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Gold nanoparticles (NPs) functionalized with a mixed shell of well-defined biotinylated glycopolymers and
polyethylene glycol (PEG) provide an effective platform for the biomolecular recognition of proteins both in
solution and on surfaces. Well-defined biotinylated glycopolymers were first synthesized by the reversible
addition-fragmentation chain transfer (RAFT) process. They contain two types of carbohydrate residues either
N-acetyl �-D-glucosaminopyranoside (GlcNAc) or R-D-mannopyranoside (Man) as pendent groups. The biotinylated
glycopolymers and polyethylene glycol were subsequently used in the in situ formation of gold glyconanoparticles
via an easy photochemical process. The obtained biotinylated glyconanoparticles were characterized by dynamic
light scattering (DLS) and transmission electron microscopy (TEM). The bioavailability of the biotin and specific
carbohydrate residues at the periphery of the NPs were assessed using the diffraction optic technology (DOT)
system. The studies showed the accessibility of the biotin ligands for conjugation to immobilized avidin on the
DOTLab biosensor. Furthermore, these avidin conjugated glyconanoparticles were found to selectively immobilize
lectins. The specificity of lectin binding was dependent on the type of carbohydrate residues. As such, N-acetyl
�-D-glucosaminoside decorated gold nanoparticles were found to specifically interact with wheat germ agglutinin
(WGA) lectin, whereas R-D-mannoside ones were found to specifically interact with Concanavalin A (Con A)
lectin.

INTRODUCTION

Gold nanoparticles are receiving enormous attention as they
are very promising for biomolecular applications such as
labeling, detection, and transfer of genetic materials (1).To
improve the water stability of synthesized gold cores, different
methods were used to prepare water-dispersible and size-tunable
gold nanoparticles via the reduction of gold salts in the presence
of appropriate stabilizing agents that prevent particle aggregation
(2–6). Among the preparation methods of gold nanoparticles,
the gold salts, chloroaurate (AuCl4

-), were usually reduced with
a reducing agent such as sodium tetrahydroborate (NaBH4) in
the presence of the desired capping ligands.

Recently, a new photochemical method, reported by Scaiano
et al. (7), was used to prepare unprotected water-soluble gold
nanoparticles via the reduction of HAuCl4 by photochemical
decomposition of Irgacure-2959, a water-soluble benzoin, under
mild conditions in one step. The preparation process of gold

nanoparticles is fast from seconds to minutes, and their sizes
could be easily controlled by the intensity of illumination (UV).
Following this principle, ligand functionalized water-soluble
gold nanoparticles such as biotinylated glyconanoparticles (8)
and BSA protein-stabilized gold nanoparticles (9) have been
prepared by our groups via a photochemical process. This
method would be a versatile approach for the preparation of
surface-coated gold nanoparticles with RAFT prepared polymers.

Focusing on their actual applications in biomedicine and
biotechnology, we believe that it is important to consider the
surface chemistry for the long-term stability of gold nanopar-
ticles and their biocompatibility. It has been reported that a
variety of biocompatible molecules such as proteins (10, 11),
polyethylene glycol (PEG) (12), DNA (13, 14), and carbohydrate
moieties (8, 15) have been utilized to stabilize gold nanopar-
ticles. Following the development of living radical polymeri-
zation, various water-soluble polymers with versatile compo-
sition and functionality prepared by RAFT polymerization (16)
were exploited to modify the surface of gold nanoparticles as
stabilizers via thiol chemistry after the reduction of the thio-
carbonylthio chain-end.

The incorporation of these water-soluble polymers into the
shell of gold nanoparticles not only provides a protective shield
to prevent their aggregation but also introduces new functions
at their periphery. Another important aspect of the surface
immobilized polymers bearing reactive functional groups is to
provide an opportunity for further surface functionalization. It
has been shown that the polymers can tailor the properties of
nanoparticles and that the gold cores can also modify the
physical properties of polymers (17–21).
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Carbohydrate modified gold nanoparticles have recently
attracted much attention since lectin-carbohydrate interactions
play crucial roles in a variety of biological processes, including
fertilization, cell migration, cancer, and host-pathogen inter-
actions (22, 23). Using the gold nanoparticles as a carrier, the
outer carbohydrate moieties located on the surface as many
antennae increase the ability of carbohydrate-protein interaction
as a result of the cluster glycoside effect (24, 25). Russell et al.
reported the study of gold nanoparticles stabilized with a self-
assembled monolayer of a mannose derivative, 2-mercaptoethyl
R-D-mannopyranoside, and exploited the R-D-mannoside deco-
rated nanoparticles to examine the binding specificity of the
well-known lectin, Concanavalin A (Con A), using UV-visible
spectrophotometry (15). Lactose-conjugated gold nanoparticles
reported by Kataoka et al. (26) were prepared from PEG-
stabilized gold nanoparticles bearing acetal groups on the outer
shell, by reaction with p-aminophenyl-a-lactosyl. These a-
lactosyl decorated nanoparticles exhibit specific recognition of
Recinus communis agglutinin (RCA120) and could be applied
in bioassays and biorecognition. Although these nanoparticles
were successfully used to study the carbohydrate-lectin interac-
tions, this study was limited to only one kind of lectins and
one type of carbohydrate.

