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ABSTRACT: Glyco-particles bearing glucose units have been prepared via a one-step controlled/living ab
initio cross-linking emulsion polymerization of styrene based on self-assembly via a glucose RAFTstab
(reversible addition-fragmentation chain transfer colloidal stabilizer). The RAFTstabwas synthesized from
themonomer 2-(methacrylamido)glucopyranose (MAG) and the hydrophobic trithiocarbonateRAFTagent
S-methoxycarbonylphenylmethyl dodecyltrithiocarbonate (MCPDT). In order to obtain glyco-particles
stable for biomedical applications, a degradable bis(2-acryloyloxyethyl) disulfide cross-linker (disulfide
diacrylate, DSDA) was employed in the emulsion polymerization. The cross-linked glyco-particles were
stable inN,N-dimethylacetamide (DMAc), in contrast to the corresponding non-cross-linked glyco-particles
which disintegrate to form linear glycopolymers in solution. The cross-linked particles underwent reductive
degradation into the constituent linear (primary) chains upon treatment with 1,4-dithiothreitol (DDT). The
bioactivity of the glucose moieties on the surface of the particles was examined using two classes of lectins,
namely plant lectin (Concanavalin A,Canavalia ensiformis) and bacteria lectin (fimH, from Escherichia coli).
Successful bindingwas demonstrated, thus illustrating that these particles have potential as “smart”materials
in biological systems.

Introduction

Glyco-particles play a vital role in the biomedical field as their
affinity toward lectins could serve as targeting systems in the
human body. Lectins are proteins that specifically recognize
complementary carbohydrates.1 These unique interactions bet-
ween carbohydrates and lectins were discovered and established
some time ago by biophysicists and biochemists.2,3 Reviews on
cluster glycoside effects have further fortified the concept of enh-
anced interactions between polymeric carbohydrates and binding
proteins.4,5 Glyco-particles or linear glycopolymers containing
multiple pendant sugars could potentially be used to combat inf-
ections, as drug delivery systems, and other biological sensing
devices, attributed to the biofunctionality of sugars on the parti-
cle surface.6-11 Hence, there is a desire to improve the techniques
used for glyco-particle synthesis. To improve the biofunctionality
of the particles when administered in vivo, polymeric glyco-
particles need to be stable enough for biomedical applications
to overcome low concentrations, various pH changes, and dif-
ferent ionic strengths. Self-assembly of block copolymers with
one glycopolymer block into micelles, followed by cross-linking
of the micelles, is one possible pathway to generate stable core-
shell nanoparticles.12 However, the preparation is normally car-
ried out in multiple steps as there is a need to construct amphi-
philic diblock copolymers for the self-assembly into micelles,
then self-assemble the block copolymers, and eventually cross-
link themicelles into stable particles.8,9,13 Alternatively, bioactive
core-shell particles can be generated by surface modifications of

preformed particles in order for desired carbohydrates or bio-
molecules to be grafted onto the particles.14,15 Glyco-particles
may also be prepared by conventional radical emulsion copoly-
merization of a sugar-containing monomer and a hydrophobic
monomer, but a significant fraction of sugar-monomer would be
embedded within the particle, and particle size control is usually
difficult.16

Cross-linking of micellar structures is now an established
procedure.8,12,13 However, many cross-linking techniques result
in a permanent fixation of particles, and considerations have to
be given to the synthetic materials being left in the biological
system after the release of drug.8,17,18 Degradation of the cross-
linking points of the micelles can easily be achieved by taking
advantage of the environmental conditions that is typical for cell
interiors. Because of the acidic and reductive environment in the
cell, acid-cleavable micelles and thiol-sensitive micelles have been
designed as delivery systems to be stimulated and degraded to
release model drugs.19-26 The resulting low molecular weight
linear polymers (typically <40000 g mol-1) can then be cleared
by efficient renal elimination.27

Emulsion polymerization provides an avenue for the synthesis
of polymer particles28,29 and is a potential route to functional
polymer particles in one single step. Controlled/living radical
polymerization (CLRP)30 enables the synthesis of polymers with
well-defined microstructure and can be readily employed to
impart functionality. However, it is a far from trivial task to
carry out CLRP as an ab initio emulsion polymerization as des-
cribed in recent reviews.31,32 Perhaps the most successful app-
roach relies on self-assembly of amphiphilic block copolymer
formed in situor amphiphilic (surface active) “control agents” (e.g.,
reversible addition-fragmentation chain transfer (RAFT) agent),
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resulting in micelle formation and subsequent particle forma-
tion. This surfactant-free approach was initially developed with
RAFT33,34 but has also been implemented using nitroxide-
mediated radical polymerization (NMP).35,36 In the case when
RAFT polymerization is employed to form an amphiphilic block
copolymer in situ, a monomer feed technique must be employed to
ensure the absence ofmonomerdroplets.Thepresence ofmonomer
droplets prior to micelle formation results in radical entry into
monomer droplets followed by polymerization, which in turn leads
to colloidal instability and usually poor control/livingness.31 If the
originalRAFTagent undergoesmicelle formation (e.g., the surface
active sodium salt of a low molecular weight trithiocarbonate
RAFT agent37) or is formed in situ at the very early stage of the
polymerization, the polymerization can be performed as a true one-
step system where all ingredients are added at the beginning.37-41

The synthesis of sugar-containing monomers can be carried
out in many ways. The acylation of carbohydrates with acryloyl
chloride and methacyloyl chloride and the chemoenzymatic
synthesis of carbohydrates are common approaches.8,42-44 Other
methods such as the formation of ester and ether bonds have also
been employed; however, most of these methods require the use
of deprotection steps after the synthesis of monomer.45,46

The aim of the present work has been to develop a process for
synthesis of polymeric glyco-particles in a one-pot emulsion

polymerization and to subsequently investigate the biological
activity of these particles. To this end, a water-soluble sugar-
based macroRAFT agent that acts as both mediating and
stabilizing agent (RAFTstab) has been synthesized and employed
in anab initio emulsion polymerizationof styrene (St) utilizing the
self-assembly concept for particle nucleation (Scheme 1). An un-
protected carbohydrate monomer (glucosamine hydrochloride)
was selected to avoid deprotection chemistry (Scheme 2). A
trithiocarbonate RAFT agent was chosen as it has recently been
classified as more biologically suitable than the more established
dithioester RAFT agents because polymer synthesized using the
latter require purification.47 The glucose particles were cross-
linked by copolymerization with a degradable disulfide cross-
linker, thus enabling eventual degradation to the corresponding
linear glycopolymers by a reductant (Scheme 3). In summary, the
approach presented here aims to eliminate tedious multistep
procedures to bioactive nanoparticles. Instead, the feasibility of
a simple one-step method will be investigated.

