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Abstract

In this study, nucleotide adsorption—desorption behaviour of boronic acid-carrying uniform, porous particles was
investigated. The particles were produced by a **multi-step microsuspension polymerization” in the form of poly(styrene—
vinylphenyl boronic acid—divinylbenzene) terpolymer. In the first step of the production method, uniform polystyrene latex
particles (6.2 wm in size) were obtained by dispersion polymerization. These particles were first swollen by alow molecular
mass organic agent (i.e. dibutylphthalate, DBP) and then by a monomer mixture including styrene (S), 4-vinylphenyl boronic
acid (VPBA) and divinylbenzene (DVB). The particle uniformity was protected in both swelling stages by adjusting
DBP/polystyrene latex and monomer mixture/polystyrene latex ratios. Polymerization of the monomer mixture in the
swollen seed particles provided boronic acid-carrying uniform, porous particles 11-12 pm in size. To have uniform particles
with different porosities and boronic acid contents, the feed concentration of boronic acid-carrying monomer and the
monomer/seed latex ratio were changed. The particles were tried as sorbent for the adsorption of a model nucleotide (i.e.,
B-nicotinamide adenine dinucleotide, B-NAD). In the B-NAD adsorption experiments, the maximum equilibrium adsorption
was obtained at pH 8.5 which was very close to pK, of boronic acid. The incorporation of boronic acid functionality
provided a significant increase in the B-NAD adsorption. In contrast to plain poly(styrene-co-divinylbenzene) particles,
four-fold higher B-NAD adsorption was obtained with the boronic acid functionalized particles. B-NAD was desorbed from
the particles with the yields higher than 90% by weight. [0 2002 Elsevier Science BV. All rights reserved.
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1. Introduction

The uniform latex particles utilized as sorbents in
bioaffinity chromatography have been usually ob-
tained by using modified emulsion or dispersion
polymerization techniques alowing the introduction
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of desired functionalities onto the particle surface.
By following these production methods, the uniform
latex particles carrying different functional groups
like carboxyl [1-5], hydroxyl [6-9], amine [10-15]
or chloromethyl [16-20] were obtained. For the
chromatographic applications, the size and the mor-
phological properties and the surface chemistry of
latex particles should be appropriate for intended
use. On the other hand, uniform-macroporous par-
ticles produced in micron-size range (especialy in
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the size range of 5-20 pm) are reasonably promising
materials as ‘‘new-generation supports’ in the size
exclusion chromatography (SEC) applications [21—
32]. More regular flow regime in the chromato-
graphic column originated from the uniform charac-
ter of the support material usually provide chromato-
grams with higher resolution relative to those ob-
tained with the conventional support materials pre-
pared in the polydisperse form [21,26-28]. The
uniform macroporous particles have been usualy
produced by the multi-stage seeded polymerization
methods developed by starting from the mid 1980s
[21]. Although these materials were obtained with
different functionalities, no attempt has been made
for the synthesis of uniform-chromatographic pack-
ing materials carrying boronic acid moiety.

The chromatographic applications involving the
use of boronic acid functionalized support materials
are collected under the title of ‘“boronate affinity
chromatography’’. These applications were per-
formed based on the complex formation between
boronate groups of support material and diol groups
of the target molecules [33—41]. In the conventional
boronate affinity chromatography applications in-
volving the selective isolation of biomolecules like
nucleotides, RNA, glycated proteins and glyco-
enzymes, a single column containing boronic acid-
carrying particles was utilized. For this purpose,
boronic acid functionalized-polyacrylamide, agarose
and polyacrylate based gels were commonly pre-
ferred as support materials [33—-41]. The sample
including target biomolecules was loaded into the
column and diol-carrying biomolecules were selec-
tively adsorbed onto the column material by the
complex formation. The adsorbed molecules were
eluted by applying a maobile phase including appro-
priate desorption agents.

