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Polymers bearing pendant carbohydrates have a variety of biomedical applications especially in the area
of targeted drug delivery. Here we report the synthesis of a family of amphiphilic block glycopolymers
containing D glucose, D galactose and D mannose via metal-free organocatalyzed ring-opening poly-
merization of functional cyclic carbonates generating narrowly dispersed products of controlled
molecular weight and end-group fidelity, and their application in drug delivery. These glycopolymers
self-assemble into micelles having a high density of sugar molecules in the shell, a size less than 100 nm
with narrow size distribution even after drug loading, and little cytotoxicity, which are important for
drug delivery. Using galactose-containing micelles as an example, we demonstrate their strong targeting
ability towards ASGP-R positive HepG2 liver cancer cells in comparison with ASGP-R negative HEK293
cells although the galactose is attached to the carbonate monomer at 6-position. The enhanced uptake of
DOX-loaded galactose-containing micelles by HepG2 cells significantly increases cytotoxicity of DOX as
compared to HEK293. This new family of amphiphilic block glycopolymers has great potential as carriers
for targeted drug delivery.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Non-cytotoxic and biodegradable polymers which assemble
into well-defined nanostructures such as micelles are of increasing
interest as a means for drug transport and release. Nanoscale
micellar carriers are particularly advantageous for passive drug
targeting into solid tumors, as the hyperpermeable angiogenic
vasculature of tumor tissues exhibits enhanced permeability and
retention of carriers �100 nm [1]. In contrast to passive drug
delivery, active targeting based on specific ligand–receptor inter-
actions has recently received significant attention. Polymers
bearing pendant carbohydrates are particularly useful for delivery
applications that require the targeting of carbohydrate-binding
proteins known as lectins. Protein–carbohydrate interactions
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, hedrick@almaden.ibm.com

All rights reserved.
mediate a number of biological processes, including cell growth,
inflammation, infections and adhesion, via multivalent interactions
[2–4]. The enhancement in binding, as a consequence of polyvalent
interactions, is known as the glycoside cluster effect [5]. Carbohy-
drate-bearing polymers present a platform for which multiple
copies of a saccharide can be presented simultaneously, thus
enhancing their affinity and selectivity for lectins. A number of
carbohydrate-bearing polymeric architectures have been devel-
oped over recent years including dendrimers [6–11], linear poly-
mers [12–15], and micelles [16–18]. The block copolymers bearing
the carbohydrates as the targeting groups are expected to have
utility in receptor-mediated targeting of genes and drugs to specific
tissues/cells [19]. For example, the asialoglycoprotein receptors
(ASGP-R) on the surface of hepatocytes have been proposed as
a target permitting organ-specific therapy of various diseases [20],
including viral [21], parasitic [22], and malignant [21] disorders.

In our effort to create well-defined non-cytotoxic and biode-
gradable polymeric nanocarriers, carbohydrate-bearing block
copolymers have been synthesized via organocatalytic ring-
opening polymerization (ROP) of functional trimethylene
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carbonate (TMC) derivatives. Herein, we describe the synthesis and
polymerization of cyclic carbonates containing diacetonide-
protected glucose, galactose and mannose to afford carbohydrate-
bearing polymers, and demonstrate that these sugar-functionalized
polycarbonate block copolymers can self-assemble into micelles
having surfaces with a high density of sugar molecules. Glucose-,
galactose and mannose-coated micelles are designed for targeting
cancer (as many types of cancer cells over-express glucose trans-
porters) [23], liver [24–26] and dendritic [27] cells, respectively. We
will use galactose-containing micelles as an example, and prove
their ability of loading doxorubicin (a drug used for liver cancer
treatment) as well as targeting liver cancer cells through qualitative
and quantitative cellular uptake, competition and cytotoxicity
studies.

2. Materials and methods

2.1. Materials

Reagents were commercially available from Aldrich and used without any
other purification unless otherwise noted. 5-Methyl-5-carboxyl-1,3-dioxan-2-one
(MCDO) was synthesized as previously reported [28]. TU was prepared as previously
reported [29] and dried by stirring in dry THF over CaH2, filtering, and removing
solvent under vacuum. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU; 98%) and benzyl
alcohol were stirred over CaH2, vacuum distilled, then stored over molecular sieves
(3 Å). Melting points of monomers were recorded with a capillary tube melting point
apparatus and were uncorrected. Doxorubincin hydrochloride (DOX), pyrene, trie-
thylamine (TEA), N, N-dimethylacetamide (DMAc), dimethyl sulfoxide (DMSO), 3-(4,
5-dimethylthiazolyl-2)-2, 5-diphenyl tetrazolium bromide (MTT) and asialofetuin
(ASF) were purchased from Sigma, U.S.A. and used as received. HepG2 liver carci-
noma and HEK293 human embryonic kidney cell lines were obtained from ATCC,
U.S.A. and cultured according to ATCC’s recommendation.