The bioactivities of the glucose sugar moieties on the surface
of the latex particles were subsequently screened using ConA
(Canavalia ensiformis), a glucose and mannose specific binding
protein (Scheme 4).5,48 Further binding ability of the glucose on
the particles was examined with a green fluorescence protein
(GFP) Escherichia coli (E. coli DH5R strain).6,7,49

Scheme 1. Schematic of Disulfide Cross-Linked Glyco-Particles Synthesized via the Glucose RAFTstab in Emulsion
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Experimental Section

Materials. 1-Dodecanethiol (g98%), carbon disulfide (ACS
reagent, g99.9%), methyl R-bromophenyl acetate (97%),
D-(þ)-glucosamine hydrochloride (g99.9%, crystalline), methyl
R-D-mannopyranoside (g99%), methacryloyl chloride (purum,
dist., g97%), 4,40-azobis(4-cyanopentanoic acid) (V-501, pur-
um, dist.,g98.0%), fluorescein o-acrylate (97%),N,N-dimethyl-
acetamide for high-performance liquid chromatography
(DMAc, HPLC grade, CHROMASOLV PLUS, g99.9%),
andConcanavalinA (ConA, Type IV, lyophilized powder) from
Canavalia ensiformis (Jack bean) were purchased from Aldrich
and used directly. 2,20-Azobis(2-methylpropionitrile) (AIBN)
from Aldrich was crystallized twice in methanol before used.
Styrene (St, ReagentPlus, g99.9%) and methyl methacrylate
(MMA, 99%) were also brought from Aldrich and was de-
inhibited by passing through an alumina column before used.
Potassium hydroxide (97.0%), dichloromethane (DCM, 99.5%),
methanol (99.8%), sodium chloride (salt, 99.9%), and chloro-
form (99.8%) were all purchased from Univar and used without
further treatment. Molecular sieves (4 Å) from Univar were first
activated at a temperature of 200 �C before used. Potassium
carbonate (g99.0%) from May and Baker was used directly.
Triethylamine (TEA, purum, 99.0%) provided by Riedel-de
Ha€en, bis(2-hydroxyethyl) disulfide (BHEDS, technical grade)
from Aldrich, and acryloyl chloride (96%) fromAlfa Aesar were
used directly from the bottles. 1,4-Dithiothreitol (DDT) from
Pierce was used directly. 0.01M phosphate-buffered saline (PBS)
at pH 7.4 was prepared by dissolving the powder from a sachet
purchased from Sigma into 1 L of distilled water.

Synthesis. Synthesis of 2-(Methacrylamido)glucopyranose
(MAG). Typically, glucosamine hydrochloride (10.0 g, 4.64 �
10-2 mol) and potassium carbonate (6.41 g, 4.64� 10-2 mol)
were vigorously stirred to dissolve in 250 mL of methanol in a
500 mL single neck round-bottom flask. The flask was later
cooled to-10 �C using an acetone/ice bath before methacryloyl
chloride (4.36 g, 4.17� 10-2 mol) was added dropwise into the
mixture with vigorous stirring. The mixture was stirred at-10 �C
for 30min and left to react for another 3 h at room temperature.
The crude mixture was filtered through a sintered funnel with
vacuum suction to remove precipitated salt, and the filtrate was
concentrated under reduced pressure to off-white slurry. The
slurry was loaded onto a column chromatography for purifica-
tion with dichloromethane/methanol (ratio 4:1) as the eluent.
The white solid exit the column with the Rf value of 0.33, with
58% conversion obtained gravimetrically. 1H NMR (D2O,
300 MHz) δ (ppm): 1.87 (s, 3H, CH3), 3.35-3.95 (m, 6H, sugar
moiety 6�CH), 4.70-4.72 (d, 0.43H, anomeric β-CH), 5.15-
5.16 (d, 0.57H, anomeric R-CH), 5.41 (s, 1H, Me-CdCHH),
5.64 (s, 1H, Me-CdCHH).

Synthesis of S-Methoxycarbonylphenylmethyl Dodecyltrithio-
carbonate (MCPDT). 1-Dodecanethiol (6.41 g, 3.17�10-2 mol)
was suspended in 43 mL of distilled water and cooled in an ice
bath. This was followed by the addition of potassium hydroxide
(1.82 g, 3.25�10-2 mol) before 6.5 mL of carbon disulfide was
introduced dropwise into the suspension. A yellow emulsion
was observed during the addition of carbon disulfide. Methyl
R-bromophenyl acetate (5.0 g, 2.19� 10-2 mol) was eventually
added dropwise into the yellow emulsion, and a condenser was
attached onto the single neck round-bottom flask, after which
the reaction vessel was heated to 80 �C for 12 h. Upon cooling,
the water phase was separated from the organic phase and
washed with methylene chloride (3 � 20 mL). The yellow
solution of all the organic phases were concentrated under
reduced pressure to give a yellow oil. The yellow oil was further
purified through a column using toluene as the eluent with the
product exiting at an Rf value of 0.8. The combined fractions
were dried under reduced pressure and high vacuum to yield a
bright yellow oil and upon cooling in the fridge gave a bright
yellow solid. The reaction conversion (60%) was obtained using
1H NMR by observing the integrals from the proton shift of
4.51 to 5.75 ppm. ESI-MS (CH2Cl2) calculated for C22H34-
O2S3 þ Agþ m/z, 533.08; found, m/z 533.30. 1H NMR
(CDCl3, 300 MHz) δ (ppm): 0.81 (t, 3H, CH3), 1.19 (s, 18H,

Scheme 2. Synthesis of 2-(Methacrylamido)glucopyranose (MAG) from Glucosamine Hydrochloride and Methacryloyl Chloride

Scheme 3. Degradation Pathway of Disulfide Core-Cross-Linked Glyco-Particles

Scheme 4. Precipitation of Disulfide Core-Cross-Linked Glyco-
Particles from Intermicellar Interaction with ConA Lectin
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CH3-C9H18-(CH2)2-S), 1.61 (m, 2H, CH2-CH2-S), 3.26
(t, 2H, CH2-S), 3.68 (s, 3H, O-CH3), 5.75 (s, 1H, S-CH-
(Ph)-C(O)dO), 7.27 (m, 5H, ArH5).

