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Abstract

We report a strategy of conjugating CPT to the terminal carboxylate group of polylactide (PLA) 

with a facile hydrolysable amino ester linker via a controlled polymerization method. The 

obtained CPT-N-PLA conjugates were able to self-assemble into 50-100 nanometer-sized 

conjugates (NCs) with desired in vitro physicochemical properties and showed enhanced in vivo 

therapeutic efficacy against Lewis lung carcinoma (LLC) induced in C57BL/6 mice.

Introduction

20(S)-Camptothecin (CPT), a topoisomerase I inhibitor isolated from the Chinese tree 

Camptotheca acuminate in the 1960s, has been demonstrated to have a broad range of 

remarkable anticancer activities against various tumor models.1, 2 However, the low aqueous 

solubility of its therapeutically active lactone form has largely hindered its clinical 

applications. When placed in an aqueous solution at physiological pH, CPT is quickly 

transformed from its therapeutically active lactone form to inactive carboxylate form, 

leading to severe toxicity. Additionally, favorable binding with serum albumin of the 

carboxylate form of CPT forces lactone-carboxylate equilibrium toward the formation of the 

carboxylate.3-5 Furthermore, CPT tends to be quickly eliminated from the circulation system 

after being intravenously administered because of its low molecular weight, which 

significantly diminishes its anticancer activity. To circumvent these drawbacks, there are 

numerous efforts for synthesizing CPT analogues to achieve improved solubility and 

enhanced lactone stability.6-9

Polymeric nanomedicine, an emerging field that includes the use of drug-containing 

polymeric nanoparticles (NPs), opens up a new opportunity for overcoming the 

shortcomings of CPT. 10-14 Utilizing polymeric NPs as drug carriers to deliver CPT has 

potential to provide various benefits like improved water solubility, reduced clearance, 
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reduced drug resistance and enhanced therapeutic effectiveness.15-17 Poly(lactic acid) (PLA) 

is one of the extensively used polymeric materials in the formulation of NPs due to its 

excellent safety profile, tunable degradation kinetics and ease of synthesis.18, 19 PLA NPs 

that encapsulate CPT can be readily prepared via co-precipitation of polymer and drug.20, 21 

However, such encapsulation method tends to bring several formulation issues of NPs, such 

as low encapsulation efficiency, low drug loading, heterogeneous compositions, and “burst” 

drug release profile, which highly impact their pharmacological and pharmacokinetic 

properties in vivo.20, 22

To address these challenges, we previously developed CPT-PLA nanoconjugates (NCs) 

through CPT-initiated ring-opening polymerization (ROP) of lactide (LA) followed by 

nanoprecipitation of the resulting CPT-PLA conjugates.23 CPT-PLA NCs possess some 

properties like nearly 100% loading efficiency, tunable drug loading, and narrowly 

distributed particle sizes. In these NCs, the release of CPT is attributed to the cleavage of a 

lactate ester bond between CPT and PLA through hydrolysis at physiological conditions.23 

Because PLA is hydrophobic, the entanglement of polymer chain forms rigid core of NCs. 

Water and ions (e.g., H+ and OH−) were not able to access to the ester linkage easily and 

therefore results in slow release kinetics of CPT: only 50% of CPT is released from 

conjugates in PBS after two weeks at 37 °C.23 Such slow release profile can significantly 

diminish the side effects of free CPT in circulation, brings difficulty to achieve the active 

drug concentration within short time in tumors. To improve the efficacy of CPT-PLA NCs, 

an improved rapid release of CPT from NC, while still avoiding burst release, is desired. As 

reported, amine could accelerate the hydrolysis of esters by facilitating to form a 

destabilized intermediate during the hydrolysis process.24 Thus, we report a simple 

chemistry that allows for facile conjugation of CPT to the terminal carboxylate group of 

polylactide (PLA) via a hydrolysis-labile amino ester linker. Instead of using poorly 

controlled coupling chemistry, we developed a ring-opening polymerization (ROP) method 

to facilitate the incorporation of hydrophilic amino ester linker between CPT and PLA. The 

obtained CPT-N-PLA conjugates were able to be co-precipitated with methoxy-

poly(ethylene glycol)-PLA (mPEG-PLA) to self-assemble into NCs with well-controlled 

physicochemical properties, such as sub-100 nm size, narrow size distribution and controlled 

release kinetics. We also demonstrated that the formulated NCs with rapid drug release 

kinetic profile could potentially enhance the in vivo therapeutic efficacy against Lewis lung 

carcinoma (LLC) induced in C57BL/6 mice.

