearing mice after 26 d (p50.05). Furthermore,

PTX-TAT and PTX-LMWP produced more convincing

growth inhibition of A549 tumors than PTX in nude mice

(p50.05). The volume of tumor was decreased approximately

1.51–1.77-fold and 1.45–1.80-fold, respectively, from 22 to

30 d. PTX did not show satisfactory antitumor efficacy in

A549T-tumor bearing mice, and there was no significant

difference in the tumor volumes between the control and PTX

groups. PTX-TAT and PTX-LMWP still had a considerable

antitumor effect compared with the control or PTX (p50.05)

after 6 d and displayed 1.74–1.52-fold and 1.74–1.58-fold

reductions, respectively, in tumor volume from 6 to 24 d

compared with the PTX group. After 24 or 30 d, all tumor-

bearing mice were sacrificed. The tumors were dissected and

weighed. The tumor inhibition rates (%) in A549 tumor-

bearing mice receiving PTX-LMWP and PTX-TAT were

62.92% and 63.32%, respectively. Both showed significant

inhibition (p50.05) compared with the 31.06% inhibition rate

of PTX. Meanwhile, the inhibition rates (%) in A549T tumor-

bearing mice injected with PTX-TAT and PTX-LMWP were

42.47% and 43.13%, respectively. Compared with the inhib-

ition rate in the group treated with PTX, which was only

11.0%, the inhibitory abilities of PTX-LMWP and PTX-TAT

Figure 2. Viability of A549 and A549T cells treated with different concentrations of PTX and PTX-CPPs. (A) Cell viability. (B) IC50. **p50.01.
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were a significant improvement (p50.05). However, no

significant difference was observed between the inhibitory

effects of PTX-TAT and PTX-LMWP.

Discussion

Here, we have developed two novel conjugates, PTX-LMWP

and PTX-TAT, to enhance the cellular uptake and antitumor

efficacy of PTX, especially in drug-resistant tumor cells.

To synthesize PTX-LMWP, a two-step procedure was used

starting with 20-hemisuccinylation of PTX through a previ-

ously reported reaction (Safavy et al., 2004; Khandare et al.

2006; Gao et al., 2009). Conjugation of PTX-SA to the

LMWP peptide was performed using a previously described

NHS/EDC method (Pan et al., 2016). However, direct reaction

of PTX-SA with TAT would produce a complicated reaction

mixture, including at least three forms of PTX-TAT

conjugates, due to the random reaction of PTX-SA with the

three primary amino groups of TAT. Therefore, many

previous reports utilized a heterobifunctional cross-linker to

synthesize TAT conjugates (Christie et al., 2004; Wei et al.,

2009; van Bracht et al., 2014; Li et al., 2015). In this article,

we chose a simple procedure of covalently bonding PTX-SA

to N-(2-aminoethyl) maleimide using the NHS/EDC method

to form PTX-SA-MAL, and then TAT was reacted with PTX-

SA-MAL to form PTX-TAT conjugate.

The results of cellular uptake demonstrated that PTX-

CPPs could enhance the accumulation of PTX in A549 and

A549T cells compared with PTX, which confirm that CCPs

can facilitate the uptake of cargo (Nakase et al., 2012). The

uptake mechanism of CPPs has been deeply researched

but still remained elusive (Guo et al., 2016). It is also

unknown whether CPPs enter cells with or without the

mediation of specific receptors (Farkhani et al., 2014).

Figure 3. Cell apoptosis after incubating with 10mM PTX or PTX-CPPs for 48 h. (A) Apoptosis of A549 cells. (B) Apoptosis of A549T cells. (C)
Quantification of apoptosis data. *p50.05; **p50.01.
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Nonetheless, it is a common consensus (Fonseca et al.,

