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ABSTRACT: The preparation of poly(2-(20,30,40,60-tetra-O-acetyl-β-D-galactosyloxy)ethyl methacrylate-
co-styrene) (P(AcGalEMA-co-S)) glycopolymer was performed via nitroxide-mediated polymerization using
a methacrylic acid-based alkoxyamine withN-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl) (SG1)
nitroxide as mediating agent. In the presence of a low proportion of styrene, the polymerization of the
glycomonomer was conducted in a controlled fashion at 85 �C. The synthesis of the diblock copolymers was
investigated via two routes by using either P(AcGalEMA-co-S) or polystyrene macroinitiators capped with
SG1 nitroxide to yield P(AcGalEMA-co-S)-b-PS and PS-b-P(AcGalEMA-co-S), respectively. The AcGalE-
MAmoieties on the diblock copolymer were deacetylated to afford carbohydrate-based amphiphilic diblock
copolymer, polystyrene-block-poly(2-(β-D-galactosyloxy)ethyl methacrylate-co-styrene) (PS-b-P(GalEMA-
co-S)). The self-assembling properties of PS-b-P(GalEMA-co-S) amphiphilic diblock copolymers were
thoroughly exploited to obtain micellar structures and porous films. Lectin binding assays were conducted
using the UV-vis spectroscopy and dynamic light scattering to test the biofunctionality of the β-galactose
moieties with peanut agglutinin (PNA) on the micelles. The polymer was used to prepare honeycomb
structured porous films with bioactivity. Fluorescent PNAwas eventually conjugated with the sugarmoieties
on the porous films. Most protein was conjugated to glycopolymer inside the pore, demonstrating that this
procedure can be a simple route to pattern proteins onto surfaces.

Introduction

Carbohydrates are recognized today as information-rich bio-
molecules in the human body. Sugars in biological systems play
important roles such as in cell to cell recognition, signal transmis-
sion events, and fertilization.1 These various functions have
attracted scientists, in particular polymer chemists, to investigate
sugar-based synthetic polymers, glycopolymers, and biologically
related molecules such as glycoproteins. Glycopolymers are
synthetic polymers that carry pendant carbohydrate moieties.2

With polymers that have sugar functional groups or carry
glycoproteins, polymer chemists or biomedical engineers could
eventually mimic biological systems. Biosynthetic materials are
proposed for drug delivery,3 radio-labeled sugar-nucleotide
donors,4,5 and the modifications of surfaces.6-8 The synthesis
of glycopolymers with different architectures is an important
avenue toward understanding how these polymers behave. It
has been suggested that the polymer architecture has a profound
influence on the binding between glycopolymer and specific
proteins.9 The interaction between one sugar molecule and
proteins is rather weak, but the simultaneous interaction bet-
ween multivalent carbohydrates and proteins results in strong
binding.9-17 Significant efforts have been devoted to explore the
multivalency effect with spherical structures such as dendrimers

showing superior interaction.18-21 The recognition of proteins by
glycopolymers is not only of interest in solution. Glycopolymers
immobilized onto surface could also serve as screening devices.18

Honeycomb structured porous films, which are prepared via the
breath figure method,22-25 were recently investigated as a scaf-
fold for protein immobilization.7

Glycopolymers can be synthesized either by the polymeriza-
tion of sugar-containing monomers2,26-34 or by postpolymeriza-
tion glycosylation reaction.6,35,36 These two methods provide a
vast variety of options in synthesizing glycopolymers. Glycomo-
nomers can be easily synthesized via the acylation or the chemo-
enzymatic synthesis of carbohydrates.2,3 Other methods such as
an ester formation reaction32 and conducting reaction at high
temperature with ether bond formation were also being carried
out.37 These monomers can be employed in various controlled
living polymerizations techniques such as living anionic poly-
merization,38 ring-openingmetathesis polymerization (ROMP),39

nitroxide-mediated radical polymerization (NMP),32,34,40-45

atom transfer radical polymerization (ATRP),33,46-49 and rever-
sible addition-fragmentation chain-transfer polymerization
(RAFT).3,26-30,37,50-57

In the present work, we present the polymerization of a
sugar-containing methacrylic monomer via nitroxide-mediated
controlled free-radical polymerization using a phosphonate-
based nitroxide as controlled agent (SG1) and a SG1-based
alkoxyamine as initiator (Scheme 1). The use of polymers in
biological systems poses an important consideration regarding
toxicity, which could result in low cell proliferations. ATRP
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requires the thorough purification of the polymers to avoid the
risk of introducing toxic elements such as copper catalyst and
amino ligands. Some RAFT generated polymers can potentially
be toxic as a result of the presence of thiocarbonyl thio groups.58

Polymers capped with phosphonate groups in SG1-mediated
controlled free-radical polymerization on the other hand provide
safer materials when used in biological applications. Toxicity is
usually reduced compared to polymers synthesized using RAFT
andATRP as nitroxide compounds have beenwidely tested to be
used as antioxidants and probes for various applications in the
biological systems.59,60

Among the three most common controlled radical polymeri-
zation techniques, NMP, ATRP, and RAFT, NMP is the oldest
techniques, and yet the synthesis of well-defined glycopolymers
has rarely been reported using it. Fukuda and co-workers
investigated the polymerization of acrylate and styrenic-based
glycomonomers using a di-tert-butyl nitroxide (DBN)-based
alkoxyamine initiator.32,34,40 Kakuchi and co-workers also em-
ployed 2,2,6,6-tetramethylpiperidinyloxy-terminated polystyrene
(PS-TEMPO) macroinitiator to chain extend two styrenic-based
glucoside peracetate and maltohexaoside peracetate glyco-
monomers with a reaction temperature of 138 �C.44 In addition,
Hawker’s group reported the polymerization of 1,2,5,6-di-
(isopropylidene)-D-glucose-2-propenoate with an R-hydrido al-
koxyamine initiator at a reaction temperature of 105 �C.41
However, the use of methacrylate-based glycomonomers has
not yet been documented via nitroxide-mediated free-radical

polymerization as the control of methacrylic esters homopolym-
erization via NMP is rather difficult. Indeed, either irreversible
disproportionation reactions between the nitroxide and the grow-
ing methacrylic radical or high production of macroradicals due
to the high value of the activation-deactivation equilibrium
constant prevented the synthesis of well-defined methacrylic ester
polymers via NMP.61 More recently, Charleux and co-workers
showed that the addition of a very small amount of styrene (less
than 10 mol % vs methacrylic ester) was enough to drastically
decrease the average activation-deactivation equilibrium con-
stant, hence allowing the controlled polymerization of methyl
methacrylate via SG1-mediated polymerization and the prepara-
tion of methacrylate-based block copolymers.62-64 However, the
high polymerization temperatures of NMP maybe a concern in
the preparation of glycopolymers as the latter become unstable at
temperatures higher than 120 �C.34 In order to overcome the
predicament of high-temperature NMP reactions, Charleux et al.
performed a controlled free-radical polymerization ofmethacrylic
acid at 73 and 83 �C in the presence of a low concentration of
styrene using BlocBuilder alkoxyamine and SG1 nitroxide.65 This
strategy was used in the present work to design new diblock
copolymers based on methylacryloyl glycomonomer and styrene.

