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Abstract

Boronate affinity systems have been recently used for the
specific isolation of cis-diol group carrying biomolecules such as
glycoproteins, nucleosides, carbohydrates. Nanosized materials
have been extremely used for the biotechnological purposes
due to their unique properties and their high surface areas. The
objective of this presented work was to develop a new boronate
affinity system for the nucleoside adsorption. For this purpose,
poly(HEMA) nanoparticles were synthesized by using surfactant
free emulsion polymerization technique and then functionalized
with phenylboronic acid. Synthesized nanoparticles were
characterized with FTIR, SEM, and Zeta size analysis. Nucleic acid
adsorption experiments were repeated for different medium
pH values, for various nucleosides concentrations, for different
temperatures and ionic strengths, in order to determine the
optimum adsorption conditions. In the light of these studies, it
canbeconcludedthatthisboronateligand carryingnanoparticles
were very valuable for the separation of nucleosides.

Keywords: boronate affinity, nanoparticle, nucleoside,
phenylboronic acid

Introduction

Nucleosides which construct the nucleic acids have very
significant functions in biological systems (Badruddoza et al.
2012). Nucleosides and their derivatives have been widely
used for the production of medicines due to their significant
biological and chemical effects. There are numerous methods
for separation of nucleosides from the biological materials,
such as, high performance liquid chromatography (Helboe
and Hansen 1999, Liebich et al. 1997), mass spectrometry
(Bullinger et al. 2008), electrochemical determination (Goyal
et al. 2007, Fortin et al. 2004), and capillary electrophoresis
(Lin and Liu 2003). A recently used new separation technique
for the nucleosides is boronate affinity chromatography.

The use of boronate affinity chromatography for separa-
tion of nucleic acid components and carbohydrates was first
reported by Weith et al. (1970). Since then, the specificity of
the boronate ligand has been exploited for the separation of

a wide variety of cis diol-containing compounds, including
catechols, nucleosides, nucleotides, nucleic acids, carbohy-
drates, glycoproteins, and enzymes (Bergold and Scouten
1983). Although basic interaction in boronate affinity chro-
matography is the esterification between boronate ligands
and cis-diols, there are some secondary interactions (hydro-
phobicinteraction, ionic interaction, hydrogen bonding, and
charge transfer interaction) that can play an important role.
Application of boronate affinity chromatography using vari-
ous supports has been investigated. For example, acrylam-
ide-acrylamidephenylboronic acid copolymer membrane
(Sallacan et al. 2002), thermosensitive N-isopropylacryl-
amide-4-vinylphenylboronic acid copolymer latex particles
(Elmas et al. 2004), poly(4-vinylphenylboronic acid-co-N,N’-
methylenebisacrylamide monolithic column (Ren et al.
2009), Au-Prussian blue nanocomposite (Li et al. 2012), gold
nanoparticles (Liu et al. 2012), poly[(3-acrylamidophenyl)
boronic acid-co-N,N’-methylenebisacrylamide]monolithic
capillary (Wang et al. 2013), 3-aminophenylboronic acid
functionalized-poly(3-chloro-2-hydroxypropylmethacry-
late) microspheres (Ozdemir et al. 2014) have been used for
boronate affinity chromatography as a support materials.

Over the past decade, nanotechnology has become a vital
area of research and development in many fields of science
and technology. Specifically in the fields of biotechnology
and bioanalytical chemistry, the combination of nanoma-
terials and biomolecules is of considerable recent interest
(Hilliard et al. 2002). The nonporous nanoparticles have
very small size and despite being nonporous, they permit to
immobilize over 100 mg biomolecules (proteins, enzymes,
peptides, nucleotides, nucleosides, and DNA) per gram wet
particles (Betancor et al. 2005).

In this study, poly(2-hydroxyethylmethacrylate) [poly
(HEMA)] nanoparticles were prepared by surfactant-free
emulsion polymerization technique. Then these nanopar-
ticles were activated with 3-aminopropyltriethoxysilane
(APTES) and were functionalized with phenylboronic acid
(PBA). The PBA containing nanoparticles were characterized
by Fourier transform infrared spectroscopy (FTIR), scanning
electron microscopy (SEM), Zeta sizer technique and were
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used for the nucleoside adsorption. Adsorption studies were
performed in a series of aqueous solution containing dif-
ferent amounts of nucleoside, pH values, temperature, and
ionic strength. Additionally desorption of nucleosides and
reusability of these nanoparticles was investigated.

