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ABSTRACT 

Multifunctional stable and stimuli-responsive drug delivery systems are important for 

efficient cancer treatment due to their advantages such as enhanced cancer-targeting 

efficiency, improved pharmacokinetics, minimized drug leaching and undesirable side 

effects. Here we report a robust and pH-responsive anticancer drug delivery system 

based on unimolecular micelles of star-like amphiphilic copolymers. The polymers 

(denoted as CPOFs) were facilely synthesized via one-step atom transfer radical 

polymerization of functionable benzo-aldehyde and hydrophilic poly[(oligo ethylene 

glycol) methyl ether methacrylate] as comonomers from the core of heptakis 

[2,3,6-tri-o-(2-bromo-2-methyl propionyl]-β-cyclodextrin as the initiator. 

Doxorubicin (DOX) as an anticancer drug was covalently linked to the 

benzo-aldehyde groups of CPOFs through pH-sensitive Schiff-base bonds. The 

DOX-conjugated polymers, denoted as CPOF-DOX, formed robust unimolecular 

micelles with an average diameter of 18 nm in aqueous media. More importantly, 

these unimolecular micelles showed higher drug loading capacity and more 

controllable drug release characteristics, compared to our previous unimolecular 

micelles of β-cyclodextrin-poly(lactic acid)-b-poly[(oligo ethylene glycol) methyl 

ether methacrylates] that physically encapsulated DOX via hydrophobic interaction. 

Moreover, the CPOF-DOX unimolecular micelles could be internalized by human 

cervical cancer HeLa cells in a stepwise way and showed less cytotoxicity compared 

to carrier-free DOX. We foresee that CPOF-DOX would provide a promising robust 
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and controllable anticancer drug delivery system for future animal study and clinical 

trials for cancer treatment. 

1. INTRODUCTION 

Cancer has remained one of the leading causes of deaths in the world,1-3 despite the 

fact that intense research in cancer diagnosis and treatment has led to decreased 

mortality rates in the past years. Among a variety of therapeutic methods for clinical 

treatment of cancers, chemical therapy remains widely used. For instance, a series of 

anticancer drugs such as doxorubicin (DOX), camptothecin (CPT), and paclitaxel 

(PTX) have been developed for cancer therapy.4-6 In order to manipulate the 

pharmacokinetics of these drugs, reduce the off-target toxicity, and improve the 

therapeutic efficacy, a myriad of drug delivery systems including liposomes,7-9 

polymer-prodrug conjugates,10-13 dendrimers,14-17 inorganic nanoparticles,18-26 and 

polymer micelles27-36 have been developed. In particular, Doxil, which encapsulates 

anticancer drug DOX in a liposome, was the first nanoparticle drug approved by the 

U.S. Food & Drug Administration in 1995.37 Genexol-PM, a PTX-loaded micelle 

from linear poly(ethylene glycol)-b-poly(lactic acid) (PEG-b-PLA) block copolymers, 

was approved in Korea in 2007 for breast cancer treatment.38,39 In both systems, the 

drug carrier (either liposome or block copolymer micelle) elongates the drug 

circulation lifetime in the bloodstream, improves the targeting efficiency towards 

tumour tissues, and reduces the undesired toxicity to healthy tissues.  
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Despite the aforementioned exciting advances in cancer treatment, one limitation 

that still exists in the present liposomal and micellar systems for anticancer drug 

delivery is their relatively low stability. Both liposomes and conventional block 

copolymer micelles, which are typically associated with labile hydrophobic 

interaction, are sensitive to factors such as concentration, pH, and temperature. Such 

low stability may cause the dissociation of the self-assembling drug carriers and 

undesired drug leaching and toxicity. 

We previously reported a strategy of unimolecular micelles to address the stability 

problem in conventional block copolymer micelles.31 Each unimolecular micelle was 

formed by an amphiphilic cyclodextrin-core star-like PEG-PLA block copolymer with 

well-defined chemical structure. These unimolecular micelles could effectively 

encapsulate anticancer drugs such as DOX in the domain of PLA via hydrophobic 

interaction and showed more sustainable drug-release behavior compared to 

carrier-free drug molecules. Despite the robustness of these unimolecular micelles, the 

relatively weak hydrophobic interaction between the drugs and the polymer matrices 

may still limit the drug-loading content and lead to potential drug leaching.   

Herein, we report a further improved approach by incorporating anticancer 

prodrugs into the unimolecular micelles via covalent pH-responsive Schiff-base bonds. 