13C{1H} NMR (CDCl3,
75.5 MHz) δ (ppm): 14.53 (1C, CH3), 23.09 (1C, CH3-CH2),
28.23, 29.30, 29.48, 29.74, 29.82, 29.94, 30.02, 30.11 (8C,
C8H16-CH2-S), 32.32 (1C, CH3-CH2-CH2), 37.72 (1C,
CH2-S), 53.60 (1C, O-CH3), 58.19 (1C, S-CH(Ph)-C(O)dO),
125.70, 128.62, 129.15, 129.29, 129.44, 133.64 (6C, ArC), 169.90
(1C, CH(Ph)-C(O)dO), 222.40 (1C, SdC(S)-S).

Synthesis of Bis(2-Acryloyloxyethyl) Disulfide Cross-Linker
(Disulfide Diacrylate, DSDA). 4 Å molecular sieves were first
transferred into a 500 mL single neck round-bottom flask in a
glovebox. Anhydrous tetrahydrofuran, THF (133.4 g, 1.85 mol),
was introduced into the round-bottom flask at nitrogen atmo-
sphere. This was followed by anhydrous triethylamine (36.3 g,
3.59�10-1 mol). BHEDS (7.7 g, 5.00�10-2 mol), was initially
diluted with 5 mL of anhydrous THF and later injected into the
reaction mixture. The magnetic stirred round-bottom flask
sealed with a rubber septum was chilled to 0 �C using an ice
bath. The reaction started when acryloyl chloride (20.0 g, 2.21�
10-1 mol) was injected into the round-bottom flask over a
period of 15 min. After stirring at 0 �C for 2 h, the reaction
mixture was slowly warmed to room temperature and left
stirring for another 22 h. The resulted reaction mixture was
filtered through a sintered funnel, washed with saturated brine
solution for three times, and washed with distilled water for
three times before dried with reduced pressure. The dark orange
viscous liquid was purified through a silica column with chloro-
form as the eluent. The light yellow oil exited the columnwith an
Rf value of 0.4, yielding 62% conversion via gravimetry. 1H
NMR (CDCl3, 300MHz) δ (ppm): 2.91 (t, 4H, 2�S-CH2), 4.36
(t, 4H, 2 � CH2-O), 5.77-5.81 (dd, 2H, 2 � CHdCHH),
6.02-6.11 (dd, 2H, 2 � CHdCHH), 6.34-6.40 (dd, 2H, 2 �
CHdCHH).

Homopolymerization of MAG with MCPDT (RAFTstab
Synthesis). In a typical experiment, MAG (2.80 g, 1.13� 10-2

mol) was first measured into a 50 mL round-bottom flask
containing a magnetic stirring bar. 11 mL of DMAc was
subsequently added to dissolve the MAG. Before MCPDT
(1.61� 10-1 g, 3.77� 10-4 mol) was introduced into the above
solution, it was first measured in a separate vial and dissolved
in 500 μL of DMAc to aid transfer. AIBN (7.70�10-3 g, 4.71�
10-5 mol) was finallymeasured and added into the solution, and
the flask was seal with a rubber septum. The flask was purged
with nitrogen for 40 min and transferred into a preheated oil
bath set at 60 or 70 �C. Aliquots were taken at different time
intervals and dissolved in D2O to monitor the polymerization
kinetics. MAG monomer conversions were calculated by com-
paring the vinylic proton at 5.64 ppm of the monomer with the
six protons at 3.35-3.95 ppm from both the monomer and
polymer. The final polymer from the crudemixture was dialyzed
(membrane cutoff of 1000 g mol-1) against distilled water
overnight with water changed every 6 h to remove unreacted
MAG. The lyophilized sample was further purified from any
organics via extraction using diethyl ether (three times).

The homopolymerization resulted in 79% monomer conver-
sion after 19 h. SEC analysis gave a molecular weight of Mn=
13 500 g mol-1, PDI=1.30 (Mn,th=6300 g mol-1).

Emulsion Polymerization of Styrene via the Glucose RAFT-
stab.Normally, the glucose RAFTstab (0.26 g, 4.50�10-5 mol,
Mn,th=6300 g mol-1, PDI=1.30) was first dissolved in 3.0 mL
of distilled water in a 10mL round-bottom flask with the help of
amagnetic stirrer. Subsequently, V-501 (2.50�10-3 g, 9.0�10-6

mol) was dissolved in the above mixture by rapid stirring at low
temperature. Finally, styrene (0.94 g, 9.0�10-3 mol) was added
into the flask, which was sealed with a rubber septum. The
emulsionwas thoroughly degassedwith some agitation (to allow
the formation of a uniform heterogeneous phase for efficient
degassing) for 50 min to remove any oxygen. The polymeriza-
tion was carried out at 80 �C in an oil bath. Aliquots were taken

and quenched at different reaction times to obtain the conver-
sions gravimetrically, the evolution of the average particle
diameter, and the molecular weights. The latex particles were
purified by drying in vacuum at room temperature.

Cross-Linking Emulsion Copolymerization of DSDA with
Styrene via the Glucose RAFTstab. Glucose RAFTstab (0.2 g,
3.18� 10-5 mol, Mn,th= 6300 g mol-1, PDI= 1.30) was first
dissolved into 2.12 mL of distilled water, followed by dissolving
V-501 (1.78�10-3 g, 6.36�10-6 mol) with rapid stirring at low
temperature. Styrene (0.66 g, 6.37�10-3 mol) was added to the
above solution; the round-bottom flaskwas sealedwith a rubber
septum and degassed in nitrogen with some agitation (to allow
the formation of a uniform heterogeneous phase for efficient
degassing) for 50 min. The polymerization started when the
flask was immersed into a preheated oil bath at 80 �C. After
217 min, a degassed mixture of DSDA (8.36� 10-2 g, 3.19 �
10-4 mol) with 1 mg of fluorescein o-acrylate was injected into
the emulsion reaction. Aliquots were taken and quenched at
different reaction times for analyses. The latex particles were
purified by drying in vacuum at room temperature.

