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Abstract A group of fluorescent statistical glycopolymers,
prepared via reversible addition–fragmentation chain-transfer
(RAFT)-based polymerizations, were successfully employed in
lectin-mediated bacterial binding studies. The resultant
glycopolymers contained three different monomers: N -(2-
hydroxyethyl) acrylamide (HEAA), N -(2-aminoethyl)
methacrylamide (AEMA) and N -(2-glyconamidoethyl)-
methacrylamides possessing different pendant sugars. Low
dispersities (≤1.32) and predictable degrees of polymerization
were observed among the products. After the polymerization,
the glycopolymers were further modified by different
succinimidyl ester fluorophores targeting the primary amine
groups on AEMA. With their binding specificities being con-
firmed by testing with lectin coated agarose beads, the
glycopolymers were employed in bacterial binding studies,
where polymers containing α-galactose or β-galactose as the
pendant sugar were specifically bound by two clinically impor-
tant pathogens Pseudomonas aeruginosa and Staphylococcus
aureus , respectively. This is the first report of using RAFT-
based glycopolymers in bacterial binding studies, and
the ready access to tri-component statistical glycopolymers

also warrants further exploration of their utility in other
glycobiological applications.
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Abbreviations
RAFT Reversible addition–fragmentation chain-transfer
DP Degree of polymerization
CTA Chain transfer agent
MEHQ Hydroquinone monomethyl ether
AEMA N -(2-Aminoethyl) methacrylamide
HEAA N -(2-Hydroxyethyl) acrylamide
GPC Gel permeation chromatography
PMA Poly-methacrylamide/acrylamide
DMF Dimethylformamide
GNL Galanthus nivalis lectin
Mn Number-average molar molecular weight
Mw Weight-average molar molecular weight

Introduction

In the past two decades, the use of synthetic glycopolymers in
biochemical and biomedical research areas has acquired wide-
spread attention. Various types of glycoconjugates were applied
in studies of lectin recognition process [1–3], drug and gene
delivery systems [2, 4, 5], disease treatments [6–9], to note a
few. Among different designs of glycoconjugate structures,
linear glycopolymers with pendant carbohydrate moieties have
certain advantages because of the inherent flexibility, efficacy,
and their structural comparability with some natural glycopro-
teins, making them very suitable for cell-carbohydrates recog-
nition studies [3]. In our clinical research, we are particularly
interested in the lectin-carbohydrate interactions of key patho-
genic bacteria with surface carbohydrates that are found on
human tissue cell surfaces and extracellular matrices, a process
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that is considered to be highly involved in the initial step of
bacterial adhesion and the persistence of some infections [10,
11]. Many important human respiratory pathogenic bacteria,
like Pseudomonas aeruginosa , Staphylococcus aureus ,
Helicobacter pylori , Escherichia coli , etc ., have been widely
studied in their lectin binding behaviors [12]. Due to the
naturally low binding affinities of many lectins to target
carbohydrates, especially monosaccharides, multivalent
glycoconjugates possessing higher lectin binding affinities are
of great advantage in studying bacterial lectins [3]. Our initial
success with the use of commercially available polyacrylamide-
based glycoconjugates in the phenotypic expression of lectins
of human respiratory pathogenic bacteria prompted us to de-
velop a facile approach to well-defined polymers that would
allow for varied pendant carbohydrates, along with different
fluorescent labels.

In this pursuit, we turned our attention to a type of living or
controlled radical polymerization using reversible addition–
fragmentation chain-transfer agents (RAFT) [13] that have been
successfully applied in the synthesis of glycopolymers. Specif-
ically, the RAFT reactions demonstrate tolerance of a diversity
of participating monomers and reaction conditions, as well as,
the low dispersity of the products [14–16], all of which are
desirable characteristics. On the subject matter of RAFT, and
its utilization in preparing glycopolymers, several excellent
reviews have been published [16–18]. Tri-component
glycopolymers have also been synthesized through RAFT-
based reactions, however, most of them either used stepped
polymerizations to prepare tri-block copolymers [19–21] or
did not possess anomeric pendant sugars appropriate for
lectin-binding studies [22]. To the best of our knowledge, this
is the first report of well-defined statistical tri-component
glycopolymers prepared via one-step RAFT reactions, which
possess varied pendant carbohydrates, the versatility of post-
modification with varied fluorescent labels, and demonstrated
utility in targeted lectin-mediated bacterial binding.