2.2. Polymer synthesis

2.2.1. Synthesis of 1,2;5,6-Di-O-isopropylidene-3-O-MCDO-D-glucofuranose (IGFC)
(3c)

MCDO (2.0 g; 12.5 mmol) was dissolved in dry THF (30 ml) with 3 drops of DMF.
A solution of oxalyl chloride (1.75 g; 13.8 mmol) in dry THF (12 ml) was added and
the mixture was allowed to react one more hour under stirring and nitrogen flow.
Volatiles were then removed under vacuum and 1H NMR analysis evidenced
a complete conversion of the acyl chloride. This last was redissolved in THF (30 ml)
and a solution of 1,2;5,6-Di-O-isopropylidene-D-glucofuranose (3.0 g; 11.5 mmol)
and dried triethylamine (1.51 g; 15 mmol) in THF was added, causing the formation
of a white precipitate. The mixture was stirred at 40 �C during 48 h before filtration
of the triethylamine salt and concentration of the crude product under reduced
pressure. Purification was realized by recrystallization in diethyl ether to give
a white solid, mp 132–134 �C. Yield ¼ 1.62 g (50%). 1H NMR: d 5.92 (d, J ¼ 3.6 Hz, 1H,
H-a), 5.40 (d, J¼ 2.9 Hz, 1H, H-c), 4.71 (m, 2H, H-j), 4.47 (d, J¼ 3.6 Hz, 1H, H-b), 4.26–
4.12 (m, 5H, H-d þ H-e þ H-f þ H-j’), 4.01 (m, 1H, H-g), 1.54–1.32 (5 s, 15H,
H-h þ H-i). 13C NMR: d 181.5, 171.2, 147.1, 113.1, 110.0, 105.4, 83.6, 80.5, 73.4, 73.2,
72.8, 68.3, 27.1, 27.0, 26.6, 25.5, 17.8.

2.2.2. Synthesis of 2,3;5,6-Di-O-isopropylidene-3-O-MCDO-D-mannofuranose
(IMFC) (3b)

This compound was synthesized according to the same procedure used for IGFC,
using 2,3; 5,6-Di-O-isopropylidene-D-mannofuranose as the coupling alcohol (3.0 g;
11.5 mmol) and purified by recrystallization in diethyl ether to give a yellowish solid,
mp 142–144 �C. Yield¼ 2.55 g (55%). 1H NMR: d 6.22 (s, 1H, H-a), 4.89 (dd, J1¼5.8 Hz,
J2¼ 3.5 Hz, 1H, H-b), 4.72 (d, J¼ 5.8 Hz, 2H, H-d), 4.66 (m, 2H, H-j), 4.41 (m, 1H, H-c),
4.22 (m, 2H, H-j’), 4.11 (dd, J1 ¼ 8.8 Hz, J2 ¼ 2.4 Hz, 2H, H-e), 4.03 (m, 2H, H-f þ H-g),
1.50–1.33 (5 s, 15H, H-h þ H-i). 13C NMR: d 170.1, 147.2, 114.0, 109.9, 103.0, 85.3, 83.5,
79.5, 73.3, 73.1, 67.2, 40.8, 27.3, 26.3, 25.5, 25.0, 17.6.

2.2.3. Synthesis of 1,2;3,4-Di-O-isopropylidene-3-O-MCDO-D-galactopyranose
(IGPC) (3a)

This compound was synthesized according to the same procedure used for IGFC,
using 1,2;3,4-Di-O-isopropylidene-D-galactopyranose as the coupling alcohol (3.0 g;
11.5 mmol) and purified by column chromatography (silica, 2:1 ethyl acetate/
hexanes) leading to the desired product as an oil slowly crystallizing in a white solid,
mp 117–120 �C. Yield ¼ 2.36 g (51%). 1H NMR: d 5.54 (d, J ¼ 5.3 Hz, 1H, H-a), 4.73 (m,
2H, H-h), 4.64 (dd, J1 ¼8.0 Hz, J2¼ 2.7 Hz, 1H, H-c), 4.44 (dd, J1¼11.7 Hz, J2¼ 3.9 Hz,
1H, H-b), 4.35 (m, 2H, H-f þ H-f’), 4.22 (m, 3H, H-h0 þ H-d), 4.04 (ddd, J1 ¼ 8.8 Hz,
J2 ¼ 3.9 Hz, 1H, H-e), 1.51–1.35 (5 s, 15H, H-g þ H-i). 13C NMR: d 173.3, 147.2, 110.2,
109.2, 96.6, 73.3, 71.2, 71.1, 70.8, 66.2, 65.2, 40.5, 26.3, 25.3, 24.8, 18.2.
2.2.4. General procedure for block copolymerization
TMC (100 mg, 1 mmol), TU (17.5 mg, 0.05 mmol) and DBU (7.5 mg, 0.05 mmol)

were mixed together in a vial. 0.5 ml of a solution of benzyl alcohol (0.04 M) in
dichloromethane was added and the mixture was stirred at room temperature
during 3 h. An aliquot was taken and quenched with benzoic acid, dried and
redissolved in CDCl3 for the first block conversion calculation. 3a (200 mg, 0.5 mmol)
(Fig. 1A and B) was added to the polymer mixture for chain extension during 90 min.
An aliquot was again taken for conversion data and the remaining solution was
quenched with benzoic acid, precipitated in methanol, filtered and dried overnight
at 40 �C.