Degradation of Core-Cross-Linked Glyco-Particles.Degrada-
tion experiments were performed using online-DLS measure-
ments. Cross-linked glyco-particle solutions were first prepared
bydissolving 2mgof purified polymers into 1mLofDMAc. 1.0M
ofDTT solutionwas prepared by dissolving 7.7mg into 50 μLof
DMAc. Before DTT was added to the solution containing
glyco-particles, an initial measurement was made. The degrada-
tion test startedwhen 25 μLof 1.0MofDTT solutionwas added
into the above prepared particles solution in a 1 cm quartz
cuvette. This was followed by vigorous shaking, and imm-
ediately the cuvette was returned into the holding block with
the temperature set at 35 �C for measurements for a duration of
35 min.

Canavalia ensiformis Turbidimetry Binding Assay. 1 mgmL-1

of ConA was prepared in 0.01 M phosphate-buffered saline
(PBS) at pH 7.4. 300 μL of this lectin solution was transferred
into a masked quartz semimicrocell and placed into the holding
block of the UV-vis spectrophotometer for temperature equili-
bration at 25 �C, and a baseline was subsequently taken. A solu-
tion of 200 μL containing the glucose ligand diblock copolymer,
cross-linked glyco-particles, or RAFTstab in PBS solution
(922 μM per glucose residue) was added to the cuvette contain-
ing the lectin solution. The solution in the cuvette was thor-
oughly mixed using a pipet and immediately returned into the
holding block where an absorbance at 420 nm was recorded
for 12min.Acompetitivebindingassaywith1-methylR-D-manno-
pyranoside (100 mg mL-1 prepared in PBS, pH 7.4) was later
conducted by gently introducing 20 μL of the mannose solution
into the ConA conjugated glyco-particles without mixing and
the absorbance was recorded over 12 min.

Bacteria Adhesion Studies. Escherichia coli (GFP E. coli
DH5R strain) was used for adhesion studies. Bacteria were
grown in lysogeny broth (LB) medium to stationary phase
(O.D. 0.8) by overnight incubation at 37 �C in the dark. 300 μL
aliquots were collected in Eppendorf tubes and centrifuged at
13 000 rpm for 3 min. The supernatant was then replaced with
the diluted emulsion mixture containing latex glyco-particles or
the RAFTstab dissolved in distilled water (1.87 � 105 glucose
residue). The samples were vortexed for 5 s and left to settle
for 30 min at room temperature of about 25 �C, after which the
samples were gently shaken and 10 μL of the samples were
pipetted onto a glass slide with a glass coverslip placed on it
for examination under the microscope. Control experiments
were also conducted by replacing the supernatant with only
distilled water without the glycopolymers. Competitive bind-
ing assays were conducted by transferring 2 or 5 μL of 1-methyl
R-D-mannopyranoside solution (100 mg mL-1 prepared in
distilled water) into two glyco-particles/bacteria suspensions
70 μL each in Eppendorf tubes; suspensions were obtained from
the above adhesion experiments. Samples were vortexed for 5 s
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and left to settle for 30min.Aliquots of 10 μL from each samples
were mounted on a glass slide with a glass coverslip over the
samples for examinations under the microscope.

Analysis. NuclearMagnetic Resonance (NMR)Spectroscopy.
AllNMRspectrawere recordedusing aBrukerDPX-300 spectro-
meter with a resonance frequency of 300.2 MHz for 1H nuclei at
25 �C. MAG monomer and PMAG (RAFTstab) were analyzed
using deuterated water as solvent.

Size Exclusion Chromatography (SEC). Molecular weight
distributions were determined by SEC with a Shimadzu modu-
lar system with N,N-dimethylacetamide (DMAc) (0.03% w/v
LiBr, 0.05% BHT stabilizer) at 50 �Cwith a flow rate of 1.0 mL
min-1. The system incorporated aDGU-12A solvent degasser, a
LC-10AT pump, and a CTO-10A column oven and was
equipped with a RID-10A refractive index detector. Polymer
Laboratories (PL) 5.0 μmbead-size guard column (50�7.5mm)
followed by four 300�7.8 mm linear PL columns (105, 104, 103,
and 500 Å) were used to separate the samples. The system was
calibrated using narrow PL polystyrene standards ranging from
500 to 106 g mol-1. Filtered polymer samples using 0.45 μmRC
filters were injected at concentrations of 2mgmL-1. Chromato-
grams were processed using Cirrus 2.0 software from PL.

Dynamic Light Scattering (DLS). Particles sizes were deter-
mined using aMalvern Zetasizer nano ZS with a laser of 4 mW
(He-Ne), λ = 632 nm, 173�, backscatter. Critical micelle
concentrations (cmc) weremeasured by first fixing the attenua-
tion to 7, and a series of concentrations between the RAFTstab
and distilled water were measured starting from the highest
concentration followed by gradual dilutions with automatic
run time. Emulsion aliquots taken at different conversions
were measured straight after dilution to ∼1 mg mL-1 with
automatic run time. Degradation experiments were measured
with the average of 5 runs at 15 s for each run with the
attenuation fixed at 5. The mean diameter was obtained from
the arithmetic mean using the number distributed diameter of
each particle size.

UV-vis Spectrophotometer. A UV-vis spectrophoto-
meter (Cary 300) equipped with a temperature controller was
used for the turbidimetric assay of the ligand/protein conjuga-
tion. Absorbance data were recorded at 420 nm for 12 min
at 1.2 Hz.

Transmission Electron Microscopy (TEM). TEM micro-
graphs were obtained using a JEOL 1400 transmission electron
microscope at an accelerating voltage of 100 kV. The samples
were prepared by casting the diluted emulsion mixture (∼1 mg
mL-1) onto a copper grid coated with Formvar.

Fluorescent Microscopy. Bacteria adhesions images were
taken with a Leica DC100 digital camera attached to a Leica
DMLB epi-fluorescence, with 400 times magnification, using
Leica’s IM 50 as imaging software.