Materials and methods

Materials

Unless mentioned otherwise, all chemicals were used as re-
ceived. N-(2-aminoethyl) methacrylamide hydrochloride was
purchased from Polysciences (Warrington, PA). Texas Red-X
succinimidyl ester and 5-(and-6)-carboxyfluorescein
succinimidyl ester were bought from Molecular Probes
(Grand Island, NY). Marasmius oreades agglutinin coated
lectin beads were obtained from EY laboratories (San Mateo,
CA), Galanthus nivalis lectin (GNL) and peanut agglutinin
lectin beads from Vector Laboratories (Burlingame, CA).
Bacteria strains were from ATCC (Manassas, VA). TOSOH
TSK-GEL G4000 PWxl (30 cm×7.8 mm) and G4000 SW

(30 cm×7.5 mm) HPLC columns were from Fisher Scientific
(Pittsburgh, PA). Anion-exchange resin (Amberlite IRN-78
hydroxide-form, 80 mesh), cation-exchange resin (Dowex
50W×8, 200 mesh), hydroquinone monomethyl ether
(MEHQ), Orange II sodium salt, N -(2-hydroxyethyl) acryl-
amide (HEAA), and other chemicals, not noted above, were
purchased from Sigma-Aldrich Chemicals (St. Louis, MO).

Synthesis of disaccharides

Disaccharides employed in this study, namely β-D-
galactopyranosyl-(1→6)-D-glucose (allolactose) and α-D-
mannopyranosyl-(1→6)-D-glucose were prepared through a
modified Koenigs-Knorr reaction. As an example, 1.0 g of 1,
2,3,4-tetra-O -acetyl-β-D-glucopyranose [23] (2.87 mmol)
was dissolved in 10.0 mL dry CH3CN. To the solution,
1.2 g of 2,3,4,6-tetra-O -acetyl-α-D-galactopyranosyl bromide
(2.92 mmol) and 0.8 g mercury (II) cyanide (3.12 mmol) were
added. The reaction was stirred for 16 h under an argon
atmosphere at room temperature, at which time 2.0 mL of
pyridine and acetic anhydride were added. The stirring con-
tinued for 5 min at 60 °C, at which time the volume of the
reaction mixture was reduced in vacuo . The syrupy residue
was then redissolved in 200 mL of CH2Cl2, washed succes-
sively with water, saturated NaHCO3, and brine, then dried
over MgSO4 and concentrated in vacuo . The residue was
purified by flash chromatography on a silica gel column (70–
230 mesh, 60 Å, 15×50 mm, ethyl acetate/hexane 1:1), yield-
ing 1,2,3,4,2′,3′,4′,6′-octa-O -acetyl-β-allolactose (per-O -
acetyl-β-allolactose) (1.65 g, 85 % yield) as a colorless syrup.

Under an atmosphere of dry nitrogen, per-O -acetyl-β-
allolactose (1.0 g, 1.47 mmol) was then dissolved in 150 mL
dry MeOH, to which was added, with rapid stirring, 1.5 mL of
a sodium methoxide solution (25 wt.% in dry MeOH) over a
2 min period. The reaction was stirred for an additional 30min
at room temperature and stopped by the addition of cation-
exchange resin (Dowex 50W×8, H+ form). The resin was
removed by filtration and the filtrate evaporated in vacuo to
yield allolactose (0.49 g, 97 % yield).

Synthesis of 6-O -α-D-mannopyranosyl-D-glucose,
prepared in a similar manner, yielded 0.56 g (80 %
yield) of the disaccharide.

Synthesis of disaccharide lactones

Disaccharides melibiose, lactose, allolactose, and 6-O-α-D-
mannopyranosyl-D-glucose, employed in this study, were first
oxidized to their corresponding lactones according to Moore
et al . [24]. As an example, 2.0 g of melibiose (5.84 mmol)
were dissolved in 4.0 mL of water, diluted with 5.0 mL
MeOH, and then added to 40 mL of MeOH containing 2.9 g
of iodine at 40 °C. With stirring, 70 mL of 4 % (w/v) KOH in
MeOHwas then added dropwise over a period of 30 min until
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the iodine color completely disappeared. The mixture was
then cooled on ice for 1 h. The precipitate of potassium
melibionate was then filtered, rinsed with coldMeOH, recrys-
tallized from 100 mL MeOH/water (9:1, v/v), then dried in
vacuo . The resulting melibionic acid salt was then dissolved
in 10 mL water and converted into its free acid form by
passing the solution through a strongly acidic cation-
exchange column (Dowex 50W×8, H+ form) and then
freeze-dried to yield approximately 2.0 g. This was then
dissolved in a minimal amount of MeOH (~3.0 mL) to which
absolute EtOHwas added until the solution turned just cloudy,
at which time the solvents were evaporated in vacuo . This was
repeated 4 times to yield melibiono-1,5-lactone (1.94 g, 98 %
yield). Other disaccharides, oxidized in a similar manner,
produced comparable yields (>95 %).

