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In recent years, functionalized magnetic nanoparticles (MNPs) have drawn continuously increasing atten-
tion due to their great potential for capturing biological molecules or species. However, functionalized
MNPs as nanoextraction probes and the coupling with a separation platform for chemical analysis have not
extensively investigated yet. In this study, boronate functionalized MNPs were synthesized and employed
as extracting probes to capture and enrich cis-diol-containing biomolecules, and an off-line coupling
method of the MNPs-based extraction with capillary electrophoresis (CE) was established by using pH
junction, an on-line preconcentration technique in CE, as a bridge for the coupling. The prepared MNPs
agnetic nanoparticles exhibited specific selectivity and sufficient capacity. The pH junction compressed a large injected sample
volume into a much narrower sample zone and therefore significantly improved the detection sensitivity,
solving the sensitivity mismatch between the MNPs-based extraction and CE. Experimental conditions for
the pH junction and the desorption were optimized. Under the optimized conditions, the sensitivity was
enhanced by 42-fold as compared with regular CE. N,N-dimethylformamide was found to be an effective
desorption promoter, which reduced the desorption time to a few minutes. With the established method,

ne sam
riboflavin in a human uri

. Introduction

Sampling/sample preparation is an important step in analyt-
cal approaches. Due to their peerless advantages especially the
arge surface-to-volume ratio, nanomaterials have been success-
ully applied as sample preparation support in many analysis tasks
1–5]. Among a variety of nanomaterials, magnetic nanoparticle
MNP) is a very useful one due to its easy manipulation in magnetic
eparation. Recently, functionalized MNPs as solid-phase extracting
gents have increasingly obtained great attentions, particularly for
he extraction of biological molecules or species [6–18]. Functional-
zed MNPs have exhibited significant strengths in three application
reas: (1) integrated micro-total-analysis-system (�TAS) [7], (2) in
ivo analysis especially single-cell analysis [8–10], and (3) com-
ined with mass spectrometry (MS) for proteomic analysis [11–18].
owever, few of these MNP-based extraction studies involve com-

ination with a separation platform. Capillary electrophoresis (CE),
s an important microscale separation tool for the analysis of
iomolecules, features with high efficiency, high speed and low
ample/reagent consumption. It is therefore of great interest to cou-

∗ Corresponding author. Tel.: +86 25 8368 5639; fax: +86 25 8368 5639.
E-mail address: zhenliu@nju.edu.cn (Z. Liu).

021-9673/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2009.04.040
ple was determined.
© 2009 Elsevier B.V. All rights reserved.

ple MNPs-based extraction with CE. However, such a coupling is
challenging, since CE is generally associated with poor detection
sensitivity due to the limited light-path while the amount of the
analyte extracted by a small amount of MNPs is limited.

In this study, we present the use of boronate functionalized
MNPs for specific extracting cis-diol-containing biomolecules and
a strategy for its combination with CE. Poly-3-aminophenylboronic
acid (poly-APBA) coated Fe3O4/SiO2 core/shell magnetite nanopar-
ticles were synthesized as the extraction probes. The extraction
is based on covalent bond formation between the boronic acid
and 1,2- and 1,3-cis-diols at a basic pH condition and reversible
release of the cis-diol-containing compounds when changing the
pH to an acidic condition. The prepared MNPs were character-
ized in terms of particles size, extraction specificity, extraction
capacity and extraction equilibrium. To overcome the sensitivity
mismatch issue, pH junction [19,20], an on-line preconcentration
technique in CE, was proposed as a bridge to couple the MNPs-
based extraction with CE. The pH junction step permits injection
of a large sample volume into the capillary and focuses it into a

much narrower zone, providing notably improved detection sensi-
tivity. The focusing principle relies on differential electrophoretic
velocity induced by significantly different pH values of the back-
ground electrolyte (BGE) and the sample zone, which matches well
with the pH-controlled capture/release mechanism of the boronate

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:zhenliu@nju.edu.cn
dx.doi.org/10.1016/j.chroma.2009.04.040
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ffinity extraction. Experimental conditions were optimized for the
H junction and the desorption procedure. Riboflavin (vitamin B2),
1,3-cis-diol-containing compound that plays significant roles in
aintaining the health of humans and animals, was then used as
main analyte. The established method was finally applied to the

xtraction and determination of riboflavin in human urine sample.

