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Preparation of highly crosslinked
polyvinylpyrrolidone—polydivinylbenzene
adsorbents based on reinitiation of suspended
double bonds to achieve excellent blood
compatibility and bilirubin removal

Zuojin Kou® and Chunhong Wang*

Excess bilirubin in the body will lead to a series of damage to tissues and organs. At present,
hemoperfusion is used to remove excess bilirubin. However, commercial adsorbents have the
disadvantages of low adsorption capacity and poor blood compatibility. The adsorbents reported in the
existing literature have the disadvantages of small particle size, rough surface, low strength and complex
synthesis. Based on the structural characteristics of bilirubin, we introduced hydrophilic
polyvinylpyrrolidone (PVP) chain segments into hydrophobic polydivinylbenzene (PDVB) frameworks by
reinitiation of suspended double bonds. A class of adsorbents (DP adsorbents) with a large particle size,
smooth surface, uniform distribution of functional groups, highly crosslinked structure and high specific
surface area were synthesized. Bilirubin is adsorbed by a DP adsorbent through hydrophobic—hydrogen
bond synergy. The adsorption properties of the DP adsorbent with different skeleton structures for
bilirubin and anti-nonspecific protein adsorption were investigated, and the best adsorbent DP-4 was
selected. Compared with commercial adsorbent BL-300, the free bilirubin adsorption performance of
DP-4 was 3.6 times that of BL-300, and the bilirubin adsorption performance of DP-4 in the presence
of albumin was 4.4 times that of BL-300. The results of protein adsorption, the blood coagulation

experiment, platelet adhesion, hematological evaluation and the hemolysis test showed that DP-4 had
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1. Introduction

Bilirubin (Fig. 1A) is a metabolite of heme produced in aging
red blood cells in the human body and can act as an effective
antioxidant at physiological concentrations in the human
body." However, when excess bilirubin is produced or the
uptake, transformation or excretion of bilirubin by liver cells
is blocked, hyperbilirubinemia occurs, resulting in a series of
damage to tissues and organs.” The main treatment methods for
hyperbilirubinemia are liver transplantation,® hemodialysis,*
and hemoperfusion,’ the cost of liver transplantation is high,
and hemodialysis cannot effectively remove medium-size and
macromolecular blood toxins. Hemoperfusion is simple and
effective, with low toxicity and few side effects, and is widely
used in the treatment of hyperbilirubinemia.® Hemoperfusion is
based on the principle of adsorption separation, in which blood
or plasma enters a device containing adsorbents and toxins are
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good blood compatibility without any treatment.

removed by the adsorbents.” The key to a hemoperfusion
method is to prepare adsorption materials with excellent blood
compatibility, high adsorption capacity and high selectivity.

In the existing literature, the adsorbents used for bilirubin
removal are mainly divided into activated carbon,® chitosan
composites,”'® molecular imprinting materials,"" > graphene
composites,'* MOF composites'” and resins. As a hemoperfu-
sion adsorbent, human blood should be able to pass through
quickly in practical applications, and the adsorbent should
have a certain strength, and there is no risk of material falling
off. Therefore, the hemoperfusion adsorbent used to remove
bilirubin is generally a spherical material with good strength,
spherical appearance and large particle size. And these
conditions directly limit the ability of the above materials other
than resins for use in practical applications, so resins have an
absolute advantage in the current market of hemoperfusion
adsorbents for removing bilirubin. According to the adsorption
mechanism, resins can be divided into ion exchange resins and
adsorption resins.'®'” Ion exchange resins rely on electrostatic
interaction to adsorb bilirubin. In the actual perfusion process,
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hydrogen-bond interaction\

(B) Molecular configuration of bilirubin

Fig. 1 Chemical structure of bilirubin.

some anticoagulant ions will be adsorbed, leading to
coagulation,'® and the ion balance of blood will be seriously
disturbed.'® Adsorption resins depend on the hydrophobic
effect to adsorb bilirubin. During the actual perfusion process,
a large amount of protein was adsorbed, resulting in poor blood
compatibility.’*' The currently widely used hemoperfusion
resins have poor blood compatibility and require a series of
treatments before whole blood perfusion. Therefore, it is of great
significance to prepare a non-ionic adsorbent with high adsorp-
tion capacity for bilirubin, good blood compatibility and prac-
tical application ability for the treatment of hyperbilirubinemia.

Due to the formation of intramolecular hydrogen bonds,
bilirubin exhibits a ridge-tile conformation (Fig. 1B) and shows
high hydrophobicity in a physiological environment.>* Therefore,
in order to ensure the adsorption capacity of the bilirubin
adsorbent, a hydrophobic PDVB framework is a necessary
choice. However, only hydrophobic adsorbents have poor blood
compatibility, so we need to improve the blood compatibility
of adsorbents. In the existing literature, the methods to improve
the blood compatibility of the adsorbent can be divided into
coating,>** grafting of bioactive substances,”* and hydrophilic
modification of the material surface.>”® Coating refers to coating
a layer of hydrophilic material on the surface of the adsorbent,
which will result in a higher cost of the adsorbent and lower
adsorption capacity of bilirubin. Grafting of bioactive substances
means that an anticoagulant such as heparin is immobilized on
the adsorbent by some means. This method is suitable for ionic
adsorbents, and not suitable for non-ionic adsorption resins.
Hydrophilic modification of the material surface refers to intro-
ducing some specific hydrophilic chain segments into the adsor-
bent through some methods. The increase of hydrophilicity will
also lead to a decrease in the adsorption capacity of bilirubin.
According to Fig. 1, the existence of carboxyl groups on bilirubin
suggests that we can introduce a chain segment that can not only
improve the hydrophilicity of the material, but also interact with
the carboxyl groups, so as to solve the problem of decreasing the
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adsorption capacity of the adsorbent for bilirubin caused by
decreased hydrophobicity.

