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Combination therapy has been regarded as a potent strategy to overcome multidrug resistance (MDR). In 

this study, we adopt Adjudin (ADD), a mitochondria inhibitor, and Doxorubicin (DOX), a common 

chemo-drug, to treat drug-resistant cancer cells (MCF-7/ADR) in combination. Given the different 

physico-chemical properties of ADD and DOX, we develop a novel drug formulation (ADD-DOX (M)) 10 

by integrating drug conjugation and nanocarrier approaches to realize the co-delivery of such two drugs. 

We demonstrate the conjugation of ADD and DOX via forming acid-sensitive hydrazone bond, and then 

the encapsulation of ADD-DOX conjugates by DSPE-PEG2000 micelles with high drug encapsulation 

efficiency and well-controllable drug loading efficiency. The obtained ADD-DOX (M) micelles are found 

to be stable under physiological condition, but can rapidly release drugs within acidic environments. 15 

Following cellular experiments confirm that, ADD-DOX (M) vehicles can be internalized by MCF-

7/ADR cancer cells through endocytic pathway and exist within the moderate acidic endolysosomes, thus 

accelerating the hydrolysis of ADD-DOX and the release of free ADD and DOX. As a result, the ADD-

DOX (M) formulation exhibits excellent anti-MDR effect. In summary, we for the first time report the 

combinational use of ADD and DOX with an effective co-delivery strategy for the treatment of MDR 20 

cancer cells. 

Introduction 

Multidrug resistance (MDR) is among the major reasons for the 

failure of clinic chemotherapy and still remains a huge challenge 

in cancer treatment. 1 Applying specific regulators, such as P-25 

glycolprotein inhibitors (P-gp) or MDR-associated gene 

suppressors, to enhance the chemo-sensitivity of drug-resistant 

cancer cells has been proven to be a promising strategy to 

overcome MDR. 2-5 Therefore, combinational use of MDR 

regulators and chemo-drugs triggers great research interests for 30 

enhanced MDR cancer therapy. 6-8 Recent studies have suggested 

that mitochondria are potent targets to reverse MDR phenotype. 9, 

10 Agents that cause mitochondrial damage can impede the 

energy metabolism and/or down-regulate the expression of anti-

apoptotic proteins, thereby restoring the chemosensitization of 35 

MDR cancer cells. These thus set a solid basis for using 

mitochondria-targeting agents and common chemo-drugs in 

combination to treat MDR cancers. 

Adjudin (ADD) is an extensively studied male contraceptive 

with superior mitochondria-inhibitory effect. 11, 12 Since its 40 

analogue Lonidamine (LND) is a well known anticancer drug, the 

anticancer capability of ADD has been recently evaluated by Xie 

and colleagues. 13 It was found that, in a variety of cancer cell 

lines, ADD could mediate cellular apoptosis via causing 

mitochondrial dysfunction. Moreover, the anticancer activity of 45 

ADD was 3-9 folds higher than that of LND. Accordingly, ADD 

possesses great potential to serve as a mitochondria-targeting 

anticancer agent. Doxorubicin (DOX), an inhibitor of DNA 

replication, is one of the leading antitumor chemo-drugs with 

excellent capability against a wide broad of cancers. 14 However, 50 

clinic studies have demonstrated that MDR seriously reduced the 

therapeutic efficacy of DOX. 15, 16 Therefore, in this work, we 

seek to use ADD to enhance DOX-related MDR cancer 

chemotherapy. Given the different physico-chemical properties 

(such as solubility) of ADD (poorly soluble) and DOX (well 55 

soluble), key for this combination therapy should be an effective 

co-delivery strategy that ensures simultaneous accumulation of 

abundant individual drug molecules in cancer cells.  

Nanocarriers provide an innovative platform for the delivery of 

small-molecule chemo-drugs. 17, 18 In particular, nanocarriers 60 

consisting of conventional excipients that certified for human use 

(such as lecithin, poly lactic-co-glycolic acid (PLGA), etc.) have 

aroused broad research interest, due to their good 

biocompatibility, high safety and great potential for clinic 

application. 19, 20 Nevertheless, it presents a challenge for 65 

conventional nanocarriers to co-encapsulate both hydrophobic 

and hydrophilic agents. 21, 22 For instance, biodegradable solid 

nanoparticles, such as those prepared by PLGA, possess good 

stability and well controllable drug release characteristics, but 

they are not suitable for loading well-soluble drugs, not to 70 
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mention relative combination delivery; on the other hand, 

liposomes can package hydrophilic and hydrophobic drugs in its 

inner core and bilayer membrane, respectively, but this 

formulation has disadvantages such as low stability, limited drug 

loading efficiency (especially for the hydrophobic drugs) and 5 

uncontrollable drug leakage. 23-25 Consequently, direct co-

delivery of ADD and DOX by conventional nanocarriers is 

difficult to achieve.  

Drug conjugation approach offers a resolution to diminish the 

influence of the varying physico-chemical properties of 10 

individual drugs. 26-28 Since drug conjugate is a single entity, it 

can be readily encapsulated and delivered by conventional 

nanocarriers. 21, 29 Therefore, we herein integrated the drug 

conjugation and nanocarrier approaches to realize the co-delivery 

of ADD and DOX. We reported the synthesis and 15 

characterization of the conjugate of ADD and DOX, termed as 

ADD-DOX, which possessed acid-responsive hydrolysis 

characteristic. We then demonstrated that ADD-DOX could be 

readily packaged by a type of conventional nanocarriers, DSPE-

PEG2000 micelles, with high drug encapsulation efficiency and 20 

well-controllable drug loading efficiency. We also confirmed that 

the obtained delivery vehicles, denoted as ADD-DOX (M), were 

stable under physiological pH value, but could rapidly release 

free individual drugs within moderate acidic environment. In 

following cellular experiments, we verified that ADD-DOX (M) 25 

was internalized into cells through endocytic pathway and 

exhibited excellent anti-MDR capability. Note that the emphasis 

of this work is to present the effective co-delivery of ADD and 

DOX for combinational MDR treatment, rather than to 

demonstrate the optimized synergistic effects between such two 30 

drugs. 