Results and Discussion

Synthesis and characterization of CPT-N-LAn conjugates

It has been suggested that the release of conjugated anticancer drug should occur in a 

controlled manner within the tumor stroma to maximize its therapeutic efficacy and the 

drug-oligomer conjugates formed by the hydrolysis of polymer chains during the circulation 

should be inhibited to minimize the systemic toxicity.25 Thus, distinctive differences of 

hydrolysis rates between drug-polymer and polymer backbones are desirable. To achieve 

this aim, the CPT derivative was first synthesized by condensation of bromoacetic acid with 

CPT’s C20-hydroxyl group to yield CPT-bromide (CPT-Br). Then, CPT-Br was reacted 
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with ethanolamine to obtain N-substituted CPT-ester containing primary hydroxyl group, 

termed CPT-N-OH. As we previously reported, the pendent hydroxyl group of the 

therapeutic agent allows for one-step drug conjugation to the terminal carboxylate group of 

PLA via a ROP method facilitated by BDI-Zn catalyst.23, 26-28 Through such living 

polymerization, both the initiation (CPT-N-OH incorporation) and the chain propagation can 

proceed in a well-controlled manner and result in materials with pre-defined drug loadings 

and narrow molecular weight distributions (MWDs) (Figure 1).

Controlled ROP were performed over a broad range of LA/CPT-N-OH ratios from 10 to 200 

when the LA polymerizations were mediated by (BDI-EI)ZnN(TMS)2/CPT-N-OH with 

quantitative CPT-N-OH incorporation efficiencies and narrow MWDs (Mw/Mn = 1.09-1.23) 

(Table 1). The obtained MWs of the CPT-N-PLAn conjugates were in excellent agreement 

with the expected MWs, which followed a linear correlation with the LA/CPT-N-OH ratios 

(Figure 2B). Monomodal GPC MW distribution curves were observed in all CPT-N-PLAn 

conjugates prepared with various LA/CPT-N-OH ratios (Figure 2A). The well-controlled 

polymerization mediated by (BDI-EI)ZnN(TMS)2/CPT-N-OH presumably proceeded 

through the insertion-coordination mechanism as reported.23

Preparation and characterization of CPT-N-LA10 NC

Nanoprecipitation, representing a facile, non-extensive and low-energy consuming 

technique has been widely used for the preparation of versatile polymeric NPs.22, 29-31 In 

this study, the CPT-N-PLA conjugate was dissolved in water-miscible organic solvent 

(DMF) and then dropwise added into fast stirring water, resulting in formation of CPT-N-

PLA10 NCs with CPT embedded in the hydrophobic PLA matrices (Table 2). This method 

allows for a rapid production of NC with sub-100 nm size and very narrow size distribution 

in a large quantity (gram scale), which confirmed with dynamic light scattering (DLS) 

(Figure 3A). Furthermore, the sizes of these NCs prepared by nanoprecipitation can be 

easily controlled by tuning the concentration of polymer.22 When the DMF/water ratio is 

fixed at 1/20 (v/v), the size of CPT-N-PLA10 NCs showed a linear correlation with the 

concentration of CPT-N-PLA10 conjugate and can be precisely tuned from 50 nm to 75 nm 

(Figure 3B).