Materials and methods

Materials

2-Hydroxyethylmethacrylate (HEMA), ethylene glycol dime-
thacrylate (EGDMA), potassium persulphate (KPS), and
PBA were purchased from Sigma Chemical Co (St. Louis,
MO). Poly(vinyl alcohol) (PVA) (molecular weight: 100.000,
98% hydrolyzed) was purchased from Aldrich (Munich,
Germany). Nucleoside solution (100 mM) was purchased
from Fermentas Inc. (Maryland, USA). All other chemicals
were the guaranteed or of the highest purity commercially
available and were used without further purification.

Preparation of poly(HEMA) nanoparticles

Poly(HEMA) nanoparticles were synthesized by using sur-
factant free emulsion polymerization according to the pro-
cedure in literature with minor modifications (Oztiirk et al.
2008). Briefly, a PVA stabilizer solution was prepared by dis-
solving 0.5 g of PVA in 100 mL of distilled water. Then, 0.6 mL
of HEMA and 0.3 mL of EGDMA were mixed with the initial
solution and incubated in an ultrasonic bath for 30 min. The
initiator-KPS was added to the polymerization solution, and
then this solution was incubated in a shaking water bath at
70°C for 7 h. After the polymerization, synthesized nano-
particles were washed with methanol and water, in order to
remove unreacted monomers.

Activation of poly(HEMA) nanoparticles with
3-aminopropyltriethoxysilane

An activation agent, 3-aminopropyltriethoxysilane (APTES),
was used for the activation of poly(HEMA) nanoparticles.
For this purpose, synthesized nanoparticles were mixed with
200 uL of APTES solution (0.9%) for 1 h at room temperature.
At the end of the activation process, silanized nanoparticles
were washed several times with 10.0 mL of distilled water
(Steinberg et al. 2006).

Modification of activated poly(HEMA) nanoparticles with
phenylboronic acid

Silanized poly(HEMA) nanoparticles were modified by using
PBA. For this, 200 pL of poly(HEMA) solution was mixed
with PBA solution (final concentration is 0.25 mg/mL) in
MES buffer (25 mM, pH 6.0). This solution was stirred for
2 h by using an orbital shaker with the shaking rate of
200 rpm, and centrifuged at 10,000 rpm for 20 min. Super-
natant solution was stored for the calculation of the binding
amount of PBA.

Characterization of poly(HEMA) nanoparticles containing
phenylboronic acid

FTIR spectrums of poly(HEMA) and PBA attached
poly(HEMA) were obtained with a FTIR spectrophotom-
eter (FTIR 8000 Series, Shimadzu, Japan). For this, dry
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polymers (about 0.1 g) were thoroughly mixed with KBr
(0.1g, IR Grade, Merck, Germany), and pressed into a
pellet and then the FTIR spectrum was recorded. Surface
morphology and shape of nanoparticles were examined by
SEM (Philips XL-30S- FEG- Almelo, The Netherlands) by
using lyophilized polymers. A fragment of lyophilized poly-
mer was mounted on SEM sample mount and was sputter
coated with gold. Then the sample was placed into SEM
and the surface morphology of particles was examined. The
average size and the size distribution of synthesized nano-
particles were determined by using a Zeta sizer (Malvern
Instruments, Model 3000, UK).

Adsorption of nucleoside onto nanoparticles containing
phenylboronic acids

Adsorption of nucleoside onto nanoparticles containing
PBA was performed in batch mode. The adsorption experi-
ments were conducted for 2h at 25°C at a stirring rate of 100
rpm. Effects of pH of the medium, initial nucleoside concen-
tration, temperature, and ionic strength on the adsorption
capacity were studied. The pH of the adsorption medium
was changed between pH 5.0 and 9.0 by using different buf-
fer systems (25 mM MES for pH 5.0-6.0, 25 mM phosphate
for 7.0-8.0, 25 mM carbonate for pH 9.0). To investigate the
effects of the initial concentration of nucleoside on adsorp-
tion, nucleoside concentration was changed between 0.05
and 0.2 nM. To show the effects of the temperatures on the
adsorption, adsorption studies were carried out between
4 and 50°C. To determine the effect of ionic strength at
adsorption, different salts (NaCl, MgCl,, CaCl,) were used
between 0.01 and 1 M. The amount of adsorbed nucleoside
onto nanoparticles containing PBA was determined by mea-
suring the initial and final concentrations of nucleoside by
UV absorbance at 260 nm.