Polyvinylpyrrolidone (PVP) is a kind of non-ionic hydrophilic
polymer compound with excellent biocompatibility.®* Moreover,
PVP can form hydrogen bonds with carboxyl groups on bilirubin.
A kind of non-ionic adsorbent with high adsorption capacity for
bilirubin and good blood compatibility can be synthesized by
introducing PVP into the hydrophobic PDVB framework. In order
to ensure that the PDVB framework and PVP chain segment can
play a good hydrophobic-hydrogen bond synergistic effect, the
adsorbent should have a uniform distribution of functional
groups. In order to ensure the adsorption capacity of bilirubin,
the adsorbent should have a high specific surface area and
functional group content. In the existing literature, according to
the reaction mechanism, the methods of introducing hydrophilic
PVP chain segments into the hydrophobic PDVB framework can
be divided into swelling polymerization,*® copolymerization®'~*>
and surface grafting,*™** which respectively result in poor skele-
ton stability, uneven distribution of functional groups and low
specific surface areas. Therefore, the challenge of this paper is
how to introduce a large number of hydrophilic PVP chain
segments into the hydrophobic PDVB framework, while ensuring
that the adsorbent has characteristics such as uniform functional
group distribution, high specific surface area and highly cross-
linked structure.

When styrene and divinylbenzene are copolymerized and the
content of divinylbenzene exceeds 40%, the resulting polymer will
leave some randomly distributed double bonds that can be
reinitiated, called suspended double bonds.>**” Based on this,
we first synthesized the PDVB matrix with a large number of
suspended double bonds, and then reinitiated the uniformly
distributed suspended double bonds in the state of sufficient
swelling of the matrix, thus introducing PVP chain segments
into the matrix. At the same time, the reaction conditions are
controlled so that PVP chain segments exist in the matrix in the
form of crosslinked bridges. A class of adsorbents with a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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hydrophobic-hydrophilic framework, uniform distribution of func-
tional groups, high specific surface area and highly crosslinked
structure were synthesized. The bilirubin removal capacity and anti-
nonspecific protein adsorption capacity of adsorbents with different
skeleton structures were investigated, and the best adsorbents were
selected. The bilirubin adsorption performance of the best adsor-
bent was compared with that of the commercial adsorbent, and the
blood compatibility of the best adsorbent was investigated.

2. Experimental

2.1. Materials and reagents

Divinylbenzene (DVB, purity of 80%), polyvinyl alcohol (PVA),
dibenzoyl peroxide (BPO, recrystallized) and azodiisobutyronitrile
(AIBN, recrystallized) were received from Sunresin New Materials
Co., Ltd (Shanxi, China). Toluene (AR), N,N-dimethylformamide
(DMF, AR), liquid paraffin (AR) and vinyl pyrrolidone (NVP, purity
of 99%) were purchased from Meryer Chemical Technology Co.,
Ltd (Shanghai, China). Bilirubin (purity of 98%) was purchased
from Meryer Chemical Technology Co., Ltd (Shanghai, China).
Bovine serum albumin (BSA, BR), human serum albumin (HSA,
BR), and human fibrinogen (Fg, BR) were purchased from Yuanye
Bio-Technology Co., Ltd (Shanghai, China). Phosphate buffer
solution is prepared in the laboratory. Anion exchange resin BL-
300 was purchased from Kuraray Co., Ltd (Osaka, Japan). The
plasma used in the blood compatibility test is from Oci Medical
Devices Co., Ltd (Chengdu, China). The hydrophilic cross-linked
PVP (PVP-1) adsorbent was made in the laboratory.

2.2. Preparation of the adsorbents

The water phase composed of PVA (polymer dispersion stabilizer,
1% of the water phase mass) and distilled water was added into a
three-necked bottle; after the water phase was evenly mixed, the oil
phase composed of DVB (monomer), toluene (porogen) and BPO
(initiator) was added. The stirring speed was adjusted to make the
oil droplet size appropriate (0.4-0.8 mm), followed by heating. After
the polymerization was complete, the PVA was removed with hot
water, the polymer was packed into a column, the porogen was
removed with ethanol, and the ethanol was removed with deio-
nized water, and then the sample was dried to obtain a highly
crosslinked PDVB macroporous adsorbent, named DV.

