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Synthesis of boronic acid functionalized superparamagnetic iron oxide nanoparticles has been
reported. Magnetite nanoparticles were prepared by simple co-precipitation from Fe2+ and Fe3+ solution.
m-Aminophenyl boronic acid was attached to iron oxide particles through 3,4-dihydroxy benzaldehyde
through CfN bond. X-ray diffraction and selected area electron diffraction have shown the formation of
inverse spinel phase magnetite of both as prepared and functionalized magnetite particles. FTIR shows
attachment of boronic acid-imine onto iron oxide surface through enediol group. Transmission electron
microscopy shows well dispersion of boronic acid functionalized particles of size 8±2 nm. Vibration sample
magnetometry shows both the particles are superparamagnetic at room temperature having saturation
magnetization (Ms) 52 emu/g. In this work the affinity of these boronic acid functionalized particles towards
sugar binding was studied taking dextrose sugar as a model. The influence of pH and sugar concentration has
been extensively investigated. The results show that such boronic acid modified superparamagnetic particles
are efficient support for sugar separation having maximum sugar loading capacity (60 µg/50 µl) at pH 8.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Themolecular recognition of sugars is an intriguing subject in view
of its important role in detection/isolation of glycoconjugates such as
glycoproteins and glycolipids [1]. Boronate affinity chromatography
has been proved as a promising method to purify glycoproteins from a
long time [2–5]. Based on the unique property of boronate ligand
to reversibly form cyclic esters producing a five or six member ring
with a 1, 2 diol in cis-coplanar geometry or a 1, 3 diol of proper
geometry [6–8], boronate affinity chromatography has been frequently
used as an ideal general extractionmodule for glycoconjugates [9]. The
complexations of arylboronic acids with 1, 2-diols and 1, 3-diols have
been largely used in separation [6], transport [10,11], and detection of
sugars [12,13]. Thus for practical applications it is important to
immobilize aryl boronic acid on insoluble solid supports in order to
promote solid phase separation and reusability of aryl boronic acids.
Conventionally, boronic acid carrying agarose or acrylamide-based
polymeric beads have been used in chromatographic studies involving
separation [14–18]. Recently Shimomura et al. have synthesized a solid
magnetic support by modifying magnetite particles with graft
polymerization of acrylic acid [19,20]. They have immobilized
dihydroxyphenylboronic acid (DHPB) on modified magnetite surface
a).
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through amide linkages and exploited the binding nature of various
oligosaccharides with these boronic acid functionalized particles.
However, these polymer or magnetic polymer based supports suffer
from severe drawbacks owing to its less surface area which ultimately
results in less binding efficiency. Development of a simpler and more
versatile system for purification of sugars and sugar containing
biomolecules has always been of great interest in this field.

In recent years, magnetic nanoparticles have been emerged as
a new type of matrices for immobilization of proteins and enzymes
[21–23]. We have designed surface modified magnetite nanoparticles
for separation of histidine-tagged recombinant protein through
immobilizedmetal ion chelate affinity chromatography [24]. Magnetic
nanoparticles perform better than polymer macro-beads owing to its
high surface-to-volume ratio resulting in high binding rate. More
specifically, superparamagnetic iron oxide particles in nano regime are
extensively used in bioseparation for their well-established biocom-
patibility [25]. In addition, due to superparamagnetism of inorganic
cores, recovery and further usage of these solid supports can be facilely
achieved by applying external magnetic field. Though the use of iron
oxide nanoparticles have been extensively studied for immobilization
and purification of proteins, surprisingly there has not yet been single
report on design of such magnetic nanoparticles for isolation/
purification of sugars. In this paper we have reported our preliminary
study on synthesis of superparamagnetic magnetite nanoparticles
with surface active boronic acid groups which can be used as a binder
and carrier for sugars.
oi:10.1016/j.msec.2009.05.017
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2. Experimental

