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Abstract

In this study presented, p(HEMA) nanoparticles were synthesized
by the emulsion polymerization technique and then activated
by a silanization agent, 3-aminopropyltriethoxysilane (APTES).
The APTES-functionalized p(HEMA) nanoparticles that were
synthesized were characterized by studies using the Zetasizer,
FTIR and SEM. The p(HEMA)-APTES nanoparticles were further
modified with phenyl boronic acid (PBA), and these boronate
affinity nanoparticles were used for the recognition of some
sugars such as galactose, fructose and raffinose. The system
parameters (temperature and initial sugar concentration)
were optimized for maximum sugar adsorption. The maximum
amount of galactose, fructose, and raffinose adsorbed were
found to be 4334.5mg/g; 4334.9and 810.0 mg/g, respectively (at
25°C, in a phosphate buffer of pH 7.0). Considering the results of
this study, it can be concluded that these nanoparticles may be
used as a new alternative for the specific recognition of sugar.

Keywords: phenylboronic acid, nanoparticle, sugar recognition

Introduction

It is well known that when the particle size is decreased, the
surface area of the adsorbents and their adsorption capaci-
ties are increased (Oztiirk et al. 2007, Sar1 et al. 2006, Akgol
et al. 2010). Nanoparticles have been extensively used and
developed as new support materials, in order to enhance
the adsorption capacity of the adsorbent. Owing to their
extremely small size, nanoparticles show unusual physi-
cal and chemical properties (Edelstein and Cammarata
1996, Liao and Chen 2002). There are many advantageous
behaviors of nanoparticles, vis-a-vis micro or macro meter
sized materials, such as minimal diffusional limitations,
extremely high surface area per unit of mass of adsorbent,
and high adsorption capacity (Hegediis and Nagy 2009,
Uygun et al. 2010).

Various investigators have extensively studied the inter-
action of the phenylboronic acid moiety and the molecules
carrying the diol group (Van Duin et al. 1984, Yamamoto
et al. 1998, Tong et al. 2001, Springsteen and Wang 2002,
Cabell et al. 1999, Springsteen and Wang 2001). Based on
this interaction, polymeric materials have been modi-
fied with phenylboronic acid, and they have been used as
chromatographic support materials for the separation or
purification of the diol group-carrying biomolecules such
as sugars, nucleotides, nucleic acids, enzymes, and glyco-
proteins (Maestas et al. 1980, Bouriotis et al. 1981, Koyama
and Terauchi 1996, Ozdemir and Tuncel 2000, Tuncel and
Ozdemir 2000, Camli et al. 2002, Elmas et al. 2004, Shiino
et al. 1995). Phenylboronic acid-functionalized polymeric
materials have also been used in studies for the detection of
specific biomolecules (Gao et al. 2001, Appleton and Gibson
2000, Elmas et al. 2007). Boronate affinity systems are one
of the affinity techniques which depend on the reversible
interaction between boronate and the diol-carrying sugar,
and have been used intensively in various biotechnologi-
cal applications such as saccharide detection, nucleotide
adsorption, and glycoprotein and nucleic acid separa-
tion. Boronic acid-functionalized polymeric materials also
have different kinds of biotechnological applications, for
example, as self-healing materials, therapeutic agents,
and self-regulated drug delivery systems (Cambre and
Sumerlin 2011). Boronate affinity chromatography systems
have been intensively used for the isolation and/or purifica-
tion of a large number of biomolecules carrying 1,2- or 1,3-
diol groups (Pace and Pace 1980, Ho et al. 1981, Sugumaran
and Lipke 1982, Gascon et al. 1981, Duncan and Gilham
1975, Singhal 1983, Williams et al. 1982, Middle et al. 1983).
Specificinteraction occurs between the boronic acid group of
the polymeric matrix and cis-diol of the target biomolecule,
yielding an anionic boronate complex (Senel 2003). This
interaction between the boronic acid-modified polymers
and the diol-carrying biomolecules have been investigated,
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and these boronate affinity systems have been used for the
isolation and separation of macromolecules (Kataoka et al.
1994, Aoki et al. 1996, Hisamitsu et al. 1997, Aoki et al. 1995,
Elmas et al. 2004, Steinberg-Tatman et al. 2006).