Experimental Section 

Reagent  

Adjudin (ADD) was synthesized at S.B.M. Srl (Rome, Italy) with 

a purity of >98% as described earlier. 30 Doxorubicin 35 

hydrochloride (DOX·HCl) was purchased from Huafeng United 

Technology CO., Ltd (Beijing, China). 1, 2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[methoxy (polyethylene 

glycol)-2000] (DSPE-PEG2000) was obtained from Avanti Polar 

Lipids Inc. (Alabaster, AL, USA). DMSO for cellular 40 

experiments was purchased from Sigma–Aldrich (St. Louis, MO, 

USA). Lysotracker Green DND-26 was purchased from 

Invitrogen (Carlsbad, CA, USA). 3-(4, 5-dimethylthiazol-2-yl)-2, 

5-diphenyl tetrazolium bromide (MTT) and Hoechst 33258 were 

purchased from Biosharp (Seol, South-Korea). The ATP 45 

Bioluminescence Assay Kit and the BCA Protein Assay Kit were 

from Beyotime Institute of Biotechnology (Shanghai, China). 

RPMI-1640 medium, Penicillin−streptomycin, fetal bovine serum 

(FBS) and trypsin without EDTA were purchased from Hyclone 

(USA). All other non-mentioned reagents were obtained from 50 

Aladdin (Shanghai, China). 

Synthesis of ADD-DOX conjugates 

ADD (10.0 mg) and DOX·HCl (5.8 mg) with molar ratio 3:1 

were co-dissolved in 2 mL methanol with 0.5% (v/v) 

trifluoroacetic acid (TFA), and kept reaction with stirring in 55 

darkness at room temperature. After 12 h, the solution was 

evaporated under reduced pressure at room temperature to 

remove the organic solvent. The residue was re-dissolved with 

0.3 mL methanol, and then 4.5 mL ethyl acetate was added 

dropwise into the methanol solution to allow precipitation. The 60 

precipitate was collected by centrifugation at 2000 g and further 

purified by recrystallization methods as early described. 31, 32 The 

final obtain red solid was dried at 30 ºC under vacuum and stored 

in a desiccators before use (yield of 6.5 mg, ~65.5%). 1H-NMR 

(400 MHz, DMSO-d6), δ (ppm), 13.9, (br, 1H), 13.2, (br, 1H), 65 

12.2 (s, 1H), 8.4-6.8 (m, 12H), 6.3 (s, 1H), 5.7 (s, 2H), 5.5 (d, 

1H), 5.3 (s, 1H), 5.2 (s, 1H), 5.1 (s, 1H), 4.6 (m, 2H), 4.1 (m,1H), 

3.9 (s, 3H), 3.6 (s, 1H), 3.4 (d,1H), 3.2-2.8 (dd, 2H), 2.2 (m, 2H), 

1.8-1.6 (m, 2H), 1.3 (d, 3H); 13C-NMR (DMSO-d6), δ (ppm), 

17.3, 28.75, 33.52; 38.66, 47.08, 50.1, 56.95, 58.68, 66.53, 66.69, 70 

71.72, 72.28, 99.81, 110.78, 110.85, 111.08, 119.24, 119.9, 

120.12, 122.14, 122.87, 123.58, 127.82, 128.21, 129.49, 131.35, 

133.48, 133.66, 133.85, 134.87, 135.57, 136.17, 136.5, 137.31, 

141.35, 155.14, 156.76, 158, 158.9, 161.07, 186.48, 186.6; HR-

ESI-MS: m/z Calcd [M+H]+ 860.2101, Found 860.2095; Anal 75 

Calcd for [C42H39Cl2N5O11·CF3COOH]: C, 54.2; N, 7.18; H, 4.16; 

found: C, 54.16; N, 7.29; H, 4.45. 

Characterization of ADD-DOX conjugates 

The purity was evaluated by high performance liquid 

chromatography (HPLC) through using a Hitachi UV detector L-80 

2400 system (Japanese) with a reversed-phase column (Viva-C18, 

particle size 5 µm; 150 mm × 4.6 mm, Restek, USA). Elution was 

monitored by UV absorbance at 298 nm under isocratic 

conditions (mobile phase: water/methanol/acetic acid, 11/88/1, 

v/v/v). The mass and molecular formula were evaluated by high-85 

resolution electrospray ionization mass spectrometry (HR-ESI-

MS, Bruker micrOTOF, Switzerland) with a positive mode. The 

structure information was analyzed by 1H and 13C nuclear 

magnetic resonance (NMR) via using a Bruker AM-400 

spectrometer (Switzerland). The spectra of Fourier transform 90 

infrared (FTIR) and ultraviolet-visible (UV) spectroscopies were 

analyzed by a Bruker VERTEX-70 spectrophotometer (Germany) 

and a Shimadzu UV probe spectrometer (Japanese), respectively. 

The emission and excision fluorescence property were 

determined by Hitachi F-4600 FL Spectrophotometer (Japanese). 95 

The elemental analysis was carried out by using a Vario EL cube 

instrument (Elementar, Germany). 

Hydrolysis profile of ADD-DOX 

A hydrolysis study of ADD-DOX was performed to confirm that 

it could be hydrolyzed into individual drugs, and to determine the 100 

corresponding hydrolysis kinetics under different pH values. 

ADD-DOX conjugates were dissolved in a mixed solution of 

water/methanol (75/25, v/v) with different pH values of 4.0, 5.2, 

6.5 and 7.4, respectively. After incubation at 37 ºC for 

preconcerted time period (ranging from 0.5 to 48 h), an aliquot of 105 

the sample in each group was separated and subjected to HPLC 

with mobile phase of water/methanol/acetic acid (21/78/1, v/v/v) 

to determine the hydrolysis ratio.  

Preparation and characterization of ADD-DOX (M)  

ADD-DOX (M) was prepared through a film dispersion method 110 

as described. 33, 34 In brief, 2 mg ADD-DOX conjugates and 10 

mg DSPE-PEG2000 were co-dissolved in 2 mL methanol. After 
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incubation for 30 min, the organic solvent was removed by 

evaporation under reduced pressure at room temperature. Then, 

the as-prepared uniform film was hydrated with 1 mL double-

distilled water or phosphate-buffered saline (PBS, pH 7.4), 

followed by vigorous vortex for 1 min and incubation at 60 ºC for 5 

30 min. The obtained micelles suspension was filtrated through a 

200 nm polycarbonate membrane (Millipore Co., Bedford, MA, 

USA) and stored in 4 ºC before characterization and cellular 

experiments.  