2.1. Chemicals

All chemicals used here are of reagent grade and were used
without further purification. FeCl3 and FeSO4 were obtained from
Merck, Germany. m-Aminophenyl boronic acid was supplied from
Sigma-Aldrich, USA and 3,4 dihydroxy benzaldehyde was obtained
from Spectrochem, Mumbai, India.
2.2. Preparation of boronic acid functionalized superparamagnetic iron
oxide nanoparticles

The synthetic strategy for these surface functionalized magnetic
nanoparticles and the subsequent sugar binding mechanism has been
outlined in Scheme 1. Boronic acid has been successfully attached to
the surface of the magnetite nanoparticle through 3, 4 dihydroxy
benzaldehyde. We have studied the sugar adsorption capacity of these
boronic acid modified magnetite nanoparticles taking dextrose sugar
as a model molecule.
2.2.1. Synthesis of boronic acid imine (1)
An equimolar amount of 3, 4 dihydroxybenzaldehydewas added to

a solution of 3-aminophenyl boronic acid in absolutely dry methanol
(0·36 mmol in 10 ml). The mixture was refluxed for 3 h during which
a yellow solid was formed. The solid so formed was collected by
filtration and recrystallised from methanol, M. P. 156 °C and
characterized by FTIR, 1H NMR, and MS. 1H NMR (DMSO-d6): δ 8.35
(s, 1H), 6.81–7.60 (m, 7H), 2.3 (s, 2H). IR (KBr) 2926, 2856, 1640
Scheme 1. Synthetic route and glucose binding mechanism

Please cite this article as: S. Mohapatra, et al., Mater. Sci. Eng. (2009), d
(CfN), 1596, 1504, 1330, 1228, 1106, 1036, 972, 860, 706 cm−1, MS
(ESI) m/z (relative intensity): 258.04 ([M+H]+, 100).

2.2.2. Preparation of boronic acid functionalized iron oxide nanoparticles (2)
Superparamagnetic iron oxide nanoparticles were prepared

according to our previously reported procedure [24]. In a typical
recipe, 0.324 g FeCl3 and 0.274 g FeSO4·6H2O were taken in 40 ml
deionized water under argon atmosphere. 5 ml 25% NH3 was injected
into it while stirring at 4000 rpm in a mechanical stirrer under
continuous argon flow for 1 h. 2.4 ml of this black colloidal suspension
was withdrawn and the particles are separated and washed with 5 ml
deionized water (5×1 ml) using a magnetic separator. Then the
particles were sonicated in 5 ml absolutely dry DMSO solution of the
imine (0.36 mmol in 5 ml DMSO) at 30 °C for 1 h at pH 8. Then
particles were magnetically separated washed with 3 ml (3×1)
methanol and again dispersed in 5 ml deionized water.

2.3. Characterization

The phase formation and crystallographic state of uncoated as well
as functionalized magnetite particles were determined by an Expert
Pro (Phillips) X-ray diffractometer using CoKα. The particle size and
microstructure were studied by transmission electronmicroscopy in a
JEOL 2010F transmission electron microscope operating at 200 keV
and the images were analyzed using image J software. Presence of
surface functional groups was investigated by FTIR spectroscopy,
Thermo Nicolet Nexux FTIR (model 870) and thermo gravimetric
analysis (Pyris Diamond TG/DTA). Surface composition was investi-
gated using X-ray photoelectron spectroscopy (VG Microtech) in ultra
high vacuum with ALKα and the data was analyzed using Origin 6.1
of boronic acid functionalized magnetite nanoparticles.

oi:10.1016/j.msec.2009.05.017
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Fig. 1. X-ray diffractograms of a) as prepared iron oxide b) boronic acid functionalized
iron oxide nanoparticles.
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software. Magnetizationmeasurement at room temperaturewas done
by Lake Shore, Model-7410 magnetometer.