2.2.5. General procedure for isopropylidene selective hydrolysis
The protected polymer (0.25 g) was dissolved in 2.5 ml of a 4:1 formic acid

aqueous solution during 48 h. Dialysis against water using 3.5 kDa cutoff membrane
was performed during 48 h changing water every 6 h. The micellar solution was then
transferred in a vial and freeze-dried to give a white powder in good yields (90%).
NMR spectra were recorded in DMSO-d6.

2.3. Molecular weight determination

Molecular weight (Mw) of the polymers were determined by gel permeation
chromatography (GPC) performed in THF at 30 �C using a Waters chromatograph
equipped with four 5 mm Waters columns (300 mm � 7.7 mm) connected in series
with increasing pore size (10, 100, 1000, 105, 106 Å), a Waters differential refrac-
tometer for refractive index (RI) detection and a 966 photodiode array detector, and
calibrated with polystyrene standards (750 � (2 � 106) g mol�1).

2.4. Nuclear magnetic resonance (NMR)

1H and 13C NMR spectra were obtained on a Bruker Avance 400 instrument
operated at 400 MHz, using CDCl3 solutions unless otherwise noted. In order to
study the core/shell structure of the micelles, 1H NMR spectra of the micelles were
measured in D2O.

2.5. Fluorescence measurements

The critical micelle concentrations (CMC) of the polymers in de-ionized (DI)
water or phosphate-buffered saline (PBS, pH 7.4) were determined by fluorescence
spectroscopy using pyrene as the probe. The fluorescence spectra were recorded by
an LS 50B luminescence spectrometer (Perkin Elmer, U.S.A.) at 25 �C. The polymer
samples were equilibrated for 10 min before any measurements were made.
Aliquots of pyrene in acetone solution (6.16 � 10�5

M, 10 mL) were added to
containers, which were left in air to evaporate acetone. Polymer solutions (1 mL) at
varying concentrations were added into the pyrene containers and left to equilibrate
for 24 h. The final pyrene concentration in each sample is 6.16 � 10�7

M. The
emission spectra were scanned from 360 to 410 nm at an excitation wavelength of
339 nm while the excitation spectra were scanned from 300 to 360 nm at an
emission wavelength of 395 nm. Both the excitation and emission bandwidths were
set at 2.5 nm. The intensity (peak height) ratio of I337/I334 from the excitation spectra
was analyzed as a function of polymer concentration (Fig. S1). The CMC was taken
from the intersection between the tangent to the curve at the inflection and tangent
of the points at low concentrations.

2.6. Micelles preparation

Blank micelles were prepared by dissolving the polymers in water directly and
stirred overnight. For the DOX-loaded micelles, they were prepared by a combina-
tion of sonication and membrane dialysis method. In brief, the polymer (10 mg) was
dissolved in 0.5 mL of DMAc. DOX (7 mg) was neutralized with 3 mol excess of TEA in
1.5 mL DMAc. This neutralized DOX solution was added into the polymeric solution
and vortexed for 5 min. The drug and polymer solution was added dropwise to DI
water (10 mL) and sonicated for 10 min. After which, the mixture was dialyzed
against DI water using a 1000 Da molecular weight cutoff membrane (Spectra/Por 7,
Spectrum Laboratories Inc.) for 48 h. The particles were collected by lyophilization
for 2 days. The amount of DOX-loaded was measured by dissolving a known amount
of DOX-loaded micelles in 1 mL of DMSO and measuring the absorbance using a UV–
vis spectrophotometer (UV 2501PC Shimadzu, Japan) at 480 nm. DOX loading level
was calculated based on the following formula:

Actual loading level ðwt%Þ ¼ mass of DOX extracted from polymer
mass of DOX loaded polymer initially used

�100%

2.7. Laser light scattering measurements

Dynamic light scattering (DLS) experiments of the freshly prepared micelles
were performed on a Brookhaven BI-200SM goniometer system (Brookhaven, USA)
to determine the particle size. Briefly, polymer solution with a concentration of
0.5 mg/mL was prepared and filtered using 0.45 mm PVDF filter before measurement
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Fig. 1. Synthesis of sugar-bearing cyclic carbonate monomers (A) (conditions: (i) NEt3, THF, 40 �C, 24 h, 50–55%), amphiphilic block glycopolymers by sequential polymerization
followed by selective deprotection (B), schematic presentation of self-assembly of block glycopolymers into micelles (C) and drug loading (D). 3a: IGPC; 3b: IMFC; 3c: IGFC.
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was conducted. After the measurement, non-negative least-squares (NNLS) were
used to fit the distribution curve and the fitting obtained was found to be with a R2

value of at least 0.98. The light source is a power adjustable vertically polarized
75 mW HeNe ion laser with a wavelength of 633 nm. The measurement was
conducted at 25 �C with a scattering angle of 90� . The particle size measurement was
repeated for 5 runs and the data were reported as the average mean diameter for
5 runs.
2.8. Transmission electron microscopy (TEM)