To evaluate the encapsulation efficiency and the drug-loading 10 

efficiency, lyophilized samples of ADD-DOX (M) were re-

dissolved with methanol, and then the quantity of ADD-DOX 

was determined by fluorescence spectrometer. We prepared a 

type of ADD-DOX (M) with DLE of 16.7% for the following 

characterization and cellular experiments. The morphology of 15 

ADD-DOX (M) was observed by Transmission Electron 

Microscopy (TEM, Tecnai G2 20 U-TWIN, FEI Co., USA). The 

hydrodynamic size and zeta potential of such micelles was 

determined by dynamic light scattering (DLS) method (Zeta Plus, 

Brookhaven, USA).  20 

Drug release profile of ADD-DOX (M) 

The drug release behaviors of ADD-DOX (M) were determined 

by dialysis method via using a membrane with molecular weight 

cut-off of 3,500 Da. 0.5 mL ADD-DOX (M) (equivalent with 

ADD-DOX concentration of 0.25 mM) was dialysis against 50 25 

mL outer phase (20 mM PBS with pH value of 5.0 or 7.4). After 

incubation at 37 ºC for pre-designed time period (arranging from 

1 to 72 h), 5 mL sample was withdrawn in each group and 

replaced with 5 mL fresh outer phase. The concentrations of 

DOX in outer phase were determined by fluorescent 30 

spectrophotometry. To determine the concentrations of ADD, 

drugs were extracted from separated outer phase by 

dichloromethane, followed by measurement with HPLC. Each 

drug release profile was expressed as the percentage of the total 

quantity of individual drug and plotted as a function of time. 35 

Cell culture 

 MCF-7 and MCF-7/ADR cell lines, served as drug-sensitive and 

drug-resistant cancer cells, respectively, were donated by Prof. 

Yaping Li (Shanghai Institute of Materia Medica, Chinese 

Academy of Sciences) and cultured in RPMI-1640 medium 40 

supplemented with 10% (v/v) FBS and 1% (v/v) penicillin-

streptomycin solution. For MCF-7/ADR cells, the medium also 

contained 1 µg/mL DOX to maintain the acquired drug resistance. 

The above cell cultures were incubated in a CO2 incubator at 37 

ºC in a humidified atmosphere with 95% air/5% CO2.  45 

Cellular uptake experiments  

 To assess cellular uptake of drugs, confocal laser scanning 

microscopy (CLSM, Zeiss Axio Observer, Carl Zeiss, Germany) 

was used. In brief, MCF-7/ADR cells or MCF-7 cells were 

seeded in cover slip-loaded 24-well plates at a density of 1×105 50 

cells per well. After incubation for 24 h, culture medium was 

replaced by fresh medium containing ADD-DOX (M) or DOX 

(with drug concentration of 5 µM and 40 µM, respectively). 

Thereafter, cells were incubated for specified time periods of 1, 4, 

12, 24 or 48 h, and then treated with 4% paraformaldehyde and 55 

Hoechst 33258 for fixation and nuclei staining, respectively. 

Treated cells on cover slips were then mounted on glass slides in 

glycerol. 

For determination of the mean fluorescence intensity in cells 

by flow cytometry (FCM, FACScadibur, BD, USA), MCF-60 

7/ADR cells were seeded in 12-well plates at a density of 2×105 

cells/well. After 24h of incubation, cells were exposed to medium 

containing ADD-DOX (M) (equivalent with ADD-DOX 

concentration of 5 µM). Untreated cells severed as the negative 

control. At specific incubation time points of 1, 4, 8, 12 and 24 h, 65 

cells were trypsinized and collected by low speed centrifugation. 

Finally, the separated cells were resuspended in ice-cold PBS and 

analyzed by FCM subsequently. Two independent measurements 

were performed and each sample had duplicates. 

 The energy-dependent endocytosis of ADD-DOX (M) was 70 

investigated through comparing the intracellular fluorescence for 

cellular internalization occurring at different temperatures. MCF-

7/ADR cells were pre-incubated at 4 ºC or 37 ºC for 1 h, and then 

treated with medium containing ADD-DOX (M) (with 40 µM 

ADD-DOX) at the same temperature for another 1 h. Thereafter, 75 

cells were characterized by qualitative CLSM imaging and 

quantitative flow cytometry analysis. 

Subcellular localization study 

 MCF-7/ADR cells were seeded in 24-well plates with cover slips 

at density of 1×105 per well. After 24 h of incubation, cells were 80 

exposed to ADD-DOX (M) (equivalent with 40 µM ADD-DOX) 

for 4 h. Thereafter, cells were treated with 200 nM Lysotracker 

Green DND-26 for 20 min, followed by exposure to 4% 

paraformaldehyde for 10 min. These cells were then incubated 

with Hoechst 33258 for nuclei staining. Finally, the treated cells 85 

on cover slips were mounted on glass slides in glycerol and 

observed by CLSM. 

Cellular viability assay 

 A standard MTT assay was used to assess the cytotoxicity of 

ADD-DOX (M). In detail, MCF-7/ADR or MCF-7 cells were 90 

seeded in 96-well plates with a density of 5×103 cells/well, 

followed by incubation for 24 h. Thereafter, cells were treated 

with medium containing serial concentrations of drugs. After 72 h 

of incubation, cells were washed with PBS twice and exposed to 

100 µL MTT-contained serum-free medium (0.5 mg/mL) for 2 h 95 

at 37 ºC. Then, the culture medium was discarded and replaced 

by 150 µL DMSO for dissolving the generated formazan. After 

15 min of incubation, the absorbance at 570 nm was determined 

in each well by using a multi-mode microplate reader (SynergyTM 

HT, Bio Tek, USA). The half-maximal inhibitory concentrations 100 

(IC50) were calculated by SPSS software and the corresponding 

resistance factor (denoted as RF) values were determined by the 

ratio of IC50 for drug-resistant cell line to that for its parent drug-

sensitive cell line.  