This article reports on the synthesis of a novel amphiphilic
glycopolymer via NMP. The polymerization of the protected
methacrylic ester glycomonomer was performed at a low tem-
perature of 85 �C using SG1-mediated controlled free-radical
polymerization with the aid of a small amount of styrene. The
protecting group chemistry was required to perform the synthesis
of the diblock copolymer in homogeneous organic media. The
synthesis of the diblock copolymer was investigated via two
routes as depicted in Scheme 2. The copolymerization of the
sugar-based methacrylate with styrene formed the first block
which was further used as macroinitiator for styrene polymeri-
zation (route A in Scheme 2) or the polystyrene macroinitiator
was chain extended with the glycomonomer in the presence of a
10 mol % of styrene (route B in Scheme 2).

Toafford an amphiphilic block copolymer, the sugar sectionof
the diblock was deacetylated (named P(GalEMA)). The block

Scheme 1. Structure of Nitroxide SG1 and SG1-Based Alkoxyamine
(BlocBuilder)

Scheme 2. Schematic Approach to the Synthesis of Diblock Copolymers by Nitroxide-Mediated Polymerization via Either Route A To Produce
Poly(2-(20,30,40,60-tetra-O-acetyl-β-D-galactosyloxy)ethyl methacrylate-co-styrene)-b-Polystyrene, named P(AcGalEMA-co-S)-b-PS), or Route B To

Produce PS-b-P(AcGalEMA-co-S)
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copolymers were subsequently employed in the preparation of
bioactive micelles with the glycopolymer block forming the shell
of the self-assembled structure as depicted in Scheme 3. Further-
more, amphiphilic block copolymers can result in honeycomb
structured porous films owning a nanosized substructure with
glycopolymers enriched inside the pores as demonstrated in
earlier studies.7,66 The choice of polystyrene as hydrophobic
block was driven by the previous studies showing that polymers
with sufficient high glass transition temperature were required to
create porous polymer films by controlled solvent evaporation.22

To further screen the biofunctionality of the pendant β-galactose
in solution and in the solid state, interactions with lectin were
tested using peanut agglutinin, PNA (Arachis hypogaea), a
β-galactose specific binding protein. Thanks to the carbohydrate
moieties on the surfaces of the films, these films could potentially
be used as cell growth templates, and the galactosylated micelles
could be a candidate as a vehicle for drug delivery.

Experimental Section

Materials. β-D-Galactose pentaacetate (98%), 2-hydroxy-
ethyl methacrylate (HEMA, >98%), boron trifluoride diethyl
etherate (purum, dist.), and anhydrous dichloromethane
(>99.8%, 50-150 ppm amylene as stabilizer) were purchased
from Aldrich and used without further treatment. N,N-Di-
methylacetamide for high-performance liquid chromatography
(HPLC grade) (DMAc, g99.8%), 1,4-dioxane (g99.0%), so-
dium methoxide solution (0.5 M in methanol, reagent grade),

methanol (anhydrous, 99.8%), and carbondisulfide (CS2,g99.9%)
from Aldrich were also used as purchased. Styrene (S, 99%)
bought from Aldrich was passed through a basic alumina
column before use. The N-(2-methylpropyl)-N-(1-diethylphos-
phono-2,2-dimethylpropyl)-O-(2-carboxylprop-2-yl)hydroxy-
lamine initiator (the so-called BlocBuilder, 99%) and theN-tert-
butyl-N-(1-diethylphosphono-2,2-dimethylpropyl) nitroxide (SG1,
88.4%) were kindly supplied by Arkema. Diethylphosphite
(94%, Aldrich) was distilled before use as internal standard
for phosphorus NMR. Lectin from Arachis hypogaea (PNA,
Affinity purified andFITC conjugated, lyophilized powder) and
Concanavalin A (ConA, Type IV and FITC labeled, lyophilized
powder) from Canavalia ensiformis (Jack bean) were purchased
from Aldrich and used without modifications. 0.01 M phos-
phate-buffered saline (PBS) at pH 7.4 was prepared by dissol-
ving the powder from a sachet purchased from Sigma into 1 L of
distilled water.

Synthesis. Synthesis of 2-(20,30,40,60-Tetra-O-acetyl-β-D-
galactosyloxy)ethyl Methacrylate (AcGalEMA). β-D-Galactose
pentaacetate (5.00 g, 1.28 � 10-2 mol) and 2-hydroxyethyl
methacrylate, HEMA (1.27 mL, 1.35 g, 1.04�10-2 mol), were
measured into a 250 mL one-neck round-bottom flask and
together with some 3 Å molecular sieves. Anhydrous dichloro-
methane (50 mL) was added to the stirred flask with nitrogen
surroundings. The reaction started when boron trifluoride
diethyl etherate (3.95 mL, 4.54 g, 3.20�10-2 mol) was intro-
duced over 30 min via a gastight syringe while maintaining the
flowof nitrogen through the flask.After purging the solution for

Scheme 3. Schematic Approach to Micelles with Glycopolymer Shell Based on β-Galactose Moieties and Honeycomb Structured Porous Films with
Glycopolymer Enriched inside the Pore; as Materials in Solution and in Solid State That Can Selectively Recognize Peanut Agglutinin, PNA

(Arachis hypogaea)
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another 20 min, the flask was sealed and left stirring at room
temperature for 42 h to allow maximum conversion. The final
suspension was filtered through a sintered glass funnel and
washed with saturated salt solution. The bottom organic phase
was removed under reduced pressure, and the resulting oily light
yellow mixture was purified by column chromatography using
hexane/ethyl acetate (ratio 3:2) as eluent. The light yellow oil
exit the column with theRf value of 0.4 (3.98 g, 63%). 1H NMR
(CDCl3, 400 MHz) δ (ppm): 1.98 (s, 3H, CH3), 2.00, 2.04, 2.07,
2.17 (s, 12H, CH3), 3.93 (m, 2H, O-CHH), 4.00 (m, 1H, sugar
moiety CHH), 4.15 (m, 2H, CHH-O), 4.33 (m, 1H, sugar
moiety CHH) (m, 1H, sugar moiety CH), 4.57 (d, 1H, sugar
moiety CHH), 5.01 (dd, 1H, sugar moiety CH), 5.24 (dd, 1H,
sugar moiety CH), 5.41 (s, 1H, sugar moiety CH), 5.62 (s, 1H,
Me-CdCHH), 6.15 (s, 1H, Me-CdCHH).

