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Abstract

Mitochondria are double membrane-bound organelles mainly involved in supplying cellular 

energy, but also in signaling, cell differentiation and cell death. Mitochondria are implicated in 

carcinogenesis, and, as such, dozens of lethal signal transduction pathways converge on these 

organelles. Accordingly, mitochondria provide an alternative target for cancer management. In this 

study, F16, a drug targeting mitochondria, and chlorambucil (CBL), which is indicated for the 

treatment of selected human neoplastic diseases, were covalently linked, resulting in the synthesis 

of a multi-mitochondrial anticancer agent, FCBL. FCBL can associate with human serum albumin 

(HSA) to form a HSA-FCBL nanodrug, which selectively recognizes cancer, but not normal, cells. 

Systematic investigations show that FCBL partially accumulates in cancer cell mitochondria to 

depolarize mitochondrial membrane potential (MMP), increase reactive oxygen species (ROS) and 

attack mitochondrial DNA (mtDNA). With this synergistic effect on multiple mitochondrial 

components, the nanodrug can effectively kill cancer cells and overcome multiple drug resistance. 

Furthermore, based on its therapeutic window, HSA-FCBL exhibits clinically significant 
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differential cytotoxicity between normal and malignant cells. Finally, while drug dosage and drug 

resistance typically limit first-line mono-chemotherapy, HSA-FCBL, with its ability to 

compromise mitochondrial membrane integrity and damage mtDNA, is expected to overcome 

those limitations to become an ideal candidate for the treatment of neoplastic disease.
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A drug targeting mitochondria, F16, and chlorambucil (CBL), were covalently linked, resulting in 

the synthesis of a multi-mitochondrial anticancer agent, FCBL. FCBL can associate with human 

serum albumin (HSA) to form a HSA-FCBL nanodrug, which selectively recognizes cancer, but 

not normal, cells. Systematic investigations show that FCBL partially accumulates in cancer cell 

mitochondria to depolarize mitochondrial membrane potential, increase ROS and attack mtDNA. 

The nanodrug can effectively kill cancer cells and overcome multiple drug resistance.
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INTRODUCTION

Based on their therapeutic efficacy, the primary choice for cancer management has been 

broad-spectrum DNA-damaging antineoplastic agents, such as anthracyclines, platinum-

based agents and nitrogen mustard agents (1). These agents cause a wide range of lesions on 

nuclear DNA (nDNA) and consequently induce cell death. Unfortunately, they are also 

subject to dosage limits and multidrug resistance (MDR) after multiple treatment cycles, 

thus failing to provide long-term remission (2, 3). MDR can result from increased drug 

efflux and accelerated DNA repair by the nucleotide excision repair (NER) pathway (4, 5). 
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Many elegant strategies have been developed to prevent the emergence of MDR and to fully 

regress tumors (6–8). One example involves a combination chemotherapy that utilizes the 

additive effect of individual antineoplastic agents on multiple bioactive molecules (9–12). 

However, since such combinations are typically based on empirical, not clinical, evidence, 

many have failed to significantly improve outcomes (13, 14). Therapeutic efficacy and dose-

limiting cytotoxicity remain the main issues of combined therapies.

Mitochondria are implicated in carcinogenesis based on their key roles in cellular energy 

production and apoptosis (15, 16). Compared with their normal counterparts, cancer cell 

mitochondria can be structurally and functionally different, making cancer cells more 

susceptible to mitochondrial perturbations compared to normal cells. For example, the 

proximity of mtDNA to ROS production sites and the lack of an NER pathway make this 

genome vulnerable to oxidative damage or DNA-damaging agents (17, 18). Thus far, many 

agents have been developed against various mitochondria-associated substances, including 

the mitochondrial respiratory chain, the mitochondrial permeability transition pore complex, 

mtDNA, potassium channels on mitochondria, and various mitochondria-associated anti- 

and proapoptotic factors (19–22). These drugs can cause the permeabilization of 

mitochondria and induce cell death by the convergence of various lethal signal transduction 

pathways. Therefore, while combined therapies have effectively targeted mitochondria, few 

agents are able to act simultaneously on different mitochondrial components.