The morphologies of the micelles were observed under a FEI Tecnai G2 F20
electron microscope using an acceleration voltage of 200 keV. To prepare the TEM
samples, several drops of the micelles solution containing 0.2% (w/v) of phospho-
tungstic acid, which were incubated for 30 min, were placed on a formvar/carbon
coated 200 mesh copper grid and left to dry under room temperature.
2.9. Stability of sugar-containing micelles in serum-containing PBS

Stability of the sugar-containing micelles in PBS containing 10% (v/v) fetal
bovine serum (FBS) was studied at 37 �C by particle size change as a function of time.
Size measurements were taken at 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, and 8 h.
2.10. In vitro drug release

DOX-loaded micelles solutions at a concentration of 1 mg/mL (5 mL) were
transferred to dialysis membrane tubes with a molecular weight cutoff of 1000 Da.
The tubes were then immersed in a beaker containing 50 mL PBS, which was shaken
at a speed of 100 rev/min, at 37 �C. At specific time intervals, 1 mL of the release
medium was withdrawn and replaced with fresh PBS. The DOX content in the
samples were analyzed using the UV–vis spectrophotometer at 480 nm.
2.11. Cellular uptake-qualitative analysis through confocal laser scanning
microscopy (CLSM)

The cellular uptake of DOX when delivered using free DOX formulation, galac-
tose-containing micelles or glucose-containing micelles was studied qualitatively in
HepG2 and HEK293 cells using a confocal laser scanning microscope. HepG2 cells
carrying over-expression of asialoglycoprotein receptor (ASGP-Rþ) were used for the
experimental group for galactose-coated micelles, while HEK293 cells, bearing no
over-expression of ASGP-R (ASGP-R -) were used as a control group. The cells were
first seeded onto a 4 well-cover slip borosilicate glass chamber (NUNC) at a seeding
density of 40,000 cells/well and grown overnight in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FBS, 2 mM L-glutamine, 50 units/mL
penicillin and 50 mg/mL streptomycin. On the following day, the cells were treated
with free DOX (1 mg/L), DOX-loaded galactose-containing micelles (1 mg/L equiva-
lent DOX concentration), and DOX-loaded glucose-containing micelles (1 mg/L
equivalent DOX concentration) for 3 h. The cells were then washed thoroughly with
PBS for 5 times. Both free DOX and DOX-loaded glucose-containing micelles were
served as the controls towards ASGP-R mediated endocytosis uptake mechanism. The
measurements were done with excitation and emission wavelengths of 532 nm and
595 nm respectively.

2.12. Cellular uptake-quantitative analysis through flow cytometry

The cellular uptake of DOX was further studied quantitatively in HepG2 and
HEK293 cells via flow cytometry using the free DOX, glucose-containing micelles,
galactose-containing micelles formulations. The cells were seeded onto 12-well
plate at a seeding density of 1,000,000 cells per well, and further grown for 24 h.
Following this, the cells were treated with free DOX (1 mg/L), DOX-loaded galactose-
containing micelles (1 mg/L equivalent DOX concentration), and DOX-loaded
glucose-containing micelles (1 mg/L equivalent DOX concentration) for 3 h. After the
incubation period, the cells were washed thoroughly with PBS, trypsinized, and
harvested by centrifugation (1500 rpm, 10 min). The cell pellet was then



Table 2
Block copolymerization of 3-type sugar carbonates with various compositions.

Monomer Conv. sugar
monomera (%)

Targeted
Mn (g.mol�1)

Reached
Mn

a (g.mol�1)
PDIb

3a 88 10,400 9300 1.24
3a 92 15,300 14,200 1.26
3a 93 25,300 25,000 1.25
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resuspended in PBS and measured for the fluorescent intensity per cell. The fluo-
rescent intensity measurement was referenced to that given by HepG2 or HEK293
cells without any drug treatments to eliminate the possibility of auto-fluorescent
phenomenon produced by the cells. The measurements were done with excitation
and emission wavelengths of 532 nm and 595 nm respectively.

2.13. Competition assay

ASF as an inhibitor was added to the HepG2 cells at various concentrations (0,
0.5, 1.0 and 4.0 mg/mL) and incubated for an hour. The cells were then washed with
PBS before being treated with the DOX-loaded galactose-containing micelles at an
equivalent DOX concentration of 1 mg/L for 3 h. After the incubation, the cells were
washed thoroughly, trypsinized, and harvested by centrifugation. The cell pellet was
resuspended in PBS and measured for fluorescent intensity per cell. The fluorescent
intensity measurement was referenced to that given by HepG2 cells without any
drug treatments to eliminate the possibility of auto-fluorescent phenomenon
produced by the cells. The measurements were done with excitation and emission
wavelengths of 532 nm and 595 nm respectively.