In order to investigate the lectin-carbohydrate interaction
mechanism, many systems bearing different carbohydrate (or
lectin) moieties were developed to study the specific interaction
with different lectins (or carbohydrates) by different approaches
such as the surface plasmon resonance (SPR), quartz crystal
microbalance (QCM), isothermal titration calorimetry (ITC),
fluorescence techniques, atomic force microscopy (AFM), and
electrochemical impedance spectroscopy (EIS) (25, 27–32).
Although existing approaches have been partially successful,
these reported methods usually require extensive instrumental
setup and synthetic complication for the fixation of the targeted
group (carbohydrate or lectin) onto the surface of the sensor,
which obviously limited the investigation of their interactions.
Accordingly, a sensitive, rapid, simple, reliable, and cost-
effective method should be found to study these interactions.

Herein, we describe the synthesis of well-defined biotinylated
glycopolymers via the RAFT polymerization process. The
obtained glycopolymers containing two types of carbohydrate
residues, either N-acetyl �-D-glucosaminoside (GlcNAc) or R-D-
mannoside (Man) as pendent groups, were subsequently used
with PEG for the in situ formation of glyconanoparticles via a
photochemical process. Combining the photochemical method
and RAFT process, different surface-functionalized gold nano-
particles were prepared with or without the biotin and/or the
carbohydrate moieties. The obtained nanoparticles were char-
acterized by dynamic light scattering (DLS) and transmission
electron microscopy (TEM). To access the availability of the
biotin and specific carbohydrate residues located on the nano-
particle surface, a simple instrument, diffraction optics technol-
ogy (DOT) system, was used to probe the attachment of
biotinylated nanoparticles on the surface of the avidin sensor
chip, which further provided the possibility of studying specific
lectin-carbohydrate interactions between the carbohydrates
(GlcNAc or Man) and the lectins (WGA or Con A).

EXPERIMENTAL SECTION

Materials. N-Acryloylmorpholine (NAM) (Aldrich, 97%)
was distilled under reduced pressure (120 °C, 10 mmHg). 2,2′-
Azobis(isobutyronitrile) (AIBN) (Fluka, 98%) was purified by
recrystallization from ethanol. 1,4-Dioxane (Acros, 99%) was
distilled over LiAlH4 (110 °C). Trioxane (Acros, 99%), EZ-
Link Biotin PEO-Amine ((+)-biotinyl-3, 6-dioxaoctanediamine,
Pierce), and other materials were used without further purifica-
tion. Syntheses of tert-butyl dithiobenzoate (tBDB) (21) and

N-[8-((+)-biotinamido)-3,6-dixoaoctyl]-2-[[2-phenyl-1-thioxo-
ethyl]thio]-propanamide (BEDBA) (33) have been described
previously. Syntheses of the mannose derivative, 8-acrylamido-
3,6-dioxaoctyl 2,3,4,6-tetra-O-acetyl-R-D-mannopyranoside (Man-
Am), and of the N-acetyl-glucosamine derivative, 8-acrylamido-
3,6-dioxaoctyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-�-D-gluco-
pyranoside (GlcNAcAm), have been described elsewhere (34).
Synthesis of the biotinylated PNAM homopolymers has been
described previously (33). Biotin-CTA, N-[8-((+)-biotinamido)-
3,6-dioxaoctyl]-2-[[2-phenyl-1-thioxo]thio]-4-cyanopen-
tanoate (BCBDBA), was synthesized from succinimido-4-[[2-
phenyl-1-thioxo]thio]-4-cyanopentanoate and (+)-biotinyl-3,6-
dioxaoctanediamine as shown in Figure S1 in Supporting
Information. The photoinitiator, Irgacure-2959, was given by
CIBA Specialty Chemicals.

RAFT Polymerization of the Mannose and N-Acetylglu-
cosamine Derivatives (ManAm and GlcNAcAm) with Bio-
tin-CTA. RAFT copolymerization of ManAm or GlcNAcAm
with N-acryloylmorpholine in the presence of biotin-CTA
(BCBDBA) has been performed (shown in Schemes 1 and 2)
using a procedure similar to that recently reported for a
Galactose derivative (35) except that the reaction was performed
directly inside the NMR spectrometer.