DV was fully swelled in a toluene-DMF mixed solution with
a mass ratio of 8: 2 (swelling agent), quantitative NVP (the input
amount is 100%, 160%, 200%, and 260% of the DV mass) and
AIBN (initiator, 5% of the DV mass). Then liquid paraffin was
added and heated up. After the reaction was complete, post-
treatments such as the removal of the swelling agent and the
vinylpyrrolidone homopolymer were carried out to obtain
the DP adsorbent. The synthesis process is shown in Fig. 2.
Corresponding to the change in the NVP feed rate, the DP
adsorbents were named DP-1, DP-2, DP-3, and DP-4.

2.3. Characterization of adsorbents

2.3.1. Characterization of dry adsorbents. The following
characterization methods were performed in the dry state of the
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Fig. 2 Synthesis process of DP adsorbents.

adsorbents: the nitrogen content was determined using an
elemental analyzer (EA3000, LEEMAN, Italy). The infrared
spectrum was recorded using a Fourier transform infrared
spectrometer (Spectrum Two, PerkinElmer, USA), with an accu-
racy of £2 cm™" in the measurement range of 4000-400 cm ™.
The pore structure parameters of the adsorbents synthesized
were measured using an automatic surface area analyzer
(BELSORP-mini II, Microtrac Instrument Co., Ltd, USA) based
on the Brunauer-Emmett-Teller (BET) nitrogen adsorption
method. The inner surface morphologies of the adsorbents
were investigated using a scanning electron microscope
(QUANTA 200, Thermo Fisher Scientific, USA). The appearance
of the adsorbents was observed using an optical microscope
(CX23, Olympus Corporation, Japan).

2.3.2. Moisture content determination. After wetting and
soaking the adsorbent with distilled water, the adsorbent is
pumped and filtered through a Brewer funnel until there is no
free water, and the surface floating water is removed with filter
paper. 2 g of adsorbent was accurately weighed and dried to a
constant weight at 105 °C in a constant temperature oven, and
the process was repeated three times. The calculation formula
of moisture is as follows.

W
a= (1—#) x 100%

0

where a is the moisture content (%), W, is the wet adsorbent
weight (g), and W; is the dry adsorbent weight (g).
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2.3.3. Water contact angle determination. An appropriate
amount of adsorbent sample was taken in an agate mortar, and
a small amount of ethanol was added to it. The mixture was
ground to powder, and then the sample was placed in an oven
to dry. A tablet press was used to press the dried sample into
sheets, and a water contact angle measuring instrument (Theta
Lite, Biolin, Finland) was used to determine the water contact
angle of the sample.

2.4. Bilirubin adsorption experiment

All adsorption experiments were performed three times.

2.4.1. Preparation of adsorption solution. Free bilirubin
adsorption solution: 20 mg of bilirubin was measured and
placed in a 100 ml brown volumetric flask, dissolved in 5 ml
of 0.1 mol L™* NaOH solution and a small amount of Na,CO;,
and 200 mg L' free bilirubin solution was prepared with
0.1 mol L™ " phosphate buffer solution (pH = 7.4). The structure
of bilirubin can be changed by light, so the preparation and
testing should be strictly protected from light.

Bilirubin-albumin mixed solution: 30 mg of bilirubin was
measured and placed in a 100 ml brown volumetric flask,
dissolved in 5 ml of 0.1 mol L™" NaOH solution and a small
amount of Na,CO;, and then 0.568 g of BSA was added, and
300 mg L' total bilirubin solution was prepared with
0.1 mol L™ phosphate buffer solution (pH = 7.4). The prepara-
tion process is strictly protected from light.

2.4.2. Adsorption experiments. A wet adsorbent was placed
in a conical flask, and an adsorption solution was added. The
adsorption solution was shaken in a 37 °C constant tempera-
ture water bath shaker for a certain period of time. After
reaching adsorption equilibrium, the samples were taken out
to determine the light absorption value. The concentration of
the adsorption solution after reaching adsorption equilibrium
was obtained by referring to different UV standard working
curves. The equilibrium adsorption capacity of the adsorbent
was calculated according to the following formula.

(Co — Ce) x V/1000
wx (1—a)

Qc:

where Q. is the adsorption capacity (mg g ), C, is the initial
concentration (mg L") and C. is the equilibrium concentration
(mg L"), w is the quality of the wet adsorbent (g) and V is the
solution volume (L), and a is the moisture content of the wet
adsorbent (%).

2.5. Blood compatibility test

Hemocompatibility was tested by Oci Medical Devices Co., Ltd
(Chengdu, China) according to the ISO 10993-4:2017 standard.

2.5.1. Protein adsorption. 100 mg of BSA/HSA/Fg was
weighed and placed in a 100 ml volumetric flask, and 1000 mg L™
BSA/HSA/Fg solution was prepared by using 0.1 mol L' phos-
phate buffer solution (pH = 7.4). The adsorption experiment
and adsorption capacity calculation method are the same as
those described in Section 2.4.2.

2.5.2. Blood coagulation experiment. Coagulation experiments
included activated partial thromboplastin time (s), prothrombin

4842 | Mater. Adv, 2022, 3, 4839-4850
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time (s), thrombin time (s), and fibrinogen (g L™"). 1.8 ml of venous
blood was extracted, and then 0.2 ml of 109 mmol L™ sodium
citrate was added to it and mixed inversely 5 to 8 times for thorough
mixing. 0.2 g of adsorbent was added slowly, mixed gently, placed at
4-8 °C for 30 minutes, separated plasma at 3000 rpm for 10 min-
utes, and stored in an ice bath for examination. Plasma samples
without adsorbents were used as a negative control.