. Experimental

.1. Reagents

Tetraethoxysilane (TEOS) was purchased from Sigma (St. Louis,
O, USA). 3-Aminophenylboronic acid (3-APBA) monohydrate and

iboflavin were obtained from Alfa Aesar (Tianjin, China). Other
hemicals were obtained from normal commercial sources. All
hemicals were of analytical reagent grade or higher. Water was
urified with a Milli-Q Advantage A10 System (Millipore, Milford,
A, USA), and was used to prepare all solutions.

.2. Preparation of poly-APBA coated magnetic nanoparticles

The synthesis procedure is comprised of three steps: (1) synthe-
is of amino functionalized magnetic nanoparticles, (2) preparation
f silica shell, and (3) encapsulation with poly-APBA polymer.
he amino functionalized MNPs were synthesized according to
previously reported method [21]. Briefly, 1.0 g ferric trichloride

exahydrate, 6.5 g 1,6-hexanediamine and 2.0 g anhydrous sodium
cetate were mixed with 30 mL glycol in a PTFE-lined autoclave
nd reacted at 198 ◦C for 6 h. The resulting magnetic nanoparti-
les were rinsed with water and ethanol for 3 times each, and
hen dried at 50 ◦C. To cover the amino functionalized MNPs with
silica shell, 0.9 mL TEOS and 5 mL ∼8.5% ammonium hydroxide
ere added in 150 mL ethanol, and the mixture was left to react

t room temperature for 20 min. Then 250 mg nanoparticles were
dded and the reaction was left for another 6 min. The resulting
iO2/Fe3O4 nanoparticles were collected by a magnet at the wall
nd washed 3 times with ethanol and dried at 50 ◦C. To make a poly-
PBA shell on the SiO2/Fe3O4 nanoparticles, 80 mg SiO2/Fe3O4 was
ixed with 4 mL of 80 mM APBA and 4 mL of 100 mM ammonium

ersulfate and reacted at room temperature for 2 h. Finally, the poly-
PBA/SiO2/Fe3O4 nanoparticles were washed 3 times with ethanol,
ried at 50◦ C, and then stored for further use.

.3. Instruments

All CE separations were performed on a laboratory-rebuilt
ystem with a high-voltage power supply and a laser-induced
uorescence (LIF) detector dissembled from a Unimicro TriSep-
100 pressurized capillary eletrochromatography (pCEC) system
Pleasanton, CA, USA). A bare fused-silica capillary of 70 cm length
50 cm effective length) × 75 �m I.D. × 375 �m O.D. from Yongnian
ptical Fiber Factory (Hebei, China) was used as the separation
olumn. Except the inlet and outlet ends, the main length of the
apillary was placed in a cardboard box, the temperature within
hich was controlled around the ambient temperature by forced

ir delivered by an electric fan. The samples were injected by grav-
ty through elevating the inlet end 30 cm or 10 cm higher relative to
he outlet end for a certain time. Transmission electron microscopic
TEM) analyses were performed on a JEM-100 s system (JEOL, Tokyo,
apan) with an acceleration voltage of 80 kV. Samples for the TEM

nalyses were prepared by drop-wise applying water-dispersed
MPs onto copper grids and then drying naturally. IR spectra were

aken on a Nicolet 6700 Fourier transform infrared (FTIR) spec-
rometer (Thermo Fisher, Franklin, MA, USA). A 1200 HPLC-diode
rray detection (DAD) system (Agilent Technologies, Waldbronn,
216 (2009) 7558–7563 7559

Germany) was employed for the verification of the extraction speci-
ficity. The HPLC system was controlled by a LC 3D ChemStation
(version B.02.01-SR1). A Zorbax Eclipse XDB-C8 analytical column
(150 mm × 4.6 mm I.D., 5 �m particle size) from Agilent was used
for the separation. The HPLC conditions were as follows: column
temperature, 20 ◦C; mobile phase, methanol/50 mM acetic acid
(60:40, v/v); flow rate, 0.5 mL/min; volume injected: 10 �L; and
DAD wavelength, 275 nm. Fluorescence measurements were car-
ried out on a RF-5301PC spectroflurophotometer (Shimazu, Kyoto,
Japan). UV absorbance measurements were implemented on an
UV-3600 spectrometer (Shimazu).