Cellular ATP level detection 105 

MCF-7/ADR cells were seeded in 96-well plates with a density of 

5×103 cells/well, to be followed by 24 h of incubation. Thereafter, 

cells were exposed to medium containing ADD, DOX, the 

mixture of ADD and DOX (molar ratio of 1:1) or  ADD-DOX (M)  

micelles for 48 h (with drug concentration at 20 or 60 µM). 110 

Thereafter, these cells were treated with lysis buffer to extract 

ATP and total proteins. The quantity of ATP and proteins in each 
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Fig.1. Schematic illustration for the incorporation of drug conjugation 

approach and nanocarrier technology to co-deliver ADD and DOX for 

MDR cancer treatments: (A) conjugation of ADD and DOX to synthesize 

ADD-DOX; (B) mixing ADD-DOX and DSPE-PEG2000 to prepare drug5 

micelles ADD-DOX (M); (C) applying ADD-DOX (M) to treat MDR cancer 

cells. 

sample were determined by ATP luminescence assay and BCA

assay, respectively, by using the multi-mode microplate reader 

(SynergyTM HT, Bio Tek, USA). The measured ATP quantities 10 

were normalized against that of the total proteins in the same 

sample. The final cellular ATP level in each group was expressed

as the percentage of that in the control group. Here, 0.2% 

DMSO was added into the medium containing free drugs.

group of ADD-DOX (M), the measurement was carried out 15 

without DMSO. For this experiment, three 

measurements were performed.  

Statistical Analysis  

The statistical significance of treatment was asse

Prism software (GraphPad). The statistical differences were 20 

determined by ANOVA, followed by Student’s t test. 

values < 0.05 indicate significant differences. 

 

Fig.2   Comparison of the 
1
H-NMR spectra of ADD-DOX dissolved

highlighted as blue. 50 

 This journal is © The Royal Society of Chemistry [year]
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HT, Bio Tek, USA). The measured ATP quantities 
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Scheme 1. Synthesis of ADD-DOX via directly conjugating ADD to

Results and Discussion 

Synthesis and characterization of ADD

Fig.1 described the whole procedure

in combination for MDR cancer treatment. We first prepared the 

drug conjugate of ADD and DOX (Fig. 1, step A). Since ADD 40 

contains a hydrazide group and DOX possesses a 

such two drugs can directly couple with each other via forming a 

hydrazone bond. As shown in Scheme 1,

and DOX was performed in anhydrous methanol with 

trifluoroacetic acid as catalyst. The obtained 45 

purified by recrystallization method before characterization 

(purity >95%, HPLC trace seen in Fig. S1). 

The formation of ADD-DOX was first confirmed by 

spectroscopy with determination of the characteristic peaks a

relative integration values of ADD (Fig. S50 

respectively. As shown in Fig. 2, peaks at δ=1.3, 3.9 and 4.

integration values of 3H, 3H and 2H represented

the methyl groups (C-14, C-4) and 

DOX moiety, respectively. Peaks at δ=5.8, 6.9 and 8.2 with 

integration values of 2H, 1H and 1H were attributed to55 

protons of the methylene group (C-

20 and C-18) in ADD moiety, respectively.

DOX dissolved in DMSO-d6 with or without D2O. Areas related to the signals of a

This journal is © The Royal Society of Chemistry [year] 

 
DOX via directly conjugating ADD to DOX. 

Synthesis and characterization of ADD-DOX 

procedure of utilizing ADD and DOX 

in combination for MDR cancer treatment. We first prepared the 

drug conjugate of ADD and DOX (Fig. 1, step A). Since ADD 

DOX possesses a carbonyl group, 

such two drugs can directly couple with each other via forming a 

bond. As shown in Scheme 1, the reaction of ADD 

and DOX was performed in anhydrous methanol with 

. The obtained crude product was 

purified by recrystallization method before characterization 

in Fig. S1).  

DOX was first confirmed by 1H-NMR 

with determination of the characteristic peaks and 

relative integration values of ADD (Fig. S2) and DOX (Fig. S3), 

eaks at δ=1.3, 3.9 and 4.6 with 

integration values of 3H, 3H and 2H represented the protons of 

and the methylene group (C-8) in 

DOX moiety, respectively. Peaks at δ=5.8, 6.9 and 8.2 with 

integration values of 2H, 1H and 1H were attributed to the 

-19) and the benzene rings (C-

in ADD moiety, respectively. 

 
Areas related to the signals of active protons were 
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Fig.3 (A) HR-ESI-MS spectrum of ADD-DOX (positive mode) with m/z 

values ranging from 860 to 866. (B) Hydrolysis kinetics of ADD

water/methanol (75/25, v/v) at different pH values.

To verify the generation of hydrazone bond5 

DOX, we determined the active protons 

product through comparing the 1H-NMR spectra obtained in 

DMSO-d6 with or without D2O (Fig. 2, related areas 

highlighted as blue). For the proton in the amide group (

), a significant downfield shifting from δ=9.6 (seen in Fig. S10 

12.2 ppm appeared after the reaction, which should be attributed 

to the deshielding effect resulting from the new generated ‘C=N’ 

bond. On the other hand, the amino protons in

group of ADD possessed a resonance peak with integration of 2H 

at δ=4.4 (N-H2 in Fig. S2) but no signal in the spectr15 

final product (Fig. 2), indicating the enti

hydrazide groups within the conjugation process. These results 

clearly verified the existence of hydrazone 

product.  

Next we examined the obtained product by high resolution 20 

mass spectroscopy to determine its mass and molecular formula

We have found a protonated species with exact mass

860.2095. This value matched well with the 

that calculated according to the chemical formula of ADD

(C42H39Cl2N5O11, M+H: 860.2101). Fig. 3A show25 

signal distribution of such protonated species (

866), which were precisely consistent with that exist

theoretical isotope pattern of ADD-DOX (Fig. S

we also observed signals within the interval from 690 to 740 

(m/z), which should be attributed to the possible molecular 30 

fragments of ADD-DOX (Fig. S4B). These 

that the obtained product possessed the same mass and molecular 

formula as of ADD-DOX.  