SG1-Mediated Copolymerization of AcGalEMA and Styrene
(Experiment 1 in Table 1). In a typical experiment, AcGalEMA
(1.96 g, 4.34�10-3 mol) was first measured in a 25 mL one-neck
round-bottom flask, and 10 mol % of styrene (4.60�10-2 g,
4.34�10-4 mol) based on the amount of AcGalEMA used was
carefully introduced into the same flask. Dioxane (2.07�10-3 g,
2.34�10-5 mol) was later used to dissolve the monomers in the
flask. The BlocBuilder alkoxyamine initiator (9.10� 10-3 g,
2.39�10-5 mol) was finally added to the solution. The flask was
capped using a rubber septa and was thoroughly purged with
nitrogen for 30 min before it was sealed. Polymerization starts
when the flask was immersed into a preheated oil bath set at
85 �C. Aliquots were taken at time intervals to monitor the
polymerization kinetics. The monomer conversions were deter-
mined using 1H NMR by taking crude mixtures from the
aliquots and dissolving them into CDCl3. AcGalEMA mono-
mer conversions of the polymers were calculated by comparing
the anomeric proton ofAcGalEMAmonomer at 5.6 ppm to two
protons at 5.3-5.5 ppm each from the AcGalEMA monomer
and P(AcGalEMA0.9-co-S0.1) polymer. The final copolymer
from the crude solution was precipitated gradually in 10-fold
excess of diethyl ether (three times), filtered, and dried under
reduced pressure at room temperature for at least one night
before using it for chain extension experiments. The purified
copolymers were obtained as a fine and colorless powder. The
molar composition of styrene and sugar-based monomer in the
copolymer was determined by comparing the integrals of a
proton of P(AcGalEMA) six-membered cyclic ring at 5.33 ppm
and the aromatic protons of polystyrene at 7.00 ppm. The 1H
NMR spectrum was obtained by dissolving 10 mg of purified
copolymer in CDCl3.

Chain Extension Solution Polymerization of P(AcGalEMA0.9-
co-S0.1) with Styrene in Dioxane (Experiment 2 in Table 1).
Purified P(AcGalEMA0.9-co-S0.1) from experiment 1 (0.30 g,
5.33 � 10-6 mol, Mn(SEC,LS)=56 250 g mol-1, Mw/Mn=1.42,)

was measured into a 25 mL single-neck round-bottom flask
followed by careful addition of styrene (0.728 g, 6.99�10-3 mol).
The mixture was dissolved in dioxane (0.17 g, 1.54�10-3 mol)
and thoroughly bubbled with nitrogen for 40 min before being
sealed and lowered into a preheated oil bath of 115 �C. Samples
were withdrawn at different time intervals. Conversions were
obtained by comparing the aromatic protons of styrene and its
polymer at the region between 6.5 and 7.5 ppm with the vinylic
proton of styrene at 6.1 ppm. The diblock copolymer was pre-
cipitated three times in diethyl ether to yield a fine white powder.

Synthesis of PolystyreneMacroinitiator Using the BlocBuilder
Alkoxyamine Initiator (Experiment 3 in Table 1). The reaction
was carried out in bulk where styrene (8.0 g, 7.68�10-2 mol) was
measured into a 25 mL single-neck round-bottom flask followed
by the dissolution of BlocBuilder (0.29 g, 7.68 � 10-4 mol) in
styrene. The flask was thoroughly purgedwith nitrogen for 30min
and sealed. Polymerizationwas carried out at 115 �C, and aliquots
were taken at time intervals for the duration of 3 h to monitor its
kinetics. Aliquots at different time intervals were diluted directly in
CDCl3 for

1HNMRmeasurements.Conversionswereobtainedby
comparing the aromatic protons of styrene and its polymer at the
region between 6.5 and 7.5 ppm with the vinylic proton of styrene
at 6.1 ppm. The final PS-SG1 macroinitiator was precipitated
with ethanol/water mixture (ratio 5:1) three times, filtered, and
dried under reduced pressure overnight at room temperature,
yielding a colorless fine powder.

SG1-Mediated Chain Extension Copolymerization of PS
Macroinitiator with AcGalEMA and Styrene (Experiments 4, 5,
and 7 in Table 1). In experiment 7, AcGalEMA (0.97 g, 2.11�
10-3mol) and 10mol% styrene (0.022 g, 2.11� 10-4mol) based
on the amount of AcGalEMA used were measured into a 25mL
single-necked round-bottom flask. This is followed by another
5 mol % of free SG1 (1.80 � 10-4 g, 6.11 � 10-7 mol) based on
the amount of PS180 macroinitiator used. Free SG1 was pre-
pared by first dissolving 1.80 � 10-2 g of free SG1 in 10 mL of
dioxane and transferring 0.1 mL using a microsyringe into the
reaction mixture. PS180 macroinitiator (0.22 g, 1.17� 10-5 mol)
was then added to the mixture, and dioxane (0.88 g, 1.0 � 10-2

mol) was used to dissolve the mixture. The flask was thoroughly
degassed for 30 min before it was sealed and placed into a
preheated oil bath at 120 �C for 30min. The round-bottom flask
was swiftly transferred into another oil bath prepared at 85 �C
and left to polymerize. AcGalEMAmonomer conversions of the
polymers were calculated by comparing the anomeric proton of
AcGalEMA monomer at 5.6 ppm to two protons at 5.3-5.5
ppm each from the AcGalEMA monomer and P(AcGal-
EMA0.9-co-S0.1) polymer. The crude reaction mixture was pre-
cipitated in diethyl ether for three times, and the filter product
was dried under reduced pressure overnight to yield awhite solid
powder.

Table 1. Nitroxide-Mediated Polymerization of 2-(20,30,40,60-Tetra-O-acetyl-β-D-galactosyloxy)ethyl Methacrylate (AcGalEMA) and Styrene
(S); Synthesis of First Blocks and Corresponding Diblock Copolymers

expt polymer T (�C)
[AcGaIEMA]0

(mol L-1)

[S]0
(mol
L-1)

[I]0
a

(mol L-1)
[SG1]0/
[I]0

time
(h)

conv
(%)

Mn(SEC,

calibPS)

(g mol-1)
Mw/
Mn

Mn(SEC,DLS)

(g mol-1)
(dn/dc in THF, 40 �C)

1b P(AcGalEMA0.9-co-S0.1) 85 2.5 0.23 1.6� 10-2 2.7 45 18 300 1.26 40 600 (0.072)
2b P(AcGalEMA0.9-co-

S0.1)-b-PS
115 7.5 5.7� 10-3 3.8 51 48 400 1.44 85 300 (0.122)

3c PS41
d 115 8.7 8.7� 10-2 3.0 43 5 000 1.15

4b PS-b-P(AcGalEMA0.9-
co-S0.1)

120þ 85e 1.1 0.11 5.7� 10-3 0.054 2.7 48 21 700 1.34

5b PS-b-P(AcGalEMA0.9-
co-S0.1)

120þ 85f 2.5 0.26 1.4� 10-2 0.054 2.5 79 32 400 1.50 73 340 (0.085)

6c PS180
g 115 8.7 2.2� 10-2 5 50 21 800 1.28

7b PS-b-P(AcGalEMA0.9-
co-S0.1)