2.14. Cytotoxicity test

The cytotoxicity of free DOX, sugar-containing micelles and DOX-loaded sugar-
containing micelles were examined via MTT assay. HepG2 and HEK293 cells were
seeded in a 96-well plate at a density of 8000 cells per well in 100 mL of DMEM
supplemented with 10% FBS, 2 mm L-glutamine and 1% penicillin-streptomycin, and
incubated for 24 h at 37 �C in 5% CO2. The free DOX, sugar-containing micelles and
DOX-loaded sugar-containing micelles solutions were filtered with a 0.22 mm
syringe filter and diluted with DMEM to achieve different concentrations. 100 mL of
the pre-prepared sample solution was used to replace the medium in each well, and
the plates were returned to the incubator and maintained in 5% CO2, at 37 �C, for
48 h. Fresh growth media and 20 mL aliquots of MTT stock solution (5 mg/mL in PBS)
totaling 120 mL were used to replace the media and incubated for 4 h. The media
were completely removed and 150 mL of DMSO was added into each well to dissolve
the formazane crystals formed by viable cells. Each sample was tested in eight
replicates per plate and assayed at 550 and 690 nm using a microplate reader
(PowerWave X, Bio-Tek Instruments). The absorbance readings of the formazan
crystals were taken to be that at 550 nm subtracted by that 690 nm. The results were
expressed as a percentage of the absorbance of the blank control.

3. Results and discussion

3.1. Synthesis of sugar-functionalized poly(carbonate) block
copolymers

Sugar-substituted cyclic carbonates were synthesized based on
the acyl chloride form of an acid functional carbonate scaffold, 1a
[28], derived from bis(hydroxymethyl) propionic acid, a common
building block for non-cytotoxic dendrimers [30,31]. 1a was then
reacted with 2a, 2b or 2c in the presence of triethylamine to give
sugar-bearing carbonate monomers 3a–3c, respectively (Fig. 1A).
The crude products were filtered off, extracted and purified by
either recrystallization or column chromatography.

The ROP of the sugar-based monomers was then performed
using the superbasic amidine 1,8-diazabicyclo[5,4,0]undec-7-ene
(DBU) catalyst with a thiourea TU co-catalyst, initiated from benzyl
alcohol. High conversion of monomer into polymer was achieved
within 3 h at room temperature (Table 1). The molecular weights
were determined by 1H NMR spectroscopy, comparing the
anomeric proton signal of the repeating units (5.50 ppm for IGPC,
5.87 ppm for IGFC and 6.15 ppm for IMFC) with the methylene
protons of the initiating benzyl alcohol (5.19 ppm), which showed
Table 1
Homopolymerization of carbohydrate-based monomers.

Monomer Conv.a (%) Time
(hours)

Targeted
Mn (g.mol�1)

Reached
Mn

a (g.mol�1)
PDIb

3a 93 3 20,200 17,000 1.20
3b 93 3 20,200 17,800 1.27
3c 86 3 20,200 19,000 1.28

Conditions: 1 M in monomer, 0.02 M in BzOH, 0.05 M in DBU, 0.05 M in TU, CH2Cl2, R.T.
a As obtained by 1H NMR.
b As obtained by GPC vs. polystyrene standards.
good correlation with targeted molecular weights. Moreover,
narrow polydispersities and monomodal molecular weight distri-
butions were obtained. These combined data demonstrated the
efficacy of polymerization using organocatalytic ROP yielding
narrowly dispersed polymers of predictable molecular weights.
Although a number of cyclic carbonate monomers have been
synthesized and polymerized in the past by more conventional
anionic and organometallic ROP methods [32], excessively bulky
substituents (e.g. 2,2-diphenyl) proved to render ring-opening of
the carbonate thermodynamically unfavorable [33–36]. Interest-
ingly, for monomers 3a–c, substitution at the 5-position of the
carbonate ring does not seem to interfere sterically with the poly-
merization reaction.

Block copolymers were prepared in a one-pot, two-step process
using a sequential polymerization approach. The PTMC block was
first synthesized to near quantitative conversion (98%,
Mn ¼ 5000 g/mol, PDI ¼ 1.1), followed by the addition of a second
monomer (3a, 3b or 3c) to the reaction mixture for the growth of
the second block (Fig. 1B). The synthesis and chain extension of the
copolymers was monitored by 1H NMR and GPC. The GPC chro-
matograms show the expected increase in molecular weight after
the addition of the second monomer, as evidenced by a shift of the
polymer trace to shorter elution time (Fig. S2). The results of block
copolymer formation with three different lengths of the sugar-
functionalized block were summarized in Table 2, demonstrating
that exceptional control was achieved for each of the block
glycocopolymers.