Therefore, in this study, delocalized lipophilic cation (DLC) F16, a drug targeting 

mitochondria, and FDA-approved nitrogen mustard chlorambucil (CBL), a DNA-damaging 

agent, were covalently linked, resulting in the synthesis of a multi-mitochondrial anticancer 

agent, FCBL. DLC F16 can accumulate in the mitochondrial matrix, resulting in 

depolarization of the mitochondrial membrane potential, release of cytochrome c, arrest of 

the cell cycle, and target cell apoptosis (23). Systematic investigations show that FCBL 

partially accumulates in cancer cell mitochondria to depolarize the mitochondrial membrane 

potential (MMP), increase the concentrations of reactive oxygen species (ROS) and attack 

mtDNA. With this synergistic effect on multiple mitochondrial components, the nanodrug 

can effectively kill cancer cells and overcome multiple drug resistance.

RESULTS

FCBL was synthesized by coupling a F16 derivative to CBL through HATU-mediated amide 

bond formation, as shown in Figure 1a. Details are described in the Experimental Methods 

and Figure S1. Purity was further characterized by HPLC (Figure S2a). The identity of the 

conjugate was confirmed by 1H NMR spectroscopy (SI, Methods), and its molecular weight 

was measured by mass spectrometry (MS) (Figure S2b). The synthesized FCBL was also 

characterized by UV−vis spectrophotometry (Figure 1b) and fluorescence spectroscopy 

(Figure 1c). These experimental results clearly demonstrate successful synthesis of FCBL. It 

is notable that FCBL emits green fluorescence with an emission peak wavelength of 538 nm 

using excitation with a 488-nm laser, thus providing a precision approach for investigating 

FCBL cellular uptake, intracellular distribution, and location.
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It is well known that CBL alkylates and crosslinks genomic DNA during all phases of the 

cell cycle, interfering with DNA replication and causing DNA damage. To study the effect of 

F16 derivative linkage on the alkylation and DNA-crosslinking activities of CBL, the 

alkylation ratios of FCBL and CBL on 4-(4-nitrobenzyl)pyridine were first tested. As shown 

in Figure S3, FCBL has better alkylation ability than CBL. The activity of FCBL and CBL 

on DNA plasmid samples was also studied by agarose gel electrophoresis after treatment 

with CBL (2 μM, 20 μM and 200 μM) or FCBL (2 μM, 20 μM and 50 μM) for 1 h. Figure 2 

shows more DNA with high molecular weight in samples treated with FCBL compared to 

those treated with CBL. These results indicate that FCBL has better alkylation ability and 

DNA-crosslinking ability than unmodified CBL, which, in turn, means that the covalent 

coupling of F to CBL significantly improves the DNA-damaging ability of CBL. This 

improvement can be attributed to the substitution of the negatively charged carboxylic group 

of CBL for the positively charged F, making the resultant FCBL prone to associate with the 

negatively charged DNA.

Human serum albumin (HSA), which is the most abundant protein in blood, has been 

extensively used to bind and deliver hydrophobic molecules (24). Herein, we carefully 

studied the binding of FCBL to HSA by measuring the fluorescence signal of FCBL. Figure 

S4 demonstrates that FCBL exhibited a low fluorescence signal in H2O or Phosphate 

Buffered Saline (PBS). However, the fluorescence signal significantly increased upon the 

addition of HSA. This result indicates that FCBL can bind to HSA, even though FCBL can 

self-assemble into nanoparticles with a critical aggregation concentration value of 10 pM 

(Figure S5). Fluorescence increased when the ratio of FCBL to HSA increased from 1:4 to 

5:1 (Figure S6a). However, obvious quenching of FCBL fluorescence was observed when 

the ratio of FCBL to HSA was further increased to 10:1 or 20:1. The binding of FCBL to 

HSA also led to an increase of HSA hydrodynamic diameter (Figure S6b). When the ratio of 

FCBL to HSA was less than 5:1, the size of HSA increased to about 140 nm. However, 

when the ratio further increased, HSA showed clear aggregation. Therefore, the molar ratio 

of FCBL to HSA (5:1) was chosen as the optimized formulation to prepare the HSA-FCBL 

nanodrug.