Since hydrazone bond is well known as a cleavable bond with 

acid-catalyzed hydrolysis property, we next35 

hydrolysis profile of our product. The experiments 

performed in water/methanol (75/25, v/v) with different pH 

values and the results were evaluated by HPLC. Fig.

relative hydrolysis kinetics of our product under different pH 

values. The hydrolysis rate was found to be 40 

under more acidic environment: nearly 60% 

ADD and DOX at pH 4.0 within the first 10

3% was hydrolyzed meanwhile at pH 7.4. This phenomenon 

matched well with the aforementioned hydrolysis property of

10.1039/c0xx00000x 
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Fig. 3A showed the detailed 
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, which were precisely consistent with that existed in the 

DOX (Fig. S4A). In addition, 

we also observed signals within the interval from 690 to 740 

(m/z), which should be attributed to the possible molecular 

These thus demonstrated 

the same mass and molecular 

Since hydrazone bond is well known as a cleavable bond with 

next investigated the 

hydrolysis profile of our product. The experiments were 

formed in water/methanol (75/25, v/v) with different pH 

values and the results were evaluated by HPLC. Fig. 3B showed 

relative hydrolysis kinetics of our product under different pH 

found to be significantly faster 

der more acidic environment: nearly 60% was cleaved into free 

ADD and DOX at pH 4.0 within the first 10 h, whereas less than 

at pH 7.4. This phenomenon 

matched well with the aforementioned hydrolysis property of  

Fig.4 (A) Representative TEM micrograph of ADD

treatment of phosphotungstic acid solution (1%, m/m), Scale bar 

represented 50 nm; inset indicated the hydrodynamic size distribution of 55 

ADD-DOX (M) in PBS solution. (B) Drug release kinetics of A

incubated in aqueous solution at pH 5.0 or 7.4. Released ADD

were quantified by HPLC and

respectively. 

hydrazone bond, thus providing another evidence for the 

conjugation of ADD and DOX.

HR-ESI-MS, other characterization including 

UV and fluorescent spectroscopy were also performed to verify 

the final product. The results and the65 

can be found in Fig. S5-S8. Taken the

ascertained that the obtained product was exactly ADD

expected.  

Preparation and characterization of ADD

Upon completion of the synthesis and characterization, ADD

DOX conjugates were subsequently

micelles (denoted as ADD-DOX (M)). S

for the preparation of ADD-DOX

B. ADD-DOX and DSPE-PEG85 

anhydrous methanol, followed by evaporation of 

a uniform thin film. Then the film was treated by PBS (pH 7.4), 

allowing the self-assembly of ADD

form ADD-DOX (M). The encapsulation efficiency for such 

preparation approach was over 99% and the drug90 

efficiency of ADD-DOX (M) 

altering the inputted mass ratio of 

We prepared a type of micelles with

16.7% (m/m) for the following characterization and cellular 

experiments. The as-prepared PBS solution of ADD95 

micelles was stored at 4 ºC before use. It was found that over 95% 

ADD-DOX still retained in micelles after storing for 2 weeks, 

indicating a well protective effect of this micelle 

the embedded ADD-DOX (Fig. S

 The morphological feature of ADD

characterized by TEM. Samples were90 

phosphotungstic acid (PTA) 

observation. 35 As shown in Fig. 

possessed nearly spherical morphology and mono

characteristic. The average hydrodynamic size (corresponding 

size distribution shown as inset) and zeta potential of ADD95 

(M) in aqueous solution were determined to be 

Dynamic Article Links ►
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Representative TEM micrograph of ADD-DOX (M) with staining 

treatment of phosphotungstic acid solution (1%, m/m), Scale bar 

represented 50 nm; inset indicated the hydrodynamic size distribution of 

rug release kinetics of ADD-DOX (M) 

incubated in aqueous solution at pH 5.0 or 7.4. Released ADD and DOX 

HPLC and fluorescent spectrophotometry, 

hydrazone bond, thus providing another evidence for the 

conjugation of ADD and DOX. Besides HPLC, 1H-NMR and 

MS, other characterization including 13C-NMR, FTIR, 

UV and fluorescent spectroscopy were also performed to verify 

and the corresponding discussion 

. Taken these data collectively, we 

product was exactly ADD-DOX as 

Preparation and characterization of ADD-DOX (M) 

Upon completion of the synthesis and characterization, ADD-

subsequently loaded by DSPE-PEG2000 

DOX (M)). Schematic representation 

DOX (M) was shown in Fig. 1, Step 

PEG2000 were co-dissolved in 

methanol, followed by evaporation of solvent to obtain 

a uniform thin film. Then the film was treated by PBS (pH 7.4), 

assembly of ADD-DOX and DSPE-PEG2000 to 

. The encapsulation efficiency for such 

preparation approach was over 99% and the drug loading 

 could be readily adjusted by 

of ADD-DOX to DSPE-PEG2000. 

We prepared a type of micelles with drug loading efficiency of 

for the following characterization and cellular 

PBS solution of ADD-DOX (M) 

micelles was stored at 4 ºC before use. It was found that over 95% 

ed in micelles after storing for 2 weeks, 

well protective effect of this micelle formulation to 

S9).  

The morphological feature of ADD-DOX (M) was 

characterized by TEM. Samples were treated with 0.1% 

phosphotungstic acid (PTA) for positive staining before 

 4A, ADD-DOX (M) (black dots) 

possessed nearly spherical morphology and mono-dispersion 

characteristic. The average hydrodynamic size (corresponding 

) and zeta potential of ADD-DOX 

in aqueous solution were determined to be 11.2 ± 0.5 nm and 
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Fig. 5 Fluorescent images of MCF-7/ADR cells that incubated 

DOX (M) (equivalent with ADD-DOX concentration of 5 μM

periods ranging from 1 to 24 h. Blue and red fluoresce represented the 

localization of nuclei and ADD-DOX (M), respectively.5 

-7.4 ± 1.2 mV, respectively, by DLS method.  