2.5.3. Platelet adhesion. 4.5 ml of venous blood was taken
and placed in a tube containing 0.5 ml of 109 mmol L™" sodium
citrate solution, and mixed. 1.5 ml of anticoagulant blood
was taken using a microsampler and put into a spherical
glass bottle with 0.15 g of adsorbent, and the glass bottle was
rotated at 3 rpm for 15 min. The anticoagulant blood without an
adsorbent was compared in the same way. 1 ml of anti-
coagulant blood before and after contact with an adsorbent was
taken, respectively, and placed in two large test tubes. 19 ml of
109 mmol L™ sodium citrate solution was added to both of them,
and mixed inversely three times. After standing for 2 hours, the
supernatant was taken for the determination of platelets. Plasma
samples without adsorbents were used as a negative control.

2.5.4. Hematological evaluation. After the adsorbent was
fully swelled in normal saline, 1 ml of whole blood was mixed with
0.4 ml of adsorbent. After incubation at 37 °C for 120 min, the blood
cells were separated. Platelet, erythrocyte and leukocyte indexes
were measured using an automatic blood cell analyzer. Plasma
samples without an adsorbent were used as a negative control.

2.5.5. Hemolysis test. 0.2 g of adsorbent was added to each
of the first two test tubes, followed by 5 ml of 0.9% sodium
chloride solution. 5.2 ml of sodium chloride solution was added
to the second two test tubes as a negative control. 5.2 ml of
distilled water was added into the third two test tubes as a
positive control. All tubes were placed in a 37 °C water bath for
30 minutes. 8 ml of fresh rabbit blood was added to 0.4 ml of
20 g L' potassium oxalate plus 10 ml of 0.9% sodium chloride
solution to obtain fresh diluted rabbit anticoagulant blood. After
30 min, 2 ml of fresh diluted rabbit anticoagulant blood was
added to all test tubes, and mixed slowly, and all test tubes were
placed in a 37 °C water bath again for 60 min. The solutions of
all test tubes were transferred separately into centrifuge tubes.
All test tubes were centrifuged at 800 rpm for 5 min. The
absorbance of the supernatant was measured at 545 nm wave-
length and the average value was calculated. The degree of
hemolysis was calculated according to the following formula.

X — X3

H=2-1"23
X> — X3

x 100%

where H is the hemolysis rate (%), X; is the absorbance of the
sample, X, is the absorbance of the positive reference substance,
and X; is the absorbance of the negative reference substance.
This test should be repeated three times.

3. Results and discussion
3.1. Characterization of the DP adsorbent

In order to investigate the effects of different functional group
contents on the pore structure and adsorption performance of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physical parameters of DV and the DP adsorbent
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Feed ratio” Particle size Nitrogen Moisture
Adsorbent Structure (wiw) distribution (mm) content (wt%) content (wWt%) Average pore size (nm)
DV Poly(DVB) 10:0 0.4-0.8 0 71.5 7.4
DP-1 Poly(DVB-g-NVP) 10:10 0.4-0.8 2.8 70.1 8.2
DP-2 Poly(DVB-g-NVP) 10:16 0.4-0.8 3.7 67.4 9.3
DP-3 Poly(DVB-g-NVP) 10:20 0.4-0.8 4.4 67.8 10.1
DP-4 Poly(DVB-g-NVP) 10:26 0.4-0.8 5.2 68.2 10.8

¢ Feed ratio refers to the proportion of weight of DV to NVP.

adsorbents, we synthesized adsorbents with different PVP seg-
ment contents by changing the NVP feed amount. The physical
parameters of the PDVB spheres (DV) and the DP adsorbent are
shown in Table 1.

In Table 1, the particle size distribution of all adsorbents is
the same, because in the post-processing of the adsorbents, we
use screens with different apertures to screen the adsorbents.
Table 1 shows that the nitrogen content of the DP adsorbent
gradually increased upon increasing the NVP feeding, which
preliminarily indicates that an increasing number of PVP
chain segments entered DV. The moisture content of the DP
adsorbent basically did not decrease, and the average pore size
also did not decrease, which preliminarily indicated that the
introduction of the PVP segment did not block the pores of the
adsorbent.

To further prove the synthesis of the DP adsorbent, we
determined the infrared spectra of DV and the DP adsorbent,
and the results are shown in Fig. 3.

In Fig. 3, 709 cm™" is the C-H characteristic peak in the
double bond connecting benzene ring, which is not affected by
the introduction of functional groups. Therefore, it can be used
as an internal standard peak to compare the differences
between various adsorbents. The DP adsorbent produced two
peaks, at 1688 cm ' (C=O characteristic peak) and 1286 cm™*
(C-N characteristic peak), that were different from those pro-
duced by DV. At 909 cm " (the peak characteristic of suspended
double bonds), the peak area decreased significantly. This
indicates that the hydrophilic PVP chain segments entered

Transmittance (%)
wi

1500 1000 500

2500

4000 3500 3000 2000
Wavenumbers (cm'l)

Fig. 3 Infrared characterization of DV and the DP adsorbent.

