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Blood lead (Pb(II)) removal is very important but challenging. The main difficulty of blood Pb(II) removal
currently lies in the fact that blood Pb(II) is mainly complexed with hemoglobin (Hb) inside the red blood cells
(RBCs). Traditional blood Pb(II) removers are mostly passive particles that do not have the motion ability, thus
the efficiency of the contact between the adsorbent and the Pb(II)-contaminated Hb is relatively low. Herein, a
kind of magnetic nanomotor adsorbent with movement ability under alternating magnetic field based on Fe304
nanoparticle modified with meso-2, 3-dimercaptosuccinic acid (DMSA) was prepared and a blood Pb(II) removal
strategy was further proposed. During the removal process, the nanomotor adsorbent can enter the RBCs, then
the contact probability between the nanomotor adsorbent and the Pb(II)-contaminated Hb can be increased by
the active movement of nanomotor. Through the strong coordination of functional groups in DMSA, the nano-
motor adsorbent can adsorb Pb(II), and finally be separated from blood by permanent magnetic field. The in vivo
extracorporeal blood circulation experiment verifies the ability of the adsorbent to remove blood Pb(II) in pig

models, which may provide innovative ideas for blood heavy metal removal in the future.

1. Introduction

Lead (Pb) has been used by humans for thousands of years. However,
it is not only a widespread environmental pollutant in the world, but
also a toxic heavy metal with biohazard [1,2]. Natural Pb minerals are
fully utilized in the chemical industry, printing and dyeing, smelting and
other industrial activities, and then exist in the environment everywhere
in the form of particles or ions [3,4]. From the late 19th and early 20th
centuries, global Pb production began to rise rapidly. It was not until the
1970s that Pb was banned from use in gasoline additives [5]. None-
theless, the impact on the health of humans, especially children caused
by increasing Pb production and environmental pollution, remain a
global problem [6]. So the US Agency for Toxic Substances and Disease
Registry ranked Pb in second place on the priority list of dangerous
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substances [7].

Pb is nondegradable and accumulates in the body, which can have
negative effects on the nervous, blood, kidney, cardiovascular and
reproductive system in the body [8]. Especially for the nervous system,
Pb still has irreversible nerve damage at lower exposure levels. For the
blood system, Pb can inhibit the production of heme and cause anemia.
Compared with adults, children have a higher absorption rate of Pb, and
their intelligence and development are easily affected by adverse effects
[9]. Pb exposure is estimated to account for 0.6% of the global burden of
disease, among which developing regions are the most serious [10]. In
developing countries, 143 million people die from Pb poisoning annu-
ally and more than 15 million children cause permanent nerve damage
[11,12].

Pb can enter the body through the lungs breathing, skin contact, and

E-mail addresses: wanmimi@njnu.edu.cn (M. Wan), maochun@njnu.edu.cn (C. Mao), shidongquan1215@163.com (D. Shi).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.bioactmat.2020.09.032

Received 24 July 2020; Received in revised form 17 September 2020; Accepted 29 September 2020
2452-199X/© 2020 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:wanmimi@njnu.edu.cn
mailto:maochun@njnu.edu.cn
mailto:shidongquan1215@163.com
www.sciencedirect.com/science/journal/2452199X
https://www.sciencedirect.com/journal/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2020.09.032
https://doi.org/10.1016/j.bioactmat.2020.09.032
https://doi.org/10.1016/j.bioactmat.2020.09.032
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2020.09.032&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Wang et al.

the gastrointestinal tract in daily diet. About 95% of Pb in the human
body is deposited in bones and has a long half-life (20-30 years), while
the other two parts of Pb are present in blood and other soft tissues with
a half-life about 35-40 days. Bone Pb is an important source of blood Pb
and soft tissue Pb, and there is a dynamic balance between the three
parts. Under the current biomedical level, it is difficult to remove Pb
from bones and soft tissues. Therefore, it is of great significance to study
the removal of blood Pb [13-15]. Blood lead level (BLL) is considered
the principal index human Pb content. The U. S. Center for Disease
Control and Prevention (CDC) initially set the concentration of Pb(Il) in
children’s blood at 10 pg dL™!. Subsequently, it was modified to 5 pg
dL7! in 2012. However, children and adults will still be adversely
affected even with minimal Pb exposure (BLL<5 pg L hHn 6,17]. The
circulating Pb(II) in the blood is mainly located inside the red blood cells
(RBCs) (>95%) and binds to hemoglobin (Hb), so it is very difficult to
remove trace Pb(II) in blood [18].

