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ARTICLE INFO ABSTRACT

Keywords: Highly efficient removal of bilirubin from whole blood directly by hemoperfusion for liver failure therapy re-
Bilirubin mains a challenge in the clinical field due to the low adsorption capacity, poor mechanical strength and low
Hydroxyapatite-polymer composite biocompatibility of adsorbents. In this work, a new class of nanocomposite adsorbents was constructed through
:[2:2?; tel:fision an inorganic-organic co-crosslinked nanocomposite network between vinyltriethoxysilane (VTES)-functionalized
Biocompatibility hydroxyapatite nanoparticles (V-Hap) and non-ionic styrene-divinylbenzene (PS-DVB) resins (PS-DVB/V-Hap)

using suspension polymerization. Notably, our adsorbent demonstrated substantially improved mechanical
performance compared to the pure polymer, with the hardness and modulus increasing by nearly 3 and 2.5 times,
respectively. Moreover, due to the development of a mesoporous structure, the prepared PS-DVB/V-Hap3
exhibited an ideal adsorption capacity of 40.27 mg g~'. More importantly, the obtained adsorbent beads
showed outstanding blood compatibility and biocompatibility. Furthermore, in vivo extracorporeal hemoperfu-
sion verified the efficacy and biosafety of the adsorbent for directly removing bilirubin from whole blood in pig
models, and this material could potentially prevent liver damage and improve clinical outcomes. Taken together,
the results suggest that PS-DVB/V-Hap3 beads can be used in commercial adsorption columns to threat hyper-
bilirubinemia patients through hemoperfusion, thus replacing the existing techniques where plasma separation is
initially required.

1. Introduction retardation, hepatic coma, deafness, hearing loss, epilepsy, permanent

brain damage, or even result in death in severe cases [7,8].

Bilirubin, an indicator of liver function levels, is primarily derived
from the metabolites of hemoglobin released by decrepit red blood cells.
Under normal circumstances, it is transported to the liver as a complex
with albumin to form water-soluble macromolecular complexes with a
diameter of approximately 7 nm (indirect bilirubin, IBIL) and excreted
from hepatocytes into bile mainly in a glucuronide-conjugated state
(direct bilirubin, DBIL) [1-4]. The normal total bilirubin (TBIL) level in
serumis1-10 g L[5 However, disorders in its successive metabolism
and/or excretion may cause excess accumulation of unconjugated bili-
rubin in the blood of patients who suffer from liver diseases such as
acute hepatic failure, hepatitis, and neonatal pathologic jaundice
(hyperbilirubinemia) [4,6]. The extra bilirubin could cause mental
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For most of the past few decades, plasma perfusion has been
demonstrated to be an effective strategy to lower bilirubin levels, and
the treatment has been successfully used in clinics to induce remission of
liver disease and to gain time for patients waiting for orthotopic liver
transplantation (OLF) [4,9-11]. Currently, a series of bilirubin adsor-
bents have been developed, as the adsorbent system is a critical
component of plasma perfusion [12]. For example, conventional ad-
sorbents such as activated carbon (AC) and anion exchange resins have
been exploited as adsorbents in hemoperfusion columns for the treat-
ment of hyperbilirubinemia [12-14]. However, such adsorbents have
limited hemocompatibility. AC may induce platelet activation and a
decrease in platelet and white blood cell counts once it contacts blood,
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and this may place the patients at high risk of bleeding or other severe
side effects [15,16]. Anion exchange resins such as Plasorba BR-350
(Asahi Medical, Osaka, Japan) [17], which can efficiently remove bili-
rubin based on electrostatic interactions, will also clear heparin, citric
acid, and other anionic anticoagulants, with the possibility of disturbing
the homeostasis of the plasma pH [18]. As a result, both of the above
adsorbents must be operated on the basis of a plasma separation system
rather than from whole blood, which unfortunately limits their clinical
applications because of the complicated nature of the procedures [19,
20]. Additionally, novel chemically designed materials such as synthetic
bilirubin imprinted polymers (MIPs) [20,21], silica [22], aerogel beads
[23], metal-organic frameworks (MOFs) [24], and functionalized poly-
mer microspheres [25] have also been investigated; these have shown
promising results. These adsorbents, however, often have unsatisfactory
adsorption performance, weak mechanical strength, and poor stability
resulting in reduced therapeutic efficacy. Furthermore, most of these
adsorbents come in the form of powders, which also limits their practical
adsorption application. Therefore, bilirubin adsorbents with excellent
adsorption performance, hemocompatibility, and high mechanical
strength for effective removal of bilirubin directly from whole blood are
still in strong demand.

