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Abstract. Enhancing the selectivity of anticancer drugs currently used in the clinic is of great 

interest in order to propose patients more efficient chemotherapies with less side effects. In this 

context, we developed a -cyclodextrin trimer that binds to circulating albumin to form the 

corresponding bioconjugate in the bloodstream. This later can then entrap doxorubicin following 

its i.v. administration via the formation of a host-guest inclusion complex and deliver the drug in 

tumors. In this study, we demonstrate that the -cyclodextrin trimer improves the therapeutic 

efficacy of doxorubicin for the treatment of a subcutaneous murine Lewis lung carcinoma (LLC) 

implanted in C57BL/6 mice. This outcome is associated to an increased deposition of doxorubicin 

in malignant tissues when used in combination with the -cyclodextrin trimer compared to the 

administration of the drug alone. 

 

Introduction 

The selective delivery of potent anticancer drugs in tumors remains a major challenge in cancer 

chemotherapy. Advances in this field led recently to the approval of ten antibody-drug conjugates 

(ADCs) for various applications in oncology.
1–3

 In parallel to antibodies, albumin was also 

intensively investigated as a tumor targeting unit for enhancing the selectivity of cancer 

chemotherapy.
4–12

 Indeed, albumin accumulates within malignant tissues through the enhanced 

permeability and retention (EPR) effect as well as by receptor-mediated active transport. This 

property conducted to the development of the Abraxane®, an albumin paclitaxel nanoparticle that 

is currently used in the clinic for the therapy of breast, lung and pancreatic cancer.
13–15

 In another 
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approach, endogenous albumin was exploited to transport anticancer drugs toward tumor sites by 

mean of prodrugs possessing the ability to bind in situ to the thiol at the cysteine-34 position of 

the circulating protein through Michael addition. This strategy was pioneered by Kratz and co-

workers
16–20

 who developed Aldoxorubicin, an albumin-binding prodrug of doxorubicin that is 

currently being evaluated in human for the therapy of soft tissue sarcoma.
21

 Taking advantage of 

both the accumulation of albumin in malignant tissues and the presence of high concentration of 

-glucuronidase in the microenvironment of solid tumors,
22–28

 we and others designed enzyme-

responsive albumin-binding prodrugs that demonstrated significant therapeutic efficacy in 

numerous animal models.
29–37

 Recently, Zelikin and co-workers developed glucuronide prodrugs 

that associated in situ to endogenous albumin through supramolecular interactions, thereby 

leading to superior antitumor activity than that of the free drug for the treatment of triple negative 

breast xenograft implanted in mice.
38 

Herein, we present a novel approach that exploit the tumor targeting properties of albumin for 

enhancing the therapeutic efficacy of anticancer drugs (Fig. 1). Within this framework, we 

designed the -cyclodextrin (-CD) trimer 1 (Scheme 1) that can bind covalently to the free thiol 

of circulating albumin once in the blood stream, hence leading to the corresponding bioconjugate 

2 (step 1). We hypothesized that the subsequent administration of an anticancer drug should 

result in the formation of the host-guest inclusion complex 3
39,40

 (step 2). The bioconjugate 3 will 

then accumulate in the tumor microenvironment (step 3) to deliver the anticancer drug via the 

dissociation of the host-guest interactions, therefore enabling the drug to penetrate within cancer 

cells to exert its cytotoxic activity (step 4).  

Figure 1. The principle of tumor targeting based on the use of the -cyclodextrin trimer 1. 

In the blood, the -clyclodextrin trimer 1 binds covalently to circulating albumin to generate the 

bioconjugate 2 (step 1). The i.v. administration of the anticancer drug leads to the formation of the 

supramolecular complex 3 (step 2). The complex 3 accumulates selectively in the tumor 
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microenvironment (step 3). The dissociation of 3 conducts to the release of the drug that 

penetrates within tumor cells for inducing the anticancer activity. 