To achieve favorable in vivo performance, the NCs are expected to have prolonged 

circulation time to maximize their therapeutic efficacy.32-34 However, surface-unmodified 

NC are usually found to have non-specific binding with proteins in blood to form large 

aggregates, subsequently resulting in rapid clearance from the blood stream due to uptake by 

the reticularendothelial systems (RES).35 Modification of NC surfaces with PEG, termed 

“PEGylation”, is the most widely used approach to reduce recognition by RES and prolong 

systemic circulation.36 To minimize efforts for complicated chemical synthesis, we applied 

a facile strategy to coat the surface of NCs with PEG. By mixing mPEG5k-PLA10 (PLA 

block of 1.4 kDa and mPEG segment of 5 kDa) copolymer with CPT-N-PLA10 conjugate 

followed by nanoprecipitation technique, it yields PEGylated NCs via the hydrophobic 

interaction of PLA segments of mPEG5k-PLA10 and CPT-N-PLA10. As shown in Figure 3D, 

the nanoparticle size in water increased from 73 to 93 nm after PEGylation, indicating that 

PEGylation only partly contributed to the increased particle diameter. When dispersed in 
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PBS, cell culture medium (DMEM) and human serum, the particle size was further 

augmented by 20-40 nm, which was presumably attributed to the salt-induced screening of 

the repulsive force.22 No aggregation was noted according to the DLS histogram, which 

demonstrated the desired stability of the PEGylated CPT-N-PLA10 NC (Figure 3C). For 

further clinical applications, it is desirable that NCs formulated in solid form that bear with 

their original well-controlled properties, feasible for the long-term storage and transport 

prior to their use in clinic.37 As shown in Figure 3D, bovine serum albumin (BSA), a 

ubiquitous protein in the blood, could be used to stabilize CPT-N-PLA10 NC and effectively 

prevent the severe aggregation of NCs during lyophilization process.22

Drug release kinetics and cytotoxicity

We performed the release kinetic study of CPT from PEGylated CPT-N-LA10 NC and 

PEGylated CPT-LA10 NC respectively in the 50% human serum buffer, which better 

mimics the release in physiological conditions. Since the release kinetics of CPT is 

determined by the hydrolysis of ester linkage between CPT and NCs, the release kinetics of 

CPT from NCs are more sustainable as compared to the burst release profile often observed 

in the polymeric encapsulates. As shown in Figure 4A, CPT-LA10 NC with the hydrophobic 

ester linker between CPT and polymeric NC exhibited sustained drug release with 18% CPT 

released over 48 h. In comparison, when the linker changed to hydrolysis-labile amino ester 

linker, the release kinetics of CPT from CPT-N-LA10 NC could be significantly accelerated 

with nearly 50% CPT being released within the same period of time. In vitro toxicity of NCs 

is highly correlated with the amount of drug released from NCs, we therefore evaluated the 

cytotoxicity of PEGylated CPT-LA NCs with two different linkers in MCF-7 cells using 

MTT assay (Figure 4B). The IC50 of PEGylated CPT-LA10 NC (1435 nM) is nearly three 

times higher than PEGylated CPT-N-LA10 NC (454 nM). As a result, the toxicity of 

PEGylated CPT-NCs against cancer cell proliferation could be improved simply by 

controlling the linker.

In vivo efficacy of CPT-N-LA NCs

We infer that the NC formulation with rapid drug release kinetic profile will potentially 

enhance the efficacy. For proof of concept, we then investigated the in vivo therapeutic 

efficacy of NCs against Lewis lung carcinoma (LLC) induced by subcutaneous injection of 

LLC cells into the C57BL/6 mice. The study protocol was reviewed and approved by the 

Illinois Institutional Animal Care and Use Committee (IACUC) of University of Illinois at 

Urbana– Champaign (see the ESI† for further details). When the size of tumors reached 

around 200 mm3, the mice were divided to five groups to minimize the differences of body 

weights and tumor sizes among groups (N=6). Two groups of mice received the single 

intravenous injection of PEGylated CPT-N-LA10 NC and PEGylated CPT-LA10 NC at the 

dose of 50 mg CPT per kg mice body weight (50 mg/kg), respectively. Irinotecan, a CPT 

analogue with improved solubility, was administrated as clinically suggested at the single 

dose of 100 mg/kg intravenously. The other two groups were administrated intravenously 

with PBS and mPEG-PLA NC as negative controls (Figure 5A). The tumor sizes and body 