The clinical treatments of Pb poisoning are hemodialysis and
chelator therapy. During hemodialysis treatment, the patients need to
receive dialysis for a long time and are likely to cause cardiovascular
disease and other complications [19,20]. Chelating agents have been
used in the detoxification of heavy metal Pb for more than 50 years,
which is the current treatment method [21]. Traditional chelating
agents are 2, 3-dimercaptopropanol (BAL) and ethylenediamine tetraa-
cetate (EDTA). However, these early agents have been proved to be less
effective and often have acute toxicity. The currently preferred chelating
agent is hydrophilic meso-2, 3-dimercaptosuccinic acid (DMSA). Unlike
BAL and EDTA, DMSA can be absorbed by the intestine nearly 50% after
oral administration and will not redistribute toxic heavy metals from the
surrounding organs to the brain to damage the nerves again [22,23].
However, this simple drug treatment mainly acts outside the cell and the
treatment period is long (40-60 days), resulting in poor treatment effect
[24].

When it comes to the research work, we summarized some of current
Pb(II) removers in aqueous solutions, the current researches for the
removal of heavy metals in the blood, and current researches of heavy
metals by nanomotors to illustrate the novelty of the adsorbent used in
this work. As shown in Table S1, at present, a large number of composite
materials has been studied to remove the heavy metal Pb(II) in the
wastewater environment, but there are few studies on the removal of Pb
(ID) in the blood due to the complex blood environment. Some of the Pb
(I) removal materials in the aqueous solution are non-magnetic mate-
rials, which may be difficult to be separated when used in the blood.
Meanwhile, the magnetic materials studied in the aqueous solution are
difficult to be directly applied to the blood due to their larger size (most
of them are micron scale) or poor biocompatibility [25-29]. Therefore,
it is necessary to develop nanocomposites with good biocompatibility
and easy separation for the study of blood Pb(II) adsorption in vivo. We
further summarized the current research for the removal of heavy metals
in blood. As shown in Table S2, several researchers have designed blood
adsorbents with good biocompatibility in the blood. However, these
removers mainly remove heavy metals in the plasma [30-32]. In view of
these difficulties of blood heavy metal removal, we also proposed a
strategy to remove blood Pb(II) located inside the RBCs [33]. However,
this kind of adsorbent (passive nanoparticles) did not have the ability of
autonomous movement in the RBCs, so it cannot fully contact with the
Pb(II)-contaminated Hb, which may affect the actual removal efficiency.

Nanomotors can convert different types of energy to propel them in
different fluids [34-36]. Therefore, the nanomotor technology was
introduced into Pb(I) removal process. Existing research on the removal
of heavy metals by nanomotors is mainly aimed at the aqueous solution
(Table S3). Most of these nanomotors are driven by chemical toxic
substances (such as hydrogen peroxide), which may have the limitation
that it cannot be used in the internal environment [37,38]. It is reported
that magnetic nanoparticles can be used as a magnetic nanomotor under
the control of external magnetic field and have been proven to navigate
within cells [39-41]. Therefore, the small-sized blood Pb(II) adsorbent
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designed in this work had good biocompatibility, and the alternating
magnetic field was used as the driving force, and a reasonable blood Pb
(II) removal mechanism was proposed, which is an improvement when
compared with other materials (including materials or nanomotors used
in aqueous condition or blood condition).

Specifically, a kind of magnetic nanomotor adsorbent based on
small-sized Fe304 nanoparticle surface modified with meso-2, 3-dimer-
captosuccinic acid (DMSA) was prepared and new blood Pb(II)
removal strategy was further proposed. During the removal process,
Fe304@DMSA can enter the RBCs, and the contact probability between
the magnetic nanomotor adsorbent and the Pb(II)-contaminated Hb may
be effectively increased by the active movement of magnetic nanomotor
adsorbent. Then through the strong coordination of sulfydryl (or
carboxyl), the magnetic nanomotor adsorbent can adsorb Pb(II), and
finally was separated from the blood by permanent magnetic field
(Fig. 1). The biocompatibility tests of magnetic nanomotor adsorbent,
Pb(II) removal experiment in vitro and removal mechanism investiga-
tion, and the in vivo extracorporeal blood circulation experiment of
living animal in pig models were carried out and discussed in detail.