The experimental design is depicted in Scheme 1. We hypothesized that such covalent 

linkage with significantly improved stability compared to the noncovalent 

hydrophobic interaction between anticancer drugs and the micellar carries would 

increase the drug loading content and further reduce the possibility of drug leaching 
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during circulation in physiological systems. Furthermore, the pH-sensitive nature of 

the Schiff-base bonds was expected to further enhance the tumor-targeting release of 

drugs, given the fact that the tumor microenvironment usually has lower pH compared 

to normal tissues and blood.40 Compared to the previously reported pH-responsive 

micellar drug carriers associated with labile hydrophobic interaction of linear block 

copolymers,12,27 the enhanced stability of both the unimolecular micelles and the 

covalent linkage between the polymer carrier and the anticancer drugs in the present 

system are expected to minimize the premature drug release and the side effect of 

toxicity.    

Specifically, β-cyclodextrin (β-CD) was also utilized as the core to synthesize the 

star-like amphiphilic copolymers via atom transfer radical polymerization (ATRP). 

Each arm of the star-like copolymers consists of statistically distributed functionable 

benzo-aldehyde groups and hydrophilic poly[(oligo ethylene glycol) methyl ether 

methacrylates] groups (Scheme 1b). Then an anticancer drug DOX was covalently 

conjugated with the aldehyde groups of the amphiphilic polymer through the primary 

amine group of DOX by forming a pH-sensitive Schiff-base linkage, which is known 

to be stable in neutral or alkaline media but readily cleavable under acidic 

conditions.12,13 The chemical structures of the polymers (denoted as CPOFs) and the 

conjugation between the polymers and DOX moieties were characterized by nuclear 

magnetic resonance (NMR) spectroscopy, Fourier transform infrared (FT-IR) 

spectroscopy and gel permeation chromatography (GPC). The size, size distribution, 

stability and in vitro drug release of the unimolecular micelles (denoted as 
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CPOF-DOXs) at different pH values were analyzed. Finally, the internalization of the 

unimolecular micelles by HeLa cells and the cytotoxicity versus carrier-free DOX 

were studied. 

 
Scheme 1. Schematic illustration of the design of β-CD-core star-like copolymer for 

enhanced intracellular release of anticancer drug (a); chemical structure of each arm 

in the star-like copolymer (b); internalization of the drug-loading unimolecular 

micelles by a cancer cell and the following drug release to the nucleus (c). 

2. EXPERIMENTAL SECTION 

Materials and General Instrumentation. All chemical reagents including 

4-hydroxybenzaldehyde, 3-bromopropanol, acryloyl chloride, β-cyclodextrin (β-CD, 

99.7%), α-bromoisobutyryl bromide (BIBB, 98%), triethylamine (TEA, 99%), copper 

(I) bromide (Aldrich, 98.0%), tris [2-(dimethylamino) ethyl] amine (Me6TREN) and 

oligo-(ethylene glycol methyl ether methacrylate) (OEGMA, Mn = 500 g mol-1) were 

purchased from Sigma-Aldrich (USA) and used as received unless otherwise noted. 

Copper (I) bromide was purified by washing with acetic acid and methanol three 

times, respectively, then stored in glove box. OEGMA was passed through a column 
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of activated basic alumina to remove inhibitors before using. Doxorubicin 

hydrochloride (DOX•HCl) was obtained from Beijing Hua Feng United Technology 

CO. Ltd (Beijing, China). All anhydrous solvents including tetrahydrofuran (THF) 

were also provided by Sigma-Aldrich (USA) and used directly. All the other solvents 

were analytical grade and provided by the Ctech Global Pte Ltd (Singapore). 

Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), 

penicillin/streptomycin mixture, phosphate buffered saline (PBS), Alexa Fluor® 633 

phalloidin, TrypLE™ Express Enzyme (1×), DAPI (4',6-diamidino-2-phenylindole) 

and PrestoBlue cell viability reagent were purchased from Life Technologies 

(Singapore). Deionized (DI) water was prepared from Millipore (Bedford, MA, USA). 

The macroinitiator heptakis [2,3,6-tri-o-(2-bromo-2-methylpropionyl]-β-cyclodextrin 

(β-CD-21Br) was synthetized according to literature.41 The monomer 

3-(4-formylphenoxy) propyl acrylate (FPPA) contained functionalized benzoaldehyde 

group was prepared using a two-step synthetic approach. Firstly, 

4-(3-hydroxypropoxy) benzoaldehyde was formed via simple alkylation of 

4-hydroxybenzaldehyde. FPPA was then generated by the esterification reaction. 

Byproducts from the esterification reaction were removed using column 

chromatography. 