2.4. Estimation of sugar using boronic acid functionalized iron oxide
nanoparticles

Prior to the binding process 500 mg of boronic acid-magnetite
nanoparticles were dispersed in 40 ml millipore water. A certain
volume of this suspensionwas taken andwashedwithmilliporewater
(1 ml ×5). Then added 900 µl sugar solution (0.5 mg/ml) and 100 µl
Fig. 2. a) TEMmicrograph of boronic acid functionalized magnetite nanoparticles b) correspo
particles d) HRTEM image of Boronic acid functionalized magnetite particles corresponding

Please cite this article as: S. Mohapatra, et al., Mater. Sci. Eng. (2009), d
phosphate buffered saline and incubated for 4 h at room temperature
with rocking. After the completion of adsorption period the particles
were isolated using magnetic separator followed by washing with
2×1 ml millipore water and the supernatant was collected. The
amount of bound sugar was determined from the concentrations of
free sugars in the supernatant colorimetrically using 3, 5 dinitrosa-
licylic acid (DNS) test [26] and concentration of sugar was estimated
from standard curve plotted taking different known concentrations of
sugar in the X-axis and absorbance at 545 nm (the colour developed
by DNS test) in Y-axis. This experiment was followed taking 25, 50, 75
and 100 µl of suspensions. The sugar binding was carried out at
variable pH and temperature.

2.5. Adsorption of glycosylated hemoglobin

The preliminary investigation on adsorption of glycohemoglobin
on synthesized boronic acid functionalized magnetic nanoparticles
has been carried out. Red blood cells from 1 µl of anticoagulated
(0.01% NH4F treated) blood sample was taken and hemolysed with
0.01 N HCl and the volume was made up to 10 ml with phosphate
buffered saline (PBS, pH 7.4). 900 µl of this hemolysed sample was
incubated with certain quantity of nanoparticle suspension and 100 µl
PBS at pH 8.5 at 4 °C for 3 h. The supernatant was taken out and
absorption maximum was measured at 412 nm. In another tube the
blood samplewas takenwithout any nanoparticle in the same dilution
and OD was taken at 412 nm. The same experiment was repeated for
as prepared magnetite nanoparticles.

3. Results and discussion

Scheme 1 illustrates the synthetic route for the preparation of
boronic acid functionalized iron oxide nanospheres. Fig. 1 shows the
diffraction pattern of uncoated as well as boronic acid functionalized
nding particle size distribution c) SAED pattern of Boronic acid functionalized magnetite
to lattice imaging of [311] plane.

oi:10.1016/j.msec.2009.05.017
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Fig. 3. Transmission FTIR spectra of a) as prepared magnetite b) synthesized boronic
acid imine c) boronic acid functionalized magnetite nanoparticles.
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iron oxide nanoparticles. For uncoated sample the d-values match
with those for standard pattern of inverse spinel magnetite (Fe3O4)
(JCPDS file no 82-1533). There is no phase change observed after
surface functionalization. The peak positions didn't shift but showed a
little broadening. The mean crystallite sizes were calculated taking
into account broadening of each peak using Scherer's equation and
were found to be 12 nm for as prepared magnetite particles and 8 nm
for boronic acid functionalizedmagnetite particles. The crystallinity of
both samples was calculated from the h/w ratio of the most intense
[311] peak. It decreases from 0.3 to 0.23 after coating, which indicates
relatively poor crystallinity at the interface after surface modification
due to binding of enediol group of the imine on iron oxide surface. It is
already established by Rajh et al. [27,28] through spectroscopic studies
that the bidentate enediol ligands convert the under-coordinated Fe
surface sites back to a bulk like lattice structure with an octahedral
geometry for oxygen coordinated iron, which may result tight binding
of the ligand to the iron oxide surface.

Fig. 2a shows TEM image of ultrafine boronic acid functionalized
particles in PBS at pH 8. The boronic acid functionalized magnetite
particles show remarkably well dispersed particles with narrow
particles size distribution (Fig. 2b). Themean average particle sizewas
found to be 10±0.5 nm. Thewell dispersion of particles may be due to
electric force of repulsion between boronate groups which prevents
particle agglomeration. The selected area electron diffraction (SAED)
of the synthesized boronic acid modified magnetic particles shows
distinct rings which is characteristic of polycrystalline samples. The d-
values were calculated from the formula

d =
λL
R

Where λ=Wavelength of electron wave
L Camera length
R Radius of diffraction ring

The d-values indexed in SAED pattern correlates with that of XRD
pattern. The high resolution TEM image of boronic acid modified
particles shows lattice imaging of [311] plane.