In this study, we demonstrated the validity of this strategy with doxorubicin (Dox). Indeed, the 

combination of the -CD trimer 1 and the anthracycline led to superior therapeutic efficacy in vivo 

compared to the use of Dox alone. This enhanced antitumor activity was correlated with the 

increased deposition of Dox at the tumor site, therefore showing the benefit brought by the -CD 

derivative 1 to improve the therapeutic index of this clinically used cytotoxic agent. 

Results and discussion 

Our first aim was to prepare the bifunctional trimer 1 that comprises both -CDs for enabling the 

encapsulation of doxorubicin and a maleimide allowing its binding to the free thiol of circulating 

albumin through Michael addition (Scheme 1). 

Scheme 1. Structure and synthesis of the -CD trimer 1. 

The ability of -CDs to entrap Dox by the formation host-guest inclusion complexes was already 

exploited for the design of several drug delivery systems.
41–44

 However, in our approach the 

formation of such an inclusion complex has to occur in vivo, which stays highly challenging. 

Under these circumstances, we designed the compound 1 that permits the attachment of three -

CD units per albumin molecule, thereby enhancing the potential of the circulating protein to bind 

doxorubicin once functionalized by 1 in the blood stream. Thus, the derivative 1 was synthesized 

from the primary amine 4
45

 already described in the literature via nucleophile substitution with the 

N-hydroxysuccinimide ester 5 (for the full synthesis of 4 see the supporting information). 

Next, we determined the stability constant of the Dox/1 complex in phosphate buffer (0.02 M, pH 
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7) by analyzing the changes in fluorescence intensity of Dox when incubated with various 

concentration of the -CD trimer 1. As shown in Fig. 2, the fluorescence intensity of DOX 

decreased as the concentration of 1 increased, indicating the supramolecular interaction between 

both compounds. The Kc value calculated using the Scott’s equation was 6.9x10
5
 M

-1 
which was 

three orders of magnitude higher than that of the complex between Dox and -CD (Kc 1.8x10
2
M

-

1
).

46
 This result indicated that the host-guest interactions between 1 and Dox should be strong 

enough to enable the formation of a relatively stable inclusion complex in the bloodstream.
47

 

Figure 2. Effects of the -CD trimer 1 on fluorescence spectrum of DOX in 0.02 M phosphate 

buffer at pH 7 (ex 500 nm). [Dox] = 10
-5

 M; [1] = 4x10
-6

 or 6x10
-6 

or 8x10
-6

 or 10
-5

 or 2x10
-5

 M. 

 

We then ascertained whether the bioconjugate 2 could be formed spontaneously under 

physiological conditions. For this purpose, the -CD trimer 1 and human serum albumin (HSA) 

were incubated together in phosphate buffer (0.02 M, pH 7) at 37°C and the evolution of the 

mixture over the time was monitored by HPLC. Under these conditions, 80 % of 1 was converted 

in two minutes as the result of its rapid covalent binding with the protein (Fig. 3). Furthermore, the 

peak corresponding to the compound 1 disappeared almost completely after five hours of 

incubation. Trypsin digestion followed by HPLC/HRMS analysis confirmed the formation of the 

coupling product 2 with the detection of the HSA peptide fragment including the cysteine-34 

linked to 1 (see the supporting information). These results suggested that the kinetics of formation 

of the albumin conjugate 2 is compatible with the use of the -CD trimer 1 for the targeting of 

doxorubicin in vivo.
29,30,35

 

 

Figure 3. The -CD trimer 1 binds covalently with HSA under physiological conditions 

(phosphate buffer, pH 7, 37°C). a) Chromatograms of 1 (blue) incubated with HSA (orange) 

after 2 min (grey) and 5 h (yellow); b) Disappearance of 1 over the time when placed in the 

presence of HSA. 

