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Abstract 2,4-Difluoro-3-formyl-phenylboronic acid
(DFFPBA)-modified magnetic attapulgite (ATP-Fe3O4-NH2-
DFFPBA)was synthesized and employed to capture and enrich
cis-diol-containing biomolecules. The resulting material exhib-
ited a high saturation magnetization value of 20.71 emu/g,
allowing the absorbent to be conveniently magnetically sepa-
rated. Combining the Fe3O4 nanoparticles with the high specif-
ic surface area of attapulgite yielded a material with a high
capture capacity (13.78 mg/g) for adenosine. Furthermore,
ATP-Fe3O4-NH2-DFFPBA was found to possess remarkable
selectivity for adenosine at a low molar ratio of adenosine/2-
deoxyadenosine (1:500). The potential applications of this ma-
terial were explored by using it to extract five nucleosides from
urine samples, and the results demonstrate that it can decrease
matrix interference and selectively enrich analytes.
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Introduction

Most cis-diol biomolecules (CDB) play important roles in di-
verse fundamental biological processes. For example, nucleo-
sides—building blocks of nucleic acids—regulate and modu-
late various physiological activities. However, the direct anal-
ysis of nucleosides from real samples is seriously hampered by

their sub-stoichiometric nature due to serious matrix interfer-
ence. Therefore, selectively enriching target nucleosides and
eliminating any matrix effect are important tasks in clinical
diagnosis. Boronic acids can covalently form five- or six-
membered cyclic esters with 1,2- or 1,3-cis-diol in basic aque-
ous media, and these cyclic esters dissociate at acidic pH [1].
This useful characteristic makes boronic acids ideal affinity
ligands for the specific capture of CDB. Many studies have
been published on different types of boronate-functionalized
materials, such as monoliths [2], mesoporous silica [3], and
magnetic nanomaterials [4]. Among these materials, magnetic
nanoparticles have received increasing attention for their quick
magnetic resonance and ease of separation. However, materials
with high loading capacities must still be found due to the
relatively low surface areas of the magnetic particles currently
used. To improve the loading capacity, porous materials with
large specific surface areas (such as attapulgite, ATP) have
been introduced into nucleoside enrichment schemes.

In the study reported in the present paper, we prepared 2,4-
difluoro-3-formyl-phenylboronic acid (DFFPBA)-functional-
izedmagnetic ATP via a coprecipitation technique and applied
it to enrich nucleosides. DFFPBA was chosen as the ligand
because of its low pKa value (6.5) and strong affinity [5] due to
the presence of an electron-withdrawing group (fluorine). The
resulting material exhibits a high saturationmagnetization val-
ue, good selectivity, and a high adsorption capacity. Finally,
ATP-Fe3O4-NH2-DFFPBA was applied to selectively enrich
nucleosides from urine samples.

Experimental

Materials

Ferric chloride hexahydrate (FeCl3·6H2O) and ferrous
chloride tetrahydrate (FeCl2·4H2O) were provided by
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Tianjin Chemicals Corporation (Tianjin, China). 2,4-
Difluoro-3-formyl-phenylboronic acid (DFFPBA) was
purchased from Sigma (St. Louis, MO, USA). Attapulgite
(ATP) was supplied by Gansu ATP Co. Ltd. (Gansu, Chi-
na). Prior to use, it was dried in a vacuum at 110 °C for
48 h. (3-Aminopropyl)trimethoxysilane (APTMS), sodium
cyanoborohydride, cytidine, uridine, inosine, guanosine,
adenosine, and 2′-deoxyadenosine monohydrate were ob-
tained from Aladdin Chemistry Co., Ltd. (Shanghai, Chi-
na). Ammonium hydroxide (NH4OH, 25 % ammonia), tol-
uene, and methanol were received from Tianjin Chemical
Co. (Tianjin, China). All of the chemicals mentioned above
were of analytical grade. HPLC-grade acetonitrile was pur-
chased from Dima Technology (Richmond Hill, ON,
USA). Deionized (D.I.) water was prepared from a Milli-
Q system (Millipore, Bedford, MA, USA).