120þ 85f 2.5 0.27 1.2� 10-2 0.059 2.5 72 79 900 1.35 109 900 (0.104)

a [I]0 corresponds to the initial concentration of initiator which is either the molecular alkoxyamine (i.e., BlocBuilder) for the first block synthesis or
the first block macro(alkoxyamine) for the diblock copolymer synthesis. bPolymerization carried out in 1,4-dioxane. cPolymerization carried out in
bulk. dPS41-SG1 used as macroinitiator for the synthesis of diblock copolymer of experiments 4 and 5. e Initiation period at 120 �C for 10 min.
f Initiation period at 120 �C for 30 min. gPS180-SG1 used as macroinitiator for the synthesis of diblock copolymer of experiment 7.
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Deacetylation of Galactose Polymers. 1M solution of sodium
methoxidewas first prepared by concentrating the commercially
available 0.5 M sodium methoxide in methanol under reduced
pressure. 0.07 g of P(AcGalEMA0.9-co-S0.1)-b-PS copolymer
from experiment 7 (Table 1) was dissolved in 2 mL of CHCl3/
CH3OHmixture (ratio 1:1) in a 10 mL round-bottom flask. The
solution was degassed with N2 for 15 min before 0.21 mL of the
prepared 1 M sodium methoxide was added to the solution.
After 5 s, a white precipitate was observed, and the mixture was
stirred under N2 atmosphere for another 40 min to allow
maximum deacetylation of the copolymers. The mixture was
dried overnight under reduced pressure to give a colorless solid.
The product was dissolved in DMAc and dialyzed (membrane
cutoff of 3500 g mol-1) against water overnight to remove Naþ

ions. The amphiphilic diblock copolymer was named PS-b-
P(GalEMA0.9-co-S0.1) (deacetylation of experiment 7 copolymer).

Micellization of PS-b-P(GalEMA0.9-co-S0.1) Amphiphilic Co-
polymer.Micelles were prepared by first dissolving 50 mg of the
deacetylated diblock copolymer (from diblock copolymer of
experiment 7 in Table 1) into 2 mL of DMAc, and 3 mL of
distilled water was gradually added dropwise into the polymer
mixture with stirring. The resulted mixture was dialyzed
(membrane cutoff of 3500 g mol-1) against distilled water
overnight to remove DMAc.

Arachis hypogaea Turbidimetry Binding Assay. 2 mg mL-1 of
peanut agglutinin was first prepared in 0.01 M phosphate-
buffered saline (PBS) at pH 7.4. 500 μL of this lectin solution
was transferred into a masked semi-microcell and placed into
the holding block of the spectrometer for temperature equili-
bration at 25 �C, and a baseline was subsequently taken. A
solution of 50 μL containing the galactose ligand diblock
copolymer in PBS solution (500 μM per galactose residue) was
added into the cuvette containing the lectin solution. The
solution in the cuvette was gently mixed using a pipet and
immediately returned into the holding block where an absor-
bance at 420 nm was recorded for 10 min. A control using the
exact same conditions was performed by replacing PNA lectin
with ConA lectin.

Dynamic Light Scattering Measurements of Glycoparticles
with Arachis hypogaea Conjugation.Micelles were first obtained
by dialysis as described in the above section and were further
diluted to 0.1 mg mL-1. An initial measurement of this poly-
meric ligand solution (500 μL) at 25 �Cwas conducted using the
dynamic light scattering analyzer. 200μLof peanut agglutinin in
PBS at pH 7.4 (1 mg mL-1) was pipetted into the low volume
disposable cuvette of polymeric ligand solution with gentle
mixing using a pipet to start the binding assay. The mixed
solution containing the polymeric ligands and peanut agglutinin
was immediately placed onto the holding block of the analyzer
for measurements for a duration of 33 min.

Fabrication of Honeycomb Structured Porous Films. The PS-
b-P(GalEMA0.9-co-S0.1) deacetylated diblock copolymer (from
diblock copolymer of experiment 7 in Table 1) was used either
alone for film formation or in a mixture with a 6 arm star PS,
Mn = 36 000 g mol-1, PDI = 1.14. The 6-arm star PS was
synthesized using a previously published procedure.67 PS-b-
P(GalEMA0.9-co-S0.1) was dissolved in carbon disulfide to
prepare a 3 g L-1 solution. For a mixture of polymers, PS-b-
P(GalEMA0.9-co-S0.1) and 6-arm star PS (1:1 w/w) were dis-
solved in carbon disulfide to a concentration of 3 g L-1. An
aliquot of 40 μL for each polymer solution was cast onto a glass
coverslip (10 mm diameter) inside a custom-made casting box.
Relative humidity and temperature were controlled at 67% and
23 �C, respectively. No direct airflow was applied for the casting
of the polymer films.

Immobilization of Fluorescent PNA Protein on Porous Films.
Fluorescent PNA protein is utilized to determine the location of
glycopolymers on the porous film when it was cast. 0.5 mg of
fluorescent PNA was dissolved in 1 mL of pH 7.4 PBS
(phosphate buffered saline) buffer solution. The solution was

introduced dropwise onto the porous films cast from a polymer
mixture of PS-b-P(GalEMA0.9-co-S0.1) (deacetylated diblock
copolymer from diblock copolymer of experiment 7 in
Table 1) and 6-arm star PS. The lectin solution was left to
penetrate into the pores of the porous films over 3 days in the
dark to avoid the diminishment of fluorescent PNA. Un-
attached fluorescent PNAwas removed by first washing the film
several times with pH 7.4 PBS buffer solution and subsequently
immersing it into pH 7.4 PBS buffer solution and distilled water
for washing over another 3 days. The exact same immobilization
conditions were performed by replacing the FITC PNA lectin
with FITC ConA lectin using a porous film cast from a polymer
mixture of PS-b-P(GalEMA0.9-co-S0.1) and 6-arm star PS. In
addition, porous film cast from unfunctionalized 6-arm star PS
was also loaded with FITC PNA lectin as a control.

Analysis. Nuclear Magnetic Resonance (NMR) Spectroscopy.
All NMR spectra were recorded using a Bruker 400 MHz
spectrometer at 25 �C. 1H and 13C measurements were made
at frequencies of 400.13 and 100.6 MHz, respectively, and
calibrated with respect to the solvent signal. 31P spectra were
obtained in 5 mm sample tubes at 161.97 MHz, and chemical
shifts were measured from 85% phosphoric acid (0 ppm) for 31P
NMR spectra. Quantitative analysis was performed using
diethylphosphite as internal standard (see Supporting In-
formation). AcGalEMA monomer, P(AcGalEMA0.9-co-S0.1)
polymer, PS macroinitiator, and all the diblock copolymers
were analyzed using deuterated chloroform as solvent. Deuter-
ated dimethyl sulfoxide was used for the deacetylated polymers.