Various affinity-HPL C applications using boronate
functionalized-column materials were developed for
the separation of glycated proteins. A high-perform-
ance affinity chromatography system was constructed
by using serially connected columns. This system
included an anion-exchange column to separate total
albumin and a consecutive boronate functionalized-
column to separate glycated and nonglycated a-
bumin [42,43]. The boronate functionalized column
was obtained by the covalent attachment of m-

aminophenyl boronic acid onto a conventional high-
performance anion-exchange column [42,43]. In the
chromatographic studies similar to this application,
boronate affinity column was first used for the
enrichment of glycoproteins in the serum and the
enriched mixture was then applied to a high-per-
formance anion-exchange column in the HPLC
system [44—47]. In atypical **affinity-HPLC" appli-
cation developed by Koyama and Terauchi, a column
including boronic acid functionalized-porous partic-
les with diameter of 14 um was used for the
quantification of glycated serum proteins [48]. It
should be emphasized that the single separation
medium in the proposed HPLC system was the
porous-boronate functionalized particles. In the ap-
plication developed by Hjerten and Li, a column
including m-aminophenylboronic acid attached-non-
porous agarose beads with diameters of 12—-15 pm
was also used as a single stationary phasein aHPLC
system constructed for the fractionation of glyco-
sylated from non-glycosylated haemoglobin [49].
All these chromatographic applications involve the
presence of boronic acid groups on the support
material having an interaction capability with the
diol groups of target biomolecules. In our study,
boronic acid functionalized uniform-macroporous
particles were obtained by a multistep microsuspen-
sion polymerization, by including a boronic acid-
carrying monomer in the polymerization recipe (4-
vinylphenylboronic acid, VPBA). The average size,
porosity properties and surface functional groups of
the particles synthesized in our study were reason-
ably similar to those synthesized by Koyama and
Terauchi [48]. The particles obtained in our study
were proposed as potential column materials for
“affinity-HPLC applications” since the similar par-
ticles exhibited a good chromatographic performance
in the separation of glycated proteins by the same
method [48]. After production and characterization
stages, the description of reversible adsorption—de-
sorption behaviour of target molecules is essential in
the development of stationary phases for ** affinity-
HPLC applications’. For this purpose, B-nicotin-
amide adenine dinucleotide (B-NAD) was selected
as a model target molecule carrying diol groups and
the interaction between selected molecule and pro-
posed material was investigated in batch fashion.
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2. Experimental
2.1. Materials

Styrene (Yarpet AS, Turkey) was distilled under
vacuum and stored in the refrigerator. The cross-
linking agent, divinylbenzene (DVB, 55% para and
meta-divinylbenzene isomers, Aldrich Chem. Co.,
USA) was extracted with 5% (w/w) aqueous NaOH
solution for the removal of inhibitor from the isomer
mixture. 4-vinylphenylboronic acid (VPBA, Aldrich
Chem. Co., Milwaukee, WI, USA) was selected as
the reactive comonomer-carrying boronic acid func-
tionality and utilized without further purification.
Sodium dodecy! sulfate (SDS, Sigma Chem. Co., St.
Louis, MO, USA) was the emulsifier in the prepara-
tion of the emulsion media. Dibutyl phthtalate (DBP,
Polisan AS, Turkey) was selected as the diluent. An
oil soluble initiator, benzoyl peroxide (BPO, Aldrich
Chem. Co.) was used for the repolymerization of
styrene—divinylbenzene—4-vinylphenylboronic  acid
mixture in the swollen seed particles. 3-nicotinamide
adenine dinucleotide (B-NAD, Cat No:N1511, Sigma
Chemical Co.) was used as the model nucleotide.
The buffer solutions for the B-NAD adsorption
experiments were prepared by using N-[2-hydroxy-
ethyl]piperazine-N’-[2-ethane sulfonic acid] (HEPES,
Sigma Chem. Co.). Distilled—deionized water was
used in the preparation of the media for polymeri-
zation and all adsorption experiments.

2.2. Preparation of uniform polystyrene seed
particles

A detailed procedure for the synthesis of uniform
polystyrene (PS) seed particles 6.2 pum in size was
described elsewhere [31].