Preparation of ATP-Fe3O4-NH2-DFFPBA composites

The preparation scheme for magnetic ATP modified with
DFFPBA is shown in Scheme S1. First, ATP-Fe3O4 was
prepared via a simple coprecipitation method according to
a procedure reported previously [6]. Then ATP-Fe3O4-NH2

was prepared by mixing 1.0 g ATP-Fe3O4 with 0.8 mL
APTMS in 50 mL anhydrous toluene, and the mixture
was refluxed for 8 h under a nitrogen atmosphere. The
resultant was cleaned by magnetic separation, washed with
ethanol, and then dried in a vacuum. Finally, the ligand
DFFPBA was bound to ATP-Fe3O4-NH2 composite nano-
particles through a Schiff-base reaction. Typically, 1.6 g
ATP-Fe3O4-NH2 was suspended in 80 mL anhydrous
methanol containing 0.3 g DFFPBA by ultrasound, and
the reaction was allowed to continue for 12 h at 25 °C.
During the course of the reaction, 100 mg sodium
cyanoborohydride were added to the mixture every 4 h
until a total of 300 mg had been added. Finally, the
resulting ATP-Fe3O4-NH2-DFFPBA nanoparticles were
washed with ethanol and water.

Preparation of standard solutions and biological samples

The stock solution of nucleosides (cytidine, uridine, inosine,
guanosine, adenosine) at a concentration of 0.5 mg/mL was
prepared by dissolving the commercial standards in ultrapure
water, and the resulting solution was stored at 4 °C. Early-
morning urine samples were collected from six healthy adults
in the authors’ work group and stored at −20 °C. Before the
analysis, the samples were thawed at room temperature and
centrifuged to eliminate precipitates for 5 min at 14,797×g.
The supernatant was collected and adjusted to pH 8.5 using
50 mM phosphate buffer. Spiked urine samples were obtained
by adding different concentrations (from 0.1 to 5 μg/mL) of

the stock solution, and were subsequently diluted 10 times
with 50 mM (pH 8.5) phosphate buffer.

SPE procedure

The nucleoside sample was prepared by diluting the stock
solution (0.5 mg/mL) with 50 mM phosphate buffer
(pH 8.5) to 1.0 μg/mL. ATP-Fe3O4-NH2-DFFPBA (10 mg)
was dispersed in 2 mL of the above solution to carry out the
extraction for 9 min, and then separated by a magnet. The
supernatant fluid was decanted. Subsequently, 0.5 mL of
formic acid (20 mmol/L, pH 3.0) were used to elute the
analytes for 5 min. Then the eluate was evaporated at 50 °C
and the residue was reconstituted with 200 μL of ammonium
formate/acetonitrile (v/v, 3:97) for HPLC analysis.

Results and discussion

Characterization of the materials

The resulting materials ATP-Fe3O4, ATP-Fe3O4-NH2, and
ATP-Fe3O4-NH2-DFFPBAwere characterized by FT-IR spec-
tra (see Fig. S1 of the “Electronic supplementary material,”
ESM), X-ray photoelectron spectrometry (XPS; see Fig. S2 of
the ESM), TEM (see Fig. S3 of the ESM), and a vibrating
sample magnetometer (see Fig. S4 of the ESM), respectively.
As shown in Fig. S1 of the ESM, the presence of the DFFPBA
component was confirmed by the occurrence of peaks at
1384 cm−1 corresponding to the stretching vibration of B–O.
The amount of boronic acid ligand loaded onto the surface of
the ATP-Fe3O4-NH2 was quantified by XPS (Fig. S2 of the
ESM). This showed the presence of Si and O (from ATP), C,
N, and Fe (from the modification steps), and B (from the final
product), which proved that DFFPBAwas successfully bound
to ATP-Fe3O4-NH2. According to Fig. S3 of the ESM, it is
clear that the materials largely maintained their original mor-
phologies after they had beenmodified with amino groups and
boronic acid groups. Furthermore, the surface area of ATP-
Fe3O4-NH2-DFFPBAwas 89.5 m2/g based on the Brunauer–
Emmett–Teller (BET) method. It was also observed that ATP-
Fe3O4, ATP-Fe3O4-NH2, and ATP-Fe3O4-NH2-DFFPBA ex-
hibit superparamagnetic behavior and that their saturation
magnetization values are 35.48, 23.14, and 20.71 emu/g at
25 °C, respectively (Fig. S4 of the ESM). The decrease in
saturation magnetization from ATP-Fe3O4 to ATP-Fe3O4-
NH2 to ATP-Fe3O4-NH2-DFFPBA can be attributed to sur-
face chemical modification. Nevertheless, the relatively high
saturation magnetization of ATP-Fe3O4-NH2-DFFPBA is still
sufficient to allow particles to be separated from solution with
an external magnet, which is very useful in applications of
these particles.
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Optimization of the desorption and extraction conditions