Size Exclusion Chromatography (SEC). Characterizations of
the copolymers were performed at 30 �Cwith THF as eluent at a
flow rate of 1 mL/min and an injection volume of 100 μL. The
SEC device was equipped with three Waters Styragel columns
HR 0.5, 2, and 4 working in series (separation range 1�102-3�
106 g mol-1), a refractive index detector ERC 7515-A (a white
light and the wavelength from the tungsten filament), and a
Wyatt Dawn DSP MALLS (multiangle light scattering) detec-
tor (wavelength of 632.8 nm and a power of 5 mW). The
number-average molar mass (Mn) and the polydispersity index
(Mw/Mn=PDI) were calculated from a polystyrene calibration.
For the glycopolymer, absolute molar masses were determined
using the MALLS detector, and the average dn/dc of the
copolymer was measured online with the RI detector. All the
experimental values are reported in Table 1. All the polymers
samples were prepared at 1-5 g L-1 concentration and filtered
through PVDF 0.45 μm filters.

Fourier Transfrom Infrared Red Spectroscopy (FT-IR). A
Bruker IFS\S Fourier transform spectrometer equipped with a
tungsten halogen lamp, aKBr beam splitter with amid-Infrared
red source, and a DTGS detector were used for the attenuated
total reflectance (ATR) measurements. The spectra were re-
corded in the spectral region of 400-4000 cm-1 and were
obtained from 64 scans with a resolution of 4 cm-1. A back-
ground measurement was taken before a white solid powder of
the polymers was loaded onto the ATR unit for measurements.

UV-vis Spectrophotometer. A UV-vis spectrophotometer
(Cary 300) equipped with a temperature controller was used for
the turbidity assay of the ligand/protein conjugation. Absor-
bance data were recorded at 420 nm for 10 min at 1.2 Hz.

Dynamic Light Scattering (DLS). Particles sizes were deter-
mined using a Malvern Zetasizer nano ZS with a laser of 4 mW
(He-Ne), λ=632 nm, 173�, backscatter. The micellar solutions
were measured straight after dialysis and with different dilutions
using distilled water at automatic run times. Lectin binding
experiments were measured with the average of five runs at 10 s
for each run. Themean diameter was obtained from the arithmetic
mean using the number distributed diameter of each particle size.

Transmission Electron Microscopy (TEM). The TEM micro-
graphs were obtained using a JEOL 1400 transmission electron
microscope at an accelerating voltage of 100 kV. The sample
were prepared by casting an aqueous solution of deacetylated
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PS-b-P(GalEMA0.9-co-S0.1) diblock copolymer (from experi-
ment 7) micellar solution (1 g L-1) onto a copper grid coated
with Formvar. Positive staining using osmium tetroxide (OsO4)
vapor was carried out by keeping the deposited micelles on the
copper grid in an enclosed glass Petri dish with OsO4 vapor
overnight. Negative staining was performed by casting a tiny
drop of (2% w/w) of phosphotungstic acid (PTA) onto the
already deposited micelles and left standing for 45 s. Excess acid
was drained using a filter paper. The images takenwere also used
to obtain an average particle size using the equationDn=

P
niDi/P

ni. Twenty particles were each measured from the images and
calculated using the equation, where Dn is the number-average
diameter.68

Scanning Electron Microscopy (SEM). Scanning electron
microscopy (SEM) of the films was performed on a Hitachi S-
900 and aHitachi S-4500 FESEM. The glass supported and self-
standing films were fixed to copper stubs with carbon adhesive
tape. Prior to the analysis the specimens were sputter-coated
with 10 nm of chromium (EMITECH K575� high resolution).

Confocal Microscopy. The presence of fluorescing PNA pro-
tein on the porous film was analyzed and determined using a
Leica TCS SP confocal DMIRB inverted microscope with three
channel (488, 568, and 647 nm) excitation and a Leica HCS 40�
objective. Because of the porosity of films, between the inverted
sample and the glass coverslip, distilled water was introduced to
aid analysis.

Results and Discussion

The glycopolymer based on galactose used in this work plays
an important role in many biological processes such as the
selective targeting of hepatocytes using the unique interaction
between the asialoglycoprotein receptor (ASGPR) and galac-
tose.69 In order to obtain synthetic polymer with bioactive
carbohydrates, a galactosylated monomer synthesized by the
glycosylation of 2-hydroxyethyl methacrylate at the first position
of β-D-galactose pentaacetate was carried out. β-Stereoselectively
in the glycosylation reaction resulted in the attachment ofHEMA
in the first position of the galactose sugar ring. This reaction had
proven to be selective and efficient.70,71 In the subsequent step,
the monomer was polymerized using NMP. SG1-mediated
polymerization has been reported to be successful in the polym-
erization of methacrylate-based monomers using a low propor-
tion of styrene. This system was found to lead to well-defined
polymers based on methacrylic acid and styrene.65

Route A: Synthesis of Poly(2-(20,30,40,60-tetra-O-acetyl-β-
D-galactosyloxy)ethyl methacrylate-co-styrene)-b-Polystyr-
ene, P(AcGalEMA0.9-co-S0.1)-b-PS via NMP. In this experi-
ment, polymerizing amethacrylate-based galactosemonomer
using SG1-mediated polymerization was investigated for the
synthesis of the first block. The use of 10 mol % of styrene
with respect to AcGalEMA monomer was employed. The
selection of solvent was effortless as dioxane being a solvent
generally used for nitroxide-mediated polymerization easily
dissolves the AcGalEMA monomer, styrene, and the ran-
dom copolymer. The polymerization proceeds in a contro-
lled fashion with high radical concentration generated at the
start of the reaction but was followed by a constant radical
flux throughout the polymerization duration (Figure 1).

The dependence of molecular weight on conversion is in
agreement with a controlled process as the growing chains
were constant through the course of reaction (Figure 2). SEC
chromatograms obtained from using a light scattering
detector reveal near-symmetrical curves at different conver-
sions (Figure 3), which was indicative of a well-controlled
polymerization with a minimum amount of dead chains at
the lower molecular end of the SEC traces. The number-
average molar mass increases linearly with conversion, and
the polydispersity indexes of the polymers reduce to 1.26
at 45% conversion. Number-average molar masses deter-
mined using the SEC calibrated with polystyrene stan-
dards deviate from the theoretical values as depicted
in Figure 2. The deviation could be assigned to the
vast difference in hydrodynamic volume of the P(AcGal-
EMA0.9-co-S0.1) polymers in THF when compared to
polystyrene. To be able to find a conclusive value for
our experimental molar masses, the light scattering
detector coupled online with SEC was employed. For
that purpose, the average dn/dc of each copolymer was
experimentally measured with the refractometer detector,
and the values are reported in Table 1. The absolute molar
masses of the sugar-based copolymers were systematically
higher than the molar masses obtained using polystyrene
calibration.

The ability to reinitiate the SG1-capped P(AcGalEMA0.9-
co-S0.1) methacrylate-based polymer determines whether a

Figure 1. Pseudo-first-order kinetic and conversion plots of SG1-
mediated copolymerization of AcGalEMA in presence of 9 mol % of
styrene vs AcGaIEMA monomer. Reaction conducted in 1,4-dioxane
at 85 �C; the experimental conditions of experiment 1 are gathered in
Table 1.