1H NMR spectra were recorded on a Bruker AV 300 NMR spectrometer 

(Rheinstetten, Germany) using tetramethylsilane as an internal standard at 25 ℃. The 

size distribution of resulting micelles was determined by dynamic light scattering 

(DLS) using a BI-200SM (Brookhaven, USA) with angle detection at 90o. The 
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morphology of the samples was recorded by a TEM Carl Zeiss Libra 120 Plus at an 

acceleration voltage of 120 kV. Samples for TEM measurements were prepared by 

the following method: for the micelle samples prepared in water, one droplet of the 

aliquot was casted on carbon-coated copper grids held by tweezers and dried in air at 

room temperature. The Fourier transform infrared (FT-IR) spectra were acquired on a 

Perkin Elmer FT-IR spectrophotometer (USA) using KBr pellets. The 

number-average molecular weight (Mn) and molecular weight distribution (Mw/Mn) 

were measured by gel permeation chromatography (GPC) system (Agilent 1260, USA) 

equipped with waters 1260 pump, a Agilent 1260 refractive index detector, a UV-vis 

detector and a styragel® HT column. Tetrahydrofuran (THF) was used as the eluent 

(1 mL min-1), and polystyrene was used as the standard for calibration. Fluorescence 

spectra were recorded on a Perkim Elmer LS-55 fluorescence spectrometer (Perkim 

Elmer, USA). Absorption spectra were acquired using a Shimadzu UV-2450 visible 

spectrophotometer (Shimadzu, Japan). The fluorescence images of cells were 

acquired using a confocal laser scanning microscopy (LSM 780, Carl Zeiss, 

Germany). 

Synthesis and Characterization. 4-(3-hydroxy-propoxy)-benzoaldehyde. To a 

solution of 4-hydroxybenzoaldehyde (6 g, 49.2 mmol) and K2CO3 (11.7 g, 83.4 mmol) 

in DMF (50 mL) was added 3-bromopropanol (5.4 mL, 59.1 mmol). The mixture was 

stirred at room temperature for 12 h, diluted with H2O (100 mL), and extracted with 

EtOAc (3 × 20 mL). The combined organic layers were washed with 1 M NaOH (2 

×), H2O (1 ×), and brine (1 ×). The organic layer was dried by MgSO4 and 
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concentrated to afford 8.2 g (76% yield) of a yellow oil. 1H NMR (300 MHz, CDCl3): 

δ 9.86 (s, 1 H), 7.83 (d, 2 H, J = 9 Hz), 7.01 (d, 2 H, J = 9 Hz), 4.22 (t, 2 H, J = 6.3 

Hz), 3.88 (t, 2 H, J = 9 Hz), 2.11 (m, 2 H), 1.89 (s, 1 H). 

FPPA (3-(4-formylphenoxy) propyl acrylate). A 100 mL round bottom flask was 

charged with 4-(3-hydroxy-propoxy) -benzaldehyde (5 g, 27.8 mmol), triethylamine 

(6 mL, 41.8 mmol) and 50 mL of anhydrous THF. The solution contained acryloyl 

chloride (3.2 mL, 32 mmol) in 6 mL THF was added dropwise to the mixture at 0 ℃. 

The reaction was stirred at room temperature for 12 h after completion of addition. 

Then the solution was filtered to remove the salt and the crude product was recovered 

by evaporation of THF. The product was purified by passing through silica column 

chromatography (eluent: DCM/Hexane = 2/1 v/v). Finally, the product was 

concentrated and dried in vacuum. Yield: 4.03 g (62%). 1H NMR (300 MHz, CDCl3): 

δ 9.90 (s, 1 H), 7.87 (d, 2 H, J = 9 Hz), 7.03 (d, 2 H, J = 9 Hz), 6.49 (m, 1 H), 6.19 (m, 

1 H), 5.89 (m, 1 H), 4.41 (t, 2 H, J = 6.3 Hz), 4.19 (t, 2 H, J = 9 Hz), 2.22 (m, 2 H). 

CPOF (β-CD-P(OEGMA-FPPA)). Typically, β-CD-21Br (10 mg, 0.05 mmol), 

CuBr (7.3 mg, 0.05 mmol), and FPPA (840 mg, 3.59 mmol), OEGMA (2.52 g, 5.0 

mmol) were dissolved in solvent (3.0 mL THF) in a 10 mL flask, and the solution was 

degassed with three cycles of  freeze-pump-thaw. Then the catalyst Me6TREN (25.2 

µL, 0.05 mmol) was injected into the solution, and the mixture was degassed with two 

freeze-pump-thaw cycles. The polymerization was carried out at 60 ℃ for 24 h. The 

reaction mixture was diluted with THF and then passed through a short neutral Al2O3 

column to remove the copper catalyst. The resulting mixture was concentrated and 
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poured into diethyl ether to precipitate the product. (Yield: 16.2%, Mn,GPC = 49.4 KDa, 

Mw/Mn = 1.78) 