Recently, copolymers of non-ionic styrene-divinylbenzene (PS-DVB)
resins have been developed with suitable size, well-developed pore
structure, high specific surface area, low toxicity, and good blood
compatibility, making them appropriate as adsorbents for removing
toxins from plasma [13,26,27]. Nevertheless, PS-DVB has drawbacks,
such as limited adsorption capacity and weak mechanical properties,
which are major limitations to its further application, especially for
whole blood hemoperfusion. To endow polymers with improved me-
chanical properties and other valuable characteristics, introduction of
nanomaterial fillers has been considered as an effective strategy
[28-30]. For example, Ye and colleagues reported the generation of
phenolic-resin-derived activated carbon-based CNTs composite spheres
(CNTs/P-ACSs) with highly effective removal of VB;5. This material
possesses enhanced mesoporous volume and mechanical strength [31].
In our previous work, a polystyrene/nano-CaCOs (PS/nCaCO3) com-
posite with enhanced mechanical strength was developed by incorpo-
rating nCaCOs into PS resin. The results showed that PS/nCaCOs
exhibited increased mesoporous volume and surface area, yielding
enhanced IL-6 adsorption capacity [32]. To date, hydroxyapatite
(Ca1p(PO4)s(OH)2, Hap), a type of hydroxylated calcium
phosphate-based biomaterial, has been used to reinforce mechanical
strengths of polymeric matrices due to its mechanical properties,
biocompatibility, and noninflammatory and nontoxic properties [33,
34]. These factors, together with the high specific surface area and
promising chemical and physical properties of the material [35,36],
suggest that Hap may benefit both the adsorption capacities and me-
chanical properties of PS-DVB in the removal of bilirubin. Unfortu-
nately, it is well-known that bare nano-Hap is liable to form aggregates
in the polymer matrix as a result of interparticle van der Waals forces
and hydrogen bonding between surface hydroxyl groups, which may
lead to inhomogeneous dispersion and decrease the mechanical prop-
erties and biocompatibility of the resultant nanocomposites. This may
further limit practical applications of Hap as adsorbents for use in
hemoperfusion: nanoparticles would inevitably leak into the patient’s
blood, causing thrombosis and thus blocking blood vessels. In addition,
it is difficult to separate and recycle the particles from blood, and this
would cause secondary pollution. To overcome such drawbacks,
increasing the hydrophobicity of Hap by modification with vinyl to form
covalent bonds with organic polymers should be an effective solution
and thus improve the biocompatibility of Hap-polymer composites.

In this study, vinyltriethoxysilane (VTES) was used to modify the
surfaces of the particles due to its low toxicity and high hydrophobicity
[37]. As shown in Fig. 1, the reactive VTES-conjugated Hap (V-Hap) was
designed (1) to enhance the hydrophobicity, stability, and dispersion of
the nanofiller and prevent the precipitation of the filler; (2) to covalently
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Fig. 1. Schematic illustration of synthesis routes of (a) VTES-grafted Hap, and
(b) PS-DVB/V-Hap nanocomposite. The Hap with reactive VTES chains was
designed to covalently interact with PS-DVB and form an organic-inorganic co-
crosslinked network within the nanocomposite; this was expected to improve
the mechanical strength and promote the development of a meso-
porous structure.

