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Hemoperfusion is an important strategy for liver disease treatment. Polystyrene-divinylbenzene (PS-DVB)
microspheres are widely applied as absorbents in hemoperfusion to efficiently remove the important
toxin bilirubin. However, as another common toxin, endotoxin will remain during this process and cause
endotoxemia. Therefore, simultaneous removal of both bilirubin and endotoxin is highly desirable. In the
present study, we engineered PS-DVB microspheres with polymyxin B sulfate (PMB) to meet this goal.
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1. Introduction

Over the past few decades, liver disease has become common
worldwide, resulting in a mortality rate of 2 million deaths per
year."? Liver dysfunction causes disordered bilirubin excretion,
and subsequent hyperbilirubinemia often occurs due to bili-
rubin accumulation, leading to further deterioration of the
disease and even death.’ In addition to hyperbilirubinemia,
endotoxemia is another severe complication associated with
liver disease, e.g., hepatitis,* fibrosis/cirrhosis,>® and hepato-
cellular carcinoma.” In these liver diseases, Kupffer cells and
liver sinusoidal endothelial cells cannot eliminate endotoxin
(also called lipopolysaccharide, LPS) in the body, resulting in
endotoxemia, organ disorders, and even death.*®

In clinical practice, hemoperfusion is one of the most useful
strategies for blood purification. This strategy has been utilized
as a vital treatment for liver disease,'*™ effectively improving
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17.03% and 42.57%, respectively. Overall we believe that the novel P-PMB microspheres have
considerable potential for liver disease treatment in clinical practice.

the survival rate of patients.” Resin, a spherical polymer with
a porous structure and high specific surface area, is widely
applied as an adsorbent in hemoperfusion. For example, the
adsorbent polystyrene-divinylbenzene (PS-DVB) anion exchange
resin shows strong bilirubin detoxification and a fast adsorp-
tion rate and has been commercially applied by Asahi Kasei Co.,
Japan.™ However, most of the current adsorbents exploited for
the treatment of hepatitis target the removal of a single toxin,
bilirubin,'®” and endotoxin clearance has rarely been consid-
ered. Incomplete removal of toxins will result in poor thera-
peutic effects.*®

To overcome this chronic problem, we prepared novel poly-
myxin B (PMB)-engineered polystyrene-divinylbenzene micro-
spheres, as shown in Fig. 1. PMB is a cyclic and highly cationic
decapeptide derived from Bacillus polymyxa.**** The endotoxin—-
PMB complex is very stable and has an association constant (K,)
ranging from 1.8 x 10 °t0 2.3 x 10~® M.?" In the present study,
we grafted 11-mercaptoundecanoic acid (MA) onto micro-
spheres as a linker by thiol-ene click chemistry and then
immobilized PMB to the surface via EDC/NHS coupling reac-
tions. The scheme is illustrated in Fig. 2a. Considering the
stable endotoxin-PMB interaction and the excellent bilirubin
detoxification ability of PS-DVB microspheres, we expected that
these novel microspheres could efficiently remove both bili-
rubin and endotoxin from patients.

2. Materials and methods
2.1 Materials

Endotoxin standards, chromogenic end-point Tachypleus
Amebocyte Lysate (TAL) for endotoxin detection and endotoxin-
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Fig. 1 Scheme of polymyxin B engineered polystyrene-divinylben-
zene microspheres adsorbent for bilirubin and endotoxin removal.

free water were purchased from Xiamen Horseshoe Crab
Reagent Manufactory (Xiamen, China). Bilirubin was purchased
from Aladdin Bio-Chem Technology Co., Ltd (Shanghai,
China). Anticoagulated rabbit blood and rabbit serum were
purchased from Hongquan Biotechnology Co., Ltd (Guangz-
hou, China). Mouse embryonic fibroblast cells (L929) and
human umbilical vein endothelial cells (HUVECs) were ob-
tained from the American Type Culture Collection (ATCC; MD,

®
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USA). Cell counting kit-8 (CCK-8) was purchased from Dongren
Chemical Technology Co., Ltd (Japan). Dulbecco’'s modified
essential medium (DMEM), fetal bovine serum (FBS) and
penicillin-streptomycin liquid were purchased from Gibco
BRL Co. Ltd (CA, USA).