The as-prepared HSA-FCBL nanodrug was a canary yellow solution with an average 

hydrodynamic diameter of approximately 138 nm (Figure S7a). Transmission electron 

microscopy (TEM) indicated that the nanodrug consisted of spherical nanoparticles with an 

average size of approximately 45.5 nm (Figure S7b). This size is slightly smaller than that 

measured by DLS because of nanoparticle shrinkage during the process of drying in 

preparation for TEM. The HSA-FCBL nanodrug is very stable, and no obvious change in 

either size or polydispersity index (PDI) was observed during 12 days of storage (Figure 

S8). Leakage of FCBL from the nanodrug was tested, and results revealed negligible leakage 

of FCBL after 48-h dialysis (Figure S9). Formation of the HSA-FCBL nanodrug improved 

both the circulation time of the drug in blood and its accumulation in cancer cells via passive 

targeting. Importantly, HSA provides many active groups, such as NH2 and -COOH, for 

conjugation of ligands recognizing cancer cells, further increasing the accumulation of 

FCBL in cancer cells (24–26).
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Selectivity of the HSA-FCBL nanodrug for cancer cells was studied by measuring its 

cellular uptake in the human cervical carcinoma HeLa cell line and the human normal liver 

LO2 cell line. Flow cytometric results showed that during 3-h incubation the HSA-FCBL 

easily accumulated in cancer HeLa cells, but only negligibly in normal cells (Figure 3a and 

Figure S10). Further quantitative analysis based on fluorescence spectroscopy showed that 

about 79% of FCBL could accumulate in HeLa cells and that only 21% of FCBL remained 

in cell medium when 11.29 μg of FCBL was applied to HeLa cells for 3 h (Table S1). These 

results indicate that HSA-FCBL has excellent cancer cell selectivity and easy intracellular 

accumulation. This selectivity can be explained by previous reports indicating the higher net 

negative charge on the surface of cancer cells when compared to that of normal cells (27).

Confocal laser scanning microscopy (CLSM) was used to analyze the intracellular 

distribution of FCBL in HeLa cells after 3-h incubation, followed by costaining with 

MitoTracker® Deep Red FM. Figure 3b shows that the green fluorescence of FCBL in HeLa 

cells exhibited an excellent overlay with the red fluorescence of MitoTracker, suggesting 

that F16 retained its mitochondria-targeting ability. To quantify the intracellular distribution 

of FCBL, the contents of FCBL in mitochondrial extracts and nuclear extracts were 

investigated by fluorescence spectroscopy analysis after incubation with FCBL. Figure 3c 

shows that mitochondrial extracts presented higher fluorescence signal of FCBL than 

equivalent nuclear extracts and other intracellular organelles. According to the standard 

curve, about 29% of intracellular FCBL was recovered from the mitochondria (Table S2). It 

is notable that most FCBL could still be recovered from the nuclear extracts, which 

accounted for about 60% of intracellular FCBL. At first glance, this may seem to contradict 

our previous observation that virtually no fluorescence signal was observed in the nucleus. 

However, the nucleus is larger in volume and size compared to mitochondria, resulting in 

lower average concentration of nuclear FCBL; therefore, the fluorescence signal in the 

nucleus could not be observed by CLSM.

Since the HSA-FCBL nanodrug could accumulate in both the mitochondria and nucleus, the 

effects of alkylation damage delivered by both FCBL and CBL on the two genomes were 

investigated by PCR amplification of DNA. We chose a 17.7 kb segment of nDNA at the b-

globin gene and an 8.9 kb fragment of mtDNA for analysis after cells were treated with CBL 

or FCBL. As shown in Figure 4a, CBL primarily damaged nDNA with very few 

mitochondrial lesions, whereas FCBL caused a significant reduction of mitochondrial 

genome amplification with minimal effect on the nuclear genome. Thus, FCBL mainly 

damaged mtDNA, but not nDNA, although most intracellular FCBL accumulated in the 

nucleus.

According to Fantin et al. (23), F16 could compromise mitochondrial membrane integrity, 

subsequently reducing the depolarization of mitochondrial membrane potential (MMP) and 

increasing its ROS level, leading to target cell apoptosis. Therefore, we first investigated the 

effect of FCBL on MMP using the MMP dye JC-1. After cells were treated with F, CBL or 

the mixture of equivalent F and CBL (hereinafter termed as ‘F+CBL’), respectively, the red 

fluorescence signal (RFS) and the green fluorescence signal (GFS) of JC-1 in cells were 

recorded, and the JC-1 ratio of RFS to GFS was calculated. A decrease of JC-1 ratio is 

known to be proportional to decreased MMP. Thus, as shown in Figure 4b, FCBL 
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significantly depolarized MMP compared to F, CBL, or F+CBL. FCBL also significantly 

increased reactive oxygen species (ROS) levels compared to F, CBL or F+CBL (Figure 4c). 