crosslink with a polystyrene-divinylbenzene matrix for the immobili-
zation of modified Hap to improve the interfacial bonding between the
Hap and the polymer matrix as well as increase the adsorptive capacity
and enhance the mechanical strength of the novel PS-DVB/V-Hap
adsorbent for bilirubin removal in hemoperfusion. To the best of our
knowledge, the pore structure is the primary influencing factor that
affects the adsorption performance [38]. As expected, by simple
changing the content of V-Hap, we obtained appropriate strength and a
highly developed mesopore structures of the material that can accom-
modate and effectively remove more bilirubin molecules, since this will
provide more space for the free bilirubin and the indirect bilirubin to
access the resin beads. Considering the albumin-binding properties of
bilirubin and the fact that various salt ions in human plasma lead to high
ionic strength, this may inhibit the removal of bilirubin during the
hemoperfusion process [39]. A conformational change takes place in the
bilirubin molecule when the temperature changes, resulting in a certain
effect on the adsorption efficiency [40]. Thus, the effects of albumin
concentration, solution ionic strength, and temperature on the adsorp-
tion characteristics in vitro were studied in order to optimize the sorption
performance and elucidate the mechanism involved in the process.
Furthermore, a  pseudo-first-order kinetic model and a
pseudo-second-order kinetic model were applied to study the dynamic
adsorption performance, while the Langmuir and Freundlich models
were applied to describe the adsorption process. Biocompatibility tests
and in vivo hemoperfusion for bilirubin removal from whole blood in pig
models were carried out and are discussed in detail. In brief, a series of in
vitro and in vivo studies demonstrated that our nanocomposite has high
mechanical strength and effective adsorption capability, outstanding
blood compatibility, and low cytotoxicity. In addition, there were no
obvious changes in physicochemical properties before and after hemo-
perfusion. These features make the spheres highly promising for clinical
whole blood perfusion and artificial liver construction.

2. Materials and methods
2.1. Materials

All reagents and anhydrous solvents of analytical purity were
commercially available and were used as received unless otherwise
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indicated. Nano-Hap and VTES were purchased from Aladdin (Shanghai,
China). Bovine serum albumin (BSA) was obtained from Tianjin Keke
Biotechnology Co., Ltd (Tianjin, China). Bilirubin was obtained from
Sigma-Aldrich (Shanghai, China). Poly (vinyl alcohol) (PVA) was
received from Macklin (Shanghai, China).

2.2. Preparation of V-Hap

V-Hap with reactive brushes was prepared by grafting vinyl-
trimethoxysilane to the surface of Hap by a hydrolysis-condensation
process [30] (Fig. 1a). Briefly, 1 mL of VTES was added to 10 mL of
aqueous ethanol solution and mixed under magnetic stirring for 60 min.
Then, 1 g Hap was thoroughly dried at 120 °C for 48 h before being
added to the solution under continuous stirring and left to react at 70 °C
for 8 h under nitrogen. Finally, the mixture was adjusted to pH 10.0 by
sodium hydroxide solution (0.1 M). The VTES-grafted Hap (V-Hap) was
then separated by centrifugation at 5000 rpm, thoroughly washed with
deionized water and alcohol, and dried at 40 °C under a vacuum for 24 h
to prepare PS-DVB/V-Hap.

2.3. Synthesis of PS-DVB/V-Hap composites

A certain amount of V-Hap was added to the oil phase that contained
styrene (monomer), divinylbenzene (cross-linker), toluene and liquid
wax at a 2:1 ratio (porogen), and benzoperoxide (initiator) in a ratio
range of 3:5:92:250:1. The mixture was dispersed by ultrasonication for
30 min to form a homogenous oil phase (Fig. 1b). After that, the ob-
tained mixture was quickly added into a solution of 500 mL 2 wt% PVA
aqueous solution with stirring at 120 rpm for 30 min at 45 °C to obtain
uniform small droplets. Then, the temperature was slowly raised to
80 °C with a ramp rate of 0.4 °C min~! and kept at 80 °C for 3 h, then
increased to 95 °C for 5 h with a ramp rate of 2 °C min~’. The obtained
solid was washed with hot water several times under continuous stirring
to remove the dissolved components. Afterward, the pore-foaming agent
was extracted using a Soxhlet extractor with an excessive amount of
petroleum ether at 100 °C for 48 h. Then, the inorganic-organic co-
crosslinked polystyrene-divinylbenzene beads were washed with
ethanol and water three times. Finally, the obtained adsorbent as PS-
DVB/V-Hap3 was dispersed in ethanol or water for further studies. For
comparison purpose, PS-DVB/V-Hap nanocomposites with different
concentrations of V-Hap (0, 1, 2, 4 and 5 wt%) were also prepared using
the same method and labelled as PS-DVB, PS-DVB/V-Hap1, PS-DVB/V-
Hap2, PS-DVB/V-Hap4 and PS-DVB/V-Hap5, respectively.