© 2022 The Author(s). Published by the Royal Society of Chemistry

the hydrophobic DV through the reinitiation of suspended
double bonds. It can also be seen from Fig. 3 that from DP-1
to DP-4, the peak values of C=0 and C-N gradually increased,
indicating that from DP-1 to DP-4, the content of the functional
groups of the adsorbents gradually increased.

Subsequently, we measured the water contact angles of DV
and the DP adsorbent to illustrate the improvement of hydro-
philicity of the DP adsorbent, the result is shown in Fig. 4.

As can be seen from Fig. 4, from DV on the left to DP-4 on the
right, the water contact angle of the adsorbent gradually decreases,
indicating that with the introduction of the PVP chain segment, the
hydrophilicity of the DP adsorbent gradually increases.

The macrostructures of DV and the DP adsorbent were
investigated by optical microscopy, and the results are shown
in Fig. 5.

In Fig. 5, the macrostructures of DV and the DP adsorbent
are not much different; both are complete spheres with a
particle size of 0.4-0.8 mm. Therefore, there will not be difficult
blood flow and material shedding problems in the actual
hemoperfusion process. This also indicates that the DP adsor-
bent has the basic conditions as the hemoperfusion adsorbent.
The porous structure on the surface of and inside the adsorbent
is the basis of mass transfer and adsorption. The surface and
internal morphologies of all adsorbents were investigated by
SEM, and the results are shown in Fig. 6.

In Fig. 6, both DV and the DP adsorbent are spheres with
smooth surfaces in the macroscopic state, and as the magnifi-
cation increases, porous structures can be observed on the
surfaces of DV and the DP adsorbent. At the same time, we can
also observe that the interior of the DP adsorbent has a porous
structure, which is crucial for bilirubin diffusion in the adsor-
bent channel to reach the adsorption site, so that the adsorbent
has better adsorption kinetics. In order to further illustrate the
pore structure of the DP adsorbent, we measured the specific
surface area data of DV and the DP adsorbent, and the results
are shown in Fig. 7.

As shown in Fig. 7, with the introduction of hydrophilic PVP
chain segments, the specific surface area of the adsorbent first
increased and then decreased. At the same time, even the
lowest specific surface area of DP-4 is as high as 812 m* g™ .
This indicates that unlike copolymerization and graft reaction,
the DP adsorbent synthesized by reinitiation of suspended
double bonds introduces a large number of hydrophilic chain
segments while maintaining a high specific surface area. This
is because the uncontrollable characteristics of free radical
polymerization lead to different lengths of PVP chain segments

Mater. Adv,, 2022, 3, 4839-4850 | 4843
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Fig. 4 Water contact angle of DV and the DP adsorbent.
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Fig. 5 Macrostructures of DV and the DP adsorbent.

Surface morphology

Fig. 6 Surface and internal morphologies of DV and the DP adsorbent.

introduced into the PDVB skeleton. Moreover, the mode of
connection with the PDVB skeleton may be the initiation of
suspended double bonds and then grafting onto a PVP chain
segment, or a PVP crosslinking bridge may be formed between
two suspended double bonds. The former, due to the presence
of a large number of PVP chain segments in the form of a graft,
will seriously block the pores of the adsorbent, resulting in a

4844 | Mater. Adv., 2022, 3, 4839-4850

Internal morphology

serious reduction of the specific surface area. The latter PVP
chain segment exists in the form of a crosslinked bridge, which
improves the strength of the adsorbent and increases the
specific surface area of the adsorbent. The results in Fig. 7
preliminarily indicate that a large number of PVP chain seg-
ments in the DP adsorbent mainly exist in the form of cross-
linking. To illustrate this point more clearly, pore distribution

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Specific surface areas of DV and the DP adsorbent.

DP-3 DP-4

data for DV and the DP adsorbent were obtained and the results
are shown in Fig. 8.

A large number of porogens are added in the preparation
process of conventional polystyrene (PSt) macroporous resins,
and they are filled in the PSt framework. When the porogen is
removed, the highly cross-linked structure of PSt ensures that
the polymer chain will not collapse, which is the main process
for the formation of macroporous resin pores.’® However, in
this work, during the polymerization of DVB, due to incomplete
initiation of double bonds, there will be some residual double
bonds that have not been initiated, which leads to the incom-
plete cross-linking structure in DV.*” Before testing the DV pore
distribution data, it is necessary to remove the porogen and
measure it in a dry state. This part of the DVB framework with
an incomplete cross-linked structure will collapse, resulting in
the DV being concentrated in the 18.4 nm pore distribution.
When the polymerization was initiated again, DV was swollen
in the toluene-DMF solution, and a PVP polymer was formed
between the double bonds, which played a very effective
supporting role, which we called the formation of a new
cross-linking bridge. Secondary initiation is still based on

18.4 nm

h/\
R

DV
DP-1
DP-2
5.8 nm
oS \-—J\—/\
6.8 nm

1 10 100

Pore volume (cm’/g)

DP-4

Pore diameter (nm)

Fig. 8 Pore distribution parameters of DV and the DP adsorbent.
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ordinary free radical polymerization, which is not controllable.
In the confined environment of the adsorbent framework, it is
difficult for free radicals to contact each other, and the
bi-radical termination reaction is difficult to occur. Therefore,
a relatively short polymer chain is formed, and the chain
growth is quickly terminated due to the termination character-
istics of the free radical polymerization reaction, and a short
cross-linking bridge is formed. Before the measurement of the
DP pore structure, although the removal of the swelling agent
and drying were also performed, this part of the polymer
skeleton did not collapse, and a new pore distribution was
formed in the micropore part.