These data support the conclusion that FCBL has better activity on MMP and mtDNA 

lesions than F, CBL or F+CBL.

The cytotoxicity of the HSA-FCBL nanodrug was evaluated on three CBL-sensitive cancer 

cell lines (CCRF-CEM, U937 and MM.1S), four CBL-resistant cancer cell lines (MM.1R, 

K562, K562/ADR and HeLa), and two normal cell lines (LO2 and NIH3T3), followed by 

comparison to F, CBL, and F+CBL. Since synthesized F had cytotoxicity against HeLa cells 

and NIH3T3 similar to that of F16, F was used as control in the cytotoxicity analysis (Figure 

S11). Using the Annexin-V apoptosis assay kit (Figure 5a), FCBL was observed to induce 

apoptosis in both CBL-sensitive and CBL-resistant cell lines more effectively than F, CBL 

or F+CBL. For example, 48.2% of the cell population treated with FCBL was apoptotic for 

the CBL-resistant K562 cell line. However, after treatment with F, CBL and F+CBL, 

respectively, apoptosis was seen in only 8.20%, 11.24% and 23.10% of the cell population. 

To assess the antiproliferative ability of FCBL on these cell lines, MTT was employed, and 

the results are summarized in Table 1 and Figure S12. FCBL displayed little cytotoxicity 

(IC50 > 900 μM) on the two normal cell lines, similar to F or CBL. However, FCBL 

presented better cytotoxicity than F, CBL or F+CBL in all cancer cell lines tested. It is worth 

noting that FCBL can overcome deactivation of CBL and multidrug resistance in cancer 

cells. For example, the IC50 of FCBL (11.3 μM) for CBL-resistant K562 cells was about 36-

fold lower than the IC50 CBL (416.8 μM), 7.8-fold lower than the IC50 of F (89.2 μM), and 

6-fold lower than the IC50 of F+CBL (70.5 μM). Two factors can explain the enhanced 

activity of FCBL. First, FCBL accumulates in the nucleus and partially accumulates in the 

mitochondria, thus directing DNA-damaging activity to mtDNA, which lacks the NER 

pathway and is, therefore, susceptible to damage. Second, based on the additive effect of F 

and CBL, multiple components of mitochondrial structure and function are compromised, 

including damage to mtDNA, depolarization of MMP, and increased ROS levels, resulting in 

cancer cell apoptosis. According to previous reports (23, 28), mtDNA damage can increase 

the ROS level, further damaging mtDNA. Therefore, with this synergistic effect on multiple 

mitochondrial components, FCBL can effectively kill cancer cells and overcome multiple 

drug resistance.

In their study on silver nanoparticles, Swanner, et al. (29) stated that the identification of 

differential sensitivity of cancer cells as compared to normal cells has the potential to reveal 

a therapeutic window for the use of silver nanoparticles (AgNPs) as a therapeutic agent for 

cancer therapy. Similarly, we herein evaluated whether HSA-FCBL would exhibit clinically 

significant differential cytotoxicity between normal and malignant cells. To accomplish this, 

we compared the activity of HSA-FCBL, F, CBL and F+CBL toward peripheral blood 

mononuclear cells (PBMCs) from normal healthy donors to patient-derived CLL cells. 

Figure 5b shows that treatment with 50 μM of CBL, F and F+CBL had moderate 

cytotoxicity and only killed 32.3%, 12.7% and 39.4% of CLL cells, respectively. Under the 

same conditions, CBL, F and F+CBL had clear side effects on PBMCs and killed 11%, 2% 

and 13.7% of cells, respectively. Importantly, however, treatment with 10 μM HSA-FCBL 

killed 54.2% of CLL cells, while, at the same time, showing little toxicity against normal 

PBMCs. Therefore, comparing CBL, F and F+CBL administered at 50 μM and HSA-FCBL 
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administered at 10 μM, these results tell us that the concentration of drug needed to kill CLL 

cells is significantly lower than that needed to exert cytotoxicity against normal PBMCs, 

indicating that a clinically significant therapeutic windows does, indeed, exist for HSA-

FCBL. Furthermore, HSA-FCBL showed nominal red blood cell hemolysis levels at the 

concentrations used in this study (Figure 5b), suggesting a lack of toxicity to these cells at 

concentrations where leukemia cells were ablated.