In the present work, p(HEMA) nanoparticles were
synthesized using the emulsion polymerization technique.
The p(HEMA) nanoparticles synthesized were activated with
3-aminopropyltriethoxysilane (APTES), and then further
functionalized with phenylboronic acid. These boronate
affinity polymeric systems were used for the specific adsorp-
tion of sugars. For this purpose, the experimental conditions
were optimized in order to achieve maximum adsorbed
amount of sugars.

Experimental

Materials

2-hydroxyethyl methacrylate (HEMA), ethylene glycol
dimethacrylate (EGDMA), poly vinyl alcohol (PVA), phenyl
boronicacid (PBA), sugars (galactose, fructose, and raffinose)
and 3,5-dinitro salicylic acid (DNS reagent) were purchased
from Merck (Darmstadt, Germany). All other chemicals were
of analytical grade and were supplied by Sigma Chemical Co.
(St. Louis, USA). Water used in the experiment was deion-
ized ultrapure water from the Millipore Simplicity® system
(18.2 mQ cm).

Methods

Synthesis and modification of p(HEMA) nanopatrticles
p(HEMA) nanoparticles were synthesized by the surfactant-
free emulsion polymerization technique, according to the
procedure outlined in the literature, with minor modifica-
tions (Uygun et al. 2009). Briefly, 0.5 g of PVA was dissolved
in 25.0 mL of distilled water, and then mixed with 0.6 mL
of HEMA and 0.3 mL of EGDMA. A solution of KPS was
prepared by dissolving of 0.0198 g of KPS in 45.0 mL of
water, and mixed with the initial polymerization solution.
Polymerization was carried out in a water bath at a constant
temperature of 70°C for 5 h, with orbital shaking at 100 rpm.
At the end of the polymerization process, the synthesized
nanoparticles were cleaned by washing with ethanol and
water several times, in order to remove the unreacted mono-
mers. A schematic representation of the polymerization
process is demonstrated in Figure 1.

In order to activate the p(HEMA) nanoparticles, APTES
was used as a silanization agent. For this, the p(HEMA)
nanoparticles synthesized were mixed with 200.0 puL of
silane reagent (0.9%), and shaken for 2 h at room tempera-
ture. After the silanization process, the nanoparticles were
washed five times with 10.0 mL of distilled water and stored
at room temperature (Steinberg-Tatman et al. 2006).

Functionalization of the p(HEMA)-APTES nanopatrticles with
phenyl boronic acid

The boronate affinity agent - phenyl boronic acid - was
introduced to the p(HEMA)-APTES nanoparticles by simple
coordinate covalent bonding (with the Lewis acid-base reac-
tion) between the nitrogen of APTES and the boron of PBA.
Briefly, 200.0 uL of p(HEMA)-APTES nanoparticles were

mixed with 5.0 mL of PBA (0.25 mg/mL; in MES buffer of
25 mM and pH 6.0). The solution was stirred for 2 h by an
orbital shaker (200 rpm) and centrifuged at 10,000 rpm for
20 min. The supernatant was analyzed spectrophotometri-
cally (268 nm), in order to evaluate the amount of unbound
PBA. The schematic representation of the preparation of
p(HEMA)-APTES-PBA nanoparticles is shown in Figure 2.

Characterization studies

The surface morphology and internal structure of the
silanized- p(HEMA) nanoparticles were investigated using
a scanning electron microscope (SEM) (Philips, XL-30S
FEG, the Netherlands). For this purpose, dried samples were
covered with a thin layer of gold, and SEM photographs
of the nanoparticles were then taken. The FTIR spectra of
p(HEMA)-APTES and p(HEMA)-APTES-PBA nanoparticles
were obtained with a FTIR spectrophotometer (Shimadzu,
FTIR 8000 Series, Japan). For this, dry nanoparticles (about
0.1 g) were thoroughly mixed with KBr (0.1g, IR Grade,
Merck, Germany), and pressed into a pellet form, and the
FTIR spectrum was then recorded. In order to evaluate the
size distribution of the nanoparticles, a Zetasizer was used
(Malvern Instruments, 3000 HSA, Malvern Instruments,
England).