Polystyrene-divinylbenzene microspheres (PS-DVB micro-
spheres; the diethylbenzene content was greater than 79%, and
the content of hanging double bonds was 2.2-3.1 mmol g )
were provided by Guangdong Baihe Medical Devices Group Co.,
Ltd (Guangzhou, China), and 11-mercaptoundecanoic acid (MA
98%) and PMB were obtained from Sigma Chemical Co., Ltd
(MO, USA). Phosphate-buffered saline (PBS) was purchased
from Solarbio Technology Co., Ltd (Beijing, Chain). 2,2-
dimethoxy-2-phenylacetophenone (DMPA) and N,N-dime-
thylformamide (DMF) were purchased from Aladdin Bio-Chem
Technology Co., Ltd (Shanghai, China). N-Hydroxysuccinimide
(NHS) and N-(3-dimethyl-minopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC HCI) were purchased from Shanghai
Macklin Biochemical Co., Ltd (Shanghai, China). Ethanol
absolute was purchased from Guangshi reagent Technology
Co., Ltd (Zhaoqing, China). All other materials and solvents

were of analytical reagent grade.
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Fig. 2

(a) Scheme of the P-PMB microspheres prepared by thiol-ene click chemistry and EDC/NHS coupling reactions. (

b) The FTIR spectra of

different microspheres. (c) XPS N 1s high-resolution spectra of PS-DVB, P-MA and P-PMB microspheres. (d) XPS C 1s high- resolutlon spectra of
P-PMB microspheres. (e) SEM images of the indicated microspheres at 50x and 300 00x magnifications.
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2.2 Preparation of the engineered microspheres

MA (0.92-11.45 mmol) and DMPA (0.15 g, 0.59 mmol) were
mixed with PS-DVB (1 g) in DMF (50 mL) in a sealed glass vial.
The samples were shielded with aluminium foil while purged
with nitrogen gas for 30 min. With the aluminium foil removed,
the samples were exposed to 365 nm light at room temperature
(~20 °C) for 1 h before being exposed to air. Then, the micro-
spheres were washed with ethanol and endotoxin-free water
separately for 1 day and dried in a vacuum drying oven (DP33C,
Yamato, Japan) for 2 days at 40 °C. According to PS-DVB : MA
ratios of 0.2 to 2.5, the samples were referred to as P-MA-0.2, P-
MA-0.3, P-MA-0.4, P-MA-0.5, P-MA-1, and P-MA-2.5, where the
number corresponds to the ratio in the sample.

Then, P-MA-1 (500 mg) was activated with EDC (388 mg, 2
mmol) and NHS (234 mg, 2 mmol) in PBS (20 mL) at room
temperature for 1 h. The pH of the mixture was adjusted to 5.0
by 0.1 M HCI. Next, the microspheres were cleaned with PBS and
mixed with PMB (80 mg, 0.06 mmol) in PBS (20 mL). The
mixture was stirred for another 24 h. The microspheres were
washed with PBS and endotoxin-free water separately for 1 day
and then dried in a vacuum drying oven for 2 days at 40 °C.

2.3 Characterization

An FTIR assay was performed by a spectrometer (VERTEX 70,
Bruker, Germany) with scanning from 4000 to 400 cm™ " at room
temperature. Elemental analysis was performed by an
elemental analyzer (UNICUBE, Elementar, Germany) to deter-
mine the contents of carbon, hydrogen, sulfur and nitrogen in
the synthesis process of P-PMB microspheres. The -COOH
content was calculated according to the corresponding S
content. XPS spectra were obtained by an X-ray photoelectron
spectrometer (ESCALAB™ Xi+, Thermo Scientific™, USA)
employing Al Ko excitation radiation. Scanning electron
microscopy (Nova Nano SEM 430, FEI, USA) was used to study
the morphology of the microsphere surface. Prior to analysis,
samples were dried and coated with gold. N, adsorption/
desorption measurements were performed by an automatic
gas adsorption analyzer (Autosorb iQ, Quantachrome Instru-
ments, USA). The samples were degassed for 6 h at 120 °C. The
specific surface area (SSA) was determined by the multipoint
Brunauer-Emmett-Teller (BET) method using the adsorption
data in the relative pressure range of 0.05 to 0.35. The pore size
distribution and pore volume were calculated from the
desorption isotherm using the density functional theory (DFT)
method.