The drug release behaviors of ADD-DOX (M)

through a dialysis method. The pH values of the outer phases 

were set as 5.0 and 7.4 to mimic that of endolysosome

physiological environment, respectively. At 10 

points, samples were withdrawn from outer phases

concentrations of ADD and DOX were analyzed by HPLC and 

fluorescent spectrophotometry, respectively. Since there was 

negligible ADD-DOX retained in separated samp

HPLC, data not shown), the fluorescence should only be 15 

attributed to DOX. Fig. 4B illustrated the drug

ADD-DOX (M). After 72 h of incubation at 37 

of DOX and 2% of ADD were released at pH 7.4, indicatin

low leakage of drugs from ADD-DOX (M) under 

pH value. Compared to this, over 60% of DOX and 40% of ADD 20 

were released at pH 5.0, which suggested that 

would rapidly release free individual drugs in moderate acidic 

environment. This acid-responsive drug release characteristic of 

ADD-DOX (M) was probably related to the charge of ADD

DOX and DSPE-PEG2000. When pH reduced from 7.4 to 5.0, 25 

more amino groups (in the sugar ring of DOX moiety)

protonated, which strengthened the electronic repul

ADD-DOX molecules and thus enhanced the dissociation of 

embedded drug conjugates; on the other hand, the charge of 

DSPE-PEG2000 (isoelectric points of ~5.9) changed from negative 30 

to weak positive, which eliminated their electrostatic attraction to 

ADD-DOX. 33 As a result, the embedded ADD

in micelles would expose to aqueous solution, thus 

hydrolysis and the following release of free ADD and DOX. In 

addition, because DOX possesses higher water solubility, it is 35 

expected that DOX will more readily diffuse into solution from 

the polymer matrix and thereby holds a faster release rate than 

that of ADD at the same pH condition. This is 

experimental result shown in Fig. 4B.  

 This journal is © The Royal Society of Chemistry [year]

 
incubated with ADD-

DOX concentration of 5 μM) for time 

periods ranging from 1 to 24 h. Blue and red fluoresce represented the 

, respectively. 

 

(M) were examined 

The pH values of the outer phases 

endolysosomes and 

, respectively. At pre-designed time 

withdrawn from outer phases and the 

concentrations of ADD and DOX were analyzed by HPLC and 

, respectively. Since there was 

samples (detected by 

), the fluorescence should only be 

drug release kinetics of 

(M). After 72 h of incubation at 37 °C, less than 6% 

pH 7.4, indicating the 

(M) under physiological 

of DOX and 40% of ADD 

pH 5.0, which suggested that ADD-DOX (M) 

would rapidly release free individual drugs in moderate acidic 

responsive drug release characteristic of 

to the charge of ADD-

. When pH reduced from 7.4 to 5.0, 

more amino groups (in the sugar ring of DOX moiety) were 

electronic repulsion among 

and thus enhanced the dissociation of such 

conjugates; on the other hand, the charge of 

(isoelectric points of ~5.9) changed from negative 

trostatic attraction to 

the embedded ADD-DOX conjugates 

would expose to aqueous solution, thus promoting its 

ysis and the following release of free ADD and DOX. In 

er water solubility, it is 

expected that DOX will more readily diffuse into solution from 

the polymer matrix and thereby holds a faster release rate than 

is confirmed by the 

Fig.6 Intracellular localization of ADD-DOX

were incubated with culture medium containing ADD

(equivalent with 40 μM ADD-DOX) for 4h before observation by CLSM. 

The localization of nuclei, ADD-DOX

indicated by blue, red and green fluorescence, respectively50 

Cellular endocytosis of ADD-DOX

 Next, we examined the internalization of ADD60 

drug-resistant cancer cells. MCF

representative DOX-related drug-

used for this study. Cells were cultured 

diverse time periods and imaged by CLSM. 

nuclei and ADD-DOX (M) were 65 

fluorescence, respectively. With prolonging incubation time, the 

intracellular red fluorescence enhanced substantially. The 

corresponding mean fluorescence intensities (MFI) in cells were 

determined by FCM and the results were

time-dependent increase of MFI values agreed with the results of 70 

CLSM observation, indicating the gradual accumulation of ADD

DOX (M) micelles in MCF-7/ADR cells.

 To confirm that the internalization of ADD

realized by cellular endocytosis, we treated MCF

with such micelles at different temperatures (4 ºC and 37 ºC). 

After incubation for 1 h, the fluorescence in cells was determined 

by both CLSM (Fig. S11A) and FCM (75 

contrast, distinct red fluorescence was detected in cells treated at 

37 ºC, whereas only weak fluorescence signals existed in cells 

treated at 4 ºC. This significant decrease for the entr

DOX (M) into cells at lower temperature suggested that such 

micelles were internalized by cells via a temperature80 

endocytic pathway. 16, 33 

 After endocytosis by tumor cells, nanocarriers generally exist 

in endosomes. These intracellular compartments can fuse with a 80 

type of acidic organelles known as lysosomes

endolysosomes. 36 Since acidic environment in endolysosomes 

was crucial for the rapid release of 

proven above (Fig. 4B), we investigated the subcellular 

localization of ADD-DOX (M)85 

incubated with ADD-DOX (M) for 4

This journal is © The Royal Society of Chemistry [year] 

 
DOX (M) in MCF-7/ADR cells. Cells 

were incubated with culture medium containing ADD-DOX (M) 

for 4h before observation by CLSM. 

DOX (M) and endolysosomes were 

indicated by blue, red and green fluorescence, respectively. 

DOX (M) 

Next, we examined the internalization of ADD-DOX (M) by 

. MCF-7/ADR cell line, a 

-resistant cancer model, was 

ells were cultured with ADD-DOX (M) for 

diverse time periods and imaged by CLSM. As shown in Fig. 5, 

ere indicated as blue and red 

fluorescence, respectively. With prolonging incubation time, the 

red fluorescence enhanced substantially. The 

corresponding mean fluorescence intensities (MFI) in cells were 

determined by FCM and the results were shown in Fig. S10. The 

dependent increase of MFI values agreed with the results of 

CLSM observation, indicating the gradual accumulation of ADD-

7/ADR cells. 