2.4. Measurement of extraction capacity

Direct UV absorbance and fluorescence measurements were
carried out to determine the extraction capacity for catechol and
riboflavin, respectively. The UV absorbance at 275 nm of a series
of standard catechol solutions and the fluorescence intensity at
520 nm (excited at 450 nm) of a series of standard riboflavin solu-
tions were measured to establish calibration curves. A certain
amount of MNPs was added into 1 mL of 1 mg/mL catechol or 4 mL
of 1 mg/mL riboflavin dissolved in 10 mM sodium carbonate buffer
(pH 10.0). The mixture was dispersed by ultrasonication for 30 s
and shaken on a rotator for 2 h. Then the MNPs were attracted to the
tube wall using a magnet. The collected MNPs were washed for sev-
eral times with totally 1 mL of 10 mM sodium carbonate buffer (pH
10.0). Then the extracted compounds were desorbed with 10 mM
acetic acid of the same volume as the original samples and shaken
on a rotator for 1 h. Finally, the MNPs were collected at the tube wall
using a magnet and the eluent was transferred into a colorimetric
cuvette for absorbance or fluorescence measurement. The extracted
amounts were calculated according to the calibration curves, which
were considered as the saturated capacity of the MNPs for test
compounds under measurement.

2.5. Measurement of extraction equilibrium

The extraction equilibrium was investigated using indirect flu-
orescence measurement with riboflavin as the test compound. The
fluorescence intensities at 520 nm (excited at 450 nm) of a series of
standard solutions of riboflavin were measured to establish a cal-
ibration curve. 10 mg of MNPs was mixed with 4 ml of 0.57 �g/mL
riboflavin solution. The mixture was dispersed by ultrasonication
for 30 s and shaken on a rotator for a certain time. Then the MNPs
were collected at the tube wall using a magnet and the supernatant
was transferred into a colorimetric cuvette for fluorescence mea-
surement under identical conditions. The riboflavin concentration
in the supernatant was calculated by the calibration curve. The
difference between the original concentration and the concentra-
tion found in the supernatant was used to calculate the amount
of riboflavin extracted by the boronate functionalized MNPs at a
certain extraction time.

2.6. CE conditions

At the beginning of each day, the capillary was rinsed with 1 M
NaOH for 30 min followed with the BGE for 1 h. Between runs, the
capillary was conditioned with 0.1 M NaOH for 3 min and the BGE
for 6 min. A 20 mM sodium tetraborate buffer, pH 10.0, was chosen
as the BGE. For normal CE, the riboflavin samples were prepared by
diluting the stock riboflavin solution (0.1 mg/mL) with the BGE to

get a certain concentration. While for pH junction, the stock solu-
tion was diluted with 20 mM phosphate buffer of certain pH to
reach a certain concentration. The separation voltage was 15 kV.
The excitation wavelength for the LIF detection was 473 nm while
the detection wavelength was 520 nm.
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Fig. 2. HPLC chromatograms of (A) a mixture of catechol and quinol and (B) cate-
chol extracted by the boronate functionalized MNPs from a mixture of catechol and
quinol. Sample: (A) 24 �g/mL catechol plus 19 �g/mL quinol dissolved in 10 mM
560 P. Dou et al. / J. Chromat

.7. Extraction

For each extraction, 2 mg poly-APBA/SiO2/Fe3O4 nanoparticles
ere added to a 600-�L plastic microcentrifugal tube that con-

ained 500 �L of 3 �g/mL riboflavin in 10 mM sodium carbonate
uffer (pH 10.0). The tube was first immersed into ultrasonic bath
or 30 s and then shaken on a rotator for a certain period. The MNPs

ere then collected at the tube wall by applying a magnet to the
ube wall and rinsed with 500 �L 10 mM sodium carbonate buffer
or 4 times. After washing, the MNPs were resuspended in 20 �L
esorption buffer for certain period on a motor magnetic stirrer.
he motor magnetic stirrer used in this work had a weak magnetic
eld and thus accumulation of the MNPs at the bottom of the vial
ue to the magnetic attraction was not observed. However, if a mag-
etic stirrer with a strong magnetic field is used, it is suggested to

ncrease and carefully adjust the distance between the stirrer and
he vial to avoid aggregation of the MNPs. Finally, the nanoparti-
les were trapped to the tube wall again and the desorption buffer
as collected by pipetting carefully. The extraction and desorption

xperiments were carried out under ambient temperature.
For the extraction of urine sample, the pH of the urine sample

as first adjusted to 10.0 with 2 M NaOH solution. For the extraction
f riboflavin-spiked urine sample, 500 �L pH-adjusted urine sam-
le was mixed with 3 �L of 0.1 mg/mL riboflavin. The extraction
rocedure was the same as above.