†Electronic Supplementary Information (ESI) available: [Experimental procedures, FT-IR spectra and MALDI-TOF MS analysis of 
synthesized drug-polymer conjugates]. See DOI: 10.1039/b000000x/
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weights of mice in each group were monitored continuously for 8 days post injection. We 

found the group of mice treated with PEGylated CPT-N-LA10 NCs significantly delayed of 

tumor growth and more effective than groups treated with CPT-LA10 NCs, and other control 

groups (P<0.05, Mann-Whitney U test, Figure 5B and 5C). Our efficacy result is further 

confirmed by TUNEL staining of tumor sections obtained from above five groups of mice at 

day 8. As shown in Figure 5E, tumors treated with CPT-N-LA10 NCs had substantially 

increased the apoptotic cell numbers compared with those treated with CPT-LA10 NCs. The 

apoptotic index (TUNEL/DAPI, day 8) indicates that CPT-N-LA10 NC (12.29%) showed 

dramatically improved efficacy compared to the CPT-LA10 NC (9.23%) (Figure 5E). When 

evaluating the body weight changes of all the mice received treatments, none significant 

(<20%) body weight drop was observed (Figure 5D), which indicated minimal acute 

toxicities of CPT-loaded polymeric NCs.

Conclusions

Overall, by taking advantage of the controlled ROP method, we successfully designed and 

incorporate a hydrolysis-labile amino ester linker to conjugated CPT to PLA with via a fully 

controlled manner. The resulting CPT-N-PLA conjugates were able to self-assemble into 

sub-100nm-sized NCs with desired physicochemical properties, with accelerated release 

kinetics compared with our previous CPT-PLA NCs. We also demonstrated such 

improvement could contribute to the enhanced in vivo efficacy: the growth of Lewis lung 

carcinomas (LLCs) induced in C57BL/6 mice was significantly delayed compared with 

CPT-PLA NCs, without acute systemic toxicity.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Preparation of PEGylated CPT-N-PLA NCs via CPT-N-OH initiated LA polymerization in 

the presence of (BDI-EI)ZnN(TMS)2, followed by nanoprecipitation and non-covalent surface 

modification.
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Figure 2. 
(A) Overlay of GPC traces of CPT-N-PLAn (n = 50, 100 and 200). (B) (BDI-

EI)ZnN(TMS)2/CPT mediated controlled ring-opening polymerization (ROP) of LA at 

various ratio of LA/CPT (MWD = Molecular Weight Distribution. (C) HPLC analysis of 

CPT-N-OH initiated polymerization and release of CPT from CPT-N-PLAn NC. (HPLC 

traces from top to bottom: free CPT, CPT-N-OH, CPT-N-PLA, CPT released from CPT-N-

PLA NC).
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Figure 3. 
Formulation and characterization of CPT-N-PLA10 NCs. (A) DLS analysis of CPT-N-PLA10 

NC in water (0.5 mg/mL). (B) Precipitation of CPT-N-PLA10 from DMF solution into water 

at various CPT-N-PLA10 concentrations. (C) Stability of PEGylated CPT-N-PLA10 NCs in 

PBS, cell culture medium, and human serum buffer (human serum:PBS=1:1, v/v). (D) DLS 

analysis of NCs reconstitution: Monodispersed PEGylated CPT-N-PLA10 NCs mixed with 

bovine serum albumin (BSA) in water before lyophilization (upper panel). The reconstituted 

NC after lyophilization in the presence of BSA (BSA:NC=10:1, wt/wt) (bottom panel).
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Figure 4. 
(A) Release kinetics of CPT from PEGylated CPT-PLA10 NC and PEGylated CPT-N-PLA10 

NC in human serum buffer (human serum:PBS=1:1, v/v) at 37 °C. (B) Cytotoxicity of free 