2009) that energy-dependent endocytosis and energy-inde-

pendent direct translocation are two major cellular uptake

mechanisms of CPPs. Small molecules linked with CPPs can

enter cells quickly via direct translocation. In contrary,

uptake of large cargos attached to CPPs may due to the

energy-dependent endocytosis with slow rates. The direct

translocation contains several different models (Guo et al.,

2016) such as transient pore formation, carpet-like model,

membrane-thinning model, and transitory membrane struc-

ture formation. The common features of these models are

that CPPs bind to the plasma membrane via electrostatic

interaction first, and then CPPs induce membrane destabil-

ization or inverted micelle inside the lipid bilayer, leading to

the uptake of CPPs. Previous research (Song et al., 2015)

proved that TAT peptide could induce the formation of

transient natural pore in membrane. Kawamoto (Kawamoto

et al., 2011) illustrated that arginine-rich peptides permeated

the plasma membrane via the formation of inverted micelle.

LMWP peptide is an arginine-rich peptide. Based on the

literatures and considering the small molecular weight of

PTX, we can speculate that PTX-TAT and PTX-LMWP may

enter the tumor cells via energy-independent direct trans-

location pathway. The uptake of PTX-TAT and PTX-LMWP

increased without obviously saturate phenomenon when the

incubation time was prolonged. The results suggest that the

uptake of both conjugates may be mediated via energy-

independent pathway. The uptake results of two conjugates

are coincidence with our speculation. Efflux pump is a

promiscuous transmembrane protein, thus PTX-CPPs can

easily bypass the efflux pump via the transient pore or

inverted micelle in membrane, which may be the reason that

Figure 4. JC-1 forms and D m values of A549 and A549T cells. All cells were exposed to drugs at 10mM for 48 h. (A) The distribution of different JC-
1 forms in A549 cells. (B) The distribution of different JC-1 forms in A549T cells. (C) Ratio of red to green fluorescence in A549 and A549T cells.
*p50.05; **p50.01.
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PTX-CPPs conjugates can overcome the drug resistance of

A549T cells.

Apoptosis is a kind of programed cell death. The decrease

of mitochondrial membrane potential is often a symbol of

early apoptosis (Jiang et al., 2015). As a cationic dye, JC-1

can bind with polarized mitochondria in healthy cells and

emit red fluorescence. Whereas in apoptotic cells, it can

disperse from depolarized mitochondria to cytosol and emit

green fluorescence. Thus, the disruption of mitochondrial

membrane potential (D m) can be indicated by a switch from

red to green fluorescence. According to previous researches

(Pawar et al., 2014; Jelinek et al., 2015), PTX has been shown

to activate the mitochondrial pathway of apoptosis. In this

study, we observed significant reductions of the D m in A549

and A549T cells after application of PTX and PTX-CPPs.

These data suggest that PTX-CPPs also induce cell apoptosis

through mitochondrial pathway. PTX-CPPs displayed

enhanced cell toxicity, greater apoptosis, and a greater

reduction in the D m in both sensitive and drug-resistant

cells compared with PTX, and this result may be ascribed to

the extremely elevated accumulation of PTX-CPPs in cells. It

is interesting that in A549 cells, PTX-LMWP and PTX-TAT

exhibited different degrees of cellular uptake but manifested

similar cell toxicities and effects on the D m, which indicates

that the increased uptake of PTX-LMWP is not sufficient to

exert a more considerable antitumor efficacy. In contrast,

there was no significant difference between the cellular

uptake of PTX-LMWP and PTX-TAT in A549T cells, while

the cell toxicity, the effects on apoptosis and the D m of the

two conjugates were quite different, indicating that the diverse

Figure 5. Cell-cycle profiles of A549 and A549T cells treated with 5mM PTX or PTX-CPPs. (A) Cell-cycle distribution of A549 cells. (B) Cell-cycle
distribution of A549T cells. (C) Quantification of cell cycle data. *p50.05; **p50.01.
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anti-drug resistance mechanisms of PTX-TAT and PTX-

LMWP may influence their antitumor efficiency in A549T

cells.