2.4 Biocompatibility assay

L929 and HUVECs were cultured in DMEM with 10% fetal
bovine serum and 1% penicillin-streptomycin liquid at 37 °C in
a 5% CO, incubator. Before cell seeding, the materials were
immersed in the medium for 24 h at 37 °C (100 mg in 1 mL
DMEM). Then, extract solutions were sterilized by passage
through 0.22 pum filter membranes. The cells were seeded in
a 96-well plate at a density of 10" cells per well with culture
medium. After 24 h, the medium was replaced with fresh
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culture medium in the control group and with the extraction
liquid in the experimental group. After culturing for another
24 h, cell cytotoxicity was characterized using a CCK-8 kit in
accordance with the manufacturer's instructions.

2.5 Hemolysis analysis

According to the pharmaceutical industry standard of the
People's Republic of China (YY/T 1651.1-2019), 8 mL sodium
citrate anticoagulated rabbit blood was added to 10 mL normal
saline to prepare diluted blood. Fifty milligrams of micro-
spheres were incubated with 1 mL normal saline at 37 °C for
30 min. We employed normal saline and distilled water without
microspheres as the negative and positive controls, respectively.
Then, 20 pL of diluted blood was added to each tube and gently
mixed. All tubes were incubated in a water bath at 37 °C for
60 min. The supernatant solution was obtained after centrifu-
gation (800 g for 5 min) and measured at 545 nm by a multi-

mode microplate reader (Varioskan™ LUX, Thermo

Scientific™, USA). The hemolysis rate was calculated as follows:
) OD, — OD,

Hemolysis rate(%) = (OD. ) x 100 (1)

(OD,. — OD,.)

where ODy, OD,,, and OD,, are the absorbance of the samples,
positive control, and negative control, respectively.

2.6 Coagulation test

To evaluate the antithrombogenicity of the microspheres,
a coagulation test was carried out. Briefly, 9 mL of blood from
New Zealand rabbits was mixed with 1 mL of 3.8% sodium
citrate. The fresh blood was centrifuged at 4000 rpm for 10 min
to obtain platelet-poor plasma. Then, 1 mL of the resulting
plasma was mixed with 50 mg of microspheres. After incubation
at 37 °C for 30 min, the activated partial thromboplastin time
(APTT), prothrombin time (PT), thrombin time (TT) and
fibrinogen (FIB) level of the plasma were evaluated by a blood
coagulation analyzer (Emo Express, Stago, France). The group
without samples was served as the control.

2.7 Protein adsorption

To evaluate the protein adsorption capacity of microspheres in
plasma, 500 mg adsorbents were incubated in 10 mL rabbit
serum at 37 °C for 2 h. The total protein (TP) was analyzed using
an automated biochemistry analyzer (3100, Hitachi, Tokyo,
Japan).

2.8 Dynamic adsorption of toxins in plasma

Dynamic adsorption of endotoxin in rabbit plasma was evalu-
ated by the TAL (chromogenic) method.* Briefly, 0.5 g of
microsphere adsorbents were packed into a chromatography
column (with an inner diameter of 1.5 cm and adjustable height
of 25-155 mm) to simulate the hemoperfusion apparatus. Each
time before use, the column was cleaned by perfusion with
normal saline and endotoxin-free water. Then, 10 mL of plasma
with endotoxin (2 EU mL™") was cycled through the column for
2 h at a flow rate of 4 mL min~" by a constant current pump

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(BT1-100L-LCD, Shanghai Qite Analytical Instrument Ltd,
China). Plasma samples were collected at 0-, 10-, 30-, 60-, 90-
and 120 min intervals. The amounts of adsorbed endotoxin at
different times were investigated by a bacterial endotoxin
detector (LKL-02-64, Zhanjiang A&C Biological Ltd, China).

Bilirubin adsorption was investigated in a similar manner.
Briefly, 200 mg L™ bilirubin solution was prepared in rabbit
plasma to mimic the blood of hyperbilirubinemia patients.
Plasma samples were collected at 0-, 10-, 30-, 60, 90-, 120- and
180 min intervals. Then, the bilirubin concentration was
measured at 438 nm on a multimode microplate reader (Vari-
oskan™ LUX, Thermo Scientific™, USA).

The endotoxin or bilirubin removal rate was calculated
according to the following equation:

(G- C) o

0

100 )

Removal rate(%) =
where C, (EU mL™") and C, (EU mL™") are the initial and
residual toxin concentrations at the indicated time points,
respectively.