To confirm that the internalization of ADD-DOX (M) was 

ellular endocytosis, we treated MCF-7/ADR cells 

with such micelles at different temperatures (4 ºC and 37 ºC). 

h, the fluorescence in cells was determined 

S11A) and FCM (Fig. S11B). In sharp 

fluorescence was detected in cells treated at 

37 ºC, whereas only weak fluorescence signals existed in cells 

treated at 4 ºC. This significant decrease for the entry of ADD-

into cells at lower temperature suggested that such 

zed by cells via a temperature-dependent 

After endocytosis by tumor cells, nanocarriers generally exist 

in endosomes. These intracellular compartments can fuse with a 

type of acidic organelles known as lysosomes to form 

acidic environment in endolysosomes 

rapid release of free individual drugs as 

, we investigated the subcellular 

(M). MCF-7/ADR cells were 

for 4 h. Thereafter, those cells  
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Fig. 7 Cellular viabilities of MCF-7/ADR cells that incubated for 

different doses (ranging from 1.25 to 20 μM) of ADD, DOX, the mixture of 

ADD and DOX (molar ratio of 1:1), ADD-DOX conjugates, empty DSPE

PEG2000 micelles (denoted as empty (M)) and ADD5 

group of empty (M), the concentrations of DSPE-

to 100 μg/mL (equivalent with drug concentration of 1.25 to 20 

<0.01; *** p<0.001, n=6. 

were exposed to Lysotracker Green and Hoechst 33258 in 

sequence for staining endolysosomes/lysosomes and nuclei, 10 

respectively, followed by CLSM observation. The localization of 

nuclei, ADD-DOX (M) and endolysosomes were shown in 

and indicated as blue, red and green fluorescence, respectively. 

the merged image, there were numerous yellow dots (overlying of 

red and green), indicating that abundant ADD15 

within endolysosomes after cellular endocytosis

Overcoming MDR by ADD-DOX (M) 

In following studies, we evaluated the cytotoxicity of ADD

(M) to MCF-7/ADR cells. Cells were exposed to drugs

concentrations ranging from 1.25 to 20 µM20 

determination of cellular viabilities by MTT assay. DMSO was 

added into culture medium to facilitate the dissolution of 

(0.1%, v/v) or ADD-DOX conjugates (0.5%, v/v). For better 

comparison, the group of free DOX was also cultured in medium 

containing 0.1% DMSO (existence of DMSO exhibited no 25 

significant influence to the cytotoxicity of DOX, seen in 

S12). As shown in Fig. 7, the cytotoxicity of

ADD and DOX (molar ratio 1:1) was remarkably higher than that 

of individual ADD or DOX at the same drug concentration

IC50 value of the drug mixture was 4.3 µM, which were 9.1 and 30 

17.1 folds lower than that of free ADD (39.1 

µM), respectively. This thus verified the combinational anti

effect of ADD and DOX.  

Since it is documented that the hydrazide group is

functional moiety of ADD, 30 ADD-DOX conjugate35 

convert to free ADD to impede mitochondrial function and 

mediate combination therapy. Therefore, the cytotoxicity of 

ADD-DOX relies on its hydrolysis behavior

above, ADD-DOX conjugates held acid-responsive hydrolysis 

characteristic (Fig. 3B). It was hypothesized that applying ADD40 

DOX (M) to cells might lead to much higher 

than application of free ADD-DOX conjugates, because ADD

DOX (M) would exist within endolysosomes but free ADD

might directly diffuse into cytoplasm. 21 This matched well with 

This journal is © The Royal Society of Chemistry [year] Journal Name

 
7/ADR cells that incubated for 72 h with 

ADD, DOX, the mixture of 

DOX conjugates, empty DSPE-

micelles (denoted as empty (M)) and ADD-DOX (M). For the 

-PEG2000 ranged from 6.3 

with drug concentration of 1.25 to 20 μM). ** 

Lysotracker Green and Hoechst 33258 in 

sequence for staining endolysosomes/lysosomes and nuclei, 

by CLSM observation. The localization of 

and endolysosomes were shown in Fig. 6 

and indicated as blue, red and green fluorescence, respectively. In 

numerous yellow dots (overlying of 

that abundant ADD-DOX (M) existed 

endocytosis. 

In following studies, we evaluated the cytotoxicity of ADD-DOX 

exposed to drugs with 

0 µM for 72 h before the 

determination of cellular viabilities by MTT assay. DMSO was 

the dissolution of ADD 

DOX conjugates (0.5%, v/v). For better 

ree DOX was also cultured in medium 

of DMSO exhibited no 

significant influence to the cytotoxicity of DOX, seen in Fig. 

e cytotoxicity of the drugs mixture of 

arkably higher than that 

the same drug concentrations. The 

M, which were 9.1 and 

17.1 folds lower than that of free ADD (39.1 µM) and DOX (73.7 

mbinational anti-MDR 

Since it is documented that the hydrazide group is a bio-

DOX conjugates must 

convert to free ADD to impede mitochondrial function and 

, the cytotoxicity of 

behaviors. As mentioned 

responsive hydrolysis 

3B). It was hypothesized that applying ADD-

DOX (M) to cells might lead to much higher inhibitory effect 

DOX conjugates, because ADD-

DOX (M) would exist within endolysosomes but free ADD-DOX 

This matched well with 

the results shown in Fig. 7. The IC65 

was 10.1 µM, which was about 12.1 folds lower than that of free 

ADD-DOX conjugates (IC50, 121.4 

the empty DSPE-PEG2000 micelles (denoted as empty (M)) 

showed negligible toxicity to cells, the cytotoxicity of ADD

DOX (M) was only attributed to the loaded ADD70 

conjugates. Moreover, we also observed that the cytotoxicity of 

ADD-DOX (M) was a bit lower than that of the drug mixture, 

which probably resulted from that a portion of drug

embedded in micelles after incubation

following the pH=5.0 profile in Fig.75 

the anti-MDR capability of ADD

the resistance factor (denoted as RF)

value generally represents high activity in overcoming MDR
37 According to the data shown in 

was 80.1, verifying the serious resistance of MCF80 

this chemo-drug. In marked contrast, the RF value of ADD

(M) was 2.7, about 29.9-folds lower than that of 

indicating that ADD-DOX (M) possessed robust anti

capability. 