Synthesis of glycomonomers

2-Gluconamidoethyl methacrylamide (GAEMA) was pre-
pared according to a published protocol [19] and 2-
lactobionamidoethyl methacrylamide (LAEMA) was pre-
pared with some modifications. To the solution of 1.0 g of
lactobiono-1,5-lactone (2.94mmol) in 3.0 mL ofMeOH, were
added N -(2-aminoethyl) methacrylamide hydrochloride
(AEMA hydrochloride, 0.58 g, 3.53 mmol) and 1.0 mg
hydroquinone monomethyl ether (MEHQ, an inhibitor of
self-polymerization) in 2.0 mL of MeOH and1.0 mL of
triethylamine. The mixture was stirred at room temperature
for 48 h, at which time 20 mL of water was added. Then,
MeOH and triethylamine were removed from the mixture in
vacuo . To remove any remaining lactobionate, the resulting
aqueous solution was passed through an anion exchange
column (Amberlite IRN-78, OH- form, 10×20 mm) into a
receiving beaker containing 1.0 mg of MEHQ. Residual
triethylamine was then removed from the eluate in vacuo .
Dowex 50W×8 (H+) was added portionwise to the solution,
until no ninhydrin reactive material remained. The mixture was
then filtered and freeze-dried. Removal of MEHQ from the
freeze-dried product was accomplished by dissolving the ma-
terial in a minimum amount of MeOH, which was then added
to ice cold acetone to precipitate LAEMA. Following filtration
and drying, LAEMA (0.89 g, 65 % yield) was obtained as

white powder. Other glycomonomers listed in Table 1 were
prepared in the same manner with comparable yields.

Kinetic experiment for the RAFT tri-component
polymerization of GAEMA

To a 5 ml Schlenk tube equipped with a septum, was added
2.4 mL water containing 128.5 mg of GAEMA (419.5 μmol),
10.3 mg AEMA hydrochloride (62.9 μmol) and 166 μL of
HEAA (1615.1 μmol) thus producing a monomers molar ratio
of 20:3:77, respectively. To the solution were then sequential-
ly added 0.3 mL dimethylformamide (DMF) containing
3.1mgof (4-cyanopentanoic acid)-4-dithiobenzoate [11μmol,
chain transfer agent (CTA)], and 0.3 mL DMF containing
1.5 mg 4, 4′- azobis (4-cyanovaleric acid) (5.4μmol, initiator).
The resulting molar ratio of [M]0:[CTA]:[Initiator] was
380:2:1, where [M]0 is the initial total monomers concentra-
tion. The solution was then degassed with 3 freeze–evacuate–
thaw cycles and the Schlenk tube transferred to a water bath at
70 °C. At each time point of the copolymerization (2, 4, 7, 11,
24, and 35 h), 200 μL of the solution were withdrawn with an
argon-purged gas tight syringe and precipitated in 10 mL of
cold acetone containing 1.0 mg of MEHQ. The precipitates
were dried in vacuo and prepared for gel permeation chroma-
tography (GPC) and NMR analysis, as noted below. The
conversion rates of GAEMAwere determined by comparing
the proton signal changes from both H-2 (δ 4.30–4.40) and H-
3 (δ 4.05–4.15) (Supplementary Fig. S9).

One-step tri-component RAFT-based copolymerization (see
Scheme 1)

To a 1 ml Schlenk tube equipped with a septum, was added
0.4 mL water containing 21.4 mg of GAEMA or 32.8 mg of
disaccharide monomers (70.0 μmol, Table 1), 1.7 mg AEMA
(10.5 μmol) and 27.5 μL HEAA (270 μmol), thus having a
monomer molar ratio of 20:3:77, respectively. To the mono-
mer solution were then sequentially added 50 μL DMF con-
taining 0.53 mg of (4-cyanopentanoic acid)-4-dithiobenzoate
(1.9 μmol) and another 50 μL DMF containing 250 μg of 4,
4′-azobis-(4-cyanovaleric acid) (0.9μmol) resulting in a molar
ratio of [M]0:[CTA]:[Initiator] to be 380:2:1. The mixture was