The DP adsorbent has a large particle size and complete
spherical shape, which meets the basic conditions of a hemo-
perfusion adsorbent. The crosslinking structure of the hydro-
phobic skeleton and hydrophilic chain segments makes DP
adsorbents have a uniform distribution of functional groups,
highly crosslinked structure and high specific surface area.
These characteristics ensure that the DP adsorbent has good
strength, synergistic adsorption of bilirubin, fast adsorption
kinetics and good blood compatibility.

3.2. Effect of the adsorbent structure on adsorption
performance

3.2.1. Adsorption of bilirubin. We first investigated the
adsorption performance of adsorbents with different skeleton
structures for free bilirubin, and the results are shown in Fig. 9.

The adsorption of the DP adsorbent for free bilirubin
showed a trend of decrease first and then increase. This is
because bilirubin is a hydrophobic molecule, and when fewer
PVP chain segments were introduced into the DP adsorbent,
the hydrogen bonding between the adsorbent and bilirubin was
not sufficient to compensate for the decrease in bilirubin
adsorption due to a decrease in hydrophobic interactions
between the adsorbent and bilirubin (as in the adsorption
behavior of DV, DP-1 and DP-2). However, with an increase in
PVP chain segments in the DP adsorbent, more PVP chain
segments formed hydrogen bonds with bilirubin, and the
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Fig. 9 Free bilirubin adsorption of different adsorbents.
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adsorption capacity of bilirubin by the adsorbent increased (as
in the adsorption behavior of DP-2, DP-3 and DP-4). PVP-1 has
no adsorption capacity for bilirubin, and this is because PVP-1 is
too hydrophilic and can only provide hydrogen bonding. During
the adsorption experiment, due to the interference of water
molecules in the adsorption solution, it is difficult for the PVP-1
to generate hydrogen bonds with bilirubin.

3.2.2. Anti-nonspecific protein adsorption properties.
When the material comes into contact with human blood,
protein adsorption first occurs, which can influence further
biological processes such as cell adhesion or activation of
thrombin cascade reactions.’® The lesser the protein is
adsorbed, the better the blood compatibility. BSA, due to its
very similar properties to HSA, is often used to investigate the
protein adsorption performance of adsorbents. The adsorption
performance of the DP adsorbent for BSA is shown in Fig. 10.

As shown in Fig. 10, with an increase of hydrophilicity of the
adsorbent, the adsorption amount of BSA decreases, indicating
that the improvement of hydrophilicity enhances the anti-
nonspecific protein adsorption performance of the adsorbent.
Compared with DV, the anti-nonspecific protein adsorption
performance of DP-4 increased by nearly 90%. The protein
adsorption capacity of DP-3 and DP-4 is similar, indicating that
under these conditions, the anti-nonspecific protein adsorption
performance of the adsorbent was not significantly improved
by introducing a PVP chain segment. The only hydrogen
bonding of PVP-1 is broken by water molecules, so PVP-1 has
no adsorption capacity for proteins.

In conclusion, DP-4 has the highest free bilirubin adsorp-
tion capacity and the best anti-nonspecific protein adsorption
performance. Therefore, we selected DP-4 as the best adsorbent
to further investigate its performance.

3.3. DP-4 performance evaluation

3.3.1. Comparison with a commercial adsorbent. BL-300 is
a kind of porous strong base anion-exchange adsorbent with a
polystyrene framework and quaternary ammonium functional
group, which is the most commonly used bilirubin adsorbent in
the market at present.*>*° Therefore, we selected BL-300 as the

BSA adsorption (mg/g)

DV DP-1 DP-2 DP-3 DP-4 PVP-1
Fig. 10 BSA adsorption of different adsorbents.
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Fig. 11 Free bilirubin adsorption properties of DP-4 and BL-300.

control adsorbent to investigate the adsorption performance of
free bilirubin of DP-4 and BL-300 under the same conditions,
and the results are shown in Fig. 11.

As seen in Fig. 11, DP-4 and BL-300 almost reach adsorption
equilibrium at 2 h. The bilirubin adsorption capacity of DP-4 is
significantly higher than that of BL-300, and its 2 h adsorption
capacity reaches 60 mg g~ ', which is 3.6 times that of the
commercial adsorbent BL-300 under the same conditions.

Bilirubin usually binds to albumin in the blood to form
a bilirubin-albumin complex.*’ The blood of patients with
hyperbilirubinemia not only contains free bilirubin, but also
contains a certain bilirubin-albumin complex. Therefore, we
investigated the adsorption performance of the adsorbent in
the presence of albumin, and the results are shown in Fig. 12.