Sugar recognition studies

The binding of sugars onto the boronic-acid functionalized
nanoparticles was carried out via the cyclic borate-ester for-
mation, by the reaction between the boronic acid groups in
the tetrahedral anionic form, and the diol groups of sugars
(Elmas et al. 2004). It is also known that more stable cyclic
esters can be produced using boronates that have a tetra-
hedral structure, and in the present work, the attached PBA
was already in the tetrahedral form, in the medium at a pH
of 7.0. The adsorption of sugar onto the p(HEMA)-APTES-
PBA nanoparticles was studied in a batch system. For this,
100.0 pL of boronate affinity nanoparticles were mixed with
sugar solutions and stirred at the rate of 100 rpm at room
temperature for 2 h. At the end of this adsorption period, the
nanoparticles were separated from the adsorption medium
using a centrifuge at 14,000 rpm for 15 min. The supernatant
was stored, for the determination of the final sugar concen-
tration. Sugar concentrations in both the initial and final
adsorption solutions were determined by the DNS method
(Amaya-Delgado et al. 2006) for galactose and fructose, and
the phenol sulfuric acid method for raffinose. The amounts
of sugars adsorbed were determined according the following
equation:

o- [(c-c)v]

m

Where Q is the amount of sugar adsorbed on unit mass of
the nanoparticle (mg/g); C; and C, are the concentrations of
the sugar in the initial solution and in the supernatant after
adsorption, respectively (mg/ml); Vis the volume of the aque-
ous phase (mL); and m is the mass of the nanoparticles (g).

In order to reach the maximum sugar adsorption,
some system parameters were optimized. First of all, the
concentration of p(HEMA) in the adsorption medium was
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Figure 1. Schematic representation of the synthesis of p(HEMA) nanoparticles.

optimized. The effect of p(HEMA) concentration on the sugar
adsorption was investigated with the concentration range
of 0.1-1.0 mg/mL. The amount of boronate affinity agent,
PBA, was also varied, between 0.1 and 0.75 mg/mL, and the
effect of the PBA concentration on the sugar adsorption was
examined. Sugar adsorption efficiency is highly affected by
the sugar concentration, and thus adsorption experiments
were repeated for various sugar concentrations. For this,
the concentrations of galactose and fructose in the medium
were varied, between 0.25 and 1.25 mM, while the raffinose
concentration was studied with the range of 0.05-0.35 mM.
The temperature of the medium is another important factor
affecting the adsorption efficiency, and thus sugar adsorp-
tion studies were carried out at different temperatures
(+4-60°C).

Separation of sugars from soy milk medium

Studies on the separation of sugar from soy milk were car-
ried out as an indicator for the usage of boronate affinity
nanoparticles in industrial applications. For this, the sugar
separation studies were performed with the soy milk con-
centration ranging from 0.1 to 1.0 mM.

Results and discussion

Synthesis and characterization of p(HEMA) nanoparticles

P(HEMA) nanoparticles were synthesized using the surfac-
tant-free emulsion polymerization technique, activated with
a silanization agent- APTES, and then functionalized with

PBA. The surface morphology and internal structure of the
p(HEMA) nanoparticles were investigated using an electron
microscope, and it was easily seen from the SEM pictures
that the synthesized particles were spherical in shape and
had a rough surface (Figure 3).

Figure 4 shows the size and size distribution of the
particles. As seen in Figure 4, the average particle size of the
synthesized nanoparticles was 163.2 nm, with a polydisper-
sity index of 1.276.

The FTIR spectra of the p(HEMA)-APTES and the
p(HEMA)-APTES-PBA nanoparticles are shown in
Figure 5. As seen in the figure, characteristic bands of -OH,
C=C and -CH, of p(HEMA)-APTES were shown at 3500,
1475 and 1465 cm™!, respectively. Likewise, -OH bands
of the p(HEMA)-APTES-PBA were located at 3500 cm™},
while the bands at 1475 and 1465 cm™ ! belong to the C=C
and CH, bonds, respectively. The peak, at 1725 cm™!, was
relevant to C=C aromatic bonding, and B-O bonds were
located at 1347 cm™ L. These findings clearly demonstrate
that functional PBA groups were successfully introduced to
the nanoparticle structure.

Optimization of sugar recognition conditions

In order to reach the maximum sugar recognition value, the
system parameters were changed, and optimum conditions
were determined. For this purpose, the effect of the amount
of p(HEMA) on the sugar adsorption was investigated first,
and the findings have been demonstrated in Figure 6. As seen
in the figure, the amount of galactose and raffinose adsorbed
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Figure 3. SEM photograph of p(HEMA) nanoparticles.
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Figure 4. Zetasizer analysis of p(HEMA) nanoparticles.

were relatively stable with the increase in the p(HEMA) con-
centration from 0.1 mg/mL to 1.0 mg/mL. On the contrary,
the amount of fructose adsorbed increased first, and then
reached a plateau value at higher amounts of p(HEMA). It
is also concluded from this figure that the adsorbed amount
of galactose and fructose were found to be higher than that
of raffinose. This decrease in the adsorption of raffinose can
be explained by the steric hindrance of the trisaccharide-
structured raffinose molecule.