2.4. Characterization of V-Hap and PS-DVB/V-Hap

Fourier transform infrared spectroscopy (FTIR, Nicolet iS50, USA), a
thermogravimetric analyzer (TGA, Netzsch, Germany), an X-ray
diffractometer (XRD, Rigaku, Japan), and energy-dispersive X-ray
spectroscopy (EDS) analysis (EDXA Octane Elect Super, USA) were
employed for chemical characterization of the non-grafted Hap and
grafted V-Hap. For the PS-DVB/V-Hap spheres, FTIR, XRD, TGA, EDS,
Field Emission Scanning Electron Microscope (FESEM, Apreo S LoVac,
USA), and High-resolution Transmission Electron Microscope (HRTEM,
FEI Tecnai F20 EM) were employed for characterization. Nano-
indentation experiments were carried out by an Agilent G200 Nano
Indenter to study the macroscopic mechanical properties of adsorbents.
The pore porosity was determined by the analysis of three SEM surface
images containing at least three hundred pores using ImageJ software
(Rawak Software, Inc., Germany) and was calculated according to the
following equation [41]:

Porosity factor (%) = Sy/Sp, *100

where S, and S, are the total area of pores and the area of support
surface in the same SEM image, respectively. The surface area was
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calculated by BET (Brunauer-Emmett-Teller, BEL sorp miniX, Japan)
while the pore size distribution was obtained using desorption branch of
isotherms based on Barrett-Joyner-Halenda (BJH) method at 77 K. The
total pore volume (Tp) was conducted on at P/Py = 0.99 according to
Gurwitsch’s rule [42]. Inductively coupled plasma optical emission
spectroscopy (ICP-OES, SpectroBlue) was used to measure the V-Hap
content in PS-DVB/V-Hap. Before measurements, the adsorbents were
adjusted to 45 °C for 24 h, and sufficient water was removed.

2.5. Adsorption experiments in vitro

2.5.1. Adsorption experiments in simulate serum

The volume ratio of adsorbents to solution was 1:20. The effect of a
series of PS-DVB/V-Hap adsorbents with different contents of V-Hap (5,
4, 3, 2,1 and 0 wt%) on the adsorption of bilirubin was investigated. The
adsorption kinetics and isotherms were utilized to analyze the adsorp-
tion mechanism. Then, the effects of temperature and ionic strength on
the adsorption of bilirubin were explored. Since bilirubin is an albumin-
bound toxin and the presence of albumin significantly inhibits bilirubin
uptake during the hemoperfusion process, the bilirubin adsorption ca-
pacity in a bovine serum albumin-rich solution was also evaluated. The
experimental details are shown in the Supporting Information.

2.5.2. Research on bilirubin adsorption in human plasma

The adsorption properties of adsorbents in the plasma of hyper-
bilirubinemia (supplied by Second Affiliated Hospital of Tianjin Uni-
versity of TCM) were tested. The volume ratio of the adsorbents to the
plasma was 1:6; Then, the plasma was shaken at a speed of 160 rpm for
2 h at 37 °C. After adsorption, the solution was left to stand for 5 min,
and the supernatant was obtained and sent to the hospital to measure the
concentrations of TBIL, DBIL and IBIL.