The transmission infrared spectra of both as prepared and boronic
acid functionalized magnetite nanoparticles are shown in Fig. 3 along
with the boronic acid imine. Band at low frequency region (1000–
300 cm−1) is due to the iron oxide skeleton. The Fe–O stretching
vibration appears at 570 cm−1, which is the typical characteristic of
magnetite. The intensity of the band at 570 cm−1 is less in case of
coated particles indicating the adsorption of boronic acid imine on the
surface of the magnetite nanoparticle. O–H stretching vibration at
about 3410 cm−1 and O–H deformation vibration at 1625 cm−1 in
both uncoated and coated particles indicate that both have –OH rich
surface. As compared to the uncoated particle boronic acid functio-
nalized magnetite particles (Fig. 3c) shows bands between 1360 to
1060 cm−1 and 1032 to 730 cm−1 corresponding to in-plane and out
of plane bending vibration of C–H bond respectively. Absorption at
3000 cm−1 corresponds to C–H stretching of aromatic ring. Band
1530 cm−1 corresponds to CfN stretching of the imine group. The
comparison between FTIR spectra of uncoated and boronic acid coated
magnetite nanoparticles gives evidence for chemical bonding of
boronic acid imine on the magnetite surface which is further
supported by XPS and thermal analysis.

XPS study under ultrahigh vacuum using AlKα was used to follow
the surface modification of iron oxides with boronic acid and the
chemical composition of the surface (Fig. 4). Peaks at C1s region show
that C atoms are involved in four different environments. Peak
centered at 284.6 eV accounts for reference carbon and the aromatic
carbons present in the benzene ring of the imine. The small
component of C1s peaked at 283.2 is very close to that for C–B bond
Please cite this article as: S. Mohapatra, et al., Mater. Sci. Eng. (2009), d
[29]. The contributions of 285.86 eV reveal the presence of C of CfN
bond and the binding energy of 288.5 eV corresponds to C–O bond.
This gives evidence for the presence of boronic acid imine (1) on the
surface. O1s binding energy, which appears at 527.2 to 537.3 eV, can be
nicely fitted into three peaks at 530.5, 531.5 and 532.08 eV. Peak at
530.5 corresponds to Fe–O and 531.5 eV corresponds to B–O bond.
Peak centered at 532.05 eV is slightly greater than that of Si–O–Fe
bond as reported by Woo et al. in connection with surface
modification of Fe2O3 particles with a silane coupling agent [30].
Hence it can be attributed to O1s electrons present in Fe–O–C bond.
N1s shows a single peak at 398.8 eV corresponding to CfN bond in
accordance with the values reported by Dementjev et al. [31] and
Bhattacharya et al. [32]. Fe2p electrons show binding energy at 710
and 725 eV in consistency with the values obtained for Fe3O4. The
broad peak appeared at 184–194 eV corresponds to B1s binding
energy. It can be deconvoluted into two peaks centered at 188.05 and
190.04 eV indicating boron present at two different environments. It
might be due to the coordination of OH− to boronic acid to form tetra-
coordinated boron. The peak at 190.04 eV corresponds to phenyl
boronic acid. Hence XPS data reveals that the boronic acid imine (1)
has been coupled on magnetite surface through diol moiety.
oi:10.1016/j.msec.2009.05.017
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Fig. 4. XPS spectrum boronic acid functionalized magnetite particles using AlKα source. a) Survey b) Fe2p c) C1s d) N1s e) O1s f) B1s.
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The thermogravimetric analysis curves of the magnetite nanopar-
ticles and boronic acid functionalized magnetite particles are shown
in Fig. 5. The initial weight loss from the uncoated magnetite particles
up to 200 °C is due to the loss of physically adsorbed water, surface
hydroxyl groups while the loss at higher temperature may be
attributed to the decomposition of amorphous iron hydroxides
followed by formation of iron oxide [33]. Basing on the TG curve of
the uncoated particle the initial weight loss in boronic acid
functionalized particles is due to loss of physically adsorbed water
and surface hydroxyl groups, while weight loss at higher temperature
may be attributed to the evaporation and subsequent decomposition
of the organic coating. In addition to this, in comparison to the
uncoated magnetite the weight loss in boronic acid functionalized
nanoparticle up to 200 °C is ~8% lower indicates the less number of
Please cite this article as: S. Mohapatra, et al., Mater. Sci. Eng. (2009), d
hydroxyl groups or adsorbed water molecules on the surface. This
result further gives information that boronic acid imine molecules are
bonded onto magnetite surface through enediol group. The less
number of hydroxyl groups is due to the reaction of surface hydroxyl
and enediol groups followed by removal of water.