 

The efficacy of the combined therapy involving both the -CD trimer 1 and Dox was assessed in a 

subcutaneous murine Lewis lung carcinoma (LLC) implanted in C57BL/6 mice. The animals 
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received two i.v. administrations of the 1/Dox combination, 1 or Dox alone at days 4 and 11 after 

tumor transplantation. In the case of the combined treatment, the Dox was injected 5 hours after 

the trimer 1. It is worth mentioning that neither the 1/Dox ratio nor the delay between the 

administrations of these two compounds were optimized here. In this pilot study, the dose of 1 

(38.8 mg.kg
-1

, 6.5 μmol.kg
-1

, 19.5 μmol.kg
-1

 equivalent -CD) was chosen in order to administer 

an excess of -CDs compared to Dox (5 mg.kg
-1

, 8.6 μmol.kg
-1

) for favoring the formation of the 

inclusion complex in the bloodstream. Furthermore, the five hour separating the injections of 1 

and Dox was selected based on our binding kinetics studies (Fig. 3) with the aim to limit the 

concentration of the free -CD trimer in the circulation, prior to administer the drug. As shown in 

Fig 4, the Dox did not exhibit any antitumor activity at the tested dose. In contrast, the combined 

treatment produced a significant therapeutic effect with a slowdown in tumor growth compared to 

the control group. At the end of this experiment (day 17), the tumor volumes measured in the 

group of mice that received the 1/Dox combination were 40% lower than those recorded in the 

animals treated with Dox. This superior therapeutic efficacy can be attributed to a potential 

interaction between 1 and Dox in the bloodstream, since the -CD trimer did not induce antitumor 

activity when injected alone. Moreover, the combined treatment was well tolerated without any 

body weight loss or sign of overt toxicity. 

Figure 4. Antitumor activity of the 1/Dox combination on LLC xenograft. a) LLC tumor 

growth inhibition under therapy with vehicle, 1, Dox and 1/Dox combination i.v. administered at 

days 4 and 11. Each point shows the mean ± s.e.m. from 6 tumor volumes. *P < 0.1, **P < 0.01 

and *** P < 0.001. b) Mean body weight of each group bearing LLC xenografts. 

 

To verify that this enhanced efficacy was the result of a higher deposition of the drug within 

malignant tissues, mice were euthanized at day 17 and the relative concentration of Dox in 

tumors was quantified by HPLC/HRMS (Fig. 5). These analyses revealed that the amount of drug 

delivered at the tumor site was 1.4-fold higher following the administration of the combined 1/Dox 

therapy than that of Dox alone. 

Overall, these results demonstrates that the -CD trimer 1 potentiates the therapeutic efficacy of 

Dox by increasing its concentration within tumor mass without inducing side effects. However, 
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while this study represents a proof of principle, the potential of this targeting strategy could be 

further improved. Indeed, as the bifunctional derivative 1 ensures the interface between the 

anticancer drug and circulating albumin, the administered dose of the -CD trimer could be 

optimized in order to increase the deposition of Dox in the tumor microenvironment. In the same 

way, the delay between the administrations of the two partners of the combined treatment could 

be adjusted for injecting the Dox when the plasma concentration of the bioconjugate 2 will be 

optimal. 

 

Figure 5. Relative concentration of Dox delivered in tumors when mice were treated with Dox or 

1/Dox combination. 

 

Conclusion 

In summary, we developed a novel targeting approach based on the use of a -CD trimer that 

binds in situ to serum albumin via a covalent linkage. The resulting albumin conjugate possesses 

the ability to entrap the Dox in the bloodstream through the formation of a host-guest inclusion 

complex, thereby allowing the transport and delivery of the anticancer drug in malignant tissues. 

Thus, when employed in combination with the -CD trimer, the Dox exhibits a higher antitumor 

activity than when used alone as the consequence of its increased deposition in the tumor. As 

several other anticancer drugs such as paclitaxel, camptothecin or cisplatin have been 

successfully incorporated in -CD, this bifunctional trimer could serve as a versatile drug carrier 

to enhance the efficacy of cancer chemotherapy. Under such circumstances, this targeting 

strategy could be very advantageous since the therapeutic index of various cytotoxics could be 

potentiated thanks to a unique drug delivery system. 
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