Table 1 Synthesized
glycomonomers, glycopolymers
and their abbreviations

a PMA stands for poly-
methacrylamide/acrylamide

Glycomonomer (yield) Abbreviations

Glycomonomers Glycopolymers

2-Gluconamidoethyl methacrylamide (98 %) GAEMA PMAa-GAEMA

2-Lactobionamidoethyl methacrylamide (65 %) LAEMA PMA-LAEMA

2-Allolactobionamidoethyl methacrylamide (59 %) ALAEMA PMA-ALAEMA

2-Melibionamidoethyl methacrylamide (68 %) MAEMA PMA-MAEMA

6-O-α-D-mannopyranosyl-D-gluconamidoethyl methacrylamide (64 %) MGAEMA PMA-MGAEMA
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degassed with 3 freeze–evacuate–thaw cycles and transferred
to a water bath at 70 °C for 24 h. At this time, an aliquot of the
solution (100 μL) was treated with 20 mL of ice cold acetone
and the precipitated polymers were analyzed by GPC, as
described below. The remainder of the solutions were then
dialyzed against deionized water (6×2 L) over a period of 24 h
(MWCO=3,500) and then lyophilized. The resultant statisti-
cal poly-methacrylamide/acrylamide (PMA) copolymers con-
taining pendant glyconamides, 4-O-β-D-galactopyranosyl-D-
gluconamide (lactobionamide), 6-O -β-D-galactopyranosyl-
D-gluconamide (a l lo lac tobionamide) , 6-O -α -D-
galactopyranosyl-D-gluconamide (melibionamide) or 6-
O -α-D-mannopyranosyl-D-gluconamide, were obtained. For
ease of discussion, they are abbreviated as PMA-GAEMA,
PMA-LAEMA, PMA-ALAEMA, PMA-MAEMA, and
PMA-MGAEMA, respectively (Table 1).

Synthesis of PMA-ALAEMAwith different degree
of polymerization (DP)

To test the ability of the tri-component RAFT reaction to
produce varied copolymer lengths, reactions with varied con-
centrations of CTA and initiator were performed (Table 2). A
parallel reaction without using any CTA was performed, as
well. For all reactions, the amounts of monomers used and
the reaction procedures were exactly the same as described in
the section above. The synthesized PMA-ALAEMA
glycopolymers with different DPs were characterized on GPC.

Post-modification of glycopolymers with fluorophores

Glycopolymers (5.0 mg) containing ~0.9 μmole of primary
amine functional groups were individually dissolved in
0.9 mL phosphate buffered saline (PBS, 0.1 M sodium

phosphate, 0.15 M NaCl, pH 7.5). To each solution, with
rapid stirring, was slowly added 100 μL DMF containing
0.6 mg of carboxyfluorescein succinimidyl ester (1.3 μmol),
or 1.1 mg of Texas Red-X succinimidyl ester (1.3 μmol). The
reactions were gently stirred for 16 h in the dark and then
dialyzed against 6×2 L distilled deionized water over a period
of 24 h (MWCO=3,500). Following lyophilization, a colored
flocculent product was obtained for each glycopolymer. In
some experiments, to confirm the completeness of reaction
between the primary amines and fluorophore succinimidyl
esters, purified labeled glycopolymers were retreated with an
additional fluorophore reagent and the products tested for any
increase in fluorescence.

Binding tests of the synthetic glycopolymers with lectin
coated agarose beads

The lectin-binding specificities of the synthesized glycopolymers
were first probed by testing with plant lectin-coated agarose
beads. As an example of the binding test protocol, a 50 μL

Scheme 1 Illustration of the
synthesis of fluorescent
glycopolymers PMA-ALAEMA-
Fluorescein containing β-
galactoside as the pendant sugar

Table 2 Parameters of reactions synthesizing PMA-ALAEMA with
different DP

Copolymerizations Amount
of CTA
used,/
mg

Amount
of
initiator
used,/mg

Target
DP,
[M]0/
[CTA]

Reaction
yield after
dialysis,
%

Actual
DPsa

#1 1.00 0.25 97 45 26

#2 0.53 0.25 190 78 101

#3 0.25 0.25 386 81 260

#4 0 2.00 NA 98 382

a Calculated by Mn/(0.77MWHEAA+0.2MWALAEMA+0.03MWAEMA),
see Fig. 4
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suspension of GNL coated agarose beads, which binds α-
mannose specifically, were washed three times with 1.5 mL
PBS and resuspended in 0.5 mL PBS. To the mixtures were
added 3 μg of PMA-MGAEMA-Fluorescein or PMA-
MAEMA-Fluorescein, respectively. Following a 1 h incuba-
tion in the dark at room temperature, the mixtures were each
then washed three times with 1.5 mL PBS. In a parallel
competitive binding test, the GNL agarose beads were pre-
incubated with 1.0 mg of non-fluorescent PMA-MAEMA or
PMA-MGAEMA for 20 min before the addition of 3 μg of
PMA-MGAEMA-Fluorescein. The final beads pellets from
the binding tests were each resuspended in 1.0 mL PBS, 4 μL
aliquots were then subjected to fluorescence microscopy
(Olympus BX43, FITC filter used), and 100 μL aliquots were
taken for measurements of their fluorescence intensities (λex/
λem=490/520 nm, slit width=10 nm) on a microplate reader
(BioTek Synergy Mx). Employing the same protocol,
Marasmius oreades agglutinin-coated lectin beads were used
to confirm the binding with α-galactoside containing copoly-
mers, while peanut agglutinin lectin beads were used to probe
for β-galactoside binding.

