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ABSTRACT: We developed a highly efficient magnetic
relaxation switch (MRS) system based on poly(vinyl alcohol)
functionalized nanomagnetic iron oxide (PVA@NMIO)
particles for the detection of boric acid or borate ester (BA/
BE). It was found that the addition of BA/BE induced the
aggregation of PVA@NMIO particles, resulting in a
measurable change in the T, relaxation time in magnetic
resonance measurements. The main mechanism was proposed
that the electron-deficient boron atoms of BA/BE caused the
aggregation of PVA@NMIO particles through covalent
binding to the hydroxyl groups of PVA. This novel detection
system displayed excellent selectivity, high sensitivity, and
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rapid detection for BA/BE. Thus, this system may provide a great application prospect for detection of BA/BE.
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Bl INTRODUCTION

Boron is an essential trace element to maintain the organism
health of human beings and animals, and it has also been shown
to be beneficial to many other species." The boron atom has a
high affinity with oxygen and presents in the form of boric acid
(BA), borate, or borate ester (BE) in nature.” Soluble forms of
boron include B(OH);, B(OH),™, and the low-level ester of
borate, while the dominant form depends upon the character-
istics of the solvent. The BA and BE were previously used as
food additives in China because they possessed excellent
antiseptic effects and could increase the taste of food.””
However, once excessive BA or BE (BA/BE) was taken into a
body, chemical damage to multiple organs could occur.’
Recently, the addition of BA/BE to foods has been inhibited by
the Food and Drug Administration of China; however,
sometimes illegal behavior of adding BA/BE into food products
still exists. Thus, it would be desired to develop some methods
to detect BA/BE.

Currently, a wide range of analytical techniques have been
developed to detect BA/BE.>®” Some of the most widely used
methods include spectrophotometry, inductively coupled
plasma spectrometry, and high performance liquid chromatog-
raphy techmques Some methods are accurate and versatile;
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however, they still suffer from a few shortcomings, including
complicated sample preparation, slow detection, and interfer-
ence by other substances. It would be desirable to develop a
new assay that is more efficient and reliable for BA/BE
detection.

Contrast agents are often used to assist disease detection in
magnetic resonance (MR) imaging. Among them, nano-
magnetic iron oxide (NMIO) particles have been becoming
an important class of MR contrast agents in the clinic, which
are efficient at dephasing the spins of surrounding water
protons and then enhancing spin—spin relaxation times (T,
relaxation times).'"”'* Several recent studies showed that the
aggregated NMIO presented lower T, relaxation times than
that of the monodispersed NMIO, which acted as a magnetic
relaxation switch (MRS) to detect molecular interactions.'>™"*
Using NMIO as a highly efficient MRS requires a particle to be
highly monodisperse in aqueous solution. To this end, the
surface of a NMIO nanopartlcle is usually modified with
appropriate materials.'”'” However, many methods for the
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postmodification of the formed NMIO are time-consuming and
costly because multiple additional steps are required.'®
Moreover, some surface modification might affect the magnet-
ization of NMIO and reduce the sensitivity of T, signal
changes.'”” Thus, it is necessary to develop a facile synthesis
route for simultaneous formation and surface functionalization
of NMIO.

Currently, MRSs have been mostly used to detect mRNA,"*
stereo isomers of organic substances,'* restriction enzymes,”'
and other biomolecules.””** In this work, we have developed a
highly efficient T, contrast agent based on NMIO as a MRS to
detect BA/BE. A poly(vinyl alcohol) functionalized NMIO
(PVA@NMIO) displaying high transverse relaxivity and
excellent monodispersity was in situ synthesized. Due to
covalent binding between the hydroxyl groups of PVA and BA/
BE, the addition of BA/BE induced the aggregation of PVA@
NMIO in the solution, resulting in a reduction of T, relaxation
time (Figure 1). This PVA@NMIO as a MRS showed
specificity and rapid response to BA/BE.
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Figure 1. Schematic diagram for MRS detection of BA/BE based on
PVA@NMIO.

B EXPERIMENTAL SECTION

Materials. PVA, glucose, FeCl; and FeCl, were purchased from
Sinopharm Co. (Shanghai, China). Boric acid, NaBF,, trimethyl borate
and tributyl borate (two kinds of popular BEs as the model BE) were
received from Aladdin Co. (Shanghai, China). All chemical reagents
were used as received without further purification.

Preparation of PVA@NMIO particles. FeCl; (0.54 g) and FeCl,
(0.2 g) were dissolved in distilled water (200 mL). PVA solution (1%,
100 mL) was then added into the resulting solution followed by an
agitation at 80 °C for 30 min. After that, ammonia (28% w/w, 10 mL)
was added into the mixture solution with an agitation for 2 h. The
obtained black product (PVA@NMIO particle) was centrifuged, and
the pellet was resuspended in distilled water to make a colloidal
solution of PVA@NMIO as MRS probe.