The acetonide protecting groups along the glycopolymer chains
were selectively removed with aqueous formic acid solution to
regenerate hydroxyl groups. 1H NMR showed an upfield shift of the
saccharide peaks in addition to the disappearance of the iso-
propylidene groups, while SEC exhibited narrow monomodal
distributions, confirming the selective hydrolysis of the acetonide
protecting groups.

3.2. Formation of micelles: critical micellization concentration
(CMC)

The sugar-functionalized polycarbonate block copolymers can
self-assemble into micelles in aqueous solution (Fig. 1C), which is
evidenced by the existence of their low critical micellization
concentrations (CMC). The CMC values of the glucose- and galac-
tose-functionalized block copolymers with molecular weights of
13,200 and 14,200 respectively, were measured using a fluores-
cence technique. Pyrene was chosen as the fluorescent probe as it
can be portioned into the hydrophobic domains of the micelles,
resulting in a change in its photophysical properties. In the
3b 87 10,400 8400 1.25
3b 90 15,300 12,700 1.25
3b 91 25,300 26,200 1.26
3c 75 10,400 9100 1.22
3c 94 15,300 13,200 1.23
3c 94 25,300 22,900 1.25

Conditions: PTMC block formation, 1 M in TMC, 0.02 M BzOH, 0.05 M DBU, 0.05 M TU,
CH2Cl2, R.T., 3 h. Chain extension, 0.25–1 M in monomer 3a–c, 0.05 M DBU, 0.05 M TU,
CH2Cl2, R.T., 90 min.

a As obtained by 1H NMR.
b As obtained by GPC vs. polystyrene standards. a: galactose; b: mannose;

c: glucose.
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excitation spectra of pyrene in the presence of the block copoly-
mers, fluorescence intensity increased with increasing polymer
concentration, while a gradual red shift of the third peak from 334
to 337 nm could be monitored (data not shown), indicating the
change in vibration structure of pyrene emission. From the work
reported by Wilhelm et al. the intensity ratio of I337/I334 is depen-
dent on polymer concentration [37]. At lower polymer concentra-
tions, the intensity ratio changed slightly, however, it increased
significantly with the transfer of pyrene from a polar to more
hydrophobic domain, i.e. after micelle formation. The CMC values of
the glucose- and galactose-functionalized poly(carbonate) block
copolymers in DI water were 7.1 and 5.0 mg/mL, respectively
(Fig. S1) (Table 3), which were also measured in a simulated
physiological solution, i.e. PBS (pH 7.4), being 5.6 and 3.5 mg/mL
respectively, slightly lower than those determined in water due to
the presence of salts in PBS. The low CMC values indicate that the
micelles can be formed at low concentrations, allowing the use in
very dilute medium such as body fluids (dilution effect after i.v.
injection).

TEM clearly shows the formation of spherical galactose-con-
taining micelles (Fig. 2(a)). These micelles have an average size of
35 nm and narrow size distribution (PDI ¼ 0.09), ideal for long
circulation times.

3.3. Core/shell structure

The core/shell structure of the micelles was demonstrated by 1H
NMR spectroscopy of the sugar-containing micelles dissolved in
D2O. The peaks between 3.5 and 4.5 ppm can be assigned to the
galactose ring protons and the sharp peak at 5.25 ppm corre-
sponses to the anomeric peak of a-D-galactose moieties. Moreover,
the peak at 1.2 ppm is the signal corresponding to the methyl of the
polycarbonate backbone bearing the sugar. Moreover, there is no
clear evidence of the PTMC backbone peaks, consistent with
a collapsed hydrophobic core and a core/shell morphology. These
combined data indicate that diblock copolymers tend to self-
assemble into micelles with a core/shell structure having a sugar-
bearing shell and a PTMC core.

3.4. Particle size of blank and DOX-loaded sugar-containing
micelles

The size and size distribution of the blank sugar-containing
micelles and DOX-loaded sugar-containing micelles in DI water and
PBS (pH 7.4) are listed in Table 3. The size and size distribution were
not affected significantly when measured in PBS. The polydispersity
(PDI) values obtained from dynamic light scattering (DLS)
measurements indicate that the micelles have a narrow size
distribution. Therefore, they may yield a more desirable
Table 3
Properties of sugar-functionalized block copolymers and their blank micelles as well
as DOX-loaded micelles.

Samples CMC (mg/mL) Diameter (nm) PDIa Ng

Glucose-functionalized
polymer

7.1 (5.6) 36 � 5
(29 � 2)

0.1 � 0.01
(0.1 � 0.02)

20 (18)

Galactose-functionalized
polymer

5.0 (3.5) 35 � 4
(29 � 5)

0.09 � 0.01
(0.11 � 0.02)

19 (18)