CPT, PEGylated CPT-LA10 NC and PEGylated CPT-N-PLA10 in MCF-7 cells as determined 

by MTT assay (37 °C, 72 h). Statistical differences between the groups were assessed with 

Student’s t-test. * P< 0.05 is considered statistically significant.
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Figure 5. 
In vivo tumor reduction study. (A) Experimental procedures of the study. (B) Delay and 

inhibition of LLC (Lewis lung carcinoma) tumor growth in C57BL/6 mice with different 

treatments (PEGylated CPT-LA10 NC, PEGylated CPT-N-LA10 NC, irinotecan, mPEG-PLA 

NC, and PBS), N=6. Data are presented as relative median tumor size (V/V0, compare to the 

tumor volume at day 0). (C) Box plot of LLC tumor growth in C57BL/6 mice at day 8, after 

treated with PEGylated CPT-LA NC, PEGylated CPT-N-LA NC, irinotecan, mPEG-PLA 

NC, and PBS at day 0. Statistical properties of relative tumor volume ratio (V/V0, compare 

to the tumor volume at day 0) shown in box plot are as follows: box (median with 25/75% 

percentile), whisker (5/95% percentile), and asterisks (maximum/minimum). Univariate 

differences between the groups were assessed with Mann-Whitney U test. P< 0.05 is 

considered statistically significant. (D) Relative body weight (M/M0) monitoring over the 

study (M: body weight monitored during the study; M0: body weight monitored at day 0). 

(E) Representative deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick 

end (TUNEL) staining sections of LLC tumors with all treatments (PEGylated CPT-LA10 

NC, PEGylated CPT-N-LA10 NC, irinotecan, mPEG-PLA NC, and PBS). Scale bar: 40 μm.

Yin et al. Page 11

Polym Chem. Author manuscript; available in PMC 2015 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Yin et al. Page 12

Table 1

Polymerization of LA mediated by CPT-N-OH and (BDI-EI)ZnN(TMS)2.

Entry 
a Name [M]/[Cat.]

Conv

(%) 
b

Mn cal

(×103g/mol)

Mn

(×103g/mol) 
c

MWD

(Mw/Mn) 
c

1 CPT-N-PLA200 200/1 >98 29.2 28.9 1.09

2 CPT-N-PLA100 100/1 >98 14.9 15.7 1.13

3 CPT-N-PLA50 50/1 >98 7.6 7.9 1.17

4 CPT-N-PLA10 10/1 >98 1.9 1.4 1.23

a
All reactions were performed in the glovebox. Abbreviation: Conv. (%) = conversion of monomer %, MWD = Molecular weight distribution.

b
Determined by FT-IR by monitoring the disappearance of the LA peak at 1772 cm−1.

c
Determined by gel permeation chromatography (GPC) and MALDI-TOF MS analysis.

Polym Chem. Author manuscript; available in PMC 2015 May 20.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Yin et al. Page 13

Table 2

Characterization of CPT-N-PLA NC prepared by LA polymerization mediated by (BDI-EI)ZnN(TMS)2 

catalyst
a

Entry
a Name M/I ratio Eff (%)

b
Loading (%)

c
Size (nm)

d
PDI

e

1 CPT-N-PLA100 NC 100 >95 2.3 82 0.06

2 CPT-N-PLA50 NC 50 >95 4.6 89 0.09

3 CPT-N-PLA10 NC 10 >95 18.5 73 0.12

a
Abbreviation: NC = Nanoconjugates; M/I = monomer/initiator ratio; Eff = incorporation efficiency, the percent of initiator utilized in the initiation 

of LA polymerization; PDI = polydispersity derived from particle sizing using DLS. NCs are named as CPT-N-PLAM/I.

b
the data was based on the reversed-phase HPLC analysis of unincorporated drug.

c
the data was based on the reversed-phase HPLC analysis of unincorporated drug.

d
characterized by DLS.

e
characterized by DLS.

Polym Chem. Author manuscript; available in PMC 2015 May 20.