To further confirm that the excellent anti

ADD-DOX (M) related to the release of ADD and DOX, we 

examined whether ADD-DOX 

therapeutic functions as of ADD and DOX. Since inhibition of 95 

ATP production is among the most direct evidences for ADD to 

impede mitochondria, we evaluated the 

cells treated by ADD-DOX (M). As shown in 

decreases of the intracellular ATP level were observed in the 

groups of ADD (29.2%), drugs mixture (31100 

(M) (24.4%), whereas no significant change was found in the 

group of DOX. These suggested that the down

level in MCF-7/ADR cells was only attributed to ADD. 

Additionally, we found that the ATP level underwent a sharp 

decrease (67.1%) in cells treated with high105 

(M), which further confirmed

function of ADD-DOX (M). On the other hand, since 

known pharmacological mechanism of DOX 

drug into nuclei to inhibit DNA replication

observation on MCF-7/ADR cells treated 110 

48 h. As shown in Fig. S15A, Red 

the nuclei and the cytoplasm, which is

in cells treated by free DOX under

S15B). Comparatively, in cells 

(M) for shorter time periods 115 

fluorescence only existed in the cytoplasm as shown in 

and Fig. 6, respectively. These 

(M) could also act on nucleic acids. 

Taken together all the above in vitro

schematic illustration to describe the intracellular behaviors of 

ADD-DOX (M) in drug-resistant 105 

DOX (M) were internalized by cells via endocyt

endosomes fused with lysosomes to form endolysosomes; 

ADD-DOX hydrolyzed into ADD and DOX 

endolysosomes, accompanied with the release of such two 

individual drugs into cytoplasm; 110 

acted on mitochondria and nucleic acids, respectively. With these 

intracellular processes, ADD-DOX

inhibitory effect to MDR cancer cells. 

Journal Name, [year], [vol], 00–00  |  7 

7. The IC50 value of ADD-DOX (M) 

M, which was about 12.1 folds lower than that of free 

, 121.4 µM). Of particular note that 

micelles (denoted as empty (M)) 

showed negligible toxicity to cells, the cytotoxicity of ADD-

DOX (M) was only attributed to the loaded ADD-DOX 

conjugates. Moreover, we also observed that the cytotoxicity of 

was a bit lower than that of the drug mixture, 

which probably resulted from that a portion of drugs was still 

after incubation for 72 h (drug release 

Fig. 4B). To specifically evaluate 

bility of ADD-DOX (M), we then calculated 

esistance factor (denoted as RF) of ADD-DOX (M). Low RF 

generally represents high activity in overcoming MDR. 16, 

According to the data shown in Fig. S13, the RF value of DOX 

the serious resistance of MCF-7/ADR cells to 

In marked contrast, the RF value of ADD-DOX 

folds lower than that of free DOX, 

(M) possessed robust anti-MDR 

excellent anti-MDR capability of 

DOX (M) related to the release of ADD and DOX, we 

DOX (M) possessed the same 

functions as of ADD and DOX. Since inhibition of 

is among the most direct evidences for ADD to 

impede mitochondria, we evaluated the intracellular ATP level of 

DOX (M). As shown in Fig. S14, distinct 

cellular ATP level were observed in the 

%), drugs mixture (31.1%) and ADD-DOX 

%), whereas no significant change was found in the 

group of DOX. These suggested that the down-regulation of ATP 

7/ADR cells was only attributed to ADD. 

Additionally, we found that the ATP level underwent a sharp 

%) in cells treated with higher dose of ADD-DOX 

further confirmed the mitochondria-inhibitory 

On the other hand, since the widely 

known pharmacological mechanism of DOX is the entry of this 

inhibit DNA replication, we performed CLSM 

7/ADR cells treated by ADD-DOX (M) for 

ed fluorescence appeared in both 

which is similar to that distributing 

under the same conditions (Fig. 

). Comparatively, in cells that incubated with ADD-DOX 

for shorter time periods (such as 1h and 4 h), red 

fluorescence only existed in the cytoplasm as shown in Fig. S11A 

, respectively. These clearly verified that ADD-DOX 

acids.  

in vitro experiments, we utilized a 

illustration to describe the intracellular behaviors of 

resistant cells (Fig. 1, Step C): (1) ADD-

were internalized by cells via endocytic pathway; (2) 

endosomes fused with lysosomes to form endolysosomes; (3) 

d into ADD and DOX within 

endolysosomes, accompanied with the release of such two 

individual drugs into cytoplasm; (4) released ADD and DOX 

mitochondria and nucleic acids, respectively. With these 

DOX (M) exhibited remarkable 

effect to MDR cancer cells. Besides the robust in vitro 
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anti-MDR capability, ADD-DOX (M) formulation also possessed 

other characteristics, including good biocompatibility and safety 

(as the component DSPE-PEG2000 has been certified for human 

use), excellent stability and low leakage in physiological 

condition, etc. These thus enabled the potential application of 5 

ADD-DOX (M) for in vivo anti-MDR study. However, to better 

achieve this purpose, it is still necessary to diminish unexpected 

side effects (such as unspecific accumulation in healthy tissues) 

via improving the delivery system. Relative works are being 

carried out in our laboratory. 10 

Conclusions 

In conclusions, we demonstrated the synthesis and 

characterization of ADD-DOX conjugates, which possessed acid-

responsive hydrolysis property. These drug conjugates can be 

readily encapsulated by conventional DSPE-PEG2000 nanocarriers 15 

with high drug encapsulation efficiency and well controllable 

drug loading efficiency. The obtained ADD-DOX (M) micelles 

were stable at physiological pH value, but can rapidly release free 

ADD and DOX under mild acidic environment. After endocytosis 

by cells, ADD-DOX (M) exhibited more efficient anti-MDR 20 

capability as compared to free ADD-DOX conjugates, which 

should be attributed to the accelerated hydrolysis rate of drug 

conjugates in endolysosomes. To sum up, we for the first time 

reported the combinational use of Adjudin and Doxorubicin for 

MDR cancer treatment and we also developed a novel 25 

formulation via incorporating drug conjugation approach and 

nanocarrier technology to efficiently co-deliver such two drugs. 
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