Fig. 6 shows magnetization curves of unmodified (a) and surface
functionalized (b) magnetite nanoparticles. The magnetization curves
of both uncoated magnetite and coated magnetite do not show any
hysteresis opening and are completely reversible at room tempera-
ture. Coercivity and remanence were not observed indicating super-
paramagnetism in both samples. The least squares fit showed that the
magnetization curves obeyed Langevin function. From M vs 1/H plot
the saturation magnetization σs for uncoated magnetite is 64 emu/g
which is much less than its bulk counter part. In addition to the
oi:10.1016/j.msec.2009.05.017
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Fig. 5. Thermogram of a) uncoated magnetite b) boronic acid functionalized magnetite.

6 S. Mohapatra et al. / Materials Science and Engineering C xxx (2009) xxx–xxx

ARTICLE IN PRESS
dilution effect from antiferromagnetic amorphous iron oxide and
adsorbed water and hydroxyl groups this significant decrease in
magnetization could be attributed to small particle size [34]. For
boronic acid modified magnetite particles the magnetization obtained
at same field is 52 emu/g. Besides detachment from magnetic
coupling this small decrease in magnetization could be attributed to
the spin pinning effect [35], which originates from Fe–O–C bond
formed between surface Fe atoms and –OH group of the imine. The
existence of Fe–O–C bond was also supported by FTIR and thermal
analysis. Magnetic diameters (Dm) for both samples have been
calculated from hysteresis loops, assuming log normal distribution
according to TEM observation. Dm for as prepared uncoated and
boronic acid modified magnetite particles were found to be 20.2 nm
and 14.8 nm respectively. The good agreement between Dm and Dxrd

particularly incase of modified samples indicates that the magnetic
interaction between the particles has been prevented.
Fig. 7. a) Effect of pH on sugar adsorption on boronic acid functionalized magnetite
nanoparticles. b) Effect of temperature on sugar adsorption on boronic acid
functionalized magnetite nanoparticles.
3.1. Sugar adsorption experiment

The sugar binding capacity of synthesized boronic acid modified
nanoparticles was investigated taking dextrose sugar. The adsorption
experiment was carried out in separate batches at 4, 25, 37 and 45 °C
in phosphate buffer. The pH of the adsorptionwas varied using 0.1 HCl
and 0.1 NaOH. The amount of dextrose sugar in the supernatant was
quantified from 3, 5 dinitrosalicylic acid test (DNS). 3, 5 dinitrosa-
licylic acid gets reduced to 3-amino 5-nitrosalicylic acid by dextrose at
alkaline pH which produces orange red colour (λmax 540 nm). The
calibration curve was prepared by taking known concentrations of
Fig. 6. Magnetization data of a) as prepared magnetite and b) boronic acid coated
magnetite at room temperature.