2.3 Preparation of uniform poly(styrene—
vinylphenylboronic acid—divinylbenzene) particles

Boronic acid functionalized uniform particles were
obtained by a polymerization method termed as
““multi-step microsuspension polymerization’. Typi-
cally, DBP (0.175 ml) was emulsified in aqueous
medium (20 ml) including 0.25% (w/w) sodium
dodecyl sulfate (SDS). The emulsion was obtained

by the sonication of the medium including DBP and
SDS solution in an ultrasonic water bath (Bransonic
200, USA) for about 1 h. An agueous dispersion
(approximately 2.0 ml) including polystyrene (PS)
seed particles (0.175 g) was added into the DBP
emulsion. Final dispersion was stirred at room
temperature for 24 h at 400 rpm for the absorption of
DBP by the PS seed particles. In the next step, a
monomer phase including S (0.5 ml), DVB (0.5 ml),
VPBA (0.1 g) and BPO (0.06 g), was emulsified in
an aqueous solution (18 ml) including 0.25% (w/w)
SDS, by sonication. Monomer emulsion was com-
bined with the agueous dispersion of DBP-swollen
seed particles. The resulting emulsion was stirred at
room temperature for 24 h at 400 rpm for the
absorption of monomer phase by the DBP swollen-
seed particles. The emulsion was purged with bub-
bling nitrogen for 5 min. Polymerization of monomer
phase within the swollen seed particles was per-
formed at 70 °C for 24 h at 120 cpm shaking rate in a
sealed pyrex reactor. Repolymerization stage led to
the uniform poly(styrene—4-vinylphenylboronic acid—
divinylbenzene), poly(S-VPBA-DVB) particles. To
remove the diluent and by products, the particles
were cleaned with ethanol extensively, by perform-
ing successive centrifugation and decantation steps
[31]. Finally, the particles were washed with water
and redispersed in distilled—deionized water.

2.4. Characterization of uniform-macroporous
poly(S—-VPBA-DVB) particles

The size and size distribution of poly(S—VPBA—
DVB) particles were determined by a scanning
electron microscope as described elsewhere [28,31].
An aqueous dispersion of cleaned latex particles
(approximately 0.1 ml) was spread onto a copper
disk and water was evaporated at room temperature.
Dried particles were coated with a thin layer of gold
(approximately 100 A) in a sputter coater (BioRad
Instruments, CA, USA). The specimens were ex-
amined and photographed in a Scanning Electron
Microscope (JEOL, JEM 1200 EX, Tokyo, Japan).
The particle interiors were examined by transmission
electron microscopy [28,31]. For this purpose, dried
particles (100-200 mg) were fixed in 1% (w/w)
agueous osmium tetraoxide (OsO, ) solution (Sigma
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Chemical Co.) and dehydrated in a graded series of
alcohols, then embedded in Araldite CY 212 resin
(Agar Scientific, Essex, UK). Thin sections were cut
serialy (60-90 nm) by ultratom (LKB, Sweden),
mounted on 100 mesh grids (Agar Scientific) and
examined under a transmission electron microscope
(JEOL, JEM 1200 EX, Tokyo, Japan). Bulk and
surface structures of poly(S—VPBA-DVB) particles
were analyzed by FTIR and FTIR-DRS (Fourier
Transform Infrared-Diffuse Reflectance Spectros-
copy). FTIR and FTIR-DRS spectra were obtained
using KBr tablets and KBr powder, respectively. The
particles and KBr were first dried in vacuum at 50 °C
for 4 days and over CaCl, in vacuum for 3 days. The
mass—charge density of the particles was determined
by potentiometric titration. For this purpose, poly(S—
VPBA-DVB) particles were subsequently reacted
with agueous KOH solution (25 ml, 0.05 N). The
particles were separated by centrifugation and the
unreacted KOH in the supernatant was determined
by potentiometric titration with 0.1 N standard HCI
solution. The mass charge density expressed in
equivalents of surface acid groups per unit weight of
particles (Q, meq/g) was calculated according to Eq.

(2):
Q=V, X (C —-C)/w (1)

where C, and C, (mM) are the initial and final base
(i.e. KOH) concentrations determined by poten-
tiometric titration with 0.1 N HCI solution. V,, (ml) is
the volume of base solution interacted with poly(S—
VPBA-DVB) particles and W (g) is the dry weight
of poly(S-VPBA-DVB) particles.