Lectin-mediated bacterial binding with fluorescent
glycopolymers

S. aureus ATCC 25923 and P. aeruginosa ATCC 39018 were
separately cultured on either mannitol salt or trypticase soy
agar for 24 h. The colonies were then lifted and suspended in
20 mL of binding solution (155 mM NaCl, 1 mM CaCl2, and
1 % bovine serum albumin) to attain a bacterial suspension
with an optical density of 1 at 600 nm. For each binding
experiment, 100 μg of fluorescent glycopolymers, dissolved
in 100 μL sodium phosphate buffer (0.3 M, pH=7.4), were
then added to 1.0 mL of a bacteria suspension to be tested,
respectively, and incubated for 2 h in the dark at 35 °C with
gentle shaking. Specifically, S. aureus was treated with PMA-
ALAEMA-Fluorescein, while PMA-MAEMA-Texas Red
was employed for binding to P. aeruginosa . In negative
control experiments, either PMA-GAEMA-Fluorescein or
PMA-GAEMA-Texas Red was used in the incubation. Fol-
lowing incubation, all bacteria-glycopolymer mixtures were
then centrifuged (8,000× g, 10 min) and the pellets were
washed three times with 1.2 mL saline (155 mM NaCl con-
taining 1 mMCaCl2). The final pellets were then resuspended
in 20 μL saline and 4 μL aliquots were then taken for analysis
by fluorescence microscopy. The green and red fluorescence-
labeled bacteria in each photo representing one or several
glycopolymer-binding S. aureus and P. aeruginosa respec-
tively were quantified by the software cellSens Dimension
(Olympus, Fig. S14).

Employing the same protocol described above, S. aureus
ATCC 25923 was also separately tested with 100 μg of
fluorescein-labeled PMA-LAEMA, PMA-ALAEMA, PMA-

MAEMA, and PMA-GAEMA in order to compare their
carbohydrate-binding specificities. The bacteria pellets
after three washings were resuspended in 100 μL PBS
(pH=8), and the fluorescence intensities were measured
on the microplate reader. All binding experiments were
performed in triplicate.

Analysis

1H and 13C NMR spectra of samples dissolved in D2O were
recorded on a Bruker Avance 800 MHz spectrometer. 1H and
13C spectra were recorded at 800.14 and 201.19 MHz, respec-
tively. Glycomonomers, dissolved in MeOH/water 50:50 (v/
v) were subjected to direct electrospray mass spectrometry
analyses, utilizing a Thermo Scientific LTQ Orbitrap XL
hybrid Fourier transform mass spectrometer. Molecular
weights (Mw, Mn) and the dispersity (Mw/Mn) of the
glycopolymers were derived against a calibration curve from
polyethylene glycol standards (MW: 200-1,200,000 g/mol)
using aWaters Alliance HPLC system equipped with a refrac-
tive index detector (Waters e2695, 2414) and TOSOH TSK-
GEL G4000 PWxl and a TSK-GELG4000 SWGPC columns
using 0.1 M Tris/0.1 M sodium chloride buffer (pH=7) as
eluent at a flow rate of 0.6 mL/min. The actual concentrations
of primary amine functional groups within the glycopolymers
were quantified with Orange II according to a published
protocol [25]. Total carbohydrate content of the synthesized
glycopolymers was analyzed according to a published method
[26]. Elemental analysis was performed by Galbraith Labora-
tories, Knoxville, TN.

Results and discussion

Synthesis of glycomonomers

In order to provide for desired conformations of pendant
sugars presented by glycopolymers to plant and bacterial
lectins, we have chosen disaccharides lactose, melibiose,
allolactose and α-D-mannopyranosyl-(1→6)-D-glucose as
the specific glycoside sources. All disaccharides were then
oxidized with iodine and dehydrated to their respective lac-
tones. These disaccharide lactones, and gluconolactone, were
then reacted with the primary amine functional group on
AEMA to produce a group of glycomonomers, listed in Ta-
ble 1. While GAEMA and LAEMA have been previously
reported [4, 19], glycomonomers ALAEMA, MAEMA, and
MGAEMA, are novel glycosynthons designed to provide α-
galactoside, β-galactoside and α-mannoside, respectively, as
the pendant carbohydrate residues. In contrast to the report on
the preparation of LAEMA [19], we initially obtained varied
amounts of the product which was also of an unsatisfactory
purity. A modified purification procedure was thus developed
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for the disaccharide lactone, which uses cation and anion-
exchange resins, sequentially, to remove unreacted AEMA
and disaccharide acids, respectively, resulting in less variable
yields of 59 % to 68 % (Table 1). The details of individual
syntheses are given in the Supplementary material. Character-
izations performed by NMR spectroscopy, mass spectrometry,
and elemental analysis confirmed the high purities of the
products (Supplementary Fig. S1-8). 1H NMR spectroscopy
of the glycomonomers also confirmed the correct configura-
tions at the anomeric carbons in allolactose and α-D-
mannopyranosyl-(1→6)-D-glucopyranose (Supplementary
Fig. S2, 4).