MRS assay. Different analytes including NaBF,, glucose, BA,
trimethyl borate and tributyl borate were added to the colloidal
solution of PVA@NMIO (10 pug/mL). T, relaxation times of these
mixed samples at different time were measured using a 9.4 T
superconducting magnet by performing T,-weighted multiecho spin
echo sequence with the following parameters: repetition time (TR) of
2500 ms and 20 echoes with variable echo times (TE) ranging from 10
to 200 ms.

Characterization. The morphologies of samples were observed on
an H-800 transmission electron microscope (TEM) (Hitachi Co.,
Japan). Particle size distribution measurements were conducted on a
dynamic light scattering (DLS) detector (Malvern, UK). The structure
and interaction were analyzed using a Fourier transform infrared
(FTIR) spectrometer (Nicolet Co., USA). Magnetic behavior of

nanoparticle was measured by superconducting quantum interference
device (SQUID) magnetometer (Bruker Biospoin GmbH, Germany).
T, relaxation time of samples was measured using a 9.4 T 8.9 cm wide
bore, actively screened, vertical bore MR spectrometer (Bruker
Biospoin GmbH, Germany).

B RESULTS AND DISCUSSION

Nanosized PVA@NMIO was fabricated through a chemical
coprecipitation method of mixing FeCl; and FeCl, in 0.3% PVA
solution. The core of the obtained NMIO was around 12 nm in
diameter (Figure 2a). After the core was successfully coated

Figure 2. TEM images of PVA@NMIO (a) and PVA@NMIO after
adding BA (b), trimethyl borate (c), and tributyl borate (d) in the
same amounts. Inset of (a): the amplified image of PVA@NMIO.

with a layer of PVA (white arrows of the inset in Figure 2a), the
whole particle increased in size to ~20 nm. The PVA@NMIO
particles were stable in solution without precipitation for at
least 3 months and appeared well-dispersed when observed by
transmission electron microscopy (Figure 2a). However, as
shown in Figure 2b, upon addition of BA to well-dispersed
PVA@NMIO solution, the nanoparticles gradually self-
aggregated to form clusters with larger size because of the
covalent binding between hydroxyl groups of PVA@NMIO and
BA/BE (illustrated by the marked oval region in Figure 1).
Moreover, nanoclusters with various sizes formed after the
addition of different boric compounds (Figure 2). Therein, the
addition of boric acid could make the well-dispersed PVA@
NMIO to be aggregated, resulting in clusters with the largest
sizes. When trimethyl borate and tributyl borate were
introduced to the PVA@NMIO solution, the formed nano-
clusters displayed relatively small sizes. The hydrodynamic
diameter of nanocluster treated with different samples was
further determined by dynamic light scattering (DLS). As
shown in Figure 3a, the curve of PVA@NMIO showed a
narrow peak at around 45 nm, indicating PVA@NMIO
possessed good dispersity in aqueous solution. However, the
curves of PVA@NMIO treated with BA/BE displayed broad
peaks with different levels of right shifts, indicating that PVA@
NMIO has aggregated to different degrees. These results were
consistent with the aggregation observed in TEM images.
The surface structure and composition of PVA@NMIO
before and after BA/BE binding were investigated by FT-IR
(Figure 3b). The peaks at 1397 cm™" and 1096 cm™" and the
broad peak at 3200—3500 cm™" (blue line) were attributed to
C—H bending vibration, C—O stretching vibration, and C—O—
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Figure 3. Particle size distribution of PVA@NMIO before and after adding BA/BE (a); the FT-IR spectra of the H3BO3 (black), PVA (red), PVA@
NMIO (blue), and PVA@NMIO after adding BA (green) (b); the magnetization of PVA@NMIO measured at 3 and 300 K (c); the temperature
dependence of the ZFC and FC magnetization curves for PVA@NMIO (d).
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Figure 4. (a) Photos of PVA@NMIO solution (200 pg/mL) after adding 2 mg/mL of tributyl borate (I), trimethyl borate (II), boric acid (III),
NaBF, (IV), and glucose (V) for different times. Sensitivity of magnetic nanosensor based on PVA@NMIO: (b) variation of the T, relaxation time
of PVA@NMIO particles (10 pug/mL) after adding 10 pg/mL of different samples for different times; (c) dependence of the T, relaxation time of
PVA@NMIO particles on the concentrations of different samples.

H stretching vibration, respectively. These data confirmed that
the NMIO particle was successfully coated by PVA. Moreover,
when BA/BE was added to PVA@NMIO dispersed solution,
another two weak peaks at 1420 and 1208 cm™ (green line)
were observed, which were assigned to B—O stretching
vibration and B—O—B bending vibration,*** indicating that
BA/BE was bound on the surface of PVA@NMIO.