The cell-cycle assessment showed that PTX-CPPs could

induce more G2/M phase arrest compared with PTX and the

control. This phenomenon may be attributed to the increased

accumulation of PTX in A549 cells caused by LMWP and

TAT. After treatment with PTX and PTX-CPPs, a large

number of tetraploids were found in A549T cells. As is

known, PTX can stabilize microtubules (Tian et al., 2014),

hinder normal kinetochore-microtubule attachment and acti-

vate spindle assembly checkpoint, and subsequently lead to

mitotic arrest and cell death (Ganem et al., 2007). However,

after going through a process known as mitotic slippage, some

cells are induced into apoptosis, while others can slowly

recover from the arrest of the spindle assembly checkpoint

and re-enter the G1 phase as tetraploids, thus escape the

apoptosis induced by PTX (Flores et al., 2011; Topham &

Taylor, 2013; Chi et al., 2014). Many studies revealed that

polyploid cancer cells, especially tetraploids, displayed clear

correlation with drug resistance (Puig et al., 2008; Ogden

et al., 2015; Zhou et al., 2015). It is reasonable that A549T

cells, as a drug-resistant cancer cell line, experienced an

apparent tetraploid mitotic process after treatment with PTX

and PTX-CPPs. Interestingly, PTX- and PTX-TAT-treated

A549T cells had obvious tetraploid-G2/M phase arrest, but

PTX-LMWP mostly induced diploid-G0/G1 and diploid-S

phase arrest. Although the reason is still unclear, the

phenomenon illustrates that PTX-LMWP has a different

mechanism of anti-drug resistance with PTX and PTX-TAT.

Considering tetraploid morphology is strongly associated with

drug resistance, the small percentage of cells exhibiting

tetraploid mitotic phase arrest indicates that PTX-LMWP is

powerful in overcoming the drug resistance of A549T cells.

The in vivo antitumor assay showed that PTX-CPPs had

stronger inhibitory effects on tumor volume and tumor weight

than the control and PTX in both cell lines, consistent with the

cell toxicity, cell apoptosis, and D m results. The result

confirms that PTX-CPPs are more effective in slowing the

growth of solid tumors, particularly drug-resistant tumors.

However, there was no difference between PTX-TAT and

PTX-LMWP in the inhibition of A549T tumors, which does

not agree with the results of in vitro studies. Considering that

all in vitro experiments were tested in cells with a single

Figure 6. Anticancer efficacy of the drugs on tumor cell xenografts in female nude mice. (A) Tumor volume profiles. (B) Weights of tumors from mice
after 24 or 30 d. (C) Photos of tumors separated from mice. *p50.05; **p50.01.
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membrane, PTX-LMWP may have a higher capacity to

penetrate single-cell membranes and induce apoptosis or

death compared with PTX-TAT. However, the xenografted

tumors in the nude mice recruited dense tumor tissues, which

were likely much harder to be penetrated than a single cell in

vitro (Lee et al., 2011). Thus, PTX-LMWP may not have

sufficient ability to permeate solid A549T tumors more

deeply than PTX-TAT. However, PTX-LMWP still showed a

significant antitumor effect in both sensitive and drug-

resistant tumors in vivo, and the effects of PTX-LMWP and

PTX-TAT were both much stronger than that of PTX.

Conclusion

In summary, two new conjugates, PTX-TAT and PTX-LMWP,

were synthesized successfully. Both conjugates were more

efficient in permeating tumor cells and inducing cell toxicity

and apoptosis in both sensitive and drug-resistant lung cancer

cells than PTX. Cell-cycle analysis showed that PTX-CPPs

induced more G2/M phase cell-cycle arrest in A549 cells.

With the emergence of tetraploid A549T cells, the cell-cycle

distribution of A549T cells was very different from that of

A549 cells. This result suggests that PTX-LMWP has a

different mechanism of influencing mitosis in drug-resistant

lung tumor cells than PTX and PTX-TAT. The in vivo

antitumor efficacy study confirms that PTX-CPPs could

significantly inhibit the growth of both sensitive and drug-

resistant tumors. Compared with PTX-TAT, PTX-LMWP

exhibited much stronger effects on cell toxicity and apoptosis.

The results of this study highlight the potential of PTX-CPPs,

especially PTX-LMWP, which are promising for clinical

application in the treatment of drug-resistant cancers.
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