Desorption of nucleosides and reusability of
nanoparticles

Nucleoside desorption from nanoparticles containing PBA
was performed with 0.1 M Tris-HCI buffer (pH 9.0) at room
temperature. The final nucleoside concentration in desorp-
tion medium was determined by absorbance at 260 nm.
To determine the reusability of the nanoparticles contain-
ing PBA, nucleoside adsorption and desorption cycle was
repeated five times.

Results and discussion

Characterization of nanoparticles containing
phenylboronic acid

Synthesis and application of nanosized materials have
been taking great attention due to their unique chemical
and physical properties and large specific surface areas.
In this study poly(HEMA) nanoparticles were prepared by
surfactant free emulsion technique. Then PBA was attached
to these nanoparticles by activated APTES. Schematic pre-
sentation of preparation of PBA attached nanoparticles was
demonstrated in Figure 1. The FTIR spectra of poly(HEMA)
and PBA attached poly(HEMA) are shown in Figure 2. The
FTIR spectrum of poly(HEMA) have the characteristic



324 B.Okutucu etal.

pY
cH, EGDMA  Polymerization NO <
o 4 PVA & — .
KPS

70°C
HO Son

HEMA _a®

Poly(HEMA) nanoparticle

N
, i
NH,
o _on
m
o+ — R
°7
He s cHg
Son Lo~ No .
1 Ny
\ HC
| ‘on
on
v
Y

Poly(HEMA) nanoparticle APTES

Poly(HEMA)-APTES nanoparticle

N, OH " HO_
- HO—B. i —s—OH
. "
H
H
N \.
HN NZH
OH
" N
" i
) : N
OH B o
I HO' ;
. TN g AW

- % Yo PBA
" i

Poly(HEMA)-APTES nanoparticle

OH
B Q\B\ Nucleoside
I OH
ONH—N'
- O O

Poly(HEMA)-APTES-PBA nanoparticle

Nucleoside adsorption onto Poly(HEMA)-APTES-PBA nanoparticle

Figure 1. Schematic presentation for the preparation of phenylboronic acid attached nanoparticles and nucleoside adsorption onto poly(HEMA)-
APTES-PBA nanoparticles.

stretching vibration band of hydrogen bonded alcohol, due to vibration of aryl C = C bands from PBA. The surface
-OH, around 3500 cm~ ! vibration band of carbonyl groups, morphology and structure of these nanoparticles was inves-
-C=0, around 1700 cm™!, and stretching vibration band tigated by SEM. As seen in Figure 3, the particles were mono
of C-H, around 3000 cm™!. As seen Figure 2, attachment of sized, spherical, nonporous, and about 200 nm in diam-
PBA onto poly(HEMA) nanoparticles was realized by same eter. Nanoparticles can produce larger specific surface area
characteristic peaks. The sharp peak around 1725 cm™~! was and therefore may result in high ligand loading and high
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Figure 2. FTIR spectra of poly(HEMA) and poly(HEMA)-APTES-PBA nanoparticles.

molecules (protein, nucleic acid) adsorption. Average par-
ticle size and size distribution of nanoparticles were evalu-
ated by Zeta sizer and was found to be about 206.5 nm with
1.043 polydispersity (Figure 4).

Adsorption of nucleoside onto nanoparticles containing
phenylboronic acid

Boronate affinity chromatography has been widely used for
the separation and recognition of the cis-diol group carry-
ing compounds. Because of the high specificity of the bor-
onate affinity systems, this chromatographic technique has

been deeply used for the separation of the glycoproteins,
enzymes, nucleosides, and carbohydrates. These cis-diol
group carrying compounds are very important class of
biomolecules which are used for the biotechnological pur-
poses, and their separation, purification, and recognition
have been attached with great importance. In this study
poly(HEMA) nanoparticles were modified by APTES and
used for PBA attachment. The binding of nucleosides onto
the boronic acid functionalized nanoparticles occurred via
the formation of cyclic borate ester by reaction between the
boronic acid groups in the tetrahedral anionic form and

Figure 3. SEM photograph of p(HEMA) nanoparticles.
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Figure 4. Zeta-size profile of poly(HEMA) nanoparticles.