Kinetic experiment for the RAFT tri-component
polymerization of GAEMA

GPC traces of the PMA-GAEMA copolymers at different
time points indicate that the RAFT-based polymerization
was well-controlled, as evidenced by the consecutive low
dispersities (<1.3) of the products and of the steady evolution
of the Mn (Fig. 1). As expected, the examination of develop-
ing copolymers by 1HNMR indicated that the consumption of
GAEMA and HEAA monomers in the reaction proceeded at
different rates with GAEMA being consumed somewhat
faster. This observation is a focus of an ongoing investigation.
Overall, >95 % of the conversion was completed in the first
24 h (Fig. 1b).

RAFT-based synthesis of glycopolymers

In this study, a facile one-step RAFT-mediated tri-component
copolymerization strategy was employed. Compared to the bi-
block or tri-block glycopolymers prepared through stepped
RAFT-controlled polymerizations [15, 19, 27], this one-step
reaction should provide for a more random distribution of the
glycomonomers in the products, as seen in naturally occurring
glycoproteins, mucous glycoproteins and glycolipids. In this
work, we prepared glycopolymers that contain 20 mol% of
glycomonomer, HEAA (77 mol% on polymer) as spacer, and
AEMA (3 mol%) as targets for post-modifications with
fluorophores and then employed them in a lectin-binding
study similar to that reported by Bovin in the use of early
neoglycoconjugates [28]. With the use of RAFT reactions,
synthesized glycopolymers with different pendant sugars on
the gluconamide linker (Table 1) demonstrated low
dispersities (≤1.32), very similar GPC traces and Mn (Fig. 2,
Table 3). As can be seen in Fig. 2, when plotted against the
elution profiles of these glycopolymers, only PMA-GAEMA
displayed a smaller Mn due to the absence of a pendant
pyranose. For all glycopolymers, these results demonstrate a
high reproducibility of copolymerization and, following indi-
vidual analysis of product components (i.e. , carbohydrates
and primary amine functional groups (Table 3)), it was deter-
mined that the ratio of incorporated monomers in the respec-
tive glycopolymers reflected the stoichiometric ratio of mono-
mers employed in the initial RAFT reactions. In other words,
the stoichiometry of components in RAFT reactions predict-
ably defined the respective product composition. Structural
confirmation of the resultant glycopolymers was performed
by 1H- and 13C-NMR (Fig. 3, and supplementary Fig. S9-12).

That the pendant sugars are located on a gluconamide
linker, is of special note, in that it results in formation of
polymers that are more physiologically relevant because of
the hydrophilic nature of the polysaccharides chains on many
natural glycoproteins.

To test the ability of CTA to control the DPs and dispersity
of the product copolymers, varied amounts of CTA (Table 2)

Fig. 1 Kinetic study for the RAFT polymerization of PMA-GAEMA. a
Gel permeation chromatography traces of the copolymers indicating
steady evolution of the copolymers with time. b Mn dispersities of the
glycopolymers over time. ([M]0:[CTA]:[Initiator]=380:2:1; [M]0=0.7M;
solvent, H2O/DMF=4:1)

Fig. 2 Gel permeation chromatography traces of RAFT-based
glycopolymers. ([M]0:[CTA]:[Initiator]=380:2:1; [M]0=0.7 M; solvent,
H2O/DMF=4:1)
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were employed in the polymerizations. A class of PMA-
ALAEMA polymers with determined DPs was prepared and
they clearly showed that reactions with RAFT reagents
produced polymers that possessed considerably lower
dispersities than polymers prepared without any CTA
in the reaction (Fig. 4).

Post-modification of glycopolymers with fluorophores

The reaction of primary amine functional groups with a vari-
ety of reactive fluorophores is a technique frequently
employed in protein labeling. This versatility was incorporat-
ed into our investigation by post-modifying the amine func-
tional groups in our purified glycopolymers by separately
reacting them with either activated succinimidyl esters of
carboxyfluorescein or Texas Red-X fluorophores.

After 16 h of reaction in PBS buffer, and 24 h dialysis against
water, respective fluorescent polymers (i.e. , PMA-MAEMA-
Texas Red or PMA-GAEMA-Texas Red, and PMA-
ALAEMA-Fluorescein or PMA-GAEMA-Fluorescein) were
obtained, with no detectable degradation of the polymers, as
determined by GPC analysis (data not shown). Compared to
other labeling protocols applied to glycopolymers [2, 19], this
present method of post-modification is both simpler and amena-
ble to choice of fluorescent label desired for different experi-
mental designs. In our opinion, most of the water-soluble amine-
reactive fluorophores, biotins or quantum dots [22], should be
suitable for labeling of these synthesized glycopolymers.