Results and Discussion

Synthesis of 2-(Methacrylamido)glucopyranose (MAG).
As part of the design of the glucose RAFTstab, a sugar-
containingmonomer (MAG) not requiring protection chem-
istry was synthesized. Nucleophilic substitution (Schotten-
Baumann reaction) at the carbonyl group of methacryloyl
chloride with the primary amine of the glucosamine hydro-
chloride catalyzed by potassium carbonate was conducted in
methanol. This reaction was initially conducted in water,
however, due to the poor solubility of methacryloyl chloride
in water, and to minimize side reactions and byproducts,
methanol was eventually used as solvent (glucosamine hydro-
chloride, methacyloyl chloride, and potassium carbonate
exhibit good solubility in methanol).43 Column chromato-
graphy of the crudemixture could be conducted significantly
more efficiently when methanol was the reaction solvent due
to the much lower amount of byproducts. Characterization

by 1H NMR using deuterated water showed good agree-
ment with the structure of MAG [Figure SI-1 (Supporting
Information)].

RAFTstab Synthesis. The amphiphilic nature of the
RAFTstab was attained by homopolymerization of MAG
using the highly hydrophobic RAFT agent S-methoxycar-
bonylphenylmethyl dodecyltrithiocarbonate (MCPDT), speci-
fically designed to have a long alkyl chain in the Z-group.
The synthesis of MCPDT was carried out following a pro-
cedure similar to a previously reported approach (Scheme 2
and Figure SI-1).8

Polymerization of methyl methacrylate (MMA) at 60 �C
mediated byMCPDTwas carried out to confirm its ability to
control a model radical polymerization, yielding an experi-
mental molecular weight (MW) calibrated relative to poly-
styrene (Mn)= 19 100 g mol-1 and Mw/Mn= 1.42 at 94%
conversion. The obtained polymerwas subsequently purified
and extended with MMA to yield Mn=45 700 g mol-1 and
Mw/Mn = 1.20 (Figure SI-2). A similar RAFT agent,
S-methoxycarbonylphenylmethyl methyltrithiocarbonate

Figure 1. Conversion and pseudo-first-order plot of the polymerization
ofMAGwithMCPDTRAFTagent at 70 �C inDMAc. [MAG]=4.73�
10-1 mol L-1, [MCPDT]=2.78� 10-3 mol L-1, and [AIBN]=5.57�
10-4 mol L-1.

Figure 2. Molecular weight distributions of MAG homopolymeriza-
tion with MCPDT RAFT agent at 70 �C in DMAc at vari-
ous conversions (21, 24, 36, 44, 51, and 80%). [MAG] = 4.73 �
10-1mol L-1, [MCPDT]=2.78� 10-3mol L-1, and [AIBN]=5.57�
10-4 mol L-1.
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(MCPMT), has previously been successfully employed in the
polymerization of MMA.50

Polymerization of MAG mediated by MCPDT and in-
itiated by AIBN in DMAc was carried out at 70 �C for
RAFTstab synthesis. Polymerization was also carried out at
60 �C for comparison (Figure SI-3). The first-order plot at
70 �C was approximately linear (Figure 1). The MWDs
shifted to higher MW with increasing conversion (Figure 2),
but the values of Mw/Mn did not decrease with increasing
conversion (contrary to what is customary in CLRP), re-
maining approximately constant at 1.3-1.4 at both 70 and
60 �C (Figure 3 and Figure SI-4, respectively). The relatively
highMw/Mn valuesmost likely originate in the chain transfer
constant being relatively low. The Z-group of MCPDT, a
dodecanethiol group, reduces the stability of the intermedi-
ate radical compared to the often used phenyl group, thus
lowering the addition rate coefficient for addition of the
propagating radical to the CdS bond.50 In addition, metha-
crylate and methacrylamide (in this work) monomers gene-
rally have low chain transfer constants.50,51 Moreover, the
R-group of MCPDT results in formation of a secondary
radical on fragmentation, which may cause the initial RAFT
agent to have a lower chain transfer coefficient than the in
situ generated polymeric counterpart (which generates a
tertiary radical), hence resulting in Mn > Mn,th at low
conversion and Mn ≈ Mn,th at high conversion (Figure 3
and Figure SI-4).

The RAFTstab (PMAG23-MCPDT) synthesized, to be
used in the subsequent emulsion polymerizations, hadMn=
13 500 g mol-1 (Mn,th=6300 g mol-1) and Mw/Mn=1.30.
The polymerization was conducted in a separate experi-
ment with [MAG]/[RAFT] = 50 at 70 �C. To confirm

the livingness, a successful chain extension polymerization
of the RAFTstab with MMA was performed in DMAc
(Figure SI-5).

The degree of polymerization of the MAG segment in the
RAFTstab was targeted to obtain a PMAG macroRAFT
agent with a cmc well below the polymerization conditions.
The cmc values of different PMAGmacroRAFTagentswere
determined by monitoring the scattering intensity of the
RAFTstab solutions at different concentrations. Following
the method of Charleux et al.,38 Figure 4 depicts the scatter-
ing intensity vs RAFTstab concentration (Debye plot52) for
PMAG23-MCPDT at 25 and 65 �C, yielding cmc=14.5 mM
at 65 �C and cmc=15.2 mM at 25 �C, which falls within the
range of reported values for similar amphiphilic
species.38,40,53,54 Cmc is a function of temperature, and high
temperature can result in the disintegration of micelles.13

However, the cmcs were very similar at both temperatures.
PMAGmacroRAFTagents such as PMAG66-MCPDTwith
higher molecular weights have cmc values above the con-
centrations employed in the polymerization, and they are
therefore deemed inadequate.

Emulsion Polymerization of St with RAFTstab. Before the
radical cross-linking emulsion copolymerization of St and
DSDA via the glucose RAFTstab, a detailed investigation
into the corresponding emulsion homopolymerization of St
was undertaken. Preliminary results showed that conducting
the emulsion polymerizations above cmc of the RAFTstab,
as expected, is crucial. Polymerization below the cmc results
in sometimes bimodal molecular weight distributions or very
broad molecular weight distributions.

Emulsion polymerization (Table 1, experiment 1) was
subsequently conducted with the RAFTstab PMAG23-
MCPDT concentration above cmc of 14.5 mM (Figure 4).

Figure 3. Molecular weight and Mw/Mn vs conversion of the homo-
polymerizationMAGwithMCPDTRAFTagentat 70 �C,with thedotted
line as the theoretical molecular weight. [MAG] = 4.73 � 10-1 mol L-1,
[MCPDT] = 2.78� 10-3 mol L-1, and [AIBN] = 5.57� 10-4 mol L-1.