CPOF-DOX (β-CD-P(OEGMA-FPPA-DOX)). DOX•HCl (20 mg) was dissolved in 

1 mL of DMSO in the presence of an equivalent of TEA. This solution was added 

dropwise to a stirred solution of CPOF (20 mg, in 1 mL DMSO). The reaction was 

allowed to proceed at room temperature in the dark. After 12 h, the product was 

dialyzed against DMSO using a dialysis membrane tube with molecular weight 

cut-off (MWCO) of 3.5 kDa for 7 days to remove nonreacted DOX. (Mn,GPC = 59.4 

KDa, Mw/Mn = 1.82) 

Preparation of CPOF unimolecular micelles in different solvents. Typically, 

CPOF unimolecular micelles in DMF were obtained by direct dissolving 

corresponding copolymer in DMF and stirred for 6 h with a final concentration of 0.5 

mg mL-1. The resulting solution was further analyzed by DLS to demonstrate a 

successful formation of unimolecular micelles. Furthermore, CPOF micelles in water 

were prepared by a dialysis method. Briefly, 1 mL solution of 5.0 mg mL-1 CPOF in 

DMF was added into 10 mL of DI water by pump under sonication with a rate of 1.0 

mL min-1, followed by dialysis (MWCO 3500) against deionized water (2 L × 3) for 

72 h to remove organic solvent. The resulting CPOF micelles with a concentration of 

0.5 mg mL-1 were further analyzed by DLS and TEM. 

Preparation of DOX-Polymer (CPOF-DOX) micelles. The purified CPOF-DOX 

dissolved in DMSO was dialyzed against DI water (2 L × 3) for 72 h to obtain the 

DOX-polymer micelles. The concentration of resulting CPOF-DOX micelles was 



	   11	  

adjusted to 2 mg mL-1 for further experiments. 

In vitro DOX release. In vitro release profiles of DOX were evaluated by the dialysis 

method. First, A dialysis bag (MWCO 3500) was filled with 3 mL of CPOF-DOX 

micelles soaked in a tube containing 30 mL of PBS 7.2 or 5.0 in a water bath with 

gentle shaking at 37 ± 1 ℃. At predetermined time intervals, 3 mL of the external 

buffer was withdrawn and it was replaced with 3 mL of fresh PBS 7.2 or 5.0. Then 

release concentration of free DOX was calculated based on a calibration curve by 

fluorescence spectroscopy with an excitation spectrum at 495 nm and emission 

spectrum at 550 nm. The released total amount of DOX was calculated on the basis of 

the formula. Above release experiments were tested in triplicate. 

mt-act = (Ct + )V 

Where mt-act is the actual quantity of DOX·HCl released at time t, Ct is the drug 

concentration in release fluid at time t measured on fluorescence spectrometer, ν is the 

sampled volume taken at a predetermined time interval, and V is the total volume of 

release fluid. 

Cell culture. HeLa cells were regularly cultured and passaged using DMEM medium 

supplemented with 10% FBS and 1% penicillin-streptomycin at 37 ℃ with 5% CO2 

in a humidified incubator. 

In vitro cellular uptake by confocal laser scanning microscopy. About 10000 

HeLa cells were seeded into a 12-well plate and cultured in 37 ℃ with 5% CO2. 

After 12 h for attachment, free DOX•HCl and CPOF-DOX (final DOX concentration: 

50 µg mL-1) were added to the medium and incubated with HeLa cells. After 

∑
−1

0

t

tC
V

v
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incubation over 2, 12 and 24 h, respectively, the cell culture medium was removed 

and each well was washed with 1×PBS for five times. After that, cells were fixed by 

formalin solution for 30 min and then washed by 1×PBS extensively for three times. 

Then cells were blocked for 30 min in 1×PBS containing 1% (wt/vol) BSA. Then 

Alexa Fluor® 633 phalloidin diluted 20 times according to the protocol in 1×PBS was 

added to stain filamentous actin (F-actin) cytoskeleton for 1 h at room temperature. 

After washing three times, cell nucleus was stained by DAPI for 10 min at room 

temperature and then the samples were washed three times and then added in fresh 

1×PBS. Lasers of 405, 488, and 633 nm were used to excite DAPI, DOX, and Alexa 

Fluor® 633 phalloidin, respectively. The corresponding fluorescence emissions were 

recorded by a confocal laser scanning microscopy (LSM 710, Carl Zeiss, Germany) 

using a band-pass filter combination including 410-507, 493-634, and 638-747 nm for 

imaging in three individual channels (Objective: EC Plan-Neofluar 20x/0.30 M27; 

dimension is 1024 ×1024.). 