2.5. B-NAD adsorption experiments

A certain amount of poly(S-VPBA-DVB) par-
ticles (0.12 g) were dispersed in a HEPES buffer
solution (20 ml, pH:8.5, +4 °C) including B-NAD (1
mg/ml) and MgCl, (50 mM). B-NAD adsorption
experiments were conducted +4 °C for 2 h with 250
rpm stirring rate. For the derivation of adsorption
isotherm, initial B-NAD concentration was changed
between 0.04 and 1.40 mg/ml. At the end of the
adsorption period, the entire mixture was centrifuged
at 4000 rpm for 5 min and the supernatant was
separated. Final B-NAD concentration in the super-

natant was determined by measuring the absorbance
(A;) in a UV-Vis Spectrophotometer (Shimadzu,
Kyoto, Japan) at a wavelength of 260 nm [36-38].
B-NAD adsorbed (i.e. equilibrium B-NAD concen-
tration on the particles, Qg yap) Was caculated
according to the following expression. Where
Cog-napy ad C; 5 yapy (Mg/ml) are the initial B-
NAD concentration in HEPES buffer and B-NAD
concentration in the supernatant, respectively. V (ml)
and M, (g) are the volume of buffer solution, and the
amount of poly(S-VPBA-DVB) particles, respec-
tively.

QB—NAD = [(CO(B-NAD) -G (B—NAD))/CO (B-NAD)]
X VIM, )

2.6. B-NAD desorption experiments

A medium defined in the literature was selected
for the desorption of B-NAD from the poly(S—
VPBA-DVB) particles [35-37]. B-NAD adsorbed
particles loaded with different B-NAD initial con-
centrations were placed in this medium (i.e., 20 ml,
0.05 M borate buffer including 0.1 M NaCl at
+4°C) at pH:10.2. The dispersion was stirred for 1
h a +4°C a 300 rpm. The fina absorbance was
measured at 260 nm. Desorption ratio was cal cul ated
as the ratio of desorbed amount of B-NAD (mg) to
the adsorbed amount of B-NAD on the poly(S—
VPBA-DVB) particles (mg).

3. Results and discussion

In this study, boronic acid-carrying uniform
macroporous particles were synthesized as potential
“affinity-HPLC support” by ‘“‘multistep microsus-
pension polymerization. The presented material has
two significant advantages relative to the ** affinity-
HPLC supports’ proposed previously.

(i) The introduction of boronic acid functionality
onto the conventional support materials involves
an activation step [33-41]. In this stage, the
functional groups on the support materias (i.e.,
hydroxyl, amine or carboxyl) were reacted with
proper agents (i.e,, cyanogen bromide, a water
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soluble  carbodiimide or  1,4-butanediol
diglycidyl ether, etc.) for the generation of active
sites allowing the covalent attachment of boronic
acid-carrying  ligands  (like m-aminophenyl
boronic acid, APBA). After production of plain
particles, particularly the activation and the
ligand attachment are additional and time-con-
suming processes involving the use of toxic
reagents. In our case, boronic acid functionality
was directly incorporated onto the macroporous
particles during the polymerization by using a
boronic acid-carrying monomer.

(ii) All boronic acid-carrying particles previously
tried in the affinity-HPLC applications were
produced in the polydisperse form [42-49]. In
our study, the particles with boronic acid func-
tionality were synthesized in the uniformly-sized
form. As ‘““new generation supports’ in chro-
matographic applications, uniform particles pro-
vide liquid chromatograms with higher resolu-
tion relative to the polydisperse packing materi-
as, due to more regular flow regime in the
column [21,26-28].

For the developed support material, the synthesis,
characterization and reversible adsorption—desorp-
tion behaviour of a model diol-carrying molecule
(B-NAD) are given below.

3.1. Characterization of uniform poly(S-VPBA—
DVB) particles

Various polymerization recipes were used for the
synthesis of poly(S-VPBA-DVB) particles with

different properties. The production conditions and
the properties of particles are listed in Table 1. As
seen here, two sets of experiments were designed. In
the first set, the feed concentration of VPBA was
changed between 0 and 5 mg/ml by fixing (S—
DVB)/seed latex ratio at 9.14 ml/g. Here, DBP/ seed
latex ratio was 1 ml/g. The experiment encoded as
BA1 provided poly(S—-DVB) particles with relatively
wider size distribution. The introduction of VPBA
into the polymerization led to the final particles with
narrower size distribution (i.e. experiments encoded
as BA2 and BA3). The electron micrographs show-
ing the surface morphology of particles obtained in
the first set are given in Fig. 1. As seen here, both
poly(S-DVB) and poly(S-VPBA-DVB) particles
produced with two different VPBA feed concen-
trations had a macroporous surface. However, larger
pores were observed on the surface of the particles
produced in the absence of VPBA (Fig. 1A). The
introduction of VPBA provided particles with lower
surface porosity. The surface of VPBA-carrying
particles produced with two different VPBA feed
concentrations (2.5 and 5 mg/ml) had reasonably
smaller pores. To show the porous character of the
surface more clearly, a sample electron micrograph
of the particles obtained with the VPBA feed con-
centration of 2.5 mg/ml was taken with higher
magnification and given in Fig. 2.