Figure 4. Scattering intensity vs RAFTstab (PMAG23-MCPDT) con-
centration in water at 25 and 65 �C from dynamic light scattering
analysis.

Table 1. Reaction Parameters and Latex Characterizations of the ab InitioEmulsion Polymerization of St and the Radical Cross-Linking ab Initio
Emulsion Copolymerization of St and Bis(2-acryloyloxyethyl) Disulfide (DSDA) via the Glucose RAFTstab (PMAG23-MCPDT) at 80 �Ca

expt
wt%monomer
in the latex

[Raftstab]
(mol L-1)

[V-501]
(mol L-1)

[monomer]b/
[RAFTstab]

time
(h)

conv
(%)

Mn,th

(g mol-1)
Mn

(g mol-1) Mw/Mn

Dh (nm);
(PDI)

1 23.9 1.5� 10-2 3.0� 10-3 200 21 83 23 600 38 500 1.65 81 (0.250)
C1c 14.1 7.5� 10-3 2.5� 10-3 200 6 gel gel gel
C2d 26.0 1.5 � 10-2 3.0� 10-3 200 20 81 660 000 1.33 57 (0.129)

aAll concentrations measured with respect to the volume of distilled water used only. b [Monomer]0 corresponds to the initial concentration of St or
both St and DSDA in the case of cross-linking emulsion polymerization. cCross-linking emulsion polymerization of St carried out with 10 mol % of
DSDA added at the start of polymerization. dCross-linking emulsion polymerization of St carried out with 5 mol % of DSDA injected after 12% St
conversion.
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The conversion vs time plot is typical of an ab initio emulsion
polymerization, displaying intervals 1-3.28 Interval 1, where
particle nucleation occurs and the number of particles in-
creases, appears to end at ∼20-30% conversion, followed
by a region with close to constant polymerization rate
(interval 2), and finally interval 3 where the rate decreases
as monomer is gradually depleted. Figure 6 depicts the
MWDs, showing a clear shift in MWs from the initial
RAFTstab with increasing conversion, but with some low
MW tailing. The MWDs were properly normalized with
respect to the total amount of polymer to enable quantita-
tive comparison (Figure SI-6), revealing more clearly that
some fraction of the initial RAFTstab (and/or RAFTstab
having undergone minor chain extension) remained at high
conversion. The values ofMn increased almost linearly with
conversion, although Mn . Mn,th (due to the difference in
hydrodynamic volume of polystyrene, used for calibration,
and the glycopolymer9), and Mw/Mn increased gradually
from 1.3 to 1.6 (Figure 7).

The particle size increased linearly with conversion while
the PDI dropped from 0.6 to 0.2 (Figure 8). Transmission

electron micrographs (TEMs) revealed particles with high
definition with the core displaying dark shadows signifying
highly dense particles, which is typical of a polystyrene core
(Figure 9). The initial “particle” size was very small,∼10 nm,
corresponding to actual micelles. The increase in particle size
observed up to high conversion, much more significant and
lasting to higher conversion than in a conventional ab initio
emulsion polymerization,28 would most likely be caused by
slow micellar nucleation accompanied by some micelle dis-
sociation, whereby the thus available “extra” RAFTstab
would stabilize growingparticles.41,54However, the conversion-
time data suggest interval 1 ends at 20-30% conversion,
therefore indicating that some coagulation also contributed
to the increase in particle size at higher conversions. A fairly
high initial number of micelles would mean that not all
micelles become polymer particles, and the nucleation pro-
cess would extend to significant conversion, which would in
turn cause broadening of the MWD (increase in Mw/Mn) in
the form of low-MW tailing, as observed experimentally

Figure 5. Conversion and pseudo-first-order plot of the emulsion
polymerization of St with the glucose RAFTstab at 80 �C and the
cross-linking emulsion copolymerization of St and DSDA (injected at
217 min, 12 % St conversion). [See Table 1, experiment 1 (9) and
C2 (b).]

Figure 6. Molecular weight distributions of emulsion polymerization
of St with glucose RAFTstab at various conversions (0, 6, 61, 78, and
83%; 78 and 83%almost overlap) at 80 �C. (SeeTable 1, experiment 1.)

Figure 7. Molecular weight and Mw/Mn vs conversion of the emul-
sion polymerization of St with glucose RAFTstab at 80 �C with
the dotted line as the theoretical molecular weight. (See Table 1,
experiment 1.)

Figure 8. Dynamic light scattering measurements of particle diameter
(Dh) and PDI of glyco-particles at different conversions in the emulsion
polymerization of St and the emulsion copolymerization of St and
DSDA (injected at 217 min, 12% St conversion) via the glucose
RAFTstab. The solid symbols, (b) and (9), represent the respective
particles purified and redissolved in DMAc.
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(Figure 6). The only polymer chains (i.e., RAFTstab) able to
grow are the ones located in nucleated micelles (polymer
particles). Low-MW tailing may also be partially caused by
“dead” RAFTstab species, i.e., “RAFTstab chains” that do
not contain a RAFT moiety at the chain end.

Cross-Linking Emulsion Copolymerization of St and
DSDA with RAFTstab. Having optimized the emulsion
polymerization of St, the same basic recipe was employed
for synthesis of cross-linked particles using the cross-linking
agent DSDA at 80 �C. A similar disulfide-based methacry-
late cross-linker has recently been employed in RAFT solu-
tion polymerization by Armes and co-workers.55 Cross-
linking emulsion polymerization of St was first carried out
with 10mol%DSDA(relative to St) introduced at the begin-
ning of the polymerization. However, after ∼6 h, macro-
scopic gelation occurred (Table 1 experiment C1). In an
attempt to overcome this problem, the amount of DSDA
was reduced to 5mol% and was injected into the vessel after
217 min (∼12% conversion), corresponding to the point
when significant nucleation had occurred toward the end of
interval 1. This approach resulted in a stable emulsion with-
out macroscopic gelation (Table 1, experiment C2). The
conversion vs time plot is similar to the corresponding
non-cross-linking polymerization, although the absence of
data at low to intermediate conversion precludes further
analysis (Figure 5). The particle size appears to go through a
maximum near 75% conversion (Figure 8). The decrease in
particle size observed after 75%conversionmay be related to
polymer shrinkage associated with cross-linking, although
the approximate decrease of 50 vol % (between 75 and 79%
conversion) appears too large for this to be the only reason.
However, the data may contain fairly significant experimen-
tal error (as is common in DLS measurements of this type),
and these results should be treated with caution.