2.6. Biosafety assessment of PS-DVB/V-Hap

2.6.1. Blood compatibility testing

Before measurements, the adsorbents were immersed in normal so-
lution (NS, 0.9% NacCl) overnight. To test the hemolysis of adsorbents, 3
mL of rabbit blood was taken from the ear vein, and the blood was
diluted according to anticoagulation: normal saline = 4:5 to obtain a red
blood cell suspension. A negative control group, a positive control
group, and an experimental group received 5 mL NS, 5 mL distilled
water, and 2 g adsorbents, respectively. Each group had 100 pL red
blood cell suspension added and kept at 37 °C for 1 h. The solutions were
then centrifuged at 2500 rpm, and the supernatant was used to measure
the absorbance at 545 nm. Finally, the hemolysis ratio was calculated
using the formula provided in previous studies [32]. To test the blood
routine, 2 mL of blood from a rabbit heart was added to the EDTA-Kj;
anticoagulated blood collection tubes, and then 0.2 g adsorbent was
added, and the tube was gently shaken. The whole blood was used as a
control sample. All the blood collection tubes were incubated in a 37 °C
constant temperature water bath for 1 h. The blood was carefully aspi-
rated, and routine blood parameters were measured with a fully auto-
matic blood cell counter. The activated partial thromboplastin time
(APTT) and thrombin time (TT) were measured to investigate the anti-
coagulant properties of the PS-DVB/V-Hap, and the process was as fol-
lows: 4 mL blood from a rabbit heart was added to the sodium citrate
anticoagulated blood collection tubes, then centrifuged at 4000 rpm for
15 min to obtain platelet-poor plasma (PPP). Then 2 mL of PPP was
added to 0.2 g of adsorbents and gently shaken at 37 °C for 1 h. Pure PPP
without sample was the control treatment. All measurements were
carried out six times. The tests were performed by a semiautomatic
blood coagulation analyzer CA-50 (Sysmex Corporation, Kobe, Japan).
Furthermore, to assess blood biochemical properties, 1 mL of adsorbent
was incubated with 6 mL of plasma at 37 °C for 2 h. A 1 mL volume of NS
was used as a control and was also incubated for comparison. The levels
of major serum proteins and ion concentrations in the supernatants were
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measured by an URIT-8260.

2.6.2. Cytotoxicity testing

The NIH3T3 cells were grown in Dulbecco’s Modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% an-
tibiotics (penicillin-streptomycin) at 37 °C in a humidified incubator
containing 5% COz. A standard CCK-8 assay was used to assess the
cytotoxicity of PS-DVB and PS-DVB/V-Hap3. Before the measurement,
the adsorbents (2 g) were pre-immersed in DEMA (10 mL) and incubated
at 37 °C for 24 h, then filtered and sterilized with a 0.22 pm microporous
membrane to obtain the supernatants. Cells at required density (1 x 10°
cells well 1) were seeded in 96 well plates for 24 h. After washing with
PBS, 100 pL of supernatants was added into the culture medium and
incubated at 37 °C for 72 h under above conditions. The negative control
group was incubated with 100 pL culture medium DMEM instead of
adsorbents. The positive control group comprised 100 pL cell culture
medium containing 5% DMSO. Soon after treatment, the liquid was
discarded; 10 pL of CCK-8 was added to the culture medium, and the
resulting solution was incubated at 37 °C for 2 h. The cell viability was
determined by measuring the optical density at 450 nm on a multimode
plate reader (PerkinElmer EnSpire) [43] and calculated as the relative
value-added rate (RGR) based on the following formula:

RGR (%) = A/A¢*100

Where: A and Ag are the OD values of experimental group and negative
control group, respectively.

The evaluation criterion was as follows: the cytotoxicity corre-
sponding to the positive control group was required to be at least grade
3.

2.7. In vivo therapeutic efficacy evaluation

All animal experiments were reviewed and approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of First Central
Hospital of Tianjin and Nankai University. Bama miniature pigs (1 year
old), weight 35 + 10 kg, no limits for males and females, were kept
under pathogen-free conditions for seven days. Experimental procedures
were conducted under general anesthesia induced by intramuscular
injection of 5% pentobarbital (10 mg kg’l). Heparin administration is
also standard medical practice in humans receiving extracorporeal
hemoperfusion. To induce hyperbilirubinemia, pigs were given a single
operation that involved locating the bile duct along the hepatoduodenal
ligament, a double ligation of the bile duct above the duodenum, and
abdomen closing. Seven days after hyperbilirubinemia was induced and
the concentration of TBIL reached approximately 100 pmoL L™}, the pigs
with successful modeling were treated with a PS-DVB/V-Hap hemo-
perfusion cartridge at a flow rate of 60 mL min " for 2 h. In the treat-
ment with the hyperbilirubinemia hemoperfusion cartridge, 10 mL
venous blood was taken at time points of 10, 30, 45, 60, 90 and 120 min,
and 10 mL arterial blood was taken after the operation to measure the
level of bilirubin and analyze the indices of liver and kidney function as
well as routine blood parameters.