2. Experimental section
2.1. Materials

Ferrous sulfate heptahydrate (FeSO4-7H20), polyethylene glycol-
20000 (PEG-20000), ammonia water (NH3-H0), hydrogen peroxide
(H205), toluene, dimethylsulfoxide (DMSO), 3-aminopropyltriethoxysi-
lane (APTES) and lead acetate were obtained from Sinopharm Chemical
Reagent Co., Ltd. (China). 5, 5'-dithiobis-2-nitrobenzoic acid (DTNB)
and DMSA were purchased from Shanghai Macklin Reagent Co., Ltd.
(China). APTT/PT/TT kits were brought from Shanghai Taiyang
Biotech. Co., Ltd. (China). Peripheral blood lymphocyte extraction kit,
CCK-8 and 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2-H-tetrazolium
bromide (MTT) kits were purchased from Shanghai Solarbio Biotech.
Co., Ltd. (China). TRITC phalloidin and Hoechst 33342 were obtained
from Nanjing Anjieyou Biotech. Co., Ltd. (China).

2.2. Characterizations

The morphology and size of the samples were obtained by using TEM
(Hitachi, H-7650, Japan). FT-IR was tested by using a Varian Cary 5000
FT-IR spectrophotometer. TGA was conducted using a TG analyzer
(Netzsh, STA449F3, Germany) with process heating (from 25 to 850 °C,
10 °C min~?) and N, flow (10 mL min~!). Zeta potentials were tested by
using Zetasizer Nano-Z instrument. The absorbance was measured on an
ultraviolet-visible (UV-Vis) spectrophotometer (UV752, China). XRD
was detected on Rigaku D/max 2500VL/PC. Hysteresis loop was
detected by using vibrating sample magnetometer (VSM) of Lake Shore
VSM-7404. The coagulation time was measured by a semi-automatic
hemagglutination analyzer (Rayto, RT-2204C, China). The optical den-
sity (OD) value was obtained by using microplate reader (Bio-Rad,
America). CLSM was observed the morphology of cells by Nikon Ti-E-
AlR. XPS was tested by using Thermo Scientific ESCALAB250xi.
Inductively coupled plasma (ICP) was used to measure the content of
ions by IRIS Intrepid II.

2.3. The synthesis of FesOy4

FeSO4-7H20 (2.5 g) was dissolved in deionized water (30 mL) and
transferred into a 100 mL round bottom flask. PEG-20000 (0.5 g) was
dissolved in deionized water (10 mL). Then the solution was dropped
into the flask and heated to 30 °C with mechanical stirring under Ny
atmosphere. NH3-H>0 (30 mL) was added and stirred vigorously for 10
min. Then HyO5 (0.27 mL) was added and stirred vigorously for 20 min.
The reaction solution was transferred to a reaction kettle and reacted at
160 °C for 5 h. After the end, the solution was waited for cooling to room
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Fig. 1. Schematic diagram of the synthesis of magnetic nanomotor (Fe304@DMSA), in vivo extracorporeal blood circulation experiment and adsorption mechanism

of the magnetic nanomotor.

temperature, and washed with water and ethanol for three times,
respectively. The product was dried in an oven at 60 °C [42].

2.4. The synthesis of FesO4@DMSA

Fe304 (100 mg) was ultrasonically dispersed in toluene (10 mL) and
the solution was added to a 50 mL round bottom flask, followed by
mechanical stirring at room temperature. After N, was vented to expel
air (15 min), DMSA (250 mg) was dissolved in DMSO (10 mL) and the
solution was added dropwise to the flask. After Ny was continuously
introduced for 1 h, the reaction was closed until 12 h. The product was
washing with water and ethanol for three times and dried in an oven at
60 °C to obtain Fe304,@DMSA [43].

2.5. Determination of sulfhydryl content in Fe304@DMSA

The sulfhydryl content was determined by Ellman spectrophotom-
etry [44]. DMSA was dissolved in anhydrous methanol solution (5 mmol
L~1). DTNB was dissolved in PBS solution (2 mg mL™Y). Different vol-
umes of DMSA solution were taken into a 10 mL volumetric flask. Then
DTNB solution (200 pL) and phosphate buffered solution (PBS) (8 mL)
were added and then constant volume with deionized water. The solu-
tion was shaken and reacted for 5 min in the dark. The absorbance at
412 nm was measured by using a UV-Vis spectrophotometer.
Fe3O4@DMSA (10 mg) was ultrasonically dispersed in anhydrous
methanol solution (1 mL). Fe304@DMSA solution (200 pL) was added
into a centrifuge tube, then DTNB solution (200 pL) and PBS solution (1
mL) were added and the solution was reacted at room temperature for 5
min. After the sample was magnetically separated, the supernatant was
transferred to a 10 mL volumetric flask. The sample was magnetically
washed with PBS solution (1 mL) for three times, and the washing so-
lution was added to the volumetric flask. Then PBS solution (4 mL) was
added to the volumetric flask and constant volume with deionized
water. The absorbance at 412 nm was measured by using a UV-Vis
spectrophotometer.
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2.6. Biocompatibility test