Binding of synthetic glycopolymers with plant lectin coated
agarose beads

In order to assess the lectin-binding specificities of the syn-
thesized glycopolymers, each glycopolymer product was in-
dividually tested and confirmed with its corresponding lectin-
coated agarose beads. As an example, the binding results with
α-mannose-specific lectin GNL are presented here. Figure 5a
demonstrates the negligible binding of GNL beads with PMA-
MAEMA-Fluorescein which contains α-galactose as the pen-
dant sugar. In contrast, the α-mannose-containing polymer

PMA-MGAEMA-Fluorescein showed very strong binding
(Fig. 5b). To further validate the binding specificity with the
synthesized glycopolymers, this binding was competitively
inhibited when the GNL beads were pre-incubated with
1 mg of non-fluorescent PMA-MGAEMA (Fig. 5c), and,
when pretreated with 1 mg of PMA-MAEMA, no such effects
were observed (Fig. 5d). The fluorescence intensities that
were measured on the microplate reader (Fig. S13) were
consistent with the observation by microscopy. Similarly, the
binding specificities of the three different galactose-
containing glycopolymers were confirmed by employing aga-
rose beads coated with either Marasmius oreades agglutinin
or peanut agglutinin lectin and the respective competitive
inhibit ion by the corresponding non-fluorescent
glycopolymers (data not shown).

Lectin-mediated binding of bacteria with fluorescent
glycopolymers

Having established the specific affinities of the synthetic
glycopolymers towards plant lectin-coated agarose beads,
application of these polymers with clinically relevant bacterial
strains was performed. The well-studied α-galactose-binding
P. aeruginosa lectin PA-IL, which plays a crucial role in their
opportunistic infections [29, 30], was first studied. Ideal for
this experiment, PMA-MAEMA-Texas Red, possessing α-
galactose as the pendant sugar, was employed to test its
binding ability with this organism. As a negative control,
PMA-GAEMA-Texas Red, lacking the pendant α-galactose
group, was used. In a parallel experiment, employing the same
protocol, PMA-ALAEMA-Fluorescein possessing β-
galactose residues was tested for the recognition of S. aureus ,
with PMA-GAEMA-Fluorescein used as a negative control.
In three sets of repeated experiments, specific and dramatic
binding of the respective glycopolymers between the bacteria
and pendant sugars was observed by fluorescence microscopy
(Fig. 6) when compared with the negative controls which
demonstrated an occasional occurrence of non-specific bind-
ing (Fig. S14). The weak non-specific binding with the neg-
ative controls could be due to associations between a few

Table 3 Summary of the synthetic parameters and actual compositions of the RAFT glycopolymers

Glycopolymer Pendant sugar(linkage) Mn, GPC
g/mol

DPa Mw/Mn Actual content of
glycomonomers, mol%

Actual content of
primary amine, mol%

Reaction yield
after dialysis, %

PMA-GAEMA None 13696 89 1.32 NA 2.7 70

PMA-MAEMA α-galactose (1→6) 17684 95 1.30 21 3.3 74

PMA-LAEMA β-galactose (1→4) 18431 99 1.26 19 3.2 76

PMA-ALAEMA β-galactose (1→6) 18943 101 1.21 18 3.0 78

PMA-MGAEMA α-mannose (1→6) 16498 88 1.31 16 3.4 68

a Calculated byMn/(0.77MWHEAA+0.2MWglycomonomer+0.03MWAEMA). Considering actual DP and contents of each monomer in the polymers, these
statistical copolymers are denoted as P(GAEMA-stat-AEMA2.4-stat-HEAA); P(MAEMA20.0-stat-AEMA3.1-stat-HEAA71.9); P(LAEMA19.0-stat-
AEMA3.2-stat-HEAA76.8); P(ALAEMA18.0-stat-AEMA3.0-stat-HEAA80); P(MGAEMA14.1-stat-AEMA3.0-stat-HEAA70.9)
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bacteria and the glycopolymer fluorophores, or possibly some
traces unreacted primary amine functional groups remaining
on the glycopolymer. The latter hypothesis has been tested by
subjecting the fluorescent glycopolymers to a second round of
the fluorescent labeling. However, no further increase in fluo-
rescence was noted, nor did this retreatment affect the small
amount of the non-specific binding to the bacteria.

In another experiment where different fluorescein-labeled
glycopolymers were used to test the carbohydrate-binding
specificity of S. aureus ATCC 25923, PMA-ALAEMA and
PMA-LAEMA, both possessingβ-D-galactose as the pendant
sugar, showed dramatically higher binding than either PMA-
MAEMA, which possesses α-D-galactose, or the negative
control PMA-GAEMA. These results suggest that this strain

Fig. 3 Assigned 1H- (a) and 13C-
NMR (b) spectra (D2O) for
PMA-ALAEMA

Fig. 4 Gel permeation chromatography traces of PMA-ALAEMAwith
different DPs from copolymerizations using different amounts of chain
transfer agent ([M]0=0.7 M; solvent, H2O/DMF=4:1)

140 Glycoconj J (2014) 31:133–143



of S. aureus has a binding preference for β-D-galactose
(Fig. 7).