. Results and discussion

.1. Characterization of the magnetic nanoparticles

The size and morphology of the poly-APBA coated MNPs syn-
hesized in this study was observed with TEM. A representative
EM image is shown in Fig. 1, which suggests that the MNPs were
ell-shaped nanoparticles. From the TEM images, the radium of

he boronate functionalized MNPs was measured to be 60 ± 15 nm.
ecause TEM fails to recognize the Fe3O4 core, the SiO2 shell, and the
oly-APBA layer, the thickness of the SiO2 shell and the poly-APBA
oating is unknown at present.

FTIR spectroscopy was used to characterize the MNPs. For amino
unctionalized MNPs, a strong adsorption peak at 576 cm−1 was
bserved, which can be ascribed to Fe–O vibration, while two peaks

−1
round 1623 and 1048 cm were observed, which can be ascribed
o C–NH2 vibrations. The presence of the later two peaks indicated
he existence of –NH2 group on the amino functionalized MNPs. For
ilica coated MNPs, a peak around 1066 cm−1 was observed, which
s characteristic of the Si–O–Si bond. Since the absorption of B–C

Fig. 1. TEM image of the boronate functionalized magnetic nanoparticles.
acetic acid; (B) 1 mg/mL catechol plus 1 mg/mL dissolved in 10 mM sodium carbon-
ate solution, pH 10.0, extracted for 1 h, desorbed with 10 mM acetic acid for 1 h. Peak
identity: *, baseline disturbance due to the presence sodium carbonate in the sample
matrix; 1, quinol; 2, catechol.

and B–O bonds is too weak as compared with the above-mentioned
bonds, the presence of B on the surface of the final MNPs could not
be confirmed by the FTIR spectroscopy.

3.2. Extraction selectivity

The prepared boronate functionalized MNPs exhibited specific
selectivity to cis-diol-containing compounds over their non-cis-
diol analogs. Representative evidence is shown in Fig. 2. HPLC
analysis of the extracted analytes by the boronate functionalized
MNPs from a mixture containing catechol (cis-diol-containing com-
pound) and quinol (non-cis-diol analog) indicated that catechol was
extracted by the boronate functionalized MNPs, whereas quinol
was excluded. The specificity of the boronate affinity was also
confirmed using nucleosides (cis-diol-containing compounds) and
deoxynucleosides (non-cis-diol analogs) (data not shown).

3.3. Extraction capacity

The extraction capacity is an important value to evaluate the
feasibility of the boronate functionalized MNPs for analytical
purposes. As the extraction capacity depends on the nature of
analytes, catechol (contains 1,2-cis-diol) and riboflavin (contains
1,3-cis-diol) were used as test compounds for the measurement.
The capacity was determined to be 0.21 (±0.06) �g/mg MNP
and 0.32 (±0.05) ng/mg MNP for catechol and riboflavin, respec-
tively. The capacity for catechol was 650-fold higher than that
for riboflavin. Generally 1,2-cis-diol-containing compounds have
higher affinity to boronic acids as compared with 1,3-cis-diol-
containing compounds. For example, the association constant
of the complex of catechol and phenylboronic acid is 17,500;
as a comparison, the association constant for 1,3-propanediol
is 0.88 [22]. Therefore, the measured capacity values are
reasonable.

3.4. Extraction equilibrium
The extraction time profile was investigated using indirect flu-
orescence measurement. As shown in Fig. 3, the extracted amount
increased as increasing the extraction time within initial 45 min
then kept constant after that. This means that the equilibrium was
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Fig. 4. Comparison of the peak of riboflavin in CE separation with (A) and without

3.7. Selection of desorption conditions

There are mainly four factors that dramatically influence the
desorption, which include the pH, the composition of the desorbing
ig. 3. Dependence of the extracted analyte amount on the extraction time. Sample:
.57 �g/mL riboflavin in 10 mM sodium carbonate buffer, pH 10.0.

eached at 45 min and that the extraction time must be longer than
5 min for equilibrium extraction. Since extraction times of more
han 45 min have been reported in the literature [11,13], such an
xtraction time is acceptable.