In our polymerization method, the porogen solu-
tion comprised of two components which were the
low molecular mass organic agent (i.e. DBP) and the
linear polystyrene coming from the seed latex. In the
second set, the particles having higher bulk and
surface porosities were aimed. For this purpose,

Table 1

The production conditions and properties of boronic acid-carrying uniform macroporous particles

Code Seed |atex DBP Styrene DVB VPBA D, D, CV. Mass—charge
(9) (ml) (mi) (mi) (9) () (wm) (%) (meq/g) density

BA1l 0.175 0.175 0.80 0.80 0 11.85 12.21 12.8 0.66

BA2 0.175 0.175 0.80 0.80 0.1 12.15 12.30 7.03 0.76

BA3 0.175 0.175 0.80 0.80 0.2 12.29 12.42 5.95 0.80

BA4 0.175 0.175 0.50 0.50 0 11.60 11.67 4.20 0.82

BAS5 0.175 0.175 0.50 0.50 0.1 11.27 11.34 474 1.09

BAG6 0.175 0.175 0.50 0.50 0.2 1111 11.23 6.40 1.16

DBP, Dibutylphthalate; DVB, Divinylbenzene; VPBA, 4-Vinylphenylboronic acid; D,, Number-average diameter (wm); D,,, Weight-
average diameter (nm); CV., Coefficient of variaton. Common conditions: SDS concentration, 0.25% (w/w); BPO concentration, 60 mg/ml;
Polymerization temperature, 70 °C; Shaking rate, 120 cpm; Time, 24 h.
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Fig. 1. Scanning electron micrographs of uniform-macroporous poly(S-VPBA-DVB) particles, (S-DVB)/seed latex ratio: 9.14 ml/g,
VPBA feed concentration (mg/ml): (A) 0, Mag: X4000; (B) 2.5, Mag: X4000; (C) 5.0, Mag: X1000; (D) 5.0, Mag: x4000.

Fig. 2. Scanning electron micrograph showing the detailed surface morphology of poly(S-VPBA-DVB) particles with fine porous structure
obtained with the (S-DVB)/seed latex ratio of 9.14 ml/g and VPBA feed concentration of 2.5 mg/ml. Mag: X 10K.
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S-DVB/seed latex ratio was decreased to 5.71 ml/g
(Table 1). By this modification, the polymeric part of
porogen was increased with respect to the volume of
S-DVB mixture used in the repolymerization. In
other words, more porogen was utilized for per unit
mass of porous particles. In this set, the feed
concentration of VPBA was also changed between 0
and 5 mg/ml. The properties of the particles pro-

. )

duced in the second set are also given in Table 1. As
seen here, these particles had narrower size dis-
tribution (i.e. lower CV. vaues) relative to those
produced in the first set since they were obtained
with a lower monomer phase/seed latex ratio
[28,31]. The SEM photographs of the produced
particles are given in Fig. 3. These photographs
clearly indicated that the surface porosity was higher

Fig. 3. Scanning electron micrographs of uniform-macroporous poly(S-VPBA-DVB) particles, (S-DVB)/seed latex ratio: 5.71 ml/g,
VPBA feed concentration (mg/ml): (A) 0, Mag: X1000; (B) 0, Mag: X 4000; (C) 2.5, Mag: X 1000; (D) 2.5, Mag: X 4000; (E) 5.0, Mag:

X 1000; (F) 5.0, Mag: X 4000.
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relative to those of the first set particularly for the
particles produced in the presence of VPBA. Rela
tively larger pores were observed on the surface of
the particles produced with the VPBA feed con-
centrations of 2.5 and 5 mg/ml. For both sets, the
internal structures of particles produced with the
VPBA feed concentration of 5 mg/ml were com-
pared in Fig. 4. As seen here, both porosity and pore
number density were relatively low in the cross-
section of the particles produced by using the first-set
conditions (Fig. 4A). However, an internal-structure
including pores regularly distributed in the whole
cross-section was obtained for the particles produced
by the modified conditions (i.e. the second set in

Table 1). Either the number density of pores or the
porosity were higher for this case (Fig. 4B).