Please cite this article as: S. Mohapatra, et al., Mater. Sci. Eng. (2009), d
sugar solution and measuring OD at 540 nm after reacting with DNS.
Comparing the OD of supernatant with calibration curve, the quantity
of sugar in the supernatant was estimated. Then deducting the
amount of unbound sugar from total sugar concentration the quantity
of adsorbed sugar was calculated.
Fig. 8. Change in absorption maxima of the supernatant of blood with increase in
nanoparticle suspension.

oi:10.1016/j.msec.2009.05.017
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3.2. Effect of pH

Fig. 7a shows the effect of pH on sugar adsorption at 25 °C. It is
observed that as the pH raises from 6 to 8.5 the adsorption increases
and then deceases. As reported in literature the binding of boronic
acid group to cis 1, 2 diol of sugar occurs in two steps. First boronic acid
is transformed to tetrahedral anionic form [20] which subsequently
binds with diol to form cyclic ester. pKa value of phenyl boronic acid is
8.7–8.9 [36]. Based on this value most of the boronic acid will remain
in trigonal form at pH equal to or less than 7, which does not react with
diol group of sugar as described in literature [37]. Therefore low sugar
adsorption was observed at pH 6 and 7. However at pH close to pKa

boronic acid is expected to exist in tetrahedral boronate form which
facilitates the formation of cyclic boronate ester. Therefore higher
adsorption was obtained at pH 8.5 or above. Shimomura et al. have
calculated the pKa value of immobilized phenyl boronic acid on
magnetic support as 9.2 [19], slightly higher than free phenyl boronic
acid and shown that the adsorption of adenosine was highest at pH
10–11. Our results don't tally with that reported by Shimomura et al.
However, it is consistent with observations reported by Elmas et al.
[16] for adsorption of β-NAD on thermosensitive N-isopropylacryla-
mide-vinylphenyl boronic acid copolymer latex particles. In our case
the synthesized and the boronic acidmodifiedmagnetic nanoparticles
have maximum sugar adsorption capacity of approximately 3.5 µg/µl
at pH 8.5.
3.3. Effect of temperature

The effect of temperature on dextrose sugar adsorption has been
presented in Fig. 7b. The pH of the experiment was fixed at 8.5. As seen
in figure, with increase in temperature the sugar adsorption has been
significantly affected at higher temperature. No remarkable difference
was observed for 4 and 25 °C. However, at 37 and 45 °C the adsorption
is reduced. This reduction might be due to agglomeration of magnetic
nanoparticles at high temperature. This agglomeration causes reduc-
tion in surface area which ultimately causes decrease in adsorption
capacity. Hence high temperature is formidable for performing
adsorption experiments on these functionalized magnetic
nanoparticles.
3.4. Adsorption of glycosylated hemoglobin

Glucose sticks to hemoglobin present in red blood cells to form
“glycosylated hemoglobin” or “glycohemoglobin”, commonly known
as HbA1C. The more glucose in the blood, the more haemoglobin
HbA1C will be present in the blood. Measurement of HbA1C is one of
the best ways to monitor sugar level in blood. Immobilized boronic
acid based agarose column chromatography has been conventionally
used to isolate and estimate HbA1C from blood [38]. To test the HbA1
binding capacity of synthesized boronic acid functionalized nanopar-
ticles it was incubated with hemolysed blood samples. Fig. 8 shows
the UV–Visible spectra of supernatant after the adsorption with
variable amount of nanoparticles. It was observed that OD of the
supernatant at 412 nm was decreased with increasing nanoparticle
amount. But no such changewas observedwith as preparedmagnetite
nanoparticles. This decrease in hemoglobin content is due to
adsorption of glycosylated hemoglobin on synthesized boronic acid
functionalized magnetic nanoparticles. The quantitative adsorption
and the effect of other parameters on adsorption of HBA1C are under
further investigation.
Please cite this article as: S. Mohapatra, et al., Mater. Sci. Eng. (2009), d
4. Conclusion

Superparamagneticmagnetite nanoparticles of mean size 8±1 nm
with surface boronate ligands have been prepared. m-Aminophenyl
boronic acid was successfully immobilized on magnetite surface
through 3,4-dihydroxy benzaldehyde. FTIR shows the tight binding of
enediol group on iron oxide surface forming Fe–O–C bond which is
further supported by TEM and magnetization data. The sugar binding
study shows that these beads have high sugar loading capacity at
physiological pH. In conclusion, the material prepared in this work
based on iron oxide particles could be a promising material for
magnetic handling of sugars and sugar containing molecules at low
concentration and offers new possibilities in biological applications.
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