DOX-loaded glucose-
containing micelles

65 � 6 0.12 � 0.03

DOX-loaded galactose-
containing micelles

70 � 7 0.15 � 0.03

a Size and polydispersity values obtained from DLS measurements in which lower
values indicate more narrowly dispersed micelles. The values in parenthesis are
measured in PBS (pH 7.4).
biodistribution and constant drug release profile as compared to
micelles formed from conventional block copolymers with wide
size distribution. Average diameter of the blank and DOX-loaded
sugar-containing micelles was less than 100 nm, thus making them
less susceptible to clearance by the reticuloendothelial system
(RES). An increase in diameter after loading with DOX was due to
the enlargement of the hydrophobic core. After the incorporation of
DOX, the morphology of the micelles was not altered as shown in
Fig. 2(b). Furthermore, as listed in Table 3, the aggregation numbers
and hydrodynamic diameters of the glucose- and galactose-
containing block copolymers are consistent with the formation of
spherical micelles, which typically contains 16–60 unimers per
micelle and with a hydrodynamic diameter of 20–60 nm [38]. From
the aggregation number (18) of galactose-functionalized polymer
and number (38) of galactose molecules in each polymer molecule,
the number of galactose molecules in the shell of the micelle was
estimated to be 684.

3.5. In vitro stability of the sugar-coated micelles

The stability of both the glucose- and galactose-containing
micelles was studied in PBS containing 10% FBS at 37 �C by moni-
toring particle size change as a function of time. The stability of the
sugar-coated micelles is demonstrated by the absence of large
aggregates and the maintenance of particle size. As seen in Fig. S3,
the size of the micelles remained unchanged for 8 h, indicating that
the presence of serum proteins did not affect the stability of the
micelles due to the hydrophilic nature of the sugar on the surface of
the micelles.

3.6. DOX loading level and in vitro drug release

Doxorubicin was loaded into sugar-containing micelles via
a membrane dialysis method (Fig. 1D) with varying the initial
amount of DOX added. The highest loading level of DOX achieved
was 9.3% at an initial DOX amount of 7 mg (Fig. 3).

In vitro DOX release from the DOX-loaded micelles was studied
in PBS (pH 7.4) at 37 �C (Fig. 4). DOX release was sustained over
10 h, and DOX release from the glucose- and galactose-containing
micelles shared a similar release profile.

3.7. Cellular uptake of DOX

To evaluate the possibility of using galactose-containing
micelles for drug targeting to liver cells, we studied uptake of DOX
by HepG2 cells with over-expression of ASGP-R and HEK293 cells
without expression of ASGP-R using galactose-containing micelles
or glucose-containing micelles. ASGP-R can bind galactose residues
strongly, inducing ASGP-R mediated endocytosis of galactose-
containing micelles [39]. DOX molecules could emit fluorescent
signals at 595 nm when excited at 532 nm. This allows the study of
cellular uptake of the free DOX or DOX-loaded sugar-containing
micelles through confocal microscopy or flow cytometry. Fig. 5(a–f)
shows confocal images of HepG2 (a-c) and HEK293 (d-f) cells after
incubation with free DOX and DOX-loaded glucose- or galactose-
containing micelles at the same concentration of DOX (1 mg/L) for
3 h. Red colour regions indicate DOX molecules. The cellular uptake
of free DOX is based on a passive diffusion pathway, whereas
glucose-containing micelles were taken up by HepG2 and HEK293
cells via non-specific endocytosis and/or via glucose transporters
[23]. Fig. 5(a–c) clearly shows that ASGP-R mediated endocytosis
led to greater uptake of DOX by HepG2 cells when compared to the
free diffusion pathway and non-specific endocytosis/glucose
transporters route. However, when the DOX-loaded galactose-
containing micelles were incubated with HEK293 cells, there is not



Fig. 2. TEM images of (a) galactose-containing micelles and (b) DOX-loaded galactose-containing micelles in DI water.
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much difference in the red intensity as compared to the DOX-
loaded glucose-containing micelles (Fig. 5(d–e)). Importantly, the
red intensity in HepG2 cells was much higher than that in HEK293
cells when galactose-conatining micelles were used, demon-
strating targeting ability of galactose-containing micelles towards
HepG2 cells.

The cellular uptake of DOX was further analyzed quantitatively
via flow cytometry. As shown in Fig. 6, the cellular uptake of DOX
was much higher (2–3 fold increase) in ASGP-R positive HepG2
cells when delivered by the galactose-containing micelles as
compared to the free DOX formulation and the glucose-containing
micelles. However, the cellular uptake of DOX in ASGP-R negative
HEK293 cells was similar for all three formulations. For the free
DOX formulation and glucose-containing micelles, there was no
significant difference in the uptake of DOX by HepG2 and HEK293
cells. However, the uptake of DOX by HepG2 cells was more than 2
times higher than that by HEK293 cells when delivered by the
galactose-containing micelles. These findings further demonstrate
the targeting ability of the galactose-containing micelles towards
HepG2 cells.