Figure 2. Evolution of number-average molar mass and polydispersity
index, PDI, for P(AcGalEMA0.9-co-S0.1) vs monomer conversion (X).
Dotted line is the theoretical Mn, (9) represents the Mn measured
by SEC with light scattering detector, and (b) shows the Mn of
P(AcGalEMA0.9-co-S0.1) calculated on the basis of a polystyrene
calibration. The experimental conditions of experiment 1 are reported
in Table 1.
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pure amphiphilic diblock copolymer can be obtained.63

Preliminary studies of the reinitiation of P(AcGalEMA0.9-co-
S0.1) macroinitiator revealed some lower molecular weight
tailing when using dioxane as solvent (Figure 4). To further
understand this observation, the P(AcGalEMA0.9-co-S0.1)
macroinitiator was analyzed using 31P NMR quantitative
analysis. The NMR spectrum showed signals at 23 and
26 ppm (see Figure SI-4 in Supporting Information), which
indicates the presence of end-functionalized phosphorus
SG1-nitroxide in the copolymer. From the peak integration,
the percentage of chains terminated by the alkoxyamine
group was 81%. This result indicates about 19% of the
alkoxyamine groups were lost leading to low molecular
weight tailing (Figure 4).

Route B: Synthesis of Polystyrene-b-Poly(2-(20,30,40,60-
tetra-O-acetyl-β-D-galactosyloxy)ethylmethacrylate-co-styrene),
PS-b-P(AcGalEMA0.9-co-S0.1) via NMP. Diblock copoly-
mers were first generated with an initial polystyrene block
and subsequently extended via NMP with 90 mol % of
AcGalEMA monomer and 10 mol % of styrene for the syn-
thesis of the second block (see route B depicted in Scheme 2).
Preparing the polystyrene block first removes the risk of the
decomposition of the glycopolymer since the sugar units are
not exposed for a long time to the high reaction temperatures
of the styrene polymerization (115 �C). Moreover, the reini-
tiating efficiencies of both SG1-end-capped macroinitiator
made either by the copolymerization of AcGalEMA and
styrene (route A in Scheme 2, Figure 4) or by styrene
polymerization (route B in Scheme 2) can be compared. The
first-order kinetic plot of styrene polymerization shows a
linear plot (see Figure SI-1 in Supporting Information) which
is in agreementwith a constant radical concentration through-
out the polymerization. Reaction proceeds in a controlled
fashion as witness from the linear molecular weight vs con-
version plot (Figure 5). Polydispersity of polystyrene de-
creases distinctively with increasing conversion, as the main
equilibrium in nitroxide-mediated polymerization is estab-
lished. A narrow polydispersity of 1.15 was obtained at a
final conversion of 43% (Figure 5). The SEC chromatograms
of PS samples clearly shifted toward high molar mass with
increasing conversion (see Figure SI-2 in Supporting In-
formation). The conversion of the first block was kept below
50% for both route A and B tominimize irreversible termina-

tion reactions and to favor a high fraction of living chains for
both PS and P(AcGalEMA0.9-co-S0.1) macroinitiators.63

The PS-b-P(AcGalEMA0.9-co-S0.1) diblock copolymer
was prepared using the PS41-SG1 macroinitiator dissolved
in dioxane. To further rule out any chain transfer to solvent
during the chain extension of AcGalEMA, a preliminary
chain extension polymerization of styrene at 120 �C either in
solution with dioxane or in bulk was conducted. Both
experiments displayed a complete shift of the SEC curves,
and no evidence of chain transfer reaction to solvent could be
observed at 50% conversion of styrene monomer (see the
good overlay of SEC chromatograms in Figure SI-3, Sup-
porting Information). Moreover, the PDIs of the extended
polystyrene conducted in bulk and solution using dioxane as
solvent both gave values of 1.24.

For the synthesis of the PS-b-P(AcGalEMA0.9-co-S0.1)
diblock copolymer, an additional step had to be incorpo-
rated to balance between the high activation-deactivation
constant of methacrylate-based monomer62 and the lower
activation rate of polystyryl SG1-based macroalkoxya-
mine.72 This can be addressed by the increase of the reaction
temperature leading to the formation of block copolymers
starting with polystyrene. However, high temperatures of
120 �C could not be used to polymerize AcGalEMA as the
sugar monomers are generally not stable at temperatures
above 120 �C;34 in addition, the polymerization of metha-
crylate-based monomer at high temperature could result in
uncontrolled reactions.65 To increase the reinitiation effi-
ciency of the PS-SG1 macroinitiator, we have designed a
preinitiation step by polymerizing both AcGaIEMA and
styrene monomers at 120 �C in the presence of PS-SG1
macroinitiator for 10 or 30 min to encourage the polystyryl-
based macroalkoxyamine homolytic cleavage for the chain
extension polymerization.73 After the preinitiation step, the
reaction flask was immediately changed to the oil bath
thermostated at 85 �C for the copolymerization experiment.
However, this step must be fine-tuned in order to fully
reinitiate the polystyrene block while not overburden
the polymerization of AcGalEMA monomer. Additional
5 mol % of free SG1 with respect to the macroinitiator
concentration was also added in the reaction medium to
ensure the control of the polymerization. Figure 6 portrays

Figure 3. Size exclusion chromatograms of P(AcGalEMA0.9-co-S0.1)
obtained at differentmonomer conversion during the copolymerization
in 1,4-dioxane at 85 �C. The experimental conditions of experiment
1 are reported in Table 1.

Figure 4. Size exclusion chromatograms of chain extension polymeri-
zation of P(AcGalEMA0.9-co-S0.1) macroinitiator with styrene in
1,4-dioxane at 115 �C yielding P(AcGalEMA0.9-co-S0.1)-b-PS diblock
copolymer. See experiments 1 and 2 in Table 1 for experimental
conditions and results.
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the SEC curves of the chain extension copolymerization of
AcGalEMA and styrene. Results revealed that at longer
reinitiation time gave a higher PS-SG1 initiation efficiency
as the recovered diblock copolymer exhibited a smaller
shoulder on the low molar mass side.

Deacetylation of PS-b-P(AcGalEMA0.9-co-S0.1) to PS-b-
P(GalEMA0.9-co-S0.1). Deacetylation reaction of the pro-
tected acetyl groups on galactose were removed with sodium
methoxide as described in the Experimental Section.70 In
order to confirm the deacetylation process, FT-IR measure-
ments were carried out on the polymers before and after
deacetylation. The hydroxyl band above 3000 cm-1 appeared
after deacetylation while the carbonyl band at 1740 cm-1

decreased in intensity (Figure 7). 1HNMRfurther confirmed
the successful deprotection and also confirmed the presence
of pendant carbohydrate moieties on the polymer after
NaOMe treatment. Integrations of the proton from the
anomeric carbon of the sugar molecule and the two protons
of the aliphatic carbons from the deacetylated polymer

backbone concluded that more than 95% of the sugar
moieties were still present (see Figure SI-5 in Supporting
Information).