Typical runs for ManAm and for GlcNAcAm are described
below. NAM (91 mg, 0.65 mmol), ManAm (85 mg, 0.16 mmol),
biotin-CTA (BCBDBA, 7.3 mg, 0.011 mmol), AIBN (0.31 mg,
1.9 × 10-3 mmol), 1,4-d8-dioxane (423 µL), and trioxane (2.3
mg, internal reference for 1H NMR determination of monomer
consumption) (36) were introduced in a NMR tube fitted with
a Young’s valve. The mixture was degassed by five freeze-
evacuate-thaw cycles. A first NMR acquisition was carried out
at 27 °C. Then, the tube was removed, and the temperature was
set at 75 °C. The tube was then reintroduced (time t0), and
acquisitions were regularly performed. The progress of the
reaction was monitored by the disappearance of the vinyl proton
signals, by comparison of the vinyl protons of NAM (5.7 ppm)
and of ManAm (5.6 ppm) with trioxane (5.08 ppm).

NAM (108 mg, 0.765 mmol), GlcNAcAm (102 mg, 0.192
mmol), biotin-CTA (BCBDBA, 1.74 mg, 2.74 × 10-3 mmol),
AIBN (0.045 mg, 2.74 × 10-4 mmol), and 1,4-d8-dioxane (504
µL) were introduced in a NMR tube fitted with a Young’s valve.
The mixture was degassed by five freeze-evacuate-thaw
cycles. A first NMR acquisition was carried out at 27 °C. Then,
the tube was removed, and the temperature was set at 90 °C.
The tube was then reintroduced (time t0), and acquisitions were
regularly performed. The progress of the reaction was monitored
by the disappearance of the vinyl proton signals, by comparison
of the vinyl protons of NAM and of GlcNAcAm with nonvinyl
protons of GlcNAcAm (3H: H1, H3, H4, 4.76-5.35 ppm) used
as the internal reference. Similar experimental conditions were
used with tBDB instead of biotin-CTA (BCBDBA). Polymer
samples were precipitated in a large volume of diethyl ether,
recovered by centrifugation, and finally dried under vacuum
before SEC analysis.

Deprotection of the Glycopolymer Samples. Typically, for
polymer sample biotin-P(NAM-co-ManAm), (47 mg, 4.7 × 10-6

mol) was dissolved in a CH2Cl2/methanol (1/2 v/v) anhydrous
mixture (1.5 mL). A catalytic amount of sodium methylate
(sodium methoxide, 25% (w/w) solution in methanol, 0.04
equiv) was added. The mixture was left under stirring at room
temperature for 24 h. After evaporation, water was added, and
the samples were mixed with some Amberlite IR120PLUS resin
(Aldrich), filtrated, neutralized with sodium hydrogenocarbonate
(NaHCO3) solution, and purified by dialysis using Slide-A-Lyzer
Dialysis Cassettes (Pierce) with a 3,500 molecular weight cutoff
(MWCO) for samples with expected molecular weights lower
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than 10,000 g ·mol-1 and a 10,000 MWCO for all other
polymers as shown in Table 1.

Formation of Gold Glyconanoparticles (AuNPs). The
following protocol is carried out for the synthesis of gold
glyconanoparticles, and detailed results are shown in Table 2.
Polyethylene glycol having terminal thiol groups (PEG-SH) and
the (non) biotinylated glycopolymer were mixed together in an
aqueous solution containing HAuCl4 and Irgacure-2959 at a
fixed molar ratio of HAuCl4 ·3H2O, Irgacure-2959, PEG-SH,
and glycopolymer of 1:3:0.8:0.2, respectively. This mixture was
stirred at room temperature for 10 min. The clear solution was
then irradiated for 5 min in a Rayonet photoreactor (Southern
N.E. Ultraviolet Co.) using 16 75W UV lamps having a 350
nm wavelength. The color of the final solution changes to purple
or pink, indicating the formation of gold nanoparticles. These
gold nanoparticle solutions showed very good colloidal stability
over several weeks.

Characterization. NMR. 1H NMR spectra were recorded on
a 200 MHz Bruker AC 200 spectrometer or on a 500 MHz
Varian Unity Plus 500 spectrometer, at 25 °C in d-chloroform
(CDCl3).

Glycopolymer SEC Analysis. Molecular weight distributions
of the protected glycopolymers were determined by SEC in THF
(SDS, 99%), using a Waters column (Styragel HR4E). The flow
rate was maintained at 1 mL ·min-1 using a Waters 1515
isocratic HPLC pump. Analyses were performed by injection
of 20 µL of polymer solution (10 mg ·mL-1) in THF. Detection
was performed using a Waters 2410 differential refractometer.

The molecular weight and polydispersity data were determined
using the Waters Breeze software package, according to a
PNAM calibration.