.5. pH junction-CE method for off-line coupling with
NPs-based extraction

To facilitate the off-line coupling of CE with the MNPs-
ased extraction, we took full advantage of the pH-controlled
apture/release mechanism of boronate affinity extraction and
roposed using pH junction as a bridge for the coupling. For
oronate affinity-based extraction, 1,2- or 1,3- cis-diol-containing
ompounds are captured at a high pH while they are released at a
ow pH. To separate hydroxyl compounds by CE, a high pH buffer
s usually used to make the analytes charged. Therefore, it is clear
hat the low pH sample provided by the boronate affinity extraction

atches well the pH junction technique in CE.
Experimental conditions for the pH junction-CE were optimized

nd the effectiveness of the pH junction was investigated. Sodium
etraborate buffer at pH 10.0 was used as the BGE, while phos-
hate buffers (20 mM) at pH 2.5, 4.0, 5.0 and 6.0, were used to
repare sample solutions to investigate the effect of sample pH
n pH junction. The results indicated that pH 4.0 provided the
est peak area and peak height for riboflavin (data not shown).
hus, pH 4.0 was chosen as the pH for desorption. With keep-

ng the injection height at 30 cm, the injection time, namely 60,
0, 120, 150 and 180 s, was optimized among 60, 90, 120, 150, to
80 s. The peak width at half height obtained was plotted against
he injection time. It was found that the peak width at half height
ncreased as increasing the injection time. This means the sensitiv-
ty improvement is associated with loss in peak efficiency. However,
ncreasing the injection time within the range of 90–120 s provided
he lowest loss in peak efficiency. To compromise the sensitivity
nhancement and the peak efficiency, 120 s was chosen as the best
njection time for later experiments, which gave a sample zone
f about 6.1 cm at a 30-cm height injection. Under the optimized

onditions, the detection sensitivity was improved significantly
y the pH junction. As illustrated in Fig. 4, the detection sensi-
ivity was enhanced by 42-fold in term of corrected peak height
peak height/migration time), as compared with conventional
njection.
(B) pH junction. Sample: 5 �g/mL riboflavin in 20 mM phosphate buffer, pH 4.0;
voltage, 15 kV; BGE, 20 mM sodium tetraborate, pH 10.0; gravity sample injection,
(A) 30 cm for 120 s and (B) 10 cm for 10 s.

3.6. Boronate functionalized MNPs vs bare MNPs

Experiments were carried out to verify the relationship between
the extraction selectivity and the boronic acid ligand on the MNPs.
Riboflavin in a solution was extracted by the boronate function-
alized MNPs and bare SiO2/Fe3O4 nanoparticles. The extracted
analyte was analyzed by the established pH junction-CE method.
As shown in Fig. 5, the boronate functionalized MNPs exhibited
certain extraction capability to riboflavin, whereas bare SiO2/Fe3O4
nanoparticles were not able to extract the analyte at all. This
result suggests that the extraction capability was solely due to the
boronate polymer coating on the MNPs.
Fig. 5. Comparison of the electropherograms for (A) riboflavin standard, (B)
riboflavin extracted with the poly-APBA/SiO2/Fe3O4 nanoparticles, and (C) riboflavin
extracted with the SiO2/Fe3O4 nanoparticles. Sample: (A) 0.5 �g/mL riboflavin in
20 mM phosphate buffer, pH 4.0, (B) and (C) riboflavin extracted from 3 �g/mL
riboflavin dissolved in 10 mM sodium carbonate solution (pH 10.0), extracted for
2 h and desorbed with 20 mM phosphate buffer (pH 4.0) for 1 h. Voltage, 15 kV; BGE,
20 mM sodium tetraborate, pH 10.0; sample injection, 30 cm for 120 s.
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Fig. 6. pH junction-CE separation of the extracted riboflavin from (A and B) un-
spiked urine; (C and D) urine spiked with 3 �L of 0.1 mg/mL riboflavin. The pH of
the samples was adjusted to 10.0 and then extracted by the boronate functionalized
MNPs for 2 h, desorbed with a 1:1 mixture of DMF and 40 mM phosphate buffer

and the International Science & Technology Cooperation Grant
562 P. Dou et al. / J. Chromat

olution, the desorption time, and agitation. The desorption time
epends on the desorption strength of the desorbing solution. The
tronger is the desorbing solution, the shorter is the desorption
ime. Phosphate buffer of 20 mM was first used as the desorb-
ng solution and three pH values, including 2.5, 4.0 and 6.0, were
ested. The extraction time was set quite long (4 h) to ensure a
early comparable amount was extracted each time. The desorption
ime was set 30 min. The corrected peak areas obtained at the three
H values were found nearly the same, indicating these pH values
orked well comparably. Thus, pH 4.0 was chosen for later exper-

ments due to its best performance in pH junction as mentioned
bove.