Particles Sizes andMorphology of PS-b-P(GalEMA0.9-co-
S0.1) Micelles in Aqueous Medium. The self-assembly of the
amphiphilic glycopolymer synthesized from the deacetyla-
tion of the PS-b-P(AcGalEMA0.9-co-S0.1) diblock copoly-
mer (experiment 7 in Table 1) was conducted in aqueous
medium. It needs to be considered that the hydrophilic block
contains a few units of hydrophobic styrene units; however,
the formation of micelles was successful, and the styrene
units did not affect the micelles formation. The high Tg

(∼100 �C) of polystyrene suggests that the micelles obtained
could be frozen in the core.74 Light scattering measurements
were conducted at different concentration of micelles in
solution. As shown in Figure 8, the hydrodynamic diameter
decreases gradually as the concentration of the micellar
solution increased. This is in contrast to most observations,
where themicelle size increases with concentration. Thismay

Figure 5. Evolution of number-average molar mass and polydispersity
index, PDI, for PSmacroinitiator vs styrene conversion (X). Dotted line
corresponds to the theoretical Mn. See experiment 3 in Table 1 for
experimental conditions.

Figure 6. Size exclusion chromatograms of the chain extension copo-
lymerizationofPS41-macroinitiatorwithAcGalEMAand10mol%of
styrene. The copolymerization was performed in 1,4-dioxane at 85 �C
with an initiation period at 120 �C. See experiments 4 and 5 in Table 1
for experimental conditions.

Figure 7. FT-IR spectrum of PS-b-P(AcGalEMA0.9-co-S0.1) diblock
copolymer with acetylated galactose moieties (experiment 7 in Table 1)
and the corresponding PS-b-P(GalEMA0.9-co-S0.1) deacetylated galac-
tose moieties.

Figure 8. Dynamic Light scattering measurements of PS-b-P(GalE-
MA0.9-co-S0.1) micelles particles sizes and polydispersity indices vs the
concentrations of micellar solutions.
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be assigned to a decline in aggregation number or to a
compression of the shell, but this is currently only subject
to speculations.

TEM images of the micelles were analyzed with and with-
out staining. Results reveal consistency between both the
DLS measurements and the TEM images, taking into ac-
count that the micelles were in dry state during TEM
analysis. The hydrodynamic diameter of the micelles (1 g
L-1 micellar solution) obtained using DLS gave sizes of
35 nm, and a smaller size of∼24 and∼25 nmwas observed in
the image taken from the positively stained particles and
unstained particles, respectively, in the TEM. This reduction
in size observed in the TEM images could be assigned to the
collapsed poly(2-(β-D-galactosyloxy)ethyl methacrylate-co-
styrene) shell surrounding the polystyrene core.75 The PTA
negatively stained particles (∼28 nm) appeared larger in size
when compared to the unstained (∼25 nm) and positively

stained (∼24 nm) ones. This was due to the core-shell nature
of the particles as the unstained and positively stained
particles shows only the dense polystyrene core while the
PTA negatively stained particles allows a better size average
as only the surrounding of the particles are stained and not
the particles core and the sparsely packed sugar shell.76 TEM
images at lower magnification confirm the uniformity of the
micelle size (see Figure SI-6 in Supporting Information).

Lectin Binding Assay. To be able to prove that the bio-
functionality of the galactose moieties is still active and not
lost during the polymerization process and to understand
how the polymeric ligands would react in the biological
system, the ligand-lectin binding ability of the glycopolymer
micelles was tested by specific binding using PNA lectins
interaction with β-galactose moieties. The turbidity assay
measures the changes in absorbance at a wavelength of
420 nm using UV/vis spectroscopy. With the binding to
lectins the particles increase in size causing significant scat-
tering, thus leading to a turbid solution. Figure 10 shows a
typical turbidimetric assay curve.77 The turbidity increases
with conjugation time and plateaus after 10 min; this is a
typical curve featuring a low epitope density of the diblock

Figure 9. TEM images of PS-b-P(GalEMA0.9-co-S0.1) micelles unstained (A), positively stained (B), and negatively stained (C). Scale bars are 50 nm
for all three images.

Figure 10. Turbidimetry assay experiment of PS-b-P(GalEMA0.9-co-
S0.1) glycomicelles with peanut agglutinin and Concanavalin A.

Figure 11. Evolution of dynamics light scattering curves of peanut
agglutinin binding with PS-b-P(GalEMA0.9-co-S0.1) glycomicelles for
33 min.
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copolymer used. A control experiment using ConA was
carried out with the same polymeric ligand used with PNA.
Results did not show any increased in turbidity as ConA is
not specific toward β-galactose. Multivalent arrays dis-
played by the PS-b-P(GalEMA0.9-co-S0.1) glycopolymer
allow high specific interactions between the β-galactose
ligands on the polymers and PNA but virtually shows no
interactions with ConA. This multivalent characteristic
showed by the polyvalent glycopolymers was also observed
earlier by Kiessling and co-workers.78,67 UV difference
spectra is another avenue to quantify lectin interaction with
galactose.79 The difference spectra were recorded, but due to
the presence of styrene components in the micellar ligands,
the overlap of the styrene absorbance at 290 nm with the
lectin-ligand maximum at 286 nm resulted in a very small
difference spectrum which could not be used for quantifica-
tion.80

In addition to the turbidity test, online dynamic light
scattering measurements were also conducted to monitor
the size growth with conjugation time (Figures 11 and 12).
The particle sizes increased steadily as more lectin was
attached to the particles. Since PNA has four binding sides,
intermicellar cross-linking occurred and led to an average
hydrodynamic diameters of 300 nm after 30 min, which is a
significant increase from the original micelle size of around
30 nm (Figure 12). The polydispersity of the particles in-
creased dramatically when the lectin solution was added to
the glycopolymer micelles; interestingly, it reduces to 0.08

after 15min of conjugation time and rose back up again. The
peanut agglutinin lectins have saturated the ligand particles
after 20 min, resulting in an increase in polydispersity of the
particles. The outcome of the light scattering experiment is
dependent on the experimental procedure. This experiment
was conducted by adding 200 μL of the concentrated lectin
stock solution (1 mg mL-1) to the polymer solution (0.1 mg
mL-1). Preliminary screening conducted at a higher volume
of lectin stock solution (400 μL) when added to the same
amount of polymer solution resulted in the more polydis-
persed particles when compared to the lower volume lectin
stock solution used. Big aggregates were formed when the
polymeric ligands were added into the concentrated lectin
solution as reported previously.77 This could be due to the
concentration difference between the two solutions and also
the disturbance of the micelles when it was added into the
concentrated lectin solution, resulting in random aggrega-
tions and cross-linking.