As shown in Fig. 12, the adsorption capacity of DP-4 and
BL-300 is inferior to that of free bilirubin shown in Fig. 11. This
is because the adsorbent adsorbs not only free bilirubin, but
also the bilirubin-albumin complex. After bilirubin binds to
albumin, on the one hand, the hydrophilicity of albumin makes
the complex more hydrophilic than bilirubin. On the other
hand, the molecular size of BSA in aqueous solution is about
8.6 nm,*” and DP-4 has a large number of micropores, so after
DP-4 adsorbs the complex, part of the pores will be blocked.
These two aspects make the adsorption capacity of DP-4 for
complexes lower than that for bilirubin. As we can also see from
Fig. 12, the bilirubin adsorption capacity of DP-4 is still

——DP4
sr ——BL-300  Before After
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g
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Fig. 12 Bilirubin adsorption properties of DP-4 and BL-300 in the
presence of albumin.
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Fig. 13 Infrared spectra of DP-4 before and after adsorption of bilirubin.

significantly higher than that of BL-300. Under the same
adsorption conditions, the bilirubin adsorption capacity of
DP-4 is 4.4 times that of BL-300.

3.3.2. Adsorption mechanism. In order to analyze the
adsorption mechanism of DP-4 on bilirubin, we measured the
infrared spectra before and after the adsorption of bilirubin by
DP-4, and the results are shown in Fig. 13.

When the group forms hydrogen bonds, the infrared char-
acteristic peak of the group will move to the lower wavenumber
direction.*® From Fig. 13, we can see that after DP-4 adsorbs
bilirubin, the C=0 peak at 1688 cm™* obviously shifts to a low
wavenumber. Meanwhile, the characteristic peaks of other
groups on DP-4 did not show any shift. This indicates that the
carbonyl group of the PVP segment in DP-4 forms a hydrogen
bond with bilirubin. The adsorption results of the PVP-1 indi-
cated that the hydrophobic interaction between DP-4 and bilir-
ubin was the main binding force between them. Based on the
infrared spectra before and after the adsorption of DP-4 and the
molecular structure of bilirubin, we speculated that DP-4 might
adsorb bilirubin through the mechanism shown in Fig. 14.

As shown in Fig. 14, the hydrophobic skeleton of DP-4 can
interact with bilirubin, making bilirubin molecules close to DP-4.
The multiple hydrogen bonds provided by the PVP segments on
DP-4 make the intramolecular hydrogen bonds of bilirubin

6

hydrophobic mumdmn GiOH
NII n\ / (g \
hydrogen-bond mkradmn\ A/i\\m H\l/%»_\

Fig. 14 Adsorption mechanism of bilirubin by DP-4.
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Fig. 15 Adsorption of DP-4 and DV on HSA and Fg.

difficult to support. The intramolecular hydrogen bonds of
bilirubin are broken and stronger hydrogen bonds are formed
with the PVP segment. Finally, DP-4 adsorbed bilirubin through
hydrophobic-hydrogen bond synergy.

3.3.3. Blood compatibility

3.3.3.1. Protein adsorption. Human blood contains a variety
of proteins, among which HSA is the most abundant. When the
material is in contact with human blood, the adsorption of HSA
and Fg on the material surface has an important influence on
the formation of thrombosis.** The adsorption performance of
DP-4 on HSA and Fg was investigated and compared with that
of unmodified DV. The results are shown in Fig. 15.

As seen in Fig. 15, the adsorption capacities of DP-4 on HSA
and Fg are 6 mg g and 7 mg g~ ', respectively. Compared with
DV without hydrophilic modification, the adsorption capacity
of HSA and Fg of DP-4 decreased by 85% and 84%, respectively.
These results indicate that DP-4 has good anti-nonspecific
protein adsorption performance and has the potential for good
blood compatibility.

3.3.3.2. Blood coagulation experiment. Blood coagulation
refers to the process of blood changing from a flowing liquid
state to a non-flowing gel state. If coagulation occurs during
hemoperfusion, it is very dangerous for patients. The coagulation
pathway includes the endogenous pathway, exogenous pathway

nom'/\‘_,‘)\z
/
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Table 2 Coagulation test results of DV and DP-4

Rate of change

After adding adsorbent (%)
Test DV DP-4 Negative control DV DP-4
APTT (s) 11.2 & 0.11 14.3 £ 0.05 14.2 + 0.01 21.1 £ 0.76 <0.5
PT (s) 5.1 £0.05 6.8 +0.03 6.7 = 0.02 24.0 £ 0.84 <0.5
TT (s) 21.4 £ 0.21 17.9 £+ 0.01 18.2 £ 0.01 17.6 £ 0.91 <0.5

FIB(gL™") 7.4+ 0.07 6.6+ 0.06 6.7+ 0.02 10.3 + 0.96 <0.5

Table 3 Platelet adhesion test results of DV and DP-4

After adding
adsorbent

Rate of change
(%)

Test DV DP-4 Negative control DV DP-4

Platelet (10° L™") 392 + 2 437 + 1 438 + 1 10.5 + 0.66 <0.5

and endogenous and exogenous co-coagulation pathway.
Thrombin is then produced and activates the formation of fibrin,
which leads to coagulation.*”™” Activated partial thromboplastin
time (APTT) reflecting the endogenous coagulation pathway,
prothrombin time (PT) reflecting the exogenous coagulation
pathway, and thrombin time (TT) reflecting the common coagula-
tion pathway were measured. Fibrinogen (FIB) is a soluble plasma
glycoprotein that is converted into fibrin by thrombin during
blood clot formation. Therefore, the FIB content also needs to be
determined. The results are listed in Table 2.