3. Results and discussion

First, we demonstrated that MA and PMB molecules were
successfully immobilized on PS-DVB microspheres. The FTIR
results (Fig. 2b) showed that compared to pristine PS-DVB
microspheres, the MA-engineered microspheres (P-MA-n,
where 7 is the ratio (0.2 to 2.5) in the reaction system) showed
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anew peak at 1714 cm™ ', which was attributed to the stretching
vibrations of C=0 in MA.>*** The increased intensity of the
C=0 peak demonstrated that the density of immobilized MA
molecules was increased (P-MA-0.2 to P-MA-2.5). The results of
the elemental analysis (Table S11) were consistent with the FTIR
results, where the P-MA-1 and P-MA-2.5 groups showed higher
amounts of S than the other groups. Considering the amount of
—-COOH groups, we selected P-MA-1 (abbreviated as P-MA) to
immobilize PMB via EDC/NHS coupling reactions for subse-
quent research. After the reaction, the FTIR spectrum of the
PMB-engineered (P-PMB) microspheres showed a new peak at
1669 cm ', which was attributed to the amide C=0 stretching
vibration in PMB molecules.

The XPS N 1s and C 1s high-resolution spectra (Fig. 2c and d)
showed obvious N (400.05 eV) and C=0 (288.22 eV) peaks for P-
PMB microspheres, further demonstrating the immobilization
of PMB on microspheres.”*** Additionally, the elemental
content results (Table S1t) showed that the N element increased
from 0 to 1.41% in P-PMB microspheres compared to PS-DVB
microspheres, which was consistent with the XPS results.
According to the results, we calculated the amount of PMB
grafted on the microspheres to be 87.2 mg g~ .

Immobilization of MA and PMB did not influence the
morphology and pore structure of the microspheres. The SEM
images (Fig. 2e) showed that PS-DVB microspheres had
a uniform spherical morphology and many nanosized pores.
After immobilization of MA and PMB, the morphology of the
microspheres did not obviously change. The N, adsorption—-
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Fig. 3 (a) CCK-8 assay of the indicated microspheres in L929 cells (n = 3). (b) Visual observation of hemolysis in the extracts of the indicated

microspheres. (—) was the negative control, and (+) was the positive control. (c) Hemolysis ratios of the extracts of the indicated microspheres. (d)
Activated partial thromboplastin time, (e) prothrombin time, (f) thrombin time and (g) fibrinogen analyses of the PS-DVB, P-MA and P-PMB

microspheres (n = 3).
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desorption results (Fig. S2 and Table S37) further illustrated
that modification of the microspheres did not affect the diam-
eters of the nanosized pores on the microspheres, which were
8.116, 8.219 and 8.195 nm on PS-DVB, P-MA and P-PMB
microspheres, respectively. As previously reported,” the bili-
rubin adsorption of the microspheres mainly relied on pore
size, and pores larger than 7 nm were desirable for PS-DVB
adsorbents. The above results showed that the pore sizes of
the microspheres were approximately 8 nm before and after
modification, demonstrating that PMB immobilization did not
affect bilirubin adsorption.

We demonstrated that the engineered microspheres had
excellent biocompatibility and hemocompatibility. The cell
counting kit-8 assay (CCK-8) results (Fig. 3a and S3t) showed
that compared to the culture medium, the extracts of P-PMB
microspheres showed negligible cytotoxicity to L1929 and
HUVECS, being similar to the other two types of microspheres
(PS-DVB and P-MA). Meanwhile, the hemocompatibility results
showed no visible hemolysis in the extracts of P-PMB micro-
spheres (Fig. 3b). Quantitative analysis demonstrated that the
hemolysis ratio of the P-PMB microspheres was only 2.20%
(Fig. 3c), which was hemocompatible according to ISO 10993-
5:1992 (less than 5%).>®* The hemocompatibility of the
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microspheres was further characterized by the anticoagulant
property of the microspheres.

The in vitro clotting time results (Fig. 3d-f) showed that the
APTT was slightly lower in the P-PMB microsphere group at
approximately 96.00% than in the PS-DVB group (p = 0.0851). No
significant differences in PT and TT were identified between the
pristine PS-DVB and engineered P-PMB microspheres, demon-
strating that the engineered microspheres had no effect on
endogenous coagulation.”® Additionally, both the pristine
microspheres (PS-DVB) and the engineered microspheres (P-MA
and P-PMB) had no effect on the adsorption of FIB (Fig. 3g).
These results demonstrated the biosafety of the PMB-engineered
microspheres during application; thus, these microspheres may
have potential as blood-contact materials in hemoperfusion.