The effects of the amount of PBA on the sugar recognition
capacity of the synthesized nanoparticles were also investi-
gated, and the findings have been summarized in Figure 7. As
demonstrated in this figure, the raffinose adsorption capac-
ity of the p(HEMA)-APTES-PBA nanoparticles decreased
slightly with the increasing amount of PBA, while the
adsorbed amount of galactose increased with the increase
in the PBA concentration. Surprisingly, it was found that the
fructose adsorption profile had an optimum PBA concentra-
tion, and because of this, a PBA concentration of 250.0 ug/
mL was used for the further sugar adsorption studies.

The effects of sugar concentrations on the adsorption of
sugar onto boronate affinity nanoparticles were investigated
with the concentration of galactose and fructose ranging

120

110
P(HEMA)-APTES

100
p(HEMA)-APTES-PBA

pH: 7.0; PBA concentration: 0.1 ug/mL; galactose concentration:
0.1 mg/mL; fructose concentration: 0.1 mg/mL; raffinose con-
centration: 0.33 mg/mL.

from 0.25 to 1.25 mg/mL, and the concentration of raffinose
ranging from 0.05 to 0.35 mg/mL. Figure 8 shows the effects
of sugar concentrations on the sugar adsorption efficiency,
and it can be clearly understood from this figure that the
amount of sugar adsorbed increased with increasing sugar
concentrations.

The effect of the temperature of the medium on sugar
adsorption was investigated with a temperature range of
4.0°C-55.0°C, and the effect of temperature hasbeen demon-
strated in Figure 9. As seen in the figure, the adsorbed amount
of the sugars studied seems to have stayed stable between
the temperatures of 4°C and 40°C. However, it was observed
that the amount of sugar adsorbed decreased sharply at tem-
peratures higher than 40°C. At low temperatures, boronic
acid molecules of the p(HEMA)-APTES-PBA nanoparticles
were in a relaxed mode. However, at high temperatures,
the boronic acid molecules tended to be together, and were
tightened and puckered. The structure of the carbohydrate
molecules were also corrupted at high temperatures. These
steric hindrances may possibly affect the amount of sugars
adsorbed. It is also well known that adsorption is an exother-
mic process, and therefore the amount of sugars adsorbed
decreased with increasing temperature.
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Figure 5. FTIR spectra of p(HEMA)-APTES and p(HEMA)-APTES-PBA nanoparticles.
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Separation of sugars from the soy milk medium

The profile of sugar separation by the p(HEMA)-APTES-
PBA nanoparticles, from the soy milk, is demonstrated
in Figure 10. As shown in the figure, the amount of
sugar adsorbed increased with the increase in the concen-
tration of the soy milk. This result led to the conclusion
that these boronate affinity nanoparticles may be used
successfully for the separation of sugar from the raw soy
milk samples.
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Figure 10. Profile of sugar separation by the p(HEMA)-APTES-PBA
nanoparticles, from the soy milk.

Conclusion

Boronate affinity systems have been recently used for the
recognition and separation of cis-diol-bearing molecules.
The purification and recognition of some biological mol-
ecules have importance in medical, biotechnological and
preparative applications. For these purposes, boronic acid
group-bearing affinity supports have been developed and
applied. One of the most extensively used support materials
are the nanoparticles. These nano-sized particles not only
serve to provide a great surface area for the adsorption of
biomolecules, but also present unique physical and chemi-
cal properties. With these features, nanoparticles can adsorb
and recognize a high amount of biomolecules per unit mass.
In this study, silanized p(HEMA) nanoparticles were syn-
thesized, functionalized with the boronate affinity ligand
- phenylboronic acid, and were used for the recognition of
some sugars such as galactose, fructose, and raffinose. It was
found from the results of this study that these newly synthe-
sized boronate affinity nanoparticles have good capability
for the specific recognition of the sugars analyzed. Based
on the advantages of the good sugar-recognition proper-
ties, these boronate affinity nanoparticles can potentially be
used in biosensor applications for the specific recognition of
the sugars. Finally, it can be concluded that these boronate
affinity nanoparticles may be used for the recognition of
the sugars and sugar-bearing biomolecules, such as nucleic
acids and glycoproteins.
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