A small amount of fluorescein o-acrylate (0.8 mol %
relative to DSDA) was added with the DSDA in order for
the particles to be visualized when applied in vitro. Figure 10
shows the stability of the un-cross-linked and the fluorescent-
tagged cross-linked glyco-particles left to stand over a
month. Addition of purified particles to DMAc (a good
solvent for both St and MAG) allows confirmation of their
cross-linked structure as they remained intact without disin-
tegrating to the corresponding primary chains. As the over-
all monomer conversion increases, purified cross-linked
glyco-particles followed the same trend (reduction in size)
when redispersed in DMAc when compared to the original
cross-linked particles dispersed in water. Dissolution of the
non-cross-linked particles in DMAc resulted in a clear solu-
tionwithDh of 4 nm (typical for linear polymers of thisMW).
Particles synthesized from cross-linking emulsion copoly-
merization of St/DSDA and emulsion polymerization of
St resulted in very stable particles in aqueous medium, the

particles were still homogenously dispersed in the medium
after 1 month (Figure 10). TEM images show that spherical
particles were obtained both with and without the cross-
linker (Figure 9). However, the particle size distribution
appears to be somewhat less uniform for the cross-linked
particles.

Degradation of Core-Cross-linked Latex Particles. Biolo-
gical releases of therapeutics in drug carriers are crucial when
administered in vivo; hence, the studies on the rate of degra-
dation of polymeric carriers need to be conducted. The aim is
to generate particles that are stable in the bloodstream but
start degrading rapidly once they are taken up by the cells,
where a reductive environment is prevalent.

Reduction reaction, involving scission of disulfide bonds,
can be carried out with a thiol reagent (reductant). Degrada-
tion of the cross-linked particles into their constituent pri-
mary chains was achieved using 1,4-dithiothreitol (DDT) as
reducing agent. The cleavage of disulfide bonds was moni-
tored by measuring the scattering intensity and Dh of the
cross-linked glyco-particles using dynamic light scattering.
DMAc was chosen as solvent as it has the ability to dissolve
both the polystyrene and glycopolymer blocks once the
disulfide bridges have been cleaved. Sufficient cross-linking
was ensured when the glyco-particles were dissolved in
DMAc; a very diluted milky solution was observed with
the Dh size of 56 nm (Figures 11 and 12). Two different

Figure 9. Transmission electron microscope images of latex glyco-
particles generated from emulsion polymerization of St via the glucose
RAFTstab at 83% conversion (A) and disulfide core-cross-linked
glyco-particles at 81% conversion (B). Scale bars are 0.2 μm for image
A and 100 nm for image B.

Figure 10. Comparison of latex glyco-particles after dilution 100 times
in distilled water from final original emulsions and after settling over a
month, with and without disulfide cross-linked/fluorescent tagged.

Figure 11. Comparison of latex glyco-particles after purification at a
concentration of 2 mg mL-1 in DMAc, with and without disulfide
cross-linked/fluorescent tagged (A) and cross-linked particles treated
with DTT for 1 h (B).
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cross-linked particles were used in this experiment: one from
the final emulsionmixture (see Table 1, experiment C2) when
left overnight for polymerization for 20 h (81% conversion)
and anotherwas the aliquot taken after 5 h of polymerization
(75% conversion) from the same experiment. A reduction in
scattering intensity for both core-cross-linked particles was
observed, with the particles with 75%conversion reducing to
near zero intensity after 10 min and the particles with 81%
conversion reducing to 9 times less scattering intensity than
the original particles. Further inspections allow more con-
clusions as the particle sizes from the lower conversion
gave values (∼4 nm) that correspond to the disintegration
into primary chains after reduction of disulfide bridges
(Figure 12). However, experimental error may have resulted
in the sudden increase in particles size of the glyco-particles
at 26min (Figure 12). Glyco-particles obtained after 20 h did
not degrade completely. Formation of permanent cross-links
as a result of chain transfer events with the disulfides might
have prevented complete degradation of these particles.23

The decreasing scattering intensity suggests the decomposi-
tion of a significant fraction of cross-links. Interestingly, the
remaining particles have diameters bigger than the original
particles, which may indicate that the remaining particles
have only a loose network structure in the core with free thiol
groups, which probably promote swelling of the core and
thus an increase in size.

Turbidimetric Binding Assay. Bioactivity of the glyco-
particles was tested using turbidimetric assay via UV/vis
spectroscopy.9,56 The rate of receptor clustering among cells
and other biologicalmolecules is a vital parameter in biologi-
cal systems. The influence of the epitope density on a bio-
logical specimenwith their binding protein is normally asses-
sed using turbidimetric assays.57,58 ConcanavalinA (ConA), a
lectin specific for binding glucose and mannose, was used to
investigate the interactions between ConA and the glucose
moieties on the surface of the latex particles. Turbidimetric
assay was utilized measuring the changes in absorbance at a
wavelength of 420 nmduring the ConA/glucose interactions.
Scheme 4 depicts the clustering and precipitation of latex
particles due to intermicellar cross-linking via ConA, a
tetrameric binding protein. The RAFTstab (PMAG23-
MCPDT), the latex glucose particles (From Table 1, experi-
ment 1), and the core-cross-linked latex glucose particles
(from Table 1, experiment C2) were tested regarding their

ability to form clusters with ConA. The rate of complexation
between ConA and its ligand depends heavily on the density
of the multivalent ligand.57 In this case, cross-linked latex
particles display a clustering rate much higher than the non-
cross-linked particles (Figure 13). The density of the multi-
valent glucose ligand was the same for both cases as the
glucose RAFTstab used was of the same degree of polymer-
ization (PMAG23-MCPDT); furthermore, the concentra-
tions of both ligand solutions (cross-linked particles and
non-cross-linked particles) were kept constant. The lower
clustering rate displayed by the non-cross-linked particles
could be caused by the higher chain dynamics. In contrast,
the contracted structure upon cross-linking causes a more
brushlike structure of the glycopolymers chains on the sur-
face. It has previously been reported that rigid scaffolds for
sugars are entropically favorable to enhance binding.10