Cytotoxicity. PrestoBlue assay was performed to test the cell viability, in which a 

nonfluorescent blue compound called resazurin (max.abs = 600 nm) in PrestoBlue® 

reagent can be reduced by live cells to resorufin (max.abs = 570 nm) which is red in 

color and highly fluorescent. By measuring the absorbance at 570 and 595 nm, cell 

viability can be calculated relative to the control cells without drug treatment. The 

cytotoxicity of CPOF-DOX in HeLa cells was studied as below, in which free DOX•

HCl was also studied for comparison. Firstly, HeLa cells were seeded into a 96-well 

plate (5000 cells per well) and cultured at 37 ℃ with 5% CO2. After attachment over 
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night, the culture medium was removed and replaced with fresh medium containing 

free DOX•HCl and CPOF-DOX micelles with varied concentrations for 24, 48 and 

72 h, respectively. Then the culture medium was removed and washed by 1×PBS for 

three times. Then PrestoBlue reagent diluted by DMEM medium was added to each 

well and incubated at 37 ℃ with 5% CO2. At the same time, PrestoBlue reagents 

diluted by DMEM medium were also added to blank wells without cells as control. 

After 1 h incubation, the absorbance at 570 nm (reference wavelength is 595 nm) was 

detected by Plate Reader (Tecan Infinite M200 series Pro, Tecan Asia, Singapore). 

All samples were tested in five replicates. Cells without treatment were used as 

control and corresponding cell viability was set as 100%. Data were analyzed 

according to the protocol. Meanwhile, the cytotoxicity of blank CPOF micelles was 

investigated using HeLa cells through the similar method and protocol. 

3. RESULTS AND DISCCUSION 

Polymer Synthesis and Characterization. The synthetic route to the target 

polymer, denoted as β-CD-P(OEGMA-FPPA) (CPOF), is shown in Scheme S1 in the 

Supporting Information. CPOF was prepared via ATRP using β-CD-21Br as the 

macroinitiator, and 3-(4-formylphenoxy) propyl acrylate (FPPA) and OEGMA as the 

comonomers, resulting in random copolymers with Mn = 49.4 kDa, and relatively high 

Mw/Mn value 1.78. The relatively broad polydispersity may be caused by the relatively 

high reactivity of the aldehyde groups.42-47 While only a few examples of 

aldehyde-containing polymers have been synthesized via reversible 

addition-fragmentation chain-transfer (RAFT) polymerizations without pre-protecting 
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the aldehyde-containing monomers,48-50 we noticed that aldehyde groups were often 

protected before many reactions.42-45 Although similar aldehyde-protection step may 

minimize potential side reactions in the synthesis of CPOF to obtain the target 

polymer with a narrower polydispersity and a higher yield, such 

protection-deprotection procedures can be tedious and could increase the production 

cost. As a consequence, we used non-protected FPPA directly to synthesize CPOF 

via more facile one-step ATRP, but with some sacrifice of the polymer polydispersity 

and the yield. 

The chemical structure of CPOF was characterized with 1H NMR spectroscopy. 

The integral ratio of the peak at δ = 9.86 ppm (corresponding to the proton from the 

aldehyde group) to those at δ = 3.35 and 3.50 ppm (corresponding to ethylene glycol 

protons of OEGMA) indicates that the molar fraction of the benzo-aldehyde group in 

polymer CPOF is ca. 30%.  

CPOF and excess DOX were reacted in DMSO for 12 h in the dark, resulting in 

formation of Schiff-base bonds between the amine group in DOX and the aldehyde 

group in the polymer. The free DOX was removed through thorough dialysis against 

DMSO to obtain the target CPOF-DOX conjugate.  

The chemical structure of CPOF-DOX was characterized by 1H NMR and FT-IR. 

The 1H NMR spectra of CPOF, DOX and CPOF-DOX are shown in Figure 1. The 

characteristic peaks of both DOX and CPOF can be observed in the DOX‒polymer 

conjugate. In particular, the integral ratio of the signal at 6.5 to 8.0 ppm from aromatic 

protons to that at 9.86 ppm from the protons of unreacted aldehyde group increases in 



	   15	  

CPOF-DOX compared to that in CPOF, consistent with linkage of DOX to the 

polymer. More quantitatively, about 52% of aldehyde groups in CPOF were grafted 

with DOX through the Schiff base linkage. Moreover, the DOX content (DC) in 

CPOF-DOX was 17.0wt% from the NMR analysis, which is consistent with the 

result (dmDC = 16.8wt%) calculated with a differential mass method according to the 

equation: 

dmDC = mtotal !munreacted

mCPOF ! DOX

 

where mtotal, munreacted, and mCPOF-DOX are the mass of total DOX, DOX unreacted in 

reaction mixture and polymer CPOF-DOX, respectively. munreacted is calculated from 

analysis of the UV-vis absorbance of DOX at 495 nm [Figure S1, Supporting 

Information]. The drug-loading content of CPOF-DOX here is obviously higher than 

that (≤ 10wt%) in our previously reported star-like β-CD-PLA-b-POEGMA block 

copolymer micelles in which DOX was encapsulated via hydrophobic interaction. We 

believe that such higher drug-loading content in CPOF-DOX is mainly contributed 

by the improved stability of Schiff-base linkage between CPOF and DOX in 

comparison to the relatively weak hydrophobic interaction between 

β-CD-PLA-b-POEGMA and DOX.   