Conclusions

In summary, it is well known that mitochondria are susceptible to anticancer agents. 

Accordingly, we successfully developed an effective anticancer agent, FCBL, which targets 

mitochondria through covalent linkage of two existing drugs. Data from the study revealed 

that synthesized FCBL perfectly combines the activity of its two components, F16 derivative 

and CBL, and that it can specifically accumulate in cancer cell mitochondria, where HSA-

FCBL simultaneously and synergistically acts on the integrity of mitochondrial membrane 

structure and mtDNA. Thus, with its synergistic effect on multiple mitochondrial 

components, FCBL can, when compared to F, CBL and F+CBL, effectively kill cancer cells 

and overcome multiple drug resistance. Furthermore, FCBL exhibited a clinically significant 

differential cytotoxicity between normal and malignant cells. Generally, our study has 

featured the preparation of a potent anticancer agent through covalent linkage of two drugs, 

each with relatively low therapeutic efficacy when administered separately, but producing a 

greater therapeutic efficacy when administered in a combined formulation. Moreover, while 

drug dosage and drug resistance typically limit first-line mono-chemotherapy, HSA-FCBL, 

with its ability to compromise mitochondrial membrane integrity and damage mtDNA, is 

expected to overcome those limitations and become an ideal candidate for the treatment of 

neoplastic disease. This is especially true because the CBL component of HSA-FCBL can 

be easily replaced with other DNA-damaging agents (e.g., doxorubicin and cisplatin) or 

photosensitizers (e.g., chlorine e6). Thus, our strategy is also universal for the rational 

development of new anticancer agents that work synergistically for strong cancer 

management regimes.
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Figure 1. Scheme of FCBL synthesis and its spectroscopic characterization
(a) FCBL was synthesized by coupling F16 derivative to CBL through HATU-mediated 

amide bond formation. (b) UV/Vis spectrum of FCBL, F and CBL dissolved in methanol. (c) 

Fluorescence emission spectra of FCBL, F and CBL dissolved in methanol. The excitation 

wavelength (λex) was 440 nm.
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Figure 2. 
Analysis of crosslinking ability of FCBL and CBL on DNA plasmid samples.
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Figure 3. Cancer cell-specific cellular uptake of HSA-FCBL and its intracellular distribution
(a) Cellular uptake analysis of the HSA-FCBL in HeLa and LO2 cells after 3-h incubation. 

(b) Fluorescence analysis of FCBL in equivalent nuclear extracts, mitochondrial extracts and 

intracellular residual of HeLa cells. (c) CLSM analysis of HeLa cells incubated with HSA-

FCBL after 3-h incubation. Mitochondria costained with MitoTracker® Deep Red FM. The 

scale bar was 10 μm.
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Figure 4. FCBL activity on cancer cell mitochondria
(a) FCBL and CBL induced DNA damage in the nuclear genome and mitochondrial 

genome. (b) The depolarizing effect of FCBL, F, CBL and F+CBL on MMP after 24-h 

incubation. (c) The effect of FCBL, F, CBL and the mixture of equivalent F and CBL, i.e., F

+CBL, on ROS levels of mitochondria after 1.5-h incubation. Mean values plotted, n = 3, 

error bars equal SEM. Student’s two-tailed - t test was used to determine p values. ** 

indicates p value < 0.01.

Peng et al. Page 13

ChemMedChem. Author manuscript; available in PMC 2018 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Toxicity of FCBL in cell lines exhibiting apoptotic resistance and its activity in primary 
chronic lymphocytic leukemia (CLL) cells
(a) Flow cytometry analysis of apoptosis of CBL-sensitive (U937) and CBL-resistant (K562) 

cells after 24-h incubation with F, CBL, the mixture of equivalent F and CBL, i.e., F+CBL, 

and FCBL, respectively. Lower left, A-FITC−/PI−, living cells; lower right, A−FITC+/PI−, 

apoptotic cells; upper right, A−FITC+/PI+, dead cells; upper left, A−FITC−/PI+, necrotic 

cells. Inserted numbers in the profiles indicate the percentage of cells present in that area. (b) 

Evaluation of HSA-FCBL nanodrug activity on red blood cells, peripheral blood 

mononuclear cells, and primary CLL cells. Mean values plotted, n > 5, error bars are SEM. 

Student’s two-tailed - t test was used to determine p values. ** indicate p value < 0.01.
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