Nanoparticle Size Analysis. A model 802 Viscotek DLS
instrument operating at a laser wavelength of 825-832 nm was
used for particle size measurements in highly dilute aqueous
gold dispersions. TEM analyses were also performed to
determine the sizes of gold nanoparticles on a Hitachi 800
transmission electron microscope at an acceleration voltage of
200 kV. The samples for TEM were prepared by placing a drop
of the nanoparticle solution on carbon coated copper grids.

DiffractiVe Optics Technology (DOT) Measurements. DotLab
data were measured on a Diffractive Optics Technology (DOT)
system from Axela Biosensors Inc.; the sensor chip was
composed of polystyrene as the substrate and avidin groups have
been attached on the surface. PBS buffer was used as the eluent.
The nanoparticle samples were loaded into the sensor according
to the designed program, the binding events were taking place
on the surface of the sensor chip by avidin-biotin interactions,
and the height of the diffractive pattern was increased (Scheme
3). The increase in signals was detected synchronously using a
laser-based optical system, and the real-time data generated are
presented in dotLab software.

RESULTS AND DISCUSSION

Syntheses of Homopolymer and Statistical Copolymers
Using RAFT Polymerization. N-Acryloylmorpholine (NAM),
an acrylamide derivative, has received enormous attention for

Scheme 1. Synthetic Route to the Preparation of P(NAM-co-GlcNAcAm) and P(NAM-co-ManAm) Glycopolymers, and Biotin-PNAM
Homopolymer
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its special outstanding features such as the good solubility of
PNAM in a wide range of solvents and its virtual lack of
toxicity. The synthesized polymers were also used for various
biological applications (37–39).

With the development of living radical polymerization,
reversible addition-fragmentation chain transfer (RAFT) po-
lymerization has proved to be a robust technique for the
polymerization of the NAM monomer (21, 33–35). Among the
studied dithiobenzoates reported by Favier et al. (21), tert-butyl
dithiobenzoate (tBDB) has been shown to be a very efficient

RAFT agent for NAM polymerization. Well-defined PNAM
homopolymers with controlled dimension could be obtained in
the presence of tBDB using AIBN as the initiator in 1,4-dioxane.

In order to study the specific carbohydrate-lectin interactions,
two monomers containing carbohydrate moieties, a mannose
derivative, the 8-acrylamido-3,6-dioxaoctyl 2,3,4,6-tetra-O-
acetyl-R-D-mannopyranoside (ManAm), and a N-Acetyl-glu-
cosamine derivative, the 8-acrylamido-3,6-dioxaoctyl 2-acetamido-
3,4,6-tri-O-acetyl-2-deoxy-�-D-glucopyranoside (GlcNAcAm),
were synthesized and copolymerized with NAM to get the
targeted P(NAM-co-ManAm) and P(NAM-co-GlcNAcAm)
copolymers. The conversions of monomers were high (above
80%), and well-controlled polymer chains were obtained as
shown in Scheme 1 and Table 1. Their polymerization degrees
were calculated to be P(NAM40-co-ManAm4) and P(NAM234-
co-GlcNAcAm52) from the 1H NMR and SEC results.

The RAFT technique is a versatile polymerization process
that can be applied to the polymerization of many different
monomers both in aqueous and organic solvents. Moreover, it
is rather easy to introduce a ligand at the R-chain-end using an
appropriate functional RAFT agent. A small biomolecule, biotin,
was chosen to be introduced at the terminus of the RAFT agent.

Scheme 2. Synthetic Route to the Preparation of Biotinylated Thiol-Terminated Glycopolymers, Biotin-P(NAM-co-GlcNAcAm) and
Biotin-P(NAM-co-ManAm)

Table 1. Summary of Molecular Parameters of Synthesized Biotinylated and Nonbiotinylated Polymers

sample name
global

conv. (%)
Mn calc.

(g ·mol-1)
Mn calc.

(g ·mol-1)
Mn exp.

(g ·mol-1)
Mw/Mn

(PDI)
NAM
(DP)

sugar
(DP)

dead
chainsg

biotin
labeledg

biotin-PNAM21 69 3,400a / 3,500d 1.08d 21 0 9% 91%
biotin-PNAM287 74 37,700a / 41,200e 1.06e 287 0 9% 91%
P(NAM234-co-GlcNAcAm52) 93 61,200b 54,600c 62,300f 1.46f 234 52 12% /
P(NAM40-co-ManAm4) 83 8,000b 7,300c 9,700f 1.14f 40 4 8% /
biotin-P(NAM225-co-GlcNAcAm51) 85 59,300b 52,900c 53,700f 1.60f 225 51 7% 93%
biotin-P(NAM40-co-ManAm7) 73 10,100b 8,900c 12,700f 1.20f 40 7 6% 94%

a Calculated Mn (PNAM): Mn ) ([NAM]0 × MNAM × CNAM/[CTA]0) + MCTA. b Calculated Mn (protected form of the sugar): Mn ) (([NAM]0 ×
MNAM × CNAM + [sugar]0 × Msugar protected × Csugar)/[CTA]0) + MCTA. c Calculated Mn (deprotected form of the sugar): Mn ) (([NAM]0 × MNAM × CNAM

+ [sugar]0 × Msugar deprotected × Csugar)/[CTA]0) + MCTA. d Experimental Mn and PDI, determined by MALDI-TOF MS. e Experimental Mn and PDI,
determined by SEC/RI/LS in aqueous phase (borate buffer). f Experimental Mn (protected form of the sugar) and PDI, determined by SEC/THF with a
PNAM calibration. g Calculated value.