Both experiments, UV-vis and scattering experiment,
which were carried out using exactly the same procedure,
gave slightly different results with UV-vis absorbance
reaching a maximum after 10 min while the aggregate
formation still continues looking at the results obtained from
dynamic light scattering. This is not surprising considering
that UV-vis only responds to a solution turning cloudy but
can only distinguish to a very limited extent to different
particle sizes.

Figures 11 and 12 and preliminary experiments allow us to
conclude that the interaction of lectinwith β-galactose on the
particles was concentration and time dependent.35,81

Morphology of PS-b-P(GalEMA0.9-co-S0.1) Honeycomb
Structured Porous Films. Honeycomb structured porous
films with their hexagonal arrangement of pores can be
obtained in a simple bottom-up procedure via the breath
figure technique. The polymers are hereby dissolved in a
highly volatile and water-immiscible solvent. With the fast
evaporation of the solvent and the subsequent cooling of the
solution surface, water droplets from the humid environ-
ment start condensing on the solution surface. The coales-
cence of the water droplets is prevented by the precipitation
of polymer at the water-solution interface forming a solid
envelop around the water droplets. The pores in the resulting
film are therefore the result of empty water droplets, which
act as templates during the formation process.23-25 Earlier
studies revealed that the formation of honeycomb structured
porous films via breath figures using amphiphilic block
copolymers leads to a nanosized substructure with hydro-
philic pores and a hydrophobic surface.7,82,83 Origin of this
effect is the interaction of the amphiphilic polymer with the
water droplets.While the interaction of the polymer with the
water droplets can lead to interesting structures, it can also
disrupt the film formation if the hydrophilic part of the

Figure 13. SEM images of polymeric porous films cast from PS-b-P(GalEMA0.9-co-S0.1) (A), a mixture of PS-b-P(GalEMA0.9-co-S0.1) and 6-arm star
PS (MW 36000 g mol-1) (B), and 6-arm star PS (MW 36000 g mol-1) (C) in carbon disulfide.

Figure 12. Dynamic light scattering measurements of the sizes evolu-
tion of conjugated PS-b-P(GalEMA0.9-co-S0.1) glycomicelles with pea-
nut agglutinin and polydispersity indices vs conjugation times.
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polymer structure overpowers the precipitation process. The
interference can indeed be observed here when using PS-b-
P(GalEMA0.9-co-S0.1) for the formation of honeycomb
structured porous films. As seen at Figure 13A, a highly
irregular porous film was fabricated from PS-b-P(GalE-
MA0.9-co-S0.1). The amphiphilic block copolymer reduces
the surface tensions of the water droplet; consequently, the
water droplets are much more likely to coagulate with
neighboring droplets, resulting in large disordered pores.
In order to enhance pore regularity, the hydrophobic frac-
tion in the polymer solution needs to be increased. This can
be achieved by employing a block copolymer with a signifi-
cantly larger polystyrene block or by mixing polystyrene
homopolymer, preferably a polystyrene star polymer, into
the solution. Therefore, 6-arm star PS (MW 36 000 g mol-1)
was mixed with PS-b-P(GalEMA0.9-co-S0.1) (1:1 w/w) to
prepare a solution in carbon disulfide (3 g L-1). The 6-arm
star PS has previously been found to display a regular
honeycomb patterned porous film.84 Figure 13B shows an
enhanced regularity of the hexagonal array. For compari-
son, the 6-arm star PSwas usedwithout the addition of PS-b-
P(GalEMA0.9-co-S0.1) displaying a highly regular film
(Figure 13C).

PNA Binding on the Films. To be able to visualize the
conjugation of peanut agglutinin on the β-galactose functio-
nalized porous films and to confirm a successful conjugation,
two fluorescein isothiocyanate conjugated lectins, ConA and
PNA, were employed. The films were immersed into a
solution of protein and washed to remove any nonspecific
binding. Fluorescence confocalmicroscopywas employed to
locate the fluorescing proteins on the surface and in the
pores. A point to note is that polystyrene is slightly fluor-
escent by itself due to the nature of the polymer.7 Focusing
on the surface of the films shows the increased fluorescence
intensity of the films conjugated to PNA, indicating a strong
binding between PNA (FITC) and β-galactose. (Figure 14A).
The cross section through the pores however shows a sig-
nificantly increased fluorescence intensity which confirms

earlier observations that the hydrophilic block—here glyco-
polymer—is mainly localized inside the pores, while the
surface is enriched with polystyrene making these films
usually highly hydrophobic. This demonstrates that the
breath figure technique in combination with an amphiphilic
block copolymer is an easy way to generate microarray for
the selective immobilization of protein directly into the
pores.

In contrast, no immobilization of FITC ConA was
obtained (Figure 14B). Since ConA does not selectively
conjugate to β-galactose, only weak fluorescence caused by
the presence of polystyrene is observed. These results proved
that the immobilization was highly site specific toward PNA,
and the washing steps were efficient to remove any unbound
protein. Further confirmation was carried out by loading
FITC PNA on unfunctionalized 6-arms star PS porous film;
the result indicates that only mild fluorescence could be
observed from the image taken from the confocal micro-
scope (Figure 14C), which is typical of untreated PS porous
films when observed using the confocal microscope.85

Conclusions

Biomaterials in the form of micelles and porous films were
successfully developed via nitroxide SG1-mediated controlled
free-radical polymerization of a methacryloyl galactose mono-
mer. A block copolymer based on polystyrene-block-poly-
(2-(20,30,40,60-tetra-O-acetyl-β-D-galactosyloxy)ethyl methacry-
late-co-styrene) was deacetylated and self-assembled into
micelles, and a “breath figure” technique was applied to develop
glycopolymer-based porous films. The conditions for preparing
PS-b-P(AcGalEMA-co-S) diblock copolymers were carefully
investigated by varying the time for the preinitiation step. The
control of AcGalEMA polymerization was achieved at 85 �C by
using a low proportion of styrene as comonomer in all the NMP
reactions. The biofunctionality of the β-galactose moieties on the
porous films and micelles were screened using peanut agglutinin,
a lectin specific for conjugating β-galactose. Results reveal that
the polymerization conditions and the deacetylation process used

Figure 14. Confocalmicroscopy images of films cast froma polymersmixture of PS-b-P(GalEMA0.9-co-S0.1) and 6-arm star PS: (A) top section of film
and (inset) cross section of film conjugatedwithFTICPNAandwashed; (B) top section of filmand (inset) cross sectionof film loadedwithFTICConA
and washed; (C) top section of film cast from unfunctionalized 6-arm star PS only loaded with FTIC PNA and washed.
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for synthesizing the diblock copolymers were safe enough to keep
the biofunctionality of the materials intact. The location of the
glycopolymer block of the diblock copolymer in the porous films
was visualized using a fluorescent protein. Thanks to the galac-
tose moieties on the surface of these materials, the micelles could
possibly be used as drug delivery carrier to target liver hepato-
cytes in the body, which conjugate strongly to galactose. Pattern-
ing of proteins onto the galactosylated porous films could be used
as a screening device.
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