diol groups of nucleosides (Elmas et al. 2004). The effect
of pH on nucleoside adsorption behavior of nanoparticles
containing PBA was evaluated. The effect of pH on specific
binding capacities of the nucleosides is shown in Figure 5.
As seen from Figure 5, maximum nucleoside adsorption
was observed at pH 6.0, MES buffer. Above and below that
pH value, adsorbed amount of nucleoside was decreased.
The nucleoside binding at acidic pH may greatly facilitate
the application of boronate affinity techniques to bio-
logical samples of acidic pH (e.g., urine, tears, and saliva)
(Li and Liu 2012). Figure 6 shows the effect of initial
nucleoside concentration on nucleoside adsorption onto
PBA modified nanoparticles. As presented in this figure,
the nucleoside concentration were changed between 0.05
and 0.2 nM and the specific nucleoside binding capacity
of the PBA modified nanoparticles was increased with the
increase in the initial concentration of incubation solution.
The increase in adsorption capacities with the increase in
the initial nucleoside concentration is due to the increase in
the driving force of the concentration gradient as expected
(Ozdemir et al. 2014). But relatively lower nucleoside
adsorption was observed at the nucleoside concentration
higher than 0.1 nM. This situation can be explained with
steric hindrance. Maximum nucleoside capacity was found
to be 35.6 mg/g nanoparticles at 0.1 nM nucleoside con-
centration. Reduction in the size of support materials can
generally improve the efficiency of nucleoside adsorption.
In the case of surface attachment, smaller particles can
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Figure 5. The effect of pH on the nucleosides binding onto
phenylboronic acid modified poly(HEMA) nanoparticles.

provide a larger surface area for higher nucleoside loading
per unit mass of particles (Kim et al. 2006). Figure 7 shows
the effect of temperature on adsorption of nucleoside. The
adsorption of nucleoside on the PBA modified nanoparticles
increased with increasing temperature. In previous studies
it was reported that adsorption affinity and capacity were
increased markedly at lower temperatures, and complex
formation between diol groups and boronic acid groups
occur more easily in the low temperature range (Elmas et al.
2004, Singh and Willson 1999). In order to examine the effect
of ionic strength of medium on the nucleoside adsorption
onto the PBA modified nanoparticles different kinds of salts
were studied (NaCl, MgCl,, and CaCl,). It was observed
from this study that, while NaCl didn't affect the adsorption
capacity of the nanoparticle, MgCl, and CaCl, increased the
adsorbed amount of nucleoside. This also contributed the
temperature study’s findings that one of the main driving
forces for the adsorption of the nucleoside onto the bor-
onate affinity nanoparticles was hydrophobic interactions.
It should be kept in mind that secondary interactions are
important in the interaction of the nucleic acid components
with boronates. These interactions might be hydrogen
bonds between the hydroxyl groups, and/or hydrophobic
interactions due to the aromatic boronate ligand, and/or
ionic interactions. The nature of the base is also important,
and purines, adenines, and guanines have stronger bind-
ing bounds than other bases, probably due to hydrophobic
and/hydrogen bonding effects (Rosenberg et al. 1972).
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Figure 6. The effect of initial nucleoside concentration on the

nucleosides binding onto phenylboronic acid modified poly(HEMA)
nanoparticles.
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Figure 7. The effect of medium temperature on the nucleosides binding
onto phenylboronic acid modified poly(HEMA) nanoparticles.

Nucleoside desorption from nanoparticles containing
phenylboronic acid

In affinity separation processes, desorption of adsorbed mol-
ecule is very important. The nucleoside adsorbed on nano-
particles containing PBA was desorbed with 0.1 M Tris-HCI
buffer at pH 9.0 and the desorption ratio was calculated as
90% at the end of 1 h. The adsorption-desorption cycle was
repeated five times using the same nanoparticles in order to
examine reusability of the nanoparticles. It was observed that
the nanoparticles containing PBA can be used many times
without decreasing their adsorption capacities significantly.

Conclusion

Boronate affinity chromatography uses the interaction of
boronate with various cis-diol containing compounds.
Boronate affinity chromatography has been successfully
employed in the separation of nucleosides and nucleotides
because it possesses 2’,3’-diol interacting group. In the
presented work, PBA was used as a ligand for the affinity
adsorption of nucleosides. Poly(HEMA) nanoparticles were
synthesized as a support material and functionalized with
PBA. This work reports on the adsorption of nucleosides
by boronate affinity chromatography with nanoparticles.
Nucleosides were successfully adsorbed on nanoparticles
containing PBA and then adsorbed nucleosides were des-
orbed up to 90%. The positive results show the usability of
the PBA attached poly(HEMA) nanoparticles as an affinity
adsorbent.
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