Table 2. DLS Results for the Synthesized Biotinylated and
Nonbiotinylated Gold Nanoparticles via a Photochemical Process,
Where the Molar Ratios of HAuCl4 ·3H2O, Irgacure-2959, PEG-SH,
and Synthetic Polymers Were Fixed at 1:3:0.8:0.2, Respectively

ref
(AuNPs)

AuNPs prepared
from relative polymers

DLS mass distribution

〈Rh〉/nm % area % RSD

611ab biotin-PNAM21 6.2 99.4 8.8
612ab biotin-PNAM287 5.1 100 16.6
613ab P(NAM234-co-GlcNAcAm52) 5.6 100 13.0
614ab P(NAM40-co-ManAm4) 4.0 100 43.0
615ab biotin-P(NAM225-co-GlcNAcAm51) 6.7 99.3 17.3
616ab biotin-P(NAM40-co-ManAm7) 5.2 100 25.4
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Using this kind of method, the terminal R-end of each polymer
chain contains, in theory, one biotin group. On the basis of this
principle, two biotin CTAs, N-[8-((+)-biotinamido)-3,6-diox-
aoctyl]-2-[[2-phenyl-1-thioxoethyl] thiopropanamide (BEDBA)
and N-[8-((+)-biotinamido)-3,6-dioxaoctyl]-2-[[2-phenyl-1-
thioxo]thio]-4-cyano-pentanoate (BCBDBA), possessing stable
bonds between the biotin and the dithioester moieties (amide
and ether bonds) were synthesized to perform the homopolym-
erization of the NAM monomer and statistical copolymerization
of NAM with ManAm or GlcNAcAm, respectively.

The synthesis of BEDBA has already been reported in the
literature (33). BCBDBA, a new biotinylated RAFT agent, was
synthesized using an approach similar to that for BEDBA
(detailed synthesis and characterization are shown in Supporting
Information). After activation of the carboxyl groups using
N-hydroxysuccinimide (NHS) to form a succinimide-terminated
RAFT agent, the biotin moiety (EZ-Link Biotin PEO-Amine)
was introduced. These biotin-CTAs proved to be very efficient
for the synthesis of the homopolymers of NAM and for the
copolymerization of NAM with a protected galactose deriva-
tive (33, 35). The biotin-PNAM, biotin-P(NAM-co-ManAm),
and biotin-P(NAM-co-GlcNAcAm) copolymers bearing the
biotin moiety were synthesized as shown in Scheme 2, and
detailed information is collected and presented in Table 1 and
Figure 1. After polymerization for 30 min to 2 h, the targeted
statistical glycopolymers in protected form were obtained. The
global monomer conversion is about 85% and 73% for biotin-
P(NAM-co-GlcNAcAm) and biotin-P(NAM-co-ManAm) co-
polymers, respectively. From the conversion values, the calcu-
lation of the DP was determined and gave biotin-P(NAM40-co-
ManAm7) and biotin-P(NAM225-co-GlcNAcAm51). SEC traces
show a monomodal peak with a low polydispersity index for
biotin-P(NAM40-co-ManAm7) and a monomodal peak with a
little broad polydispersity index for biotin-P(NAM225-co-
GlcNAcAm51) as shown in Figure 1c. The experimental Mn and
Mw/Mn values of biotin-P(NAM40-co-ManAm7) and biotin-
P(NAM225-co-GlcNAcAm51) were determined as 12,700
g ·mol-1 and 1.20 and 53,700 g ·mol-1 and 1.60, respectively,
which is consistent with the theoretical molecular weight
calculated from the conversion values using 1H NMR monitoring
of the copolymerization. The end-label biotin functionalization
was also calculated to be above 90%, which means that almost
each polymer chain has a biotin group at the R terminus.