The hemolysis rate was detected as follows. Firstly, fresh blood (4
mL) was centrifuged (2500 rpm, 10 min). The lower RBCs were obtained
and added to PBS solution (5 mL) and the solution was centrifuged for
twice (2500 rpm, 10 min). Then the RBCs were dispersed in PBS solution
(100 mL) to make RBC suspension. Different amounts of Fe304@DMSA
were added to the RBC suspension (3 mL) to prepare solutions (0.1, 0.2,
0.5,1,2mg mL™1). The solution was incubated at 37 °C for 30 min and
then centrifuged (2500 rpm, 15 min). The OD value of upper liquid was
read at 570 nm using a microplate reader. At the same time, deionized
water was used as a positive control, and PBS solution was used as a
negative control. Each experimental sample was tested three times in
parallel. The hemolysis rate was calculated according to the OD value
(Hemolysis rate:(ODsamples'ODnegative)/ (ODpositive'ODnegative) x 100%).

Similarly, Fe304 and Fe304@DMSA were added to the RBC suspen-
sion (3 mL, 2 mg rnL’l). After the solution was incubated at 37 °C for 30
min, the supernatant obtained by centrifugation was used to read the OD
value at 570 nm using a microplate reader. Deionized water was used as
a positive control, and PBS solution was used as a negative control. Each
experimental sample was tested three times in parallel and the hemo-
lysis rate was calculated. The solution before centrifugation was drop-
ped on a glass slide, and the morphology of RBCs was observed with an
optical microscope plus a digital camera.

The coagulation time was analyzed as follows. Fe3O4 and
Fe304@DMSA (20 mg) were added to platelet-poor plasma (1 mL) and
incubated at 37 °C for 30 min. Pure plasma was used as blank control
group. APTT/PT/TT reagents were added in sequence according to the
operation of the kits, and the coagulation time was tested by using a
semi-automatic coagulation analyzer. Each sample was tested three
times in parallel.

The CCK-8 cell viability test kit was used to evaluate the toxicity of
Fe304@DMSA to peripheral blood lymphocytes. The peripheral blood
lymphocyte suspension (10°-10° cells/well) was added to 96-well plate,
and the Fe304@DMSA-medium solution (10 pL/well) was added to form
solutions with different concentrations (0.1, 1, 2.5, 5 mg mL™Y). At the
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same time, blank group without cells and blank group with cells were set
as controls. After 96-well plate was incubated at 37 °C for 1 h, CCK-8
solution (10 pL) was added and incubated for 4 h. The OD value was
obtained at 450 nm by using microplate reader. Each sample was tested
three times in parallel. The cell activity was calculated as: Cell viability=
(ODsample'ODwithout cell)/ (ODwith cell-ODwithout cell) x 100%.

2.7. Interaction between Fe304@DMSA and RBCs

Fe3O4@DMSA (10 mg) was added to fresh blood (2 mL) and incu-
bated at 37 °C for 30 min. Glutaraldehyde solution (2 mL, 2.5%) was
added and mixed for 1 h to fix RBCs morphology. After the solution was
centrifuged (2500 rpm, 10 min), RBCs were obtained. In order to remove
excess water, ethanol solution (50%, 60%, 70%, 80%, 90%) was added
to the RBCs, and then the solution was centrifuged (2500 rpm, 10 min).
Finally, the RBCs were dispersed in absolute ethanol and observed by
using TEM.

Fe304@DMSA (30 mg) was dispersed in ethanol solution (30 mL,
50%). APTES (100 pL) and FITC reagent (200 pL) was added and reacted
at 40 °C for 24 h in the dark to load Fe304@DMSA with fluorescence.
Fe304@DMSA-FITC was incubated with the RBC suspension for 30 min
(5mg mL ). The glutaraldehyde solution (100 pL, 2.5%) was added and
the PBS solution was added to rinse twice. The dye of TRITC phalloidin
was added to stain the RBCs for 20 min, and then the solution was rinsed
three times with PBS, and observed under CLSM.