The rate of change refers to the percentage of difference
between the results of the blood sample and the negative control
after adding the adsorbent to the results of the negative control.

As can be seen from Table 2, compared with the negative
control, the APTT, PT, TT and FIB test results of DV were all
different by more than 10%. In contrast, there was no significant
difference in the test results of blood samples after the addition
of DP-4 compared with the negative control, indicating that there
was no risk of coagulation in whole blood perfusion with DP-4.

3.3.3.3. Platelet adhesion. Platelets are closely related to
thrombosis and can promote thrombosis by adhesion and

Table 4 Hematological evaluation test results of DV and DP-4

View Article Online
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releasing factors or aggregation.*® For adsorbents in direct
contact with blood, platelet adhesion rate is an important
indicator. The platelet adhesion test results of DP-4 are listed
in Table 3.

As seen in Table 3, after the addition of DV, the platelet
content in the samples decreased by 10.5%. In contrast, there
was no significant difference in platelet levels in the blood
samples with adsorbents compared with the negative control.
This indicates that few platelets adhere to DP-4 after contact
with blood.

3.3.3.4. Hematological evaluation. The main visible components
of blood are blood cells, including erythrocytes, leukocytes and
platelets, which play an important role in maintaining nutrient and
oxygen levels, inflammation and clotting, respectively. As a whole
blood perfusion adsorbent, it is necessary to investigate the effect of
DP-4 on blood cells. The results of the hematological evaluation of
DP-4 are listed in Table 4.

As shown in Table 4, after the addition of DV, the erythrocyte,
leukocyte and platelet contents in the blood samples were lost
by 15%, 14.3% and 9.8%, respectively. In contrast, after adding
DP-4, the content of erythrocytes, leukocytes and platelets in the
blood samples had no significant difference compared with the
negative control, indicating that DP-4 had minimal effect on
blood cells when it came into contact with blood.

3.3.3.5. Hemolysis test. The hemolysis rate is a very
important indicator of the blood compatibility of a material,
which represents the damage degree of the material to erythro-
cytes when the material is in contact with blood. According to
the ASTM standard (ASTM F756-13),”® the material should have
a hemolysis rate of less than 5%. The hemolysis rate test results
of DP-4 are listed in Table 5.

As can be seen from Table 5, the hemolysis rate of DV was
higher than 5%. In contrast, the hemolysis rate of DP-4 was
1.36%, which was less than 5%.

In conclusion, compared with DV, the blood compatibility
improvement effect of DP-4 is very obvious. DP-4 has good
blood compatibility without coating and other treatments, and
has potential for direct application in whole blood perfusion.

After adding adsorbent

Rate of change (%)

Test DV DP-4 Negative control DV DP-4

Erythrocytes (10" L") 1.7 + 0.03 2.0 £ 0.02 2.0 £ 0.01 15.0 + 1.04 <0.5

Leukocytes (10° L) 1.8 + 0.04 2.1 4 0.01 2.1 £ 0.02 14.3 + 1.08 <0.5

Platelets (10° L) 395+ 1 436 £ 1 438 +1 9.8 £ 0.03 <0.5

Table 5 Hemolysis test results of DV and DP-4

After adding adsorbent (OD) Hemolysis rate (%)

DV DP-4 Negative control (OD) Positive control (OD) DV DP-4

0.063 + 0.001 0.027 %+ 0.002 0.017 + 0.001 0.852 % 0.001 5.50 & 0.19 1.36 £ 0.30

OD refers to the absorbance value of the sample.
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4. Conclusion

In summary, we introduced hydrophilic PVP chain segments
into hydrophobic PDVB frameworks by reinitiation of sus-
pended double bonds. A class of nonionic adsorbents with a
“hydrophobic-hydrophilic” structure, uniform distribution of
functional groups, highly cross-linked structure and high spe-
cific surface characteristics were synthesized. The introduction
of PVP, on the one hand, increased the anti-nonspecific protein
adsorption performance of the adsorbent and, on the other
hand, the adsorbent adsorbed bilirubin through hydrophobic-
hydrogen bond synergy, so as to maintain the adsorption
capacity of bilirubin. The bilirubin adsorption capacity of the
best adsorbent DP-4 was compared with that of commercial
adsorbent BL-300. The results showed that the free bilirubin
adsorption capacity of DP-4 was 3.6 times that of BL-300, and
the bilirubin adsorption capacity of DP-4 was 4.4 times that of
BL-300 in the presence of albumin. Blood compatibility test
results show that DP-4 has good blood compatibility without
any treatment. More importantly, DP-4 has characteristics such
as large particle size, smooth surface, good strength, simple
synthesis process and low cost, with practical application
ability in the treatment of hyperbilirubinemia.
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