A commonly accepted mechanism for the pore
formation process in the uniform latex particles was
proposed by Cheng et al. [24,25]. According to this
mechanism, the first stage in the pore formation
process is described as the production and agglome-
ration of low-energy and highly crosslinked micro-
spheres by phase separation taking place between the
crosslinked polymer phase and the porogen solution
including linear polystyrene coming from seed latex
and low molecular mass organic agent (i.e. DBP) in
the forming particles. The fixation and binding of
microspheres (i.e. agglomerate formation) occurs in

Fig. 4. Typical transmission electron micrographs showing the internal structures of poly(S-VPBA—-DVB) particles produced with different
(S-DVB)/seed latex ratios, VPBA feed concentration: 5.0 mg/ml, Experiment code and (S-DVB)/seed latex ratio (ml/g): (A) BA2, 9.14
(B) BAS5, 5.71, Magnification: < 4000.
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the second stage and the voids between the fixed
microspheres fill with the porogen solution [24,25].
The voids including porogen solution are the macro-
pores of the uniform particles. After completion of
polymerization, the porogen solution is removed
from the macropores by washing process. By consi-
dering this mechanism, the increase observed in the
porosity with decreasing monomer/seed latex ratio
(i.e. Fig. 4) should be evaluated as an expected
behaviour. Because the amount of porogen solution
used for unit mass of final particles was higher in the
synthesis performed by utilizing S-DVB/seed latex
ratio of 5.71 ml/qg.

On the other hand, the lower porosity of VPBA-
carrying particles with respect to plain poly(S-DVB)
may be explained by the effect of VPBA on the
phase separation. The results of studies on the
synthesis of functional poly(S—-DVB) particles indi-
cated that the presence of relatively polar monomers
carrying both hydrophilic and hydrophobic groups
makes more difficult the separation of crosslinked
microspheres from the porogen phase in the forming
uniform particles [31,32]. This effect was particu-
larly observed when the polar monomers like 2-
hydroxyethylmethacrylate, methacrylic acid were
used together with the S-DVB mixture in the
multistage microsuspension polymerization [31,32].
The comonomer, VPBA also includes relatively
hydrophilic boronic acid and hydrophobic vinyl—
phenyl groups. The agglomeration and binding ten-
dency of crosslinked microspheres increases in the
presence of relatively polar monomers which in turn,
results in better compatibilization of crosslinked
phase with the porogen solution. Hence relatively
incomplete separation of crossiinked structure and
porogen solution provides a decrease in the porosity
of particles [31,32].

In both sets, higher mass—charge densities were
observed with the VPBA-carrying particles than
those obtained in the absence of VPBA (Table 1). In
other words, the mass charge density increased with
increasing feed concentration of VPBA under con-
stant polymerization conditions. This behaviour may
be evaluated as an indication for the incorporation of
VPBA into the final particle structure.

Sample FTIR and FTIR-DRS spectra of poly(S—
VPBA-DVB) particles encoded as BA6 were given
in Fig. 5. Here, poly(S-DVB) particles produced

under identical conditions and without using VPBA
were included as a reference material and the same
spectra for poly(S-DVB) particles were also given.
The characteristic bands located in the FTIR and
FTIR-DRS spectra of poly(S-DVB) particles were
explained in our previous studies [30-32]. The
introduction of VPBA into the particle structure was
confirmed by the strong hydroxyl bands appeared at
3500 cm ™%, both in the FTIR and FTIR-DRS spectra
of poly(S-VPBA-DVB) particles. The relative in-
tensities of the hydroxyl bands (i.e. based on the
intensities of aliphatic bands at 2900 cm™*) both in
the FTIR and FTIR-DRS spectra of poly(S-VPBA-—
DVB) particles were close to each other. This finding
probably indicated that the bulk and surface con-
centrations of VPBA were approximately the same.