The aggregates formed by the glucose latex particles and
the ConA were later treated with an excess of methyl R-D-
mannopyranoside, a competitive monodentate ligand. The
competitive binding assay leads to the decrease of the absor-
bance as mannose, being a stronger ligand for ConA, reve-
rses the binding of glucose particles withConA (Figure 13).58

Further experiments with only the linear glucose RAFTstab
(PMAG23-MCPDT) did not result in any visible complexa-
tion with ConA (Figure 13). The low binding by the glucose
RAFTstab may be the result of insufficient numbers of
glucose pendant groups on the polymer backbone. The
interaction between one glucose moiety and ConA is;in
contrast to the stronger conjugation of mannose to ConA;
very weak. This is evenmore pronouncedwhen essential ions
such as Ca2þ and Mn2þ are absent in the buffer solution to
allow optimum interactions with ConA.59 The weakness is
not compensated by the 23 glucose repeating units present in
the RAFTstab. This observation emphasizes even more the
strong multivalent effect displayed by the nanoparticles
prepared.

Bacteria Adhesion Studies. Because of the fimH protein
carried by the type 1 fimbrae in E. coli, interactions between
the proteins on the E.coli bacteria and glycopolymers are
possible.7 FimH is a lectin that possesses carbohydrate
recognition domains (CRD), and it has high affinity
binding with mannose (Kd = 2.3 μM) and glucose (Kd=
9.24 mM).60 By blocking the binding sites of the bacteria
using multivalent glycopolymers with either mannose or

Figure 12. Scattering intensity and hydrodynamic diameter vs degra-
dation time during treatment of cross-linked glyco-particles (75 and
81%monomer conversion; polymerization times 5 and 20 h) withDTT
in DMAc.

Figure 13. Turbidimetry assay of glyco-particles (“GP” in figure)/
cross-linked glyco-particles synthesized via the emulsion polymeriza-
tion with ConA association binding, RAFTstab/ConA association
binding, and the dissociation competitive assay of the glyco-particles
with ConA after the addition of methyl R-D-mannopyranoside.



5220 Macromolecules, Vol. 43, No. 12, 2010 Ting et al.

glucose, the attachment of infectious bacteria onto healthy
cells can be prevented. This avenue can also potentially
promote dedifferentiation of swarmer cells, hence offering
new strategies in modulating the bacteria’s multicellular
behavior.11 Figure 14A show a clear aggregation displayed
by the formation of bacteria-glycopolymer complex, with
high fluorescent patches after mixing the GFP E. coli cells
with the glyco-particles (from Table 1, experiment C2).
Fluorescent images were very similar when compared be-
tween non-cross-linked (from Table 1, experiment 1) and
cross-linked glyco-particles. Images were taken with the
same batch of GFP E. coli cells with a measured optical
density (OD) of 8; hence, the amounts of cells per volume
sample when mixed with the polymeric ligands (RAFTstab,
un-cross-linked glyco-particles and cross-linked glyco-
particles) were approximately equal. In addition, successful
aggregation by the E. coli cells gave distinct precipitation
upon optical inspection in the Eppendorf tubes. Results
show that the aggregation of E. coli cells was aided by the
multivalent ligands provided by the glyco-particles. Con-
trol experiment carried out with the same condition but
without the glyco-particles did not show aggregation when
compared to Figure 14A (Figure SI-7). Preliminary experi-
ments were performed using the same glucose residue
concentrations as in the turbidimetric assay, but E. coli cells
did not show sign of aggregations. The concentrations
required were higher than the concentrations used during
the turbidimetric assay, as considerations such as the acces-
sibility of the glucose moieties with respect to ConA (plant
lectin) receptor and the fimH receptor (bacteria lectin) from
E. coli are very different.1 Experiments were also conducted
by mixing the GFP E. coli with the linear precursor
(RAFTstab). The resulting aggregations among the E. coli
cells were limited when compared to those mixed with
glyco-particles (Figure SI-7).

Competitive binding assayswere again tested using 1-meth-
ylR-D-mannopyranoside, amonodendate ligand. Two experi-
ments with different concentrations of competitive ligands
were mixed with the bacteria/glyco-particles complex. A con-
centrated solution of 1-methyl R-D-mannopyranoside in dis-
tilled water was prepared in order to pipet minimum volume
of competitive ligands into the complex for comparison with-
out disturbing the concentration of cells in the mixtures of
complexes. 1-methyl R-D-mannopyranoside as a stronger
monodentate ligand compete now with the glycopolymer for
binding sites onE. coliandas a result lead to the disassociation
of the network formed by the glycopolymer. Figure 14B
reveals that some residual complexes were still remaining
but significantly diminished. Higher concentrations of com-
petitive ligands dissolved the complex completely as the GFP
E. coli cells spread further apart (Figure 14C).

Conclusions

One-pot synthesis of glycopolymers by controlled/living
RAFT mediated ab initio emulsion polymerization, employing

a surface active glucose based RAFTstab, provide a convenient
technique toward bioactive synthetic latex glyco-particles. The
RAFTstab, based on 2-methacrylamido glucopyranose mono-
mer, was used in the self-assembly based cross-linking ab initio
emulsion polymerization of styrene. A disulfide cross-linker was
used to enable reductive degradation of the cross-linked particles
into the constituent linear (primary) chains.

The bioactivity of the latex glyco-particles was examined
using two classes of lectins: Concanavalin A (plant lectin,
Canavalia ensiformis) extracted from Jack bean and fimH
(bacteria lactin) from green fluorescence protein (GFP) Escher-
ichia coli (E. coli DH5R strain). Results reveal that the glucose
functionalities remain bioactive after being processed into glyco-
nanoparticles. Because of the affinity enhancements displayed by
carbohydrates molecules and their binding to lectins, these glyco-
particles have potential as recognition devices, delivery systems, or
aggregating bacteria in the biological system.2,5,12 The optimized
glucose RAFTstab provides a platform for other biologically
active carbohydrates such as mannose or galactose to be easily
converted into their respectively RAFTstab. Degradation of the
particles after scission of the disulfide (cross-linker) bridges would
result in linear low molecular weight polymer and thus facilitate
renal elimination.
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