2.8. Pb(I) adsorption test in vitro of magnetic nanomotor adsorbent

Fresh Pb(II) poisoned blood (1 mL, 0.1 ppm) was added with
Fe304@DMSA (5 mg) and placed under static and alternating magnetic
field for 0.5 h. After the sample was sufficiently separated with a per-
manent magnetic field, the upper blood (0.5 mL) was taken into a Teflon
reactor. HyO5 (1.5 mL) and HNO3 (1 mL) were added, and the reaction
was carried out at 180 °C for 2 h under high temperature and high
pressure to digest the blood. After the reaction, the liquid was trans-
ferred to a 5 mL volumetric flask and made up to volume with purified
water. ICP was used to measure the concentration of Pb(II) in blood
before and after adsorption [45,46]. The adsorption efficiency was
calculated as: E=(Cp—C;)/Co x 100%, where Cy was the concentration of
before adsorption, and C; was the concentration of after adsorption.

2.9 In vivo extracorporeal blood circulation experiment of living animal

The anesthetic surgical and postoperative care protocols of animal
experiments were examined and approved by the Animal Ethics Com-
mittee of Nanjing Drum Tower Hospital and conducted under the
Institutional Committee of Care and Use of Laboratory Animals. The
Bama miniature pigs was used as experimental pigs (female, 50 kg, n =
3). Animal models of Pb(II) poisoning were established by feeding lead
acetate (1.5 g day ™}, 10 day) [47]. Pig of the control group was detox-
ified by oral DMSA (0.5 g day_l, 7 day) [48]. The in vivo extracorporeal
blood circulation experiment was established as follows: The experi-
mental pig was anesthetized and the upper layer of tissue was cut in the
neck. Blood was drawn after cannulation at the vein. Fe304@DMSA (3 g)
was injected and mixed with blood, passed through an external circu-
lation tube, and separated by a permanent magnetic field. The separated
blood was led back to the porcine artery [49]. The blood flow rate was
20 mL min . The adsorbent concentration was 5 mg mL™!. After the
second circulation, the main organ tissues of the pig were cut and
stained, then observed and photographed under an optical microscope
[50]. The blood before and after the two circulations was digested at
high temperature (180 °C, 2 h). ICP was used to test Pb(II) concentration
and the elemental Fe content in the blood before and after the two cir-
culations, then the adsorption efficiency and the material residual rate
were calculated.
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3. Results and discussion
3.1. Characterization of Fe304@DMSA

The morphology and size of Fe304@DMSA were observed by using
transmission electron microscopy (TEM). As shown in Fig. 2A and B, the
synthesized Fe3O4 nanoparticles are uniformly dispersed, with a mean
size of approximately 35 nm. After DMSA modification, there was no
obvious change in morphology and size. The scanning electron
microscope-mapping (SEM-mapping) and energy-dispersive spectros-
copy (EDS) of Fe304@DMSA are shown in Fig. S1, where the C and S
elements can be attributed to related elements in DMSA. The successful
preparation of Fe304@DMSA can be further confirmed by the Fourier
transform infrared spectroscopy (FT-IR) spectrum and zeta potential
measurements. The peak at around 576 cm ™! in the FT-IR spectrum can
be attributed to the lattice vibration of Fe-O in Fe3O4 [51,52]. The peaks
at 1630 cm™! and 1379 cm™! are related to ~-COO- asymmetric and
symmetric stretching vibration (Fig. 2C). After DMSA was used for
modification, it is difficult to observe the characteristic peaks of sulf-
hydryl groups by FT-IR spectroscopy [53-57]. Ellman spectrophotom-
etry was used to detect the sulfhydryl content in Fe304@DMSA [58,59].
The sulfthydryl group in Fe304@DMSA was calculated from the standard
curve of Fig. 2D to be approximately 0.049 mmol g !. Pure Fe3O4
exhibited a weak negative charge (—4.3 mV), and the zeta potential of
Fe304@DMSA became —18.1 mV (Fig. 2E), which may be due to the
modification of the negatively charged DMSA [60]. The modification
amount of DMSA can be determined by thermogravimetric analysis
(TGA) [61]. As shown in Fig. 2F, the ratio of DMSA in Fe304@DMSA was
about 7.8%. X-ray diffraction (XRD) results showed that Fe304@DMSA
still retained the crystal planes at (220), (311), (400), (422), (511) and
(440) of Fe30y4, indicating that the original cubic inverse spinel struc-
tures was not destroyed by the modification process (Fig. 2G) [62,63].
The hysteresis loops showed that the modification did not affect the
magnetic properties of the Fe3O4, ensuring that the sample can be
effectively separated and recovered, and the low hysteresis indicated
that Fe304@DMSA can be better controlled by the alternating magnetic
field (Fig. 2H) [64,65].