A
FTIR: Poly(S-DVB) Nl

FTIR-DRS: Poly(S-DVB)

VWW\’“J‘VM

FTIR: Poly(S-VPBA-DVB)

Transmittance

FTIR-DRS: Poly(S-VPBA-DVB)

I } | |
T T T T

4000 2000 1500 1000 400

Wavenumber (cm')

Fig. 5. Typica FTIR and FTIR-DRS spectra of poly(S-DVB)
and poly(S-VPBA-DVB) particles produced with the (S-DVB)/
seed latex ratio of 5.71 ml/g and VPBA feed concentration of 5.0
mg/ml.
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3.2, B-NAD adsorption—desorption studies

In the first group of experiments, the effect of pH
on B-NAD adsorption onto the poly(S-VPBA—
DVB) particles was examined. Here, the particles
encoded as BA6 were used as the sorbent by fixing
their concentration at 6 mg/ml in the adsorption
medium having a volume of 20 ml and containing 50
mM MgCl, and 1 mg/ml B-NAD. All adsorption
experiments were conducted at +4 °C. The effect of
pH on the B-NAD adsorption is given in Fig. 6. As
seen here, higher 3-NAD adsorption was observed in
the pH range of 8.5-9.0. In the literature, relatively
higher nucleotide adsorption was also reported for
the pH values close to pK, value of boronic acid
(i.e, 9.2). Therefore, this finding was consistent with
the literature [35,38]. By considering this behaviour,
pH:8.5 was selected as an appropriate value for the
derivation of B-NAD adsorption isotherm. Here,
initial B-NAD concentration was changed in the
range of 0.02-1.40 mg/ml by selecting poly(S—
VPBA-DVB) particles encoded as BA6 as the
sorbent (Table 1). In the derivation of the adsorption
isotherm, the other conditions were identical to those
of the set in which the effect of pH was investigated.
The effect of initial B-NAD concentration on 3-NAD
adsorption is given in Fig. 7. To give an idea about
the non-specific B-NAD adsorption onto the particle
surface, poly(S—DVB) particles produced under the
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Fig. 6. The effect of pH on B-NAD adsorption onto poly(S—
VPBA-DVB) particles. B-NAD concentration: 1 mg/ml, Particle
concentration: 6 mg/ml, +4°C, 250 rpm, 2 h.

25 |- ®

20

Sorbent code
—a— BA4

- —e— BA6
10 |-

B-NAD adsorbed (mg B-NAD/g particles)

00 02 04 06 08 1.0 1.2 1.4 1.6
Initial B-NAD concentration (mg/mL)
Fig. 7. The effect of B-NAD initial concentration on B-NAD

adsorption, Particle concentration: 6 mg/ml, pH: 8.5, +4°C, 250
rpm, 2 h.

conditions identical to those of the tried sorbent,
—but by excluding VPBA— were used as a control
material (i.e. the particles encoded as BA4 in Table
1). As seen here, the non-specific 3-NAD adsorption
onto the surface of poly(S-DVB) particles was very
low. In the case of boronic acid-carrying particles,
approximately four-fold higher B-NAD adsorption
was obtained in the plateau region. For both particle
types, the plateau value of equilibrium B-NAD
concentration on the particles was obtained for the
initial B-NAD concentrations higher than 0.64 mg/
ml. Higher equilibrium B-NAD adsorption onto
poly(S-VPBA-DVB) particles probably originated
from the diol-binding affinity of VPBA. In other
words, B-NAD adsorption onto the proposed sorbent
material occurred via the complex formation between
VPBA and 3-NAD molecules [35,38]. In the litera-
ture, B-NAD binding capacities in the range of 5-7
pmol B-NAD/ml gel were reported for the boronic
acid-carrying agarose gels [38]. The maximum B-
NAD adsorption onto the proposed sorbent was
obtained as approximately 37.9 pmol B-NAD/ml
particles. This value was reasonably higher relative
to the agarose-based sorbents and sufficiently high
for a new solid support having a potential use in
affinity chromatography.