2.8. Statistical analysis

All results are presented as mean + SD, as noted in the text. After
meeting assumptions for normality (tested with the Shapiro-Wilk test),
the statistical significance of differences between datasets was evaluated
using one-way ANOVA with post hoc Tukey’s multiple comparisons test
in GraphPad Prism (GraphPad Software Inc.) and group comparisons
using paired sample t tests. A significant p-value indicates a probability
less than 0.05 (*p < 0.05), 0.01 (0.05< **p < 0.01), 0.001 (0.01< ***p
< 0.001), and 0.0001 (0.001< ****p < 0.0001).
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3. Results and discussion
3.1. Characterization of Hap and V-Hap

Detailed of the synthesis and characterization of V-Hap are shown in
Fig. 2. The non-grafted Hap and grafted V-Hap were characterized to
verify the coupling of the VTES chain to the Hap surface using FTIR
measurements (Fig. 2a), and the attributions of all absorption peaks are
summarized in Table S1. The Hap showed strong characteristic P-O
stretching absorption peaks at 1096, 1035, and 962 cm ™, and bending
absorption peaks at 608 and 560 cm ™! [44,45]. Notably, there was a
sharp absorption peak at 3570 cm™! that was assigned to the O-H
stretching vibration, and the peak at 3430 cm™! was due to the presence
of adsorbed water [46]. For VTES, the absorption peaks at about 3068
and 2944 cm ™! were attributed to the asymmetrical stretching vibration
(vas) of = C-H group and stretching vibration (vs) of -OCH2CH3 group.
The double peak at 1610 and 1413 cm™! corresponded to C—=C
stretching vibration in the vinyl group [47]. The V-Hap possessed a
similar FTIR spectrum to Hap. The characteristic peaks of V-Hap were
nearly unchanged in comparison to pure Hap [48]. After the introduc-
tion of VTES, the ~OH peak at 3570 cm ™! nearly disappeared, while the
characteristic peaks of VTES (1620 and 1420 cm™! for C=C group,
3065 cm ! for = C-H group, and 2950 ecm ™! for ~-OCH,CHj3 group)
appeared in V-Hap, confirming the successful synthesis of V-Hap. More
importantly, new characteristic absorption peaks appeared at 1100
em ! and 780 em ™, indicated Si-O-Si and P-O-Si formation in modi-
fied Hap attributed to two reactions between Si-OH and hydroxyl
groups and between Si-OH and HPOZ~ groups, respectively [30,37,49].

The crystalline structures of the non-grafted Hap and grafted V-Hap
were further identified using XRD. The XRD pattern of the Hap and V-
Hap remained nearly the same with characteristic diffraction of (0 0 2),
(211),(300),(202),(310),(222), and (21 3) without the presence
of crystalline phase changes or secondary phases, indicating the main-
tenance of the crystalline nature of hydroxyapatite after the grafting
reaction [49-51] (Fig. 2b). These results confirmed that the modifica-
tion only occurred selectively on the surface of Hap and did not alter the
crystallinity, crystalline phase or intrinsic properties of V-Hap. The only
exception was that a widened weak peak appeared around 22.5°, which
was ascribed to the amorphous silica phase resulting from the hydrolysis
condensation of VTES on the surfaces of Hap particles, further con-
firming the successful surface modification of V-Hap [51].

Fig. 2c shows TGA curves of Hap and V-Hap. The TGA curve for pure
Hap showed a weight loss of 1.94% from room temperature to 150 °C,
probably due to the evaporation of adsorbed H5O. In the temperature
range of 220-600 °C, the weight loss is 1.10%, which may be related to
the decomposition of Hap [52]. For VTES-modified Hap, there was a
weight loss of 2.38% from room temperature to 415 °C, which may be
related to the removal of adsorbed HoO and unreacted species. Then,
there was a large decrease (8.92%) between 415 °C and 900 °C ascribed
to the decomposition of the silane coupling agent. Next, the grafting
efficiency was calculated using TGA, demonstrated that 8.26 wt% of
VTES was coupled to Hap by comparing the differences of the total
weight loss between V-Hap and Hap [29]. We then performed TEM to
evaluate the morphology of Hap and V-Hap (Fig. S1). Both Hap and
V-Hap demonstrated a rodlike morphology with no substantial differ-
ence. Moreover, the results of EDS revealed the presence of Ca, P, O, and
Si in the V-Hap (Fig. S2a), among which Si originated from VTES, and
Ca, P and O can be attributed to the Hap (Fig. S2b). These results sug-
gested that V-Hap was prepared successfully.