To find an appropriate desorbing solution and desorption time,
strategy of consecutive desorptions on a single extraction was

mployed. After the analyte was extracted from the sample by the
oronate functionalized MNPs for one single time, a desorbing solu-
ion under investigation was applied to the MNPs for a desorption
ime predetermined. One or more consecutive desorption proce-
ures were performed under the same conditions for the same
NPs. If the desorbing solution has a strong desorption strength,

he carryover will be limited. Phosphate buffer (20 mM) at pH 4.0
as further examined and the desorption time was set at 6 min.
n apparent peak for riboflavin was observed for a second desorp-

ion; the peak area was about two-third of that obtained by the
rst desorption. This means that the desorbing solution was weak.
herefore, a longer desorption time or a stronger desorbing solution

s required for a better desorption efficiency.
To increase the desorption strength, we turned to add an

rganic solvent into desorbing solution to improve the solubility of
he analyte. Isopropanol and N,N-dimethylformamide (DMF) were
ompared for this purpose. Isopropanol was found to be not com-
atible to the BGE (sodium tetraborate solution) and its presence

n the desorbing solution gave rise to interruption of circuit. How-
ver, DMF turned out to be an effective desorption promoter. When
0% (v/v) DMF was added to the desorbing solution, a very small
eak was observed for a second desorption; the peak area was only
bout 4% of that obtained by a first desorption. As compared with
he desorbing solution in the absence of DMF, the addition of DMF
ramatically improved the desorption strength; the corrected peak
rea provided by the first desorption increased by 8 times. An addi-
ional advantage of using DMF as desorption promoter is that the
eak became sharper, which favors the concentration efficiency of
H junction. For extraction techniques, an ideal situation is that
here is completely no analyte carryover while the desorption time
s very short (for example, tens or even several seconds). In real-
ty, however, there is usually a compromise. Clearly, the results we
eported in this manuscript are far from the ideal situation. Since a
ecovery of 96% is acceptable, particularly for a preliminary study,
owever, we did not further increase the desorption time. Thus,
0 mM phosphate buffer containing 50% DMF (pH 4.0) was chosen
s the desorbing solution and the desorption time was set at 6 min
or later experiments in this study. While efforts to reduce both des-
rption time and carryover through optimizing structure of MNPs
ave been under way in the authors’ laboratory.

.8. Determination of riboflavin in human urine

Under the selected conditions for pH junction and sample des-
rption, the limit of detection (LOD) of the established method
as measured to be 1 ng/mL or 2.7 nM (S/N = 3). This result was

omparable to that obtained by CE-LIF (3 nM) [23] and better than

hat obtained by CE-light-emitting diode-induced fluorescence
etection (20 ng/mL) [24]. Using the MNPs-based extraction-pH

unction-CE method established in this study, riboflavin in urine
rom a healthy volunteer was extracted and determined. The stan-
ard addition method was employed to determine the riboflavin
(pH 4.0) for 6 min. The CE conditions as in Fig. 4. The migration time shift between
the results for the un-spiked and spiked samples was due to the drop of ambient
temperature from the afternoon to the evening.

extracted from urine sample through spiking the sample with a
certain riboflavin solution of known concentration and extract-
ing and analyzing the spiked sample under the same conditions.
The electropherograms for un-spiked and spiked urine samples are
shown in Fig. 6. The concentration of riboflavin in the urine sam-
ple was determined to be 0.98 �g/mL, which is in the normal range
(0.35–1.15 �g/mL) for healthy individuals [25].

4. Conclusions

In this study, boronate functionalized MNPs have been syn-
thesized and successfully employed as extracting probes to
capture and enrich cis-diol-containing biomolecules, and an off-
line combination of the MNPs-based extraction with CE has been
established. The boronate functionalized MNPs exhibited specific
selectivity and sufficient extraction capability to 1,2- and 1,3-cis-
diol-containing compounds. As the sample size can be typically
500–1000 �L (though use of larger sample volumes is acceptable),
while the extracted analyte can be rebuilt into a 20-�L volume,
the enrichment factor can be at least 25–50. The pH-controlled
capture/release mechanism of the boronate affinity allows for
facile incorporation of a pH junction step in the CE separation,
which effectively enhances the detection sensitivity. Since a lot of
important biomolecules contain 1,2- or 1,3-cis-diols, such as carbo-
hydrates, RNA, nucleosides, and glycoproteins, the boronate affinity
MNP-based extraction should be a promising tool for bioanalysis.
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