The FT-IR spectrum (Figure S2, Supporting Information) of CPOF-DOX and 

CPOF clearly shows the attenuation of the signal at 1720 cm-1 from the C=O in the 

aldehyde groups and the appearance of a new vibrational band at 1650 cm-1 from 

C=N in the Schiff base linkage, which further proves the conjugation of DOX to the 

polymers.  
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Figure 1. The chemical structure and 1H NMR spectra of CPOF (a), DOX•HCl (b) 

and CPOF-DOX (c). 

The successful conjugation of DOX to CPOF was also verified by GPC 

measurement (Figure 2). While the precursor CPOF showed a monomodal peak at 

6-8 min from the refractive index (RI) detector and no signal from the UV-vis 

detector at 500 nm, DOX•HCl was sensitive to the UV-vis detector (broad peak at 10 

min in Figure 2b) but no detectable signals from the RI detector.13 After the 

conjugation reaction, the chromatogram of the resulting CPOF-DOX before 

purification via dialysis showed two peaks from the UV-vis detector, one at 6-8 min 

(elution time) corresponding to DOX attached to CPOF, and the other at 9-13 min 

corresponding to nonreacted DOX. After thorough purification via dialysis against 
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DMSO, a monomodal peak at 6-8 min was detected by both RI and UV-vis detectors, 

whereas the peak from the excess free DOX at 9-13 min completely disappeared in 

the UV-vis trace. These results further provide strong evidence for the covalent 

linkage of DOX to CPOF polymers as well as the purity of the products. 

 

Figure 2. The GPC traces of CPOF and CPOF-DOX (a: RI traces; b: UV-vis traces, 

wavelength: 500 nm) 

Characterization of Unimolecular Micelles. The star-like copolymers, both 

CPOF and CPOF-DOX, are easily soluble in water without any external assistance. 

The size and size distribution of CPOF in water as well as in DMF as control (Figure 

S3 and Table S1, Supporting Information) were measured with dynamic light 

scattering (DLS). We first studied the concentration-dependence (50, 100 and 500 µg 

mL-1) to examine the possibility of intermolecular aggregation. Similar to our 

previously reported β-CD-PLA-b-POEGMA block copolymers,31 there was little 

change of the average hydrodynamic diameter (16 nm) when the concentration of the 

aqueous solution of CPOF was decreased from 500 to 50 µg mL-1, which suggests the 

formation of unimolecular micelles. These results imply that the statistical distribution 

of FPPA and OEGMA with a molar ratio of 3:7 in each arm of the β-CD-core 
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star-like copolymers (CPOF) has no obvious effect on the colloidal stability of 

unimolecular micelles. In addition, the DLS measurement of CPOF in DMF at 500 µg 

mL-1 gave an average hydrodynamic diameter of 24 nm, which is slightly larger than 

that (16 nm) of the same polymer at the same concentration in water. Such size 

difference could be rationalized by the fact that CPOF is significantly stretched in 

DMF as a common good solvent for both PFPPA and POEGMA segments, whereas 

the PFPPA segments in CPOF are collapsed in water which is a selective good 

solvent for POEGMA. These results suggest that there was no obvious intermolecular 

aggregation for CPOF at the tested concentrations (50 to 500 µg mL-1) in water and 

confirm the formation of unimolecular micelles under the present experimental 

conditions. Moreover, it appears that an amphiphilic block copolymer structure in 

each arm of the β-CD-core star-like copolymers is not necessary to form colloidally 

stable unimolecular micelles, which may simplify the polymer synthesis and reduce 

the synthetic cost in future scaling-up. 

The sizes and morphologies of CPOF unimolecular micelles in water before and 

after loading with DOX were further characterized with transmission electron 

microscopy (TEM). The results shown in Figure 3 indicate that most of the 

unimolecular micelles appeared spherical, but with a larger size distribution than 

those micelles formed by β-CD-PLA-b-POEGMA block copolymers31 which had a 

narrower polydispersity index than CPOF. The average diameter of the CPOF-DOX 

micelles measured from the TEM images was 8.9  2.6 nm, which was slightly 

larger than that (8.1  3.1 nm) of the blank CPOF micelles. The average size of the 

±

±
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micelles measured in dry state here by TEM was about 10 nm smaller than that 

measured by DLS in hydrated state in water.  