Using tBDB and biotin-CTAs as the RAFT agents, six
different kinds of polymer chains were obtained via the RAFT
process, and then six telechelic water-soluble glycopolymers

(bearing a thiol group at the chain-end), named as biotin-
PNAM21,biotin-PNAM287,P(NAM234-co-GlcNAcAm52),P(NAM40-
co-ManAm4), biotin-P(NAM225-co-GlcNAcAm51), and biotin-
P(NAM40-co-ManAm7), were generated after deprotection of
the sugar rings by the addition of sodium methylate in methanol.
The 1H NMR spectra before and after deprotection are shown
in Figure S2 in Supporting Information. It should be noted that
two special samples, the biotin-P(NAM225-co-GlcNAcAm51) and
biotin-P(NAM40-co-ManAm7), are our focused products because
they possess both biotin groups and carbohydrate moieties and
could be used to investigate biomolecular recognition, especially
for the specific (or nonspecific) binding of different lectins. The
other samples are used as control samples to evaluate nonspecific
binding.

Fabrication of Gold Glyconanoparticles via a Photochemi-
cal Process. Gold nanoparticles have received enormous atten-
tion because of their unique optical and electronic properties
(1). To improve their biocompatibility and colloidal stability,
the gold nanoparticles were usually surface modified by thiol
terminated water-soluble polymers such as PEG chains. Re-
cently, biocompatible gold glyconanoparticles have become the
focus of intense interest in biology because surface-function-
alized nanoparticles containing bioactive groups such as biotin
and carbohydrates could be used as model systems to investigate
the biological recognition phenomena involving carbohydrates
and proteins.

Gold nanoparticles were usually synthesized by two well-
known methods, the Burst and Turkevish methods. Recently, a
novel photochemical method reported by Scaiano et al. (7) has
been used to prepare gold nanoparticles using UV-irradiation.
This new method has attracted much attention as the sizes and
shapes of gold nanoparticles could be justly controlled by the
intensity of UV radiation. They have reported the preparation
of highly disperse and stable gold nanoparticles via a photo-
chemical reduction of HAuCl4 with a water-soluble photoini-
tiator, Irgacure-2959, which decomposes quantitatively in the
presence of UV light at a wavelength of 350 nm. Protein-
stabilized gold nanoparticles and biotinylated glyconanoparticles
have also been reported by our group using this photochemical
method (8, 9). This new method has proved to be an easy
strategy in generating surface-functionalized gold nanoparticles
using RAFT-synthesized polymers. However, in the case of
those glyconanoparticles, the carbohydrate moieties were in-
troduced to bring hydrophilicity and biocompatibility but were
not appropriate to recognize lectins since the sugar ring
(galactose) was linked by the C-6 position. Hence, another
synthetic strategy was chosen here for the carbohydrate deriva-
tives so that the resulting glycopolymers were bearing the
carbohydrate in the C-1 position, then were presenting a
structure especially favorable for specific lectin recognition.

In order to study the biomolecular recognition of different
proteins and carbohydrates, the functionalized monodisperse
gold colloids bearing carbohydrate and biotin moieties on the
surface were prepared using photochemical reduction. A mixture
of Irgacure-2959, HAuCl4, copolymer, and PEG-SH, at a molar
ratio of 3:1:0.2:0.8, was first dissolved in filtered distilled
deionized water. The resulting pale yellow solution was then
placed in a photochemical reactor for a period of approximately
5-10 min. The clear solution changes from pale yellow to pink,
indicating the formation of gold nanoparticles. For purification,
the gold colloid solution was then dialyzed against water. It
should be noted that the in situ reduction minimizes the
formation of disulfide bridges between the thiol-terminated
polymers.

Particle size measurements of the formed gold nanoparticles
were obtained by dynamic light scattering (DLS), and the data
were collected after purification. The results are tabulated in

Scheme 3. Schematic Illustration of Surface Bimolecular
Recognitions of Biotinylated Surface-Functionalized Gold
Glyco-Nanoparticles Interacting with Avidin and Lectin in
Sequence on the dotLab Sensor Surface
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Table 2. The sizes of nanoparticles were about 4-6 nm in radius,
and the polydispersities were below 0.2. This clearly shows that
the mixture of the glycopolymer and -PEG-SH resulted in the
formation of relatively monodisperse gold nanoparticles. The
obtained gold nanoparticles were very stable, and the sizes of
the glyconanoparticles did not change over weeks, which is
indicative of the very high stability similar to that of PEGylated
gold colloids (12). To further characterize the nanoparticles, the
P(NAM234-co-GlcNAcAm52)-functionalized nanoparticles (613ab)
were chosen to measure their sizes and shapes using transmis-
sion electron microscopy (TEM). Figure 2 shows the spherical
and uniform morphology of these gold glyconanoparticles with
a size of 4-6 nm in diameter. It should be noted that the smaller
size from the TEM image may reveal only the visible gold core
compared with that from DLS results. Concerning the stability,
the interaction gold-thiol group is generally considered as a
strong interaction. A constant diameter (and diameter distribu-
tion) was observed over weeks, which indicates a good stability
of the gold nanoparticles produced. Glycopolymers, PNAM and

PEG, are all biocompatible polymers used in the surface
functionalization of the nanoparticles.