3.8. Competition assay

Uptake mechanism of DOX-loaded galactose-containing
micelles by HepG2 cells was studied by a competition assay.
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Asialofetuin (ASF) is a natural ligand for the ASGP-R. Therefore, ASF
molecules should compete with the galactose-containing micelles
for binding of ASGP-R provided the ASGP-R mediated endocytosis is
a major mechanism of cellular uptake in HepG2 cells [40,41]. As
shown in Fig. 7, the cellular uptake of DOX decreased with
increasing ASF concentration, indicating that ASF inhibited the
cellular uptake of the galactose-cntaining micelles, and the uptake
of the galactose-containing micelles in HepG2 cells was through
ASGP-R mediated endocytosis.
3.9. Cytotoxicity of sugar-containing micelles, free DOX and
DOX-loaded sugar-containing micelles

The cytotoxicity of DOX was tested against ASGP-R positive
HepG2 and ASGP-R negative HEK293 cells using the galactose-
containing micelles in comparison with the free DOX formulation
and glucose-containing micelles. It is important to note that both
glucose- and galactose-functionalized polymers did not have
significant cytotoxicity against HepG2 and HEK293 cells at
concentrations up to 300 mg/mL (Fig. S4). As shown in Fig. 8a, at
the same concentration, DOX suppressed the proliferation of
HepG2 cells much more efficiently when delivered by the
galactose-containing micelles than free DOX and glucose-con-
taining micelle formulations, and the IC50, a concentration of DOX
at which 50% of the cells are killed, for free DOX, DOX-loaded
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Fig. 4. In vitro release profiles of DOX-loaded sugar-containing micelles in PBS (pH 7.4)
at 37 �C.



Fig. 5. Cellular uptake of galactose-containing micelles. Confocal images of HepG2 (a–c) and HEK293 (d–f) cells after incubated with (a, d) free DOX, (b, e) DOX-loaded glucose-
containing micelles and (c, f) DOX-loaded galactose-containing micelles for 3 h at a DOX concentration of 1 mg/L. Size of the scale bars: 20 mm.
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glucose- and galactose-containing micelles was estimated to be
0.45, 0.75 and 0.20 mg/mL respectively. The improved cytotoxicity
of DOX achieved with the galactose-containing micelles was due
to greater cellular uptake of DOX (Figs. 5 and 6). However, in
HEK293 cells (Fig. 8b), the cytotoxicity of DOX was similar when
delivered by the glucose-containing micelles and the galactose-
containing micelles because the cellular uptake of DOX was
similar in HEK293 cells when delivered by these two formula-
tions (Figs. 5 and 6). For example, the IC50 for free DOX, DOX-
loaded glucose- and galactose-containing micelles was 0.30, 0.51
0

500

1000

1500

2000

2500

3000

3500

DOX Glucose Galactose

M
e
a
n

 
G

e
o

m
e
t
r
i
c
 
F

l
u

o
r
e
s
c
e
n

t
 

I
n

t
e
n

s
i
t
y
 
p

e
r
 
c
e
l
l
 
(
a
.
u

.
)

HepG2
HEK293

Fig. 6. Fluorescent intensity of HepG2 and HEK293 cells after incubated with free DOX,
DOX-loaded glucose-containing micelles and DOX-loaded galactose-containing
micelles for 3 h at a DOX concentration of 1 mg/L.
and 0.49 mg/mL respectively. These findings indicate that the
galactose-containing micelles not only provided targeting ability
towards ASGP-R positive HepG2 cells but also increased cyto-
toxicity of the enclosed DOX against the cells. Moreover, while
most galactose-bearing glycoconjugates are appended to the
polymer backbone at the 1-position of the pyranose ring [11], our
results demonstrate that ASGP-R recognizes galactopyranosides
appended at the 6-position. Further investigations are underway
to compare the affinity and selectivity of ASGP-R for 1- versus
6- substituted galactosides.
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Fig. 7. Inhibitory effect of asialofetuin on the uptake of DOX-loaded galactose-con-
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4. Conclusion

We have reported the full synthesis of a family of amphiphilic
sugar-bearing block copolymers by metal-free organocatalyzed
ROP, and demonstrate for the first time that sugar-functionalized
polycarbonate block copolymers can self-assemble into micelles in
aqueous solutions, which have a mean size below 100 nm with
narrow size distribution. These micelles do not show significant
cytotoxicity against the two cell lines tested in this study. Therefore,
they have great potential as carriers for targeted drug delivery. As
an example, we demonstrate that the galactose-containing micelles
can deliver DOX more efficiently into ASGP-R postive HepG2 cells
than in ASGP-R negative HEK293 cells. In addition, the cytotoxicity
of DOX against HepG2 cells was significantly increased when
delivered using the galactose-containing micelles as compared to
the free DOX formulation and the glucose-containing micelles. The
cellular uptake of the galactose-containing micelles was through
ASGP-R mediated endocytosis. The galactose-containing micelles
can be a promising carrier to target drugs specifically to liver
tissues/cells.
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Appendix

Figures with essential colour discrimination. Figs. 1 and 5 in this
article may be difficult to interpret in black and white. The full
colour images can be found in the on-line version, at doi:10.1016/j.
biomaterials.2009.12.022.

Appendix. Supporting data

The supplementary data associated with this article can be found
in the on-line version, at doi:10.1016/j.biomaterials.2009.12.022.
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