Field-dependent magnetization curves of PVA@NMIO were
recorded using a superconducting quantum interference device
magnetometer with fields up to 0.6 T (Figure 3d). PVA@
NMIO particles displayed superparamagnetic characteristics at
300 K, obtaining 51.8 emu/g saturation moments. In contrast,
the material exhibited typically ferromagnetic hysteresis loops
including coercivity and remanence at 3 K, because the
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moment randomization of PVA@NMIO particles was limited
under low temperature.”® The temperature-dependent magnet-
ization curves of PVA@NMIO were also recorded at an applied
field of 100 Oe using zero-field-cooling (ZFC) and field-cooling
(FC) procedures. As shown in Figure 3c, these two curves were
overlapped at high temperature but split at low temperature.
The blocking temperature of PVA@NMIO particle was about
230 K with a broad peak, indicating that the nanoparticles were
superparamagnetic at physiological temperature (~310 K).
These results indicated PVA@NMIO possessed a good T,-
weighted MR contrast effect because the nanoparticle with
good magnetic properties could cause significantly local
inhomogeneities under the external magnetic field, resulting
in a further reduction of the transverse relaxation time of the
water proton.

To examine whether PVA@NMIO could be used as an MRS
sensor to detect boron compounds with an electron-deficient
boron atom, three analytes, including tributyl borate, trimethyl
borate, and boric acid, were chosen. As shown in Figure 4a, the
PVA@NMIO sample was a brown homogeneous suspension.
However, the PVA@NMIO aggregated and precipitated over
time upon the addition of BA/BE with relatively high
concentration (2 mg/mL), indicating the strong interaction
between BA/BE and PVA@NMIO (Figure 4al, I, and III). It
was also found that the rate of aggregation between BA and
PVA@NMIO was faster than that of BE and PVA@NMIO. To
investigate the selectivity of PVA@NMIO as an MRS sensor,
further studies were performed by incubating the PVA@NMIO
with NaBF, and glucose. NaBF, was chosen as a positive
control, owing to the full electron orbits of its boron atom.
Glucose acted as the negative control for its multitude of
hydroxyl groups. Under this condition, the PVA@NMIO
sample remained a brown homogeneous suspension (Figure
4alV and V), confirming that there was no interaction between
boron compounds and the full electron orbits of boron atom
and PVA@NMIO.

The ability of PVA@NMIO to detect BA/BE was evaluated
by measuring T, relaxation time as a function of time (Figure
4b). When PVA@NMIO particles were incubated in water,
little or no change of T, relaxation time was observed over 3
weeks. This indicated the PVA@NMIO particles were highly
stable, which ensured the magnetic particles possess a sensitive
spin—spin relaxation time (T,) for monitoring small signal
change by T, measurement. T, relaxation time decreased when
BA was added to a PVA@NMIO sample, and there was ~45
ms change in T, relaxation time within 20 min (Figure 4b).
The reduction in T, relaxation time was also observed when BE
including trimethyl borate and tributyl borate was added to a
PVA@NMIO sample. However, the T, reduction rate and
magnitude change for BA-PVA@NMIO were faster/larger than
those of BE-PVA@NMIO, which was consistent with the
aggregation observed in Figure 4a. We further explored the
selectivity of PVA@NMIO by measuring T, upon the addition
of glucose and NaBF,. As expected, the incubation NaBF, with
PVA@NMIO did not alter the T, relaxation time, suggesting
that NaBF, with full boron coordination did not react with the
hydroxyl groups of PVA@NMIO. As shown in Figure 4c, T,
relaxation time reduced as BE/BA concentration increased.
Control samples including NaBF, and glucose incubated with
PVA@NMIO showed no T, change, as expected.

The feasibility of conducting high-throughput screening for
BA/BE was also investigated using magnetic resonance (MR)
imaging. MR images (T, maps) were obtained for 48 MRS

samples simultaneously in a 96-well plate (Figure S). It could
be seen that MR images significantly darkened with increasing
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Figure 5. Magnetic resonance T, maps of MRS samples after adding
different concentrations of samples for 30 min and adding samples (10
ug/ mL) for different times.

concentrations and time after adding BA. In contrast, MR
images of control samples showed no variation. Data analysis
was completed in approximately S min, indicating that several
thousands of samples could be measured per day by MR
detector. In addition, the MRS system might also provide a
potential application of detecting trace boron in an organism
using imaging, because MR imaging could noninvasively obtain
3D tomographic images with exquisite tissue contrast. Related
experiments are currently in process.

B CONCLUSIONS

In summary, a MRS system based on in situ synthesized
superparamagnetic PVA@NMIO particles has been developed
and used as a new tool for the detection of BA/BE. The
addition of BA/BE induced the aggregation of PVA@NMIO
particles and reduced the T, relaxation time of the water. This
MRS system showed a good sensitivity and selectivity for the
high-throughput detection of BA/BE. It is envisioned that this
MRS sensor may facilitate research on food safety or biological
effects related to boron.
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