Understanding that the outcome of synthesizing a group of tri-
component polymers would produce statistical polymers, we
anticipated the possibility of glycopolymer molecules that would
not have incorporated any AEMAmonomer and thus would not
be fluorophore-labeled. Thus, the presence of these unlabeled
glycopolymers would then potentially act as binding competi-
tors. Although we did not attempt to determine the percentage of
such species, considering the very low possibility of such poly-
mers (4.7 %, i.e., 0.97100≈0.04755), their competition effects in
the present experiments were not considered to be significant.

As the binding between lectins and monosaccharides is
generally very weak, strong interactions most often require
multivalency of the sugars [3, 31]. As the fluorescent-labeled
glycopolymers produced in this investigation possess such
multivalency (14–20 pendant carbohydrate residues per

polymer), and strong associations are observed in our studies
on both lectin beads and bacteria, these results suggest that
these synthetic fluorescent glycopolymers could have appli-
cation to many other carbohydrate-binding studies.

Some studies suggest that the length of the linker sugar may
affect the binding affinities of the glycopolymers [32, 33]. In this
present study, synthesis of disaccharides to be converted to
lactones employed glucose as the only carbohydrate linker syn-
thetic precursor. Hence, when the resulting disaccharide lactones
were formed and reacted with AEMA, a gluconamide linker was
produced. In light of these and earlier studies, our ongoing
investigations include assessment of the effects of varying the
length of the linker, such as ribose (five-carbon sugar) or maltose
(disaccharide), to which the pendant sugars are bound.

Lastly, interactions between lectins and carbohydrates often
involve more than one glycoepitope [34]. Any disaccharides or

Fig. 5 Galanthus Nivalis lectin
(GNL) coated agarose beads bind
α-D-mannoside containing
glycopolymers, but not those
possessing α-D-galactoside.
PMA-MAEMA-Fluorescein
(3 μg) showed only a weak non-
specific binding with GNL (a), in
contrast to the strong binding
between PMA-MGAEMA-
Fluorescein and the beads (b).
Pre-incubation of the beads with
1.0 mg of non-fluorescent PMA-
MGAEMA for 20 min before
adding 3 μg of PMA-MGAEMA-
Fluorescein dramatically reduced
the binding of the latter (c), but
the pre-incubation with 1.0 mg of
PMA-MAEMA didn’t show any
competitive inhibition effects (d).
Scale bar =100 μm

Fig. 6 Representative lectin-mediated binding of bacteria to synthetic
fluorescent glycopolymers. Fluorescence microscopy of a mixture of the
binding tests: P. aeruginosa with PMA-MAEMA-Texas Red (100 μg)
and S. aureus with PMA-ALAEMA-Fluorescein (100 μg). Scale bar =
100 μm

Fig. 7 S. aureus ATCC 25923 showed binding specificity towards
glycopolymers containing β-galactose as the pendant sugar. Different
fluorescent glycopolymers (100 μg) were used in corresponding binding
test, and 100 μL of the final bacteria suspensions in PBS were used to
measure their fluorescence intensities on the microplate reader (λex/
λem=490/520 nm, slit width=10 nm)
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oligosaccharides of interest, in theory, can be conjugated onto a
linear polymer following this protocol. In addition, by varying
the polymer length, the ratios of glycomonomers or labeling
fluorophores [33, 35], improved binding results might be
achieved. Furthermore, with the combination of different
fluorophores and sugars, it is now possible to accomplish the
binding assays of multiple carbohydrates or crosslink different
lectins all in one test. The flexibility of this method also allows
for optimization of desired glycopolymer products for lectins,
antibodies, or other carbohydrate-binding structures pertinent to
particular glycobiology interests.

Conclusions

A class of tri-component statistical glycopolymers was suc-
cessfully prepared using RAFT-based one-step polymeriza-
tions. Well-controlled reactions with good reproducibility
yielded polymers with low dispersities and consistent compo-
sitions. Polymers with different degrees of polymerization and
pendant sugars were synthesized. Each synthetic glyco-
polymer contained primary amine functional groups suitable
for a variety of labels that can be attached via mild coupling
chemistries, when needed. To demonstrate this, both fluores-
cein and Texas Red-X were used to convert the synthetic
glycopolymers into excellent reporters of specific lectins
immobilized on agarose beads or expressed on surface of
two clinically relevant bacteria. The bacterial binding results
illustrated our glycopolymers’ potential for clinically relevant
applications. Additional investigations are merited to optimize
the binding capacities of the desired synthetic glycopolymers
for specific purposes, such as by varying the polymer length,
monomer ratios, linker structures, and choice and content of
labels. In conclusion, the method presented here offers a
relatively straightforward and dependable way to prepare
heterofunctionalized linear glycopolymers for a variety of
different research aims involving carbohydrate–protein spe-
cific interactions.
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