Diffraction Optics Technology (DOT). With the develop-
ment of optical biosensors, a novel diffractive optics technology
(DOT) has emerged for the potential applications in the
immunoassays fields (40). It takes advantage of the inherent
properties of diffractive optics to offer label-free real-time
measurements and delivers a cost-effective, robust, optical
biosensor that detects biomolecular binding even at low
concentrations.

The dotLab system used includes precision fluidic control of
reagents, buffers, and samples, a proprietary integrated optical
assembly designed to function with the dotLab sensor, and
software for acquisition, control, and user-interface. The used
plastic consumable sensors consist of the polystyrene substrates
and avidin-modified surfaces, and the modified surfaces possess
nonrandom patterns, which were exposed to coherent light, and
then well-defined diffractive images were produced. As the
samples bearing biotin groups are loaded in the sensor, the

Figure 1. Monomer conversions (a), copolymer compositions (b), and SEC analysis (c) for NAM/ManAm copolymerization (left) and for NAM/
GlcNAcAm copolymerization (right) using BCBDBA as the RAFT agent.
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samples are immobilized onto the surface of the sensor via the
well-known biotin-avidin interactions that lead to an increase
in the height of the diffractive pattern. This in turn increases
the diffractive efficiency and diffractive order intensity moni-
tored by a photodiode, and an increased signal of diffractive
intensity is shown simultaneously by the software. Owing to
the special design of the dotLab sensor with an integrated prism
situated below the flow channel, we could monitored biomo-
lecular binding in real time and in complex media because the
light source interrogates the diffractive grating without passing
through the bulk solution.

Biomolecular Recognition Involving the Carbohydrates
and Lectins Detected via DOT. The surface-functionalized
gold glyconanoparticles, prepared via the photochemical method,
were used to study the availability of the carbohydrates and
biotin toward biomolecular recognition processes. Several
reference samples were used. The biotinylated nanoparticles
(611ab and 612ab) without carbohydrate moieties were prepared
from biotin-PNAM21 and biotin-PNAM287, respectively. The
glyconanoparticles (613ab and 614ab) without biotin groups
were prepared from P(NAM234-co-GlcNAcAm52) and P(NAM40-
co-ManAm4), respectively. It should be noted that the biotiny-
lated glyconanoparticles (615ab and 616ab) elaborated from
biotin-P(NAM225-co-GlcNAcAm51) and biotin-P(NAM40-co-
ManAm7) possess both biotin and carbohydrate moieties.
However, the carbohydrate moieties are different (R-D-manno-
side and N-acetyl �-D-glucosaminoside) and can be used as
models to study the biomolecular specific recognition involving
carbohydrates and lectin proteins.

Lectins are carbohydrate-binding proteins which possess a
high degree of specificity toward carbohydrates. They play an
important role in biological recognition phenomena involving
cells and proteins, and some lectins have been widely used as
a model system to understand the molecular basis of how the
proteins recognize carbohydrates. It has been shown that some
lectins were found on the surface of mammalian liver cells
which specifically recognize galactose residues. The recognition
of lectins and carbohydrates essentially occurs via multiple weak
interactions (25). In order to further study the specific binding
of carbohydrates and lectins, the lectins Concanavalin A (Con
A) and wheat germ agglutinin (WGA), were chosen since they
are known to specifically interact with R-D-mannoside and
N-acetyl �-D-glucosaminoside moieties, respectively, that are
the carbohydrates present on the prepared gold glyconanopar-
ticles to study biomolecular recognition via dotLab measurements.

We first investigated the availability of the biotins incorpo-
rated on the surface of the nanoparticles to specifically interact
with avidin located on the surface of the sensor using four
control samples. The glyconanoparticles (613ab and 614ab)
prepared from P(NAM234-co-GlcNAcAm52) and P(NAM40-co-
ManAm4) (negative control samples), and two biotinylated
nanoparticles (611ab and 612ab) prepared from biotin-PNAM21

and Biotin-PNAM287 (positive control samples), respectively,

were loaded in the dotLab biosensor, and the results are shown
in Figure 3. Because of the absence of biotin groups on the
surface, the gold nanoparticles (613ab and 614ab) could not be
immobilized on the avidin coated sensor chip. The recovery of
the initial signal after wash is indicative of the fact that the
gold nanoparticles were not attached on the surface of the sensor
chip. However, after the biotinylated nanoparticles (611ab and
612ab) were injected into the dotLab instrument containing a
preloaded avidin coated sensor chip, a signal could be observed
and remained even after the wash with buffer (see Figure 3a
and b), which is indicative of the specific interaction of the
biotinylated nanoparticles with the avidin-coated sensor chip.
These results are consistent with the work of Borisenko and
co-workers regarding the aggregation of biotinylated mouse
monoclonal antiNT-proBNP onto the streptavidin coated dotLab
sensor (40) and our groups’ recently reported work (41).