The effects of different desorption time and desorption solvents
on the extraction efficiency were investigated (see Fig. S5 in
the ESM). Formic acid, acetic acid, and phosphate buffer
(pH 3.0) were tested as desorption solvents. The extraction time
was set at 30 min to ensure that the analytes were absorbed as
completely as possible. The highest response was obtained
with formic acid, so this was selected as the desorption solvent.
All of the analytes were desorbed efficiently from the materials
within 5 min. The extraction time profiles for the five nucleo-
sides showed that the peak area increased from 3 to 9 min and
then remained stable with increasing extraction time. There-
fore, 9 min was chosen as the extraction time in subsequent
experiments. Control over the capture and release of the
analytes is achieved by adjusting the pH. We investigated the
effect of varying the binding pH in the range 7.0–9.0, since the
pKa of DFFPBA is 6.5. The results indicate that the extraction
efficiency increases as the pH increases from neutral to weakly
alkaline before reaching an equilibrium value at pH 8.5.

Binding capacity

The cis-diol binding capacity of ATP-Fe3O4-NH2-DFFPBA
was measured using adenosine as the test analyte. The material
(10 mg) was incubated in 2 mL of adenosine solution contain-
ing different concentrations of adenosine (from 0.005 to
0.6 mg/mL) for 9 min. The suspension was then directly mea-
sured byHPLC. The saturation absorption capacity of the nano-
particles was as high as 13.78 mg/g, higher than that of a
boronic-acid-functionalized material reported previously (see
Table S2 of the ESM). To evaluate the specificity of ATP-
Fe3O4-NH2-DFFPBA for nucleosides, adenosine was selected
as the target while 2-deoxyadenosinewas used as a comparison.
Adenosine and 2-deoxyadenosine have similar structures, but
adenosine is a cis-1,2-diol compound while 2-deoxyadenosine
is not. As shown in Fig. 1, ATP-Fe3O4-NH2-DFFPBA selec-
tively captured adenosine rather than 2-deoxyadenosine, even
when the molar ratio of interferent to target was increased from
1:1 to 500:1. These results demonstrate that the material has
high interaction affinity and selectivity for CDB.

Fig. 1 a–d Chromatograms of a
standard mixture of adenosine
and 2-deoxyadenosine analyzed
(i) before and (ii) after enrichment
by ATP-Fe3O4-NH2-DFFPBA. 1
Adenosine, 2 2-deoxyadenosine.
Molar ratios of adenosine and 2-
deoxyadenosine: a 1:1, b 1:10, c
1:100, and d 1:500

Table 1 Precisions (intra- and interday) and recoveries for the assay of nucleosides in urine samples. The low, medium, and high concentrations of the
compounds were 0.2, 1.0, and 3.0 μg/mL, respectively

Compound Intraday precision (RSD %, n=5) Interday precision (RSD %, n=3) Recovery (%, n=3)

Low Medium High Low Medium High Low Medium High

Cytidine 4.9 9.9 6.5 2.9 8.2 2.1 99.2±4.5 97.1±4.9 108.7±6.9

Uridine 9.8 2.4 6.0 9.9 2.3 6.0 86.9±9.7 97.3±1.5 102.3±2.2

Inosine 3.3 2.2 3.9 3.4 2.3 3.0 111.0±3.2 89.8±2.0 99.9±4.1

Guanosine 4.0 9.1 2.0 3.7 1.3 2.4 109.3±5.3 109.6±3.7 97.0±2.4

Adenosine 3.5 1.1 2.4 1.9 1.3 1.7 111.3±1.5 93.0±1.4 97.3±1.1
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Furthermore, in order to evaluate the linearity of the mea-
surements, 2-mL urine samples spiked with nucleosides at
levels ranging from 0.1 to 5 μg/mL were extracted by 10 mg
ATP-Fe3O4-NH2-DFFPBA. After elution, the eluate was
allowed to evaporate under an N2 atmosphere and the residue
was dissolved in 200 μL of ammonium formate/acetonitrile
(v/v, 3:97) for LC-MS analysis. As shown in Table S3 of the
ESM, the square of the correlation coefficient ranged from
0.990 to 0.998. LODs (S/N=3) in the range 2–41 ng/mL