3.2. Biocompatibility of Fes04@DMSA

The determination of hemolysis rate is very important for blood
compatibility. International standards of hemolysis rate for non-
hemolytic biomaterials is below 2%, whereas >5% is hemolytic mate-
rials [66,67]. When Fe304 was modified with DMSA, the hemolysis rate
decreased from 2.7% to 1.9%, indicating that DMSA can improve the
blood compatibility of the material (Fig. S2A). The hemolysis rates of
Fe304@DMSA at different concentrations were shown in Fig. 3A. The
hemolysis rate was still below 2% at the higher concentration of
Fe304@DMSA. The RBC morphology results showed that after incuba-
tion of Fe304@DMSA with RBCs, the RBCs still had the normal
morphology (Fig. S2B), illustrating that Fe304@DMSA would not cause
significant damage to RBCs [68]. Activated partial thromboplastin
time/prothrombin time/thrombin time (APTT/PT/TT) results proved
that Fe304@DMSA had no significant effect on the coagulation system
compared with blank plasma (Fig. 3B). Cell counting kit-8 (CCK-8) was
used to evaluate the cytotoxicity of Fe304@DMSA on peripheral blood
lymphocytes. When different concentrations of FesO4@DMSA were
incubated with peripheral blood lymphocytes for 1 h, the cell viability
remained above 90%, indicating that Fe304@DMSA has good cell
compatibility (Fig. 3C).

3.3. Study on the interaction between FesO4@DMSA and cells
More than 95% of blood Pb(II) will bind to RBCs (especially the Hb),

and less than 5% of blood Pb(II) is present in plasma. Therefore, how to
remove Pb(II) bound to Hb in RBCs is the key to treating blood Pb(II)
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Fe304, (b) Fe304@DMSA; (H) Hysteresis loops of (a) Fe304, (b) Fe30,@DMSA (inset: the sample was separated by a magnet).

Fig. 3. (A) Hemolysis rate at different concentrations

of Fe304@DMSA.

poisoning. It has been regarded that nanoparticles larger than 1 pm may
be left on the outside of RBCs, but smaller size can enter RBCs and be
separated by permanent magnetic field [69-71]. TEM was used to
observe the interaction between the Fe30,4,@DMSA and RBCs. Compared
with blank RBCs, a large number of nanoparticles entered the RBCs after
Fe304@DMSA was incubated with the RBCs (Fig. 4A). Fe304@DMSA
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was loaded with the green fluorescent dye fluoresceine isothiocyanate

(FITC) and incubated with RBCs whose cytoskeleton was stained red by
tetramethyl rhodamine isothiocynate (TRITC) phalloidin. Confocal laser

scanning microscopy (CLSM) images (Fig. 4B) and three-dimensional

(3D) tomography (Movie S1) showed that Fe3O4@DMSA entered the
RBCs instead of attaching to the RBC surface. Furthermore, the
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interaction between Fe3O4@DMSA and macrophage RAW264.7 was
shown in Figs. S3, S4 and Tables S4 and S5, indicating that
Fe304@DMSA can effectively avoid the phagocytosis of the immune
system (see the supporting information for detailed analysis).
Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2020.09.032.

3.4. Study on adsorption efficiency and adsorption mechanism of Pb(I)
by magnetic nanomotor adsorbent in vitro

The magnetic nanomotor has been proven to be manipulated within
the cell. Therefore, when the magnetic nanomotor adsorbent was
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Aa

TRITC phalloidin

Fig. 4. (A) TEM images of (a) blank RBC, (b, ¢) RBC contacting with
Fe304@DMSA (scale bar: 2 pym); (B) CLSM images of (a) RBC (stained with red
dye TRITC phalloidin) uptake of the Fe304@DMSA (labeled with green dye
FITC) (scale bar: 10 pm), (b) screenshot of 3D rendered Movie S1.