When the biotinylated glyconanoparticles (615ab and 616ab)
elaborated from biotin-P(NAM225-co-GlcNAcAm51) and biotin-
P(NAM40-co-ManAm7) were loaded into the dotLab sensor,
higher responses were observed as shown in Figures 4 and 5.
Because of the presence of biotin on the surface of glyconano-
particles, the nanoparticles remained immobilized on the surface
of the avidin-sensor chip even after the wash with buffer.

Two different lectin solutions, Con A and WGA, were loaded
following the immobilization of the biotinylated glyconanopar-
ticles on the sensor chip. For N-acetyl glucosamine based
carbohydrates, after the WGA lectin loading, a high response
was observed while, when the same lectin solution was
introduced onto PNAM-coated nanoparticles (611ab and 612ab),
no increase of signal was observed because of the lack of
carbohydrate groups on the surface of the nanoparticles. This
indicates that there is no influence of PNAM itself on the
carbohydrate/lectin interactions. The fact that the response was
still present after the wash clearly showed the specific biomo-
lecular interaction of N-Acetyl �-D-glucosaminoside residues
of (615ab) with WGA. On the contrary, in the cross-experiment,
almost no response was observed after the injection of Con A
solution, which indicated a low nonspecific interaction and was
consistent with the QCM and SPR results reported by Zhang
et al. (28).

In addition, a strong signal was obtained after the injection
of Con A solution to the immobilized glyconanoparticles (616ab)
on the sensor chip, showing the specific and expected interac-
tions of Con A with R-D-mannoside, and almost no response
was observed when WGA was injected. In both cases, the cross-
experiment indicated a low (<10%) nonspecific interaction
between lectins and carbohydrates. This clearly demonstrates
that the specific interaction of different carbohydrates and lectins
such as R-D-mannoside (Man) with Con A and N-acetyl �-D-
glucosaminoside (GlcNAc) with WGA could be investigated
using this biosensing instrument. It further confirmed that the
gold nanoparticles are carriers, and the outer carbohydrate
moieties seem like many antennae increasing the specific

Figure 2. Typical TEM images of glyconanoparticles (613ab) prepared from the P(NAM234-co-GlcNAcAm52) glycopolymer.
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interaction of lectins and carbohydrates for the cluster glycoside
effect. It should be noted that the number of carbohydrate
moieties present on the surface of the nanoparticle and how
many of those interact with the lectin are important parameters
for this study. While this could potentially be calculated, we
did not have all the parameters to exactly determine the number
of chains per particle and hence the number of carbohydrate
groups per particle. For this study, we just wanted to explore

the specific recognition of given carbohydrate groups toward
specific lectin. Besides, as the carbohydrate-lectin interactions
are generally weak, it would be difficult for us to accurately
measure the number of carbohydrates that are involved in those
interactions.

Conclusions. Carbohydrate-based copolymers containing
N-acetyl �-D-glucosaminopyranoside (GlcNAc) or R-D-man-
nopyranoside (Man) residues were prepared via RAFT polym-

Figure 3. DotLab responses of gold nanoparticles prepared from biotin-PNAM21 (611ab), biotin-PNAM287 (612ab), P(NAM234-co-GlcNAcAm52)
(613ab), and P(NAM40-co-ManAm4) (614ab) polymers.

Figure 4. DotLab responses of biotinylated gold glyconanoparticles
(615ab) prepared from the biotin-P(NAM225-co-GlcNAcAm51) glyco-
polymer with WGA (a) and Con A (b) lectins.

Figure 5. DotLab responses of biotinylated gold glyconanoparticles
(616ab) prepared from the biotin-P(NAM40-co-ManAm7) glycopolymer
with Con A (a) and WGA (b) lectins.
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erization using a biotin-CTA or tert-butyl dithiobenzoate as the
RAFT agents. The obtained copolymers were then conjugated
to the surface of gold nanoparticles by thiol chemistry that led
to the formation of biotinylated or nonbiotinylated gold glyco-
nanoparticles via a facile photochemical process. The prepared
nanoparticles have uniform sizes and narrow polydispersities
and are stable in water for weeks. Furthermore, the biotinylated
glyconanoparticles were immobilized on the avidin-coated
dotLab sensor chip because of the strong affinity between biotin
and avidin, and subsequently used as the model to study the
specific biomolecular recognition between lectins and carbo-
hydrates. The specific recognitions for different carbohydrates
and lectins such as R-D-mannoside with Con A and N-acetyl
�-D-glucosaminoside with WGA were confirmed by the dotLab
biosensing device. Because of the presence of PEG, biotin, and
carbohydrate-based copolymer chains on the surface, these gold
glyconanoparticles could be applied in biology as highly stable
and biocompatible materials.
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