and LOQs (S/N=10) in the range 8–137 ng/mL were obtain-
ed, which mean that this technique could be used to analyze
nucleosides in urine samples. Compared with the other nucle-
osides, uridine has a higher LOQ (137 ng/mL) in urine owing
to the matrix effect, while a lower LOQ (11 ng/mL) was ob-
tained in an artificial water sample (data not shown). In addi-
tion, the accuracy of the method was examined at three levels:
0.2, 1.0, and 3.0 μg/mL. The results in Table 1 show that good
intraday (RSD 1.1-9.9 %) and interday (RSD 1.3-9.9 %)

Table 2 Quantification of five nucleosides in five urine samplesa

Compounds Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Detected
(μg/mL)

Recovery %
(0.4 μg/mL)

Detected
(μg/mL)

Recovery %
(0.4 μg/mL)

Detected
(μg/mL)

Recovery %
(0.4 μg/mL)

Detected
(μg/mL)

Recovery %
(0.4 μg/mL)

Detected
(μg/mL)

Recovery %
(0.4 μg/mL)

Cytidine n.q. 87.4 0.242 108.6 n.q. 85.2 0.137 86.6 0.133 107.3

Uridine n.q. 94.0 0.94 103.5 n.q. 95.8 n.q. 94.0 0.229 113.2

Inosine 0.078 87.5 0.221 92.0 0.12 85.8 0.114 104.4 0.232 93.1

Guanosine 0.156 115.0 0.118 110.6 0.102 110.8 0.135 101.8 0.132 104.0

Adenosine 0.215 86.9 0.370 87.8 0.155 103.6 0.213 99.8 0.332 94.8

a n.q. not quantified

Fig. 2 a–e LC-MS
chromatograms for the extraction
of endogenous nucleosides from a
urine sample. a Cytidine, b
uridine, c inosine, d guanosine,
and e adenosine. For all the
chromatograms, (i) shows the
direct analysis of standards (1 μg/
mL), (ii) corresponds to pre-
enrichment, and (iii) represents
post-enrichment with ATP-
Fe3O4-NH2-DFFPBA
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precisions were obtained for the analysis of nucleosides. Re-
coveries varied from 86.9 % to 111.3 %, with RSDs in the
range 1.1–9.7 %.

Real sample analysis

The practical applicability of the developed methodwas tested
by determining five nucleosides in urine samples from healthy
volunteers under optimal conditions. As shown in Table 2,
most of the nucleosides could be detected. In addition, recov-
ery experiments were carried out by spiking analytes at
0.4 μg/mL, and the recoveries for the five target nucleosides
ranged from 85.2 % to 115.0 %. Few of the nucleosides were
detected in samples analyzed directly by LC-MS due to the
complex urine–matrix interference (Fig. 2). However, after
extraction, most of the nucleosides were clearly observed. It
is worth noting that the extraction ratio of adenosine was low-
er in urine samples than in others—even lower than its original
concentration in urine. A possible reason for this is the matrix
effect in urine. Some of the compounds in urine appear to
affect the adsorption of adenosine, because the extraction ratio
of adenosine from the artificial water sample with an adeno-
sine concentration that was 10 times higher than those of the
other studied nucleosides was normal. Thus, the higher con-
centration of adenosine in urine [7] was not the reason for the
low extraction ratio. These results therefore demonstrate that
the magnetic nanoparticles can reduce the matrix effect and
selectively enrich CDB in complex real samples.

Conclusion

In summary, we successfully synthesized DFFPBA-modified
magnetic ATP using a facile method. High surface area and
saturation magnetization mean that the resulting material is
easily separated and has a high adsorption capacity. It is

significant that this absorbent is able to capture adenosine
even in the presence of 500-fold interference in the artificial
sample. In addition, the successful application of the absor-
bent to the selective extraction of nucleosides from urine sam-
ples demonstrated that the proposed method provides an alter-
native method of achieving affinity enrichment of target CDB
in biological samples.
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