incubated with the RBCs and entered the RBCs, Fe304@DMSA nano-
particles can be controlled to move inside the RBCs through the alter-
nating magnetic field, and the adsorption performance of the magnetic
nanomotor adsorbent was also explored. First, the magnetic nanomotor
adsorbent can quickly move inside the RBCs under the action of an
alternating magnetic field, indicating that this autonomous movement
may effectively increase the contact probability of the magnetic nano-
motor adsorbent and the Pb(II)-containing Hb inside the RBCs (Fig. 5A
and Movie S2). The adsorption efficiencies in the Pb(II)-poisoned blood
in vitro are shown in Fig. S5. The optimal adsorption condition of
Fe304@DMSA in blood (0.1 ppm) was set as 5 mg mL ! for 0.5 h (see the
supporting information for detailed analysis). As shown in Fig. 5B, after
Fe3O4@DMSA (5 mg mL~1) was incubated with Pb(1I)-poisoned blood
(0.1 ppm) for 0.5 h, the adsorption efficiency of the magnetic nanomotor
adsorbent under static condition was only 40.6%. However, the mag-
netic nanomotor adsorbent under the condition of continuous
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Fig. 5. (A) The trajectory of magnetic nanomotor adsorbent in RBC from Movie
S2 (time: 10 s); (B) Adsorption rates of Fe30,@DMSA (5 mg mL™Y) in blood
(0.1 ppm) at (a) static, (b) shaking at the alternating magnetic field for 0.5 h;
XPS spectra (Pb 4f) of Fe30,@DMSA (C) before and (D) after adsorption
in blood.
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alternating magnetic field had an adsorption efficiency of 80.6%, which
doubled compared with that at the static condition, indicating that the
active movement of the magnetic nanomotor adsorbent may effectively
increase the contact probability of the magnetic nanomotor adsorbent
and the Pb(II)-containing Hb in the RBCs, thus the adsorption efficiency
was also greatly improved. Meanwhile, ion selectivity is also a key factor
in the effective adsorption of adsorbents in blood [72,73]. Fig. S6
showed that the magnetic nanomotor adsorbent had high adsorption
efficiency (reached 80%) for heavy metal Pb(II), and did not obvious
effect on other normal ions, indicating that the magnetic nanomotor
adsorbent had a good selectivity for Pb(II) in blood.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2020.09.032.

In order to study the adsorption mechanism of the magnetic nano-
motor adsorbent, the adsorption capacity of the magnetic nanomotor
adsorbent in aqueous solution was explored (Fig. S7). As shown in
Fig. S7A, the adsorption reached equilibrium when the adsorbent con-
centration was 5 mg mL ! (consistent with that in blood condition).
Adsorption isotherm and adsorption kinetics models are commonly
applied for describing the adsorption behavior of the metal ion [74-76].
Compared with Langmuir equation (R2 = 0.981), the removal process
was more consistent with Freundlich equation [R? = 0.994,n = 0.887 <
1) (Figs. S7B, S8 and Table S6). This indicated the chemisorption process
of Pb(II) on heterogeneous multilayer surface of the magnetic nano-
motor adsorbent. At the same time, compared with the
pseudo-first-order kinetics, the adsorption process is more in line with
the pseudo-second-order kinetics (Fig. S7C, S9 and Table S7) [77,78].
X-ray photoelectron spectroscopy (XPS) was used to analyze the changes
of surface elemental states before and after magnetic nanomotor
adsorbent adsorbed Pb(II) in the blood. After Fe304@DMSA was sepa-
rated from the blood with permanent magnetic field, the peaks of Pb 4f
were appeared at around 138.9 eV and 143.9 eV, proving that
FesO4@DMSA effectively adsorbed and brought out Pb(II) from the
blood (Fig. 5C and D) [79,80]. The O 1s spectrum at around 529.6 eV
and 531.5 eV were corresponded to O-C—=0 and C=O of the carboxyl
functional group, respectively. And the new peak at around 530.2 eV
after adsorption can be attributed to the formation of Pb-O [56,81,82].
In the S 2p spectrum, the peak at around 163.3 eV was the free sulfhy-
dryl functional group, and the peak at around 164.0 eV was the disulfide
bond after oxidation in the synthesis process [83,84]. After adsorption,
the sulfhydryl group of Fes04@DMSA changed and the peak corre-
sponding to the disulfide bond did not change significantly, indicating
that the sulthydryl groups also acted on the adsorption of blood Pb(II)
(Fig. S10).

Since most of the Pb(II) in RBCs are bound to Hb, in order to verify
whether the binding strength of the magnetic nanomotor adsorbent with
Pb(II) was greater than the binding strength of Hb and Pb(II), theoretical
calculation method was used to study. As shown in Fig. S11, the binding
energies of Pb(II) and amino acid fragments of Asp380, Asp384, and
Asp386 in Hb were about 53.40, 95.50, and 79.30 kcal mol ! (Table $8),
which were less than the binding energy of sulfhydryl group and Pb(II)
(107.58 kecal mol™?). This theoretically confirmed the possibility that
magnetic nanomotor adsorbent with sulfhydryl groups can adsorb Pb(II)
in Hb.