 

Figure 3. Representative TEM images (a, c) and DLS histograms (b, d) of 

unimolecular micelles from water (a, b: CPOF (50 µg mL-1 in water); c, d: 

CPOF-DOX (50 µg mL-1 in water)). The average hydrodynamic diameter measured 

by DLS is 15.7 nm for CPOF and 17.8 nm for CPOF-DOX micelles. (The fraction of 

the largest population of the micelles was normalized as 100% in the y axes of the 

DLS histograms (b, d)) 

 

The UV-vis spectrum (Figure S4, Supporting Information) of CPOF-DOX shows 

significantly enhanced absorption around 500 nm that is attributed to the incorporated 

DOX. The red shift of the maximum absorption of CPOF-DOX compared to that of 

the pristine DOX•HCl in water or in DMSO is presumably attributed to intermolecular 

aggregation of DOX in the unimolecular micelles. This phenomenon is in contrast to 
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the blue shift of DOX physically encapsulated into the hydrophobic core of our 

previously reported star-like β-CD-PLA-b-POEGMA block copolymer micelles,31 

presumably due to the relatively low drug content as well as good miscibility of DOX 

in the PLA matrices.   

To further prove the intermolecular aggregation of DOX in CPOF-DOX, we 

characterized the UV-vis absorption and particle sizes of two control samples: 

neutralized DOX in DMSO and CPOF-DOX in DMSO. The results (Figures S4-6, 

Supporting Information) show that both the maximal absorption and the onset of 

neutralized DOX in DMSO are significantly red-shifted, compared to the absorption 

of DOX•HCl in water or DMSO. In contrast, the absorption spectrum of CPOF-DOX 

in DMSO is comparable to that of the same polymer in water, and both show less red 

shift compared to that of DOX•HCl in water. DLS measurement (Figure S6 and Table 

S2, Supporting Information) was conducted further to detect the aggregation of DOX 

in DMSO (DOX•HCl in DMSO as control). DOX•HCl was completely dissolved in 

DMSO, without any aggregation at the following three different concentrations: 6.25, 

9.0, and 12.5 µg mL-1. In contrast, the neutralized DOX showed obvious 

intermolecular aggregation in DMSO, resulting in increasing particle sizes from 10 

nm to 10 µm with the increase of the concentration from 6.25 to 12.5 µg mL-1. These 

results, consistent with red-shift and broadening of the absorption spectra, suggest 

some extent of intermolecular aggregation of the DOX units in CPOF-DOX 

unimolecular micelles. 

In Vitro Drug Release Study. Figure 4 shows the in vitro drug release profiles of 
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CPOF-DOX micelles under physiologically simulated conditions (pH 7.2) compared 

to slightly acidic conditions (pH 5.0) at 37 oC. Compared to the in vitro release 

behavior of β-CD-PLA-b-POEGMA unimolecular micelles that encapsulated DOX 

via hydrophobic interaction,31 the cumulative release of DOX (19  1.3% at pH 7.2, 

and 49  0.6% at pH 5.0) over 50 h from CPOF-DOX micelles was reduced under 

both conditions, which may be largely attributed to the improved stability of the 

Schiff-base linkage between DOX and CPOF. Compared to other micellar drug 

carriers, for instance, those formed by linear amphiphilic PEG-b-PLA block 

copolymers which released more than 80% drug in 24 h,51 the drug release kinetics of 

CPOF-DOX is significantly slower. Such enhanced sustainable release behavior, 

which is further reflected from the fluorescence imaging results (Figure 5) discussed 

later as well as other polymeric prodrug systems,12,13 is important to minimize any 

undesired drug leaching and side effects of toxicity towards healthy tissues.  

 

Figure 4. The in vitro drug release of CPOF-DOX micelles in PBS at pH 7.2 and pH 

5.0 at 37 ℃. 

±

±
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Figure 5. Drug internalization and localization in HeLa cells after incubation with 

carrier-free DOX•HCl (a 1-a 4) and CPOF-DOX (b-d) for 2 (b 1-b 4), 12 (c 1-c 4) and 

24 h (d 1-d 4), respectively. The fluorescence of DAPI, DOX, and Alexa Fluor® 633 

phalloidin (for labeling F-actin in the cell membrane) was pseudo-labeled with blue, 

green, and red, respectively.  

We further investigated intracellular localization of the carrier-free DOX and 

CPOF-DOX unimolecular micelles in HeLa cell lines using confocal laser scanning 

microscopy (CLSM). Figure 5 shows three channels consisting of stained nuclei by 

DAPI, the fluorescence of DOX and the F-actin stained by Alexa Fluor 633 Phalloidin. 