Protein comprising a net negative charge could interact with
the ligand, thus competing with toxins for binding sites in
plasma.**** Therefore, the adsorption performance of micro-
spheres toward protein was investigated in rabbit serum. The
adsorption results of P-PMB microspheres showed that the total
protein slightly decreased and was absorbed by 0.33 g L™,
being similar to the other two microspheres (Fig. S41). And the
TP adsorption capacity of P-PMB microspheres was 6.6 mg g™/,
which was similar or lower than other reports.**** And as re-
ported, minor protein adsorption can be neglected as long as
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(a) Schematic diagram and actual experimental diagram of the dynamic adsorption device. (b) Effects of adsorption time on the endotoxin

removal rate in plasma. (c) Effects of adsorption time on the bilirubin removal rate in plasma.
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the adsorption of toxins is ensured for hemoperfusion
adsorbents.*”

We performed dynamic adsorption simulation experiments
on bilirubin or endotoxin in plasma (Fig. 4a), respectively. The
dynamic adsorption of endotoxin results (Fig. 4b) showed that
P-PMB microspheres had a strong endotoxin detoxification
ability. There was a rapid adsorption process in 10 min for the
P-MA and P-PMB microspheres owing to the frequent collisions
between the exposed active sites and the large amount of
endotoxin monomers.*® After 120 min of adsorption, the
endotoxin removal rate of P-PMB microspheres reached
53.35%, which was 5.03- and 2.18-fold higher than those of PS-
DVB and P-MA microspheres, respectively. In patients with
gram-negative sepsis, endotoxin clearance by a commercial
product called PMX-F was only 47%,* which is slightly lower
than that with our material, but no evidence indicated that
PMX-F could remove bilirubin from plasma. PMB molecules
have been reported to have positively charged amino groups
that can bind to negatively charged phosphoric acid molecules
on endotoxin molecules through electrostatic interactions,*’
and their long alkyl chains can bind to acyl hydrophobic chains
on endotoxin by hydrophobic interactions. Due to these inter-
actions, the P-PMB microspheres could adsorb more endotoxin
than the other two types of microspheres.

Interestingly, in addition to endotoxin, the P-PMB micro-
spheres also promoted bilirubin detoxification. The dynamic
adsorption results (Fig. 4c) showed that for the three types of
microspheres, the adsorption rate was rapid in the first 10 min,
which was attributed to the rapid diffusion of bilirubin mole-
cules into the pores on the microspheres.** As previously re-
ported, PS-DVB microspheres adsorbed bilirubin through the
nanopores on their surfaces.”” Our results showed that modifica-
tion of the microspheres did not affect their pore sizes (Table S3+).
Therefore, all three types of microspheres could adsorb bili-
rubin through the pores. However, after MA modification, P-MA
microspheres showed a negative charge and repelled negatively
charged bilirubin. After 150 min, compared to that of PS-DVB
microspheres, the bilirubin removal rate of P-MA micro-
spheres decreased from 27.49% to 22.97%. After PMB modifi-
cation, P-PMB microspheres exhibited a positive charge due to
the five amino groups in PMB, which could strongly promote
bilirubin adsorption by electrostatic interactions. P-PMB
microspheres showed a maximum bilirubin removal rate of
45.56% after 150 min, which was 1.66- and 1.98-fold higher than
those of PS-DVB and P-MA microspheres, respectively. In the
presence of endotoxin in plasma, P-PMB microspheres still
adsorbed bilirubin to some extent, and adsorbed bilirubin at
a higher rate than the pristine PS-DVB microspheres (Fig. S57).
Additionally, the hemoperfusion time for clinical applications
is usually 2-3 h,*** being consistent with the time in our
research, demonstrating that our microspheres could be stable
for adsorbing toxins during application.

4. Conclusions

In summary, we developed novel PMB-engineered PS-DVB
microspheres by thiol-ene click chemistry and EDC/NHS

© 2021 The Author(s). Published by the Royal Society of Chemistry
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coupling reactions. These microspheres had excellent biocom-
patibility and hemocompatibility. Notably, compared to
commercial PS-DVB microspheres, these engineered micro-
spheres displayed stronger detoxification of both endotoxin and
bilirubin, which are common toxins in liver disease. Consid-
ering the broad application prospects of PS-DVB microspheres
in clinical practice and the remarkable detoxification ability of
P-PMB microspheres, we believe that these novel microspheres
will have considerable potential as absorbents in blood purifi-
cation for liver disease.
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