The characteristic adsorption parameters of the
proposed sorbent were calculated based on both the
Langmuir and Freundlich equations. For the Freund-
lich eguation, g is the equilibrium B-NAD con-
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centration on the particles (mg B-NAD/g particles),
Ce, Is the equilibrium B-NAD concentration in
solution (mg B-NAD/ml), k and n are constants of
the Freundlich equation, respectively. Based on the
linearized form of this equation, the plot of log(q)
versus log(C) was used to obtain the intercept of

log(k) and the slope of n.
q=kCq (3)

log(a) = log(k) + nlog(C,,) 4

For the Langmuir model, m and q, are the
Langmuir constant (ml/mg B-NAD) and the ad-
sorption capacity (mg B-NAD/g particles), respec-
tively. By using the linearized form of this equation
(Eqg. (6)), the intercept of 1/q,, and the slope of
1/g,,m were estimated.

q=0,MCq/[1+ MC¢/] (5
1/q=(1/9,m)(1/C) + (1/ay,) (6)

The estimated parameters are given in Table 2 for
both adsorption models. Relatively higher correlation
coefficients indicating a better consistency between
experimental data and adsorption model were ob-
tained with the Freundlich equation for both boronic
acid-carrying and plain particles. The results of
curve-fittings based on both adsorption models indi-
cated that the incorporation of boronic acid sig-
nificantly improved the B-NAD adsorption charac-
teristics of macroporous poly(S-DVB) particles. The
B-NAD adsorption behaviour of poly(S—VPBA—
DVB) particles produced with different VPBA feed
concentrations were also compared in Fig. 8. As

Table 2
The parameters of the Freundlich and Langmuir models

25
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B-NAD adsorbed (mg g-NAD/g particles)
w
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BA1 BA2 BA3 BA4 BA5 BA6
Sorbent code
Fig. 8. B-NAD adsorption behaviour of poly(S-VPBA-DVB)

particles produced with different VPBA feed concentrations.
Particle concentration: 6 mg/ml, pH: 8.5, +4°C, 250 rpm, 2 h.

expected, B-NAD adsorption clearly increased with
increasing VPBA feed concentration (i.e. boronic
acid content of the particles).

The desorption ratios obtained with the tried
sorbents are presented in Table 3. As seen here,
B-NAD were desorbed from the poly(S-VPBA—
DVB) particles with the yields approximately higher
than 90% w/w.

4. Conclusion

A ‘““multi-step microsuspension polymerization”
was developed for the synthesis of uniform-macro-
porous poly(S-VPBA-DVB) particles. Contrary to
the usual synthesis methods of boronic acid-carrying

Freundlich model

Bead type log(k) k n r
poly(S-VPBA-DVB)2 1.39181+0.02616 24.65 0.44339+0.02181 0.99166
poly(S-DVB) 0.79145=0.02702 6.19 0.49639--0.03199 0.99180
Langmuir model

Bead type 1/q,,m 1/q,, O m r
poly(S-VPBA-DVB)2 0.00179=0.00021 0.09343+0.01585 10.70 52.20 0.96701
poly(S-DVB) 0.02499--0.00306 0.17586--0.04259 5.69 7.04 0.97134
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Table 3

Desorption ratios obtained with poly(S-VPBA—-DVB) particles loaded with different 3-NAD initial concentrations

Desorption ratio (% wt of adsorbed B-NAD)

B-NAD initia conc. (ng/ml) poly(S-DVB) poly(S-VPBA-DVB)
0.04 94.2 95.6
0.08 94.6 90.1
0.16 93.8 91.8
0.64 90.7 87.4
1.00 92.9 89.6
1.40 91.8 90.2

supports, boronic acid functionality was incorporated
into the particles by using a boronic acid-carrying
monomer in the polymerization. Hence the stages
usualy followed (i.e. activation and attachment of
boronic acid-carrying ligand) were eliminated. A
model molecule (B-NAD) was utilized for testing the
reversible adsorption—desorption behaviour of the
material against to diol-carrying biomolecules. The
usability of particles as an ‘“‘&ffinity-HPLC column
material” in RNA separation is still under inves-
tigation.

On the other hand, the size and porosity properties
of poly(S-VPBA-DVB) particles are suitable to be
a stationary phase material for the affinity-HPLC
applications of diol-carrying biomolecules. The uni-
formity of particles is an advantage for improving
the flow-regime and the separation efficiency in the
chromatographic columns. While serial column sys-
tems in HPLC or successive use of boronate affinity
chromatography and HPLC are necessary for the
determination of glycated proteins in human serum,
the column materials with properties similar to those
produced in this study alow the assay of glycated
proteins by using a single column in HPLC [42-48].
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