After 2 h incubation with HeLa cells, the images (Figure 5a) show that all of 

carrier-free DOX accumulate in the nuclei that overlap with fluorescence of DAPI. In 

contrast, the fluorescence (FL) images (Figure 5b) of the same type of cells incubated 

with CPOF-DOX micelles over 2 h showed rather weak FL signal from CPOF-DOX. 
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It remained unclear whether such weak FL intensity was due to the insufficient uptake 

of CPOF-DOX micelles by the cells during such short incubation time, given the fact 

that the FL of DOX units was quenched due to their aggregation in CPOF-DOX 

unimolecular micelles (Figures S4 and S9). Even if the CPOF-DOX micelles were 

internalized by the cells, it might not be possible for the cells to induce significant 

dissociation of DOX from the micellar matrices within such short incubation time (2 

h). When the time of cell incubation was increased to 12 h, obvious internalization of 

CPOF-DOX micelles by the cells was observed (Figure 5c) and most of DOX 

molecules accumulated around the nuclei, together with a small population released to 

the nuclei. Further increase of the incubation time to 24 h resulted in more release of 

the DOX from the CPOF-DOX micelles and significant accumulation in nuclei of 

HeLa cells (Figure 5d). These imaging results suggest that, at the beginning stage (< 

12 h) of incubation with Hela cells, most of DOX units remained associated with 

CPOF micelles and located mainly in the cytoplasm of the cells. With the incubation 

time elongated up to 24 h, the acidic intracellular environment of Hela cells may 

promote the dissociation of the Schiff-base linkage in CPOF-DOX micelles and 

release of DOX small molecules which penetrate into the cell nuclei more easily than 

the micelles. 

The step-wise intracellular release behavior of CPOF-DOX observed above is 

different from the exclusive and relatively fast nuclear-localization of DOX delivered 

by β-CD-poly(LA24-b-OEGMA12)/DOX micelles over 6 h incubation in the same type 

of cells,31 and are in consistent with the improved stability of Schiff-base linkage 
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between DOX and CPOF as well as the in vitro release results shown in Figure 5. 

Given the fact that DOX suppresses tumor proliferation by intercalating DNA,52 the 

controllable and sustainable delivery of DOX via CPOF-DOX unimolecular micelles 

into nuclei of HeLa cells suggests the promising applications in cancer treatment. 

 

In Vitro Cytotoxicity. 

Finally, we studied the cytotoxicities of the blank CPOF micelles and CPOF-DOX 

micelles vs. carrier-free DOX•HCl. Figure S10 (Supporting Information) shows that 

no obvious cytotoxicity was observed in HeLa cells which were incubated with the 

blank CPOF micelles with a concentration up to 400 µg mL-1. In contrast, 

CPOF-DOX micelles showed some-extent toxicity to Hela cells (Figure 6). For 

instance, the CPOF-DOX micelles containing 20 µg mL-1 of DOX killed ca. 40% 

HeLa cells over 72 h. Moreover, the CPOF-DOX micelles showed lower cytotoxicity	  

as compared with the carrier-free DOX•HCl with the same concentration range from 

1.25 to 20 µg mL-1. The relatively lower toxicity of CPOF-DOX micelles can be 

mainly attributed to slower releasing and accumulation of DOX due to chemical 

bonding with polymer, which is consistent with the results shown in the CLSM 

images (Figure 5).  
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Figure 6. Cell viability of HeLa cells tested by PrestoBlue assay after treatment with 

different concentrations of carrier-free DOX•HCl and CPOF-DOX over 24, 48 and 72 

h, respectively. Cells without treatment were used as control. Data were shown as 

means ± SD (n = 5). 

 

4. CONCLUSION 

We have presented a new anticancer drug delivery system of unimolecular micelles 

formed by star-like amphiphilic copolymers with β-cyclodextrin as the core, from 

which statistical copolymers consisting of functionable benzo-aldehyde groups and 

hydrophilic poly[(oligo ethylene glycol) methyl ether methacrylate] were grafted from 

via ATRP. Anticancer drug DOX was covalently linked to the benzoaldehyde groups 

of the copolymers through pH-sensitive Schiff-base bonds. Each of the DOX–loaded 

star-like copolymer formed unimolecular micelles with an average diameter of 18 nm 

in aqueous media.	   Both the in vitro release data and the confocal fluorescence 

imaging results proved the enhanced stability of DOX covalently linked in CPOF 



	   26	  

unimoelcular micelles and the more controllable release kinetics compared to 

previous micellar drug carriers with noncovalently encapsulated DOX. The results 

suggest that the unimolecular micelles based on β-CD-core copolymers covalently 

linked with DOX via pH-responsive Schiff base linkage are a promising anticancer 

drug delivery system for future animal study and clinical trials for cancer treatment. 
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