Therefore, the adsorption mechanism of the magnetic nanomotor
adsorbent in blood was speculated as follows. When Fe304@DMSA
entered the blood environment, the magnetic nanomotor adsorbent can
enter the inside of the RBCs and the contact probability between
Fe3sO4@DMSA and the Pb(II)-containing Hb may be effectively
increased based on the active movement of magnetic nanomotor
adsorbent under the condition of continuous alternating magnetic field.
Through coordination interaction, the sulfhydryl groups (or small
amount of carboxyl functional groups) in the Fe3O4@DMSA adsorbed
the Pb(II) in Hb. Finally, the Fe304@DMSA with Pb(II) was safely
removed by permanent magnetic field.
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3.5. In vivo extracorporeal blood circulation experiment of living animal

Finally, the adsorbent was applied to animal model of Pb(II)
poisoning. Due to the lack of existing magnetic manipulation technology
and devices, it is difficult for the magnetic nanomotor adsorbent under
the action of the alternating magnetic field to pass precise control force
to ensure that it can safely and effectively act on most of the RBCs in the
macroscopic blood for a long time [39]. In addition, the existing animal
blood Pb(II) removal scheme requires fast blood circulation, which has a
great influence on the autonomy of the magnetic nanomotor, making the
current magnetic motor adsorbent extremely difficult to apply to the
study of blood Pb(II) adsorption in large animal models. Therefore,
extracorporeal blood circulation device was constructed to investigate
the adsorption efficiency of blood Pb(II) adsorbent Fe3s04@DMSA under
non-magnetic field control. The specific operation and device structure
were shown in Fig. 6A. As shown in Fig. 6B, the seven-day treatment
efficiency of the control group was about 39%. In the in vivo extracor-
poreal blood circulation experiments, the efficiency of the first circula-
tion was about 43% and the second adsorption efficiency was about 51%
after 50 min of treatment with the adsorbent. After the two circulations,
the Pb(II) concentration in pig blood was dropped to lower lever (0.098
ppm). The above results indicated that the adsorbent can be used to
reduce blood Pb(II) levels in animal model efficiently. At the same time,
the routine blood tests showed that two circulations did not affect the
contents of RBCs and Hb in the blood (Fig. 6C and D). As shown in
Fig. S12, there was no significant change in the levels of various enzymes
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in the blood after the surgery. The normal ion content and the content of
gas (COz and NO) did not change significantly after the two circulations
(Figs. S13 and S14). Compared with the organ tissue section of the
control group (DMSA), there was no inflammation in the organs after the
surgery (Fig. 6E). When the blood circulation experiment was carried
out, the adsorbent was mainly used to act in the extracorporeal circu-
lation tube and separated before the blood was returned to the pig.
Considering the possibility of the adsorbent entered the body, the con-
tent of elemental Fe in the blood before and after the two circulations
was also detected. After the second circulation, the increased Fe content
in the blood was less than 1%, indicating that the adsorbent can be
effectively separated from the blood.

4. Conclusion

In summary, a magnetic nanomotor adsorbent for blood Pb(II)
removal based on small-sized Fe304 nanoparticle surface modified with
the chelating agent DMSA was proposed, which can move in the RBCs
under alternating magnetic field. The nanomotor concept were intro-
duced in blood Pb(II) adsorption process, which has never been reported
before. This magnetic nanomotor adsorbent can enter the inside of RBCs
and the contact probability between the nanomotor adsorbent and the
Pb(II)-containing Hb can be effectively increased based on the active
movement of the nanomotor. Then Pb(II) bound to Hb can be adsorbed
by the magnetic nanomotor adsorbent through the strong coordination
of sulfydryl (or carboxyl). The biocompatibility tests show that the
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Fig. 6. (A) Animal experiment with in vivo surgery of (a) experimental monolithic apparatus, (b) pig undergoing surgery, (c) venous cannula, (d) nanomotor injection
and extracorporeal blood circuit; (B) Removal efficiency of Pb(II) in blood of pigs by oral treatment (DMSA, 7 days), and Fe304@DMSA treatment after the first and
the second circulation (20 mL min~!); (C, D) Routine blood test for the first and second circulation; (E) Tissue histology of the main organs of pigs in oral DMSA group
and surgery group (magnification: 40 x ). *Denotes statistical significance between bars (*for p < 0.05) using one-way ANOVA analysis. Experimental data are mean

+ s.d. of samples in a representative experiment (n = 3).
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adsorbent does not cause obvious hemolysis and coagulation of the
blood. Compared with previous studies on blood Pb(II) adsorption, the
magnetic nanomotor adsorbent shows better selective adsorption effi-
ciency in Pb(II) poisoning blood in vitro. An extracorporeal blood cir-
culation device was constructed to remove Pb(Il) in pig models, further
proving the adsorbent has good removal performance (first circulation:
43%/50 min, second circulation: 51%/50 min). These results verify that
the combination of surface interface modification technology and
nanomotor technology may provide important technical support for the
removal of blood Pb(II).
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