3.2. Characterization of PS-DVB/V-Hap composites

Fig. 3a showed XRD patters of V-Hap, PS-DVB, and PS-DVB/V-Hap
adsorbents with different weight percentages. The diffraction peaks of
PS-DVB/V-Hap composites could only be indexed to PS-DVB and V-Hap,
with no new peaks that could be possibly assigned to other phases,
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Fig. 2. Characterization of Hap and V-Hap. (a) FTIR spectra of V-Hap, VTES, and Hap. (b) XRD analysis of Hap and V-Hap with scanning rate of 10°/min in the 20
ranges from 10° to 60° (Inset: the enlarged XRD patterns for the characteristic peak around 22.5°, amplification: 2 x.). (¢) TGA plots of Hap and V-Hap with a

temperature increase rate of 5 °C min~.

indicating the successful polymerization of V-Hap and PS-DVB. The XRD
pattern of PS-DVB/V-Hap1l was similar to that of PS-DVB at a low con-
tent of V-Hap and showed no peaks indexed to V-Hap. As the content of
V-Hap increased, the characteristic diffraction peaks at 25.96°, 31.77°,
32.90°, 34.05°, and 46.70°, corresponding to (0 0 2), (21 1), (30 0), (2
0 2), and (2 2 2) planes of V-Hap [53], became more clear and sharper
from the improved crystallization. In addition, the characteristic
diffraction peak of PS-DVB at 18° was observed in each PS-DVB/V-Hap
composite, suggesting the co-existence of PS-DVB and V-Hap [54].
Compared with the pristine V-Hap, the diffraction peaks of
PS-DVB/V-Hap composites slightly shifted to higher 26, which could be
attributed to the compression from the contracting polymeric matrix
through interfacial bonding [55].

This observation was supported by the FTIR results, and their spectra
are shown in Fig. 3b. For PS-DVB, the absorption peak at 3438 cm ™ is
due to the —OH stretching vibration of water adsorbed. The peaks at near
3086 and 3040 cm ! are assigned to G-H stretching vibration of aro-
matic group [54]. The peaks at 2940 and 2857 cm ! corresponded to the
asymmetric and symmetrical stretching vibration of -CH,-, respectively
[56,57]. The peaks at 1704 and 1603 cm ! are due to the skeleton vi-
bration of the benzene ring [58]. The characteristic absorption peaks of
saturated alkane methyl and methylene (1511-1358 e¢m 1) can also be
observed [59,60]. Also, the absorption peak at 989 cm™! belongs to
C—C stretching vibration of benzene ring [61]. Compared with V-Hap
and PS-DVB, nanocomposites spectra showed typical peaks centered at
3040 and 2940 cm ™! that were attributed to the stretching vibrations of
PS-DVB aromatic group and methylene group, respectively [61] as well
as bands at 1098, 1039, 609, and 566 cm ™! related to V-Hap phosphate
groups. Noteworthy, increasing V-Hap concentration in composites from
1 to 5 wt% resulted in a gradual increase of phosphate absorption band
intensity. However, the peak at 566 cm™! was not clearly seen, further
indicating the low content of V-Hap in the nanocomposite. Moreover,
the actual grafted amount of V-Hap was further supported by ICP-OES
study. ICP-OES findings confirmed that 0.86 wt%, 1.53 wt%, 2.83 wt
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%, 3.84 wt% and 5.75 wt% content of V-Hap in the filler in 1 wt%, 2 wt
%, 3 wt%, 4 wt% and 5 wt% PS-DVB/V-Hap, respectively. Additionally,
the TGA was also performed on pristine PS-DVB and the PS-DVB/V-Hap
composite to confirm the thermal stability and V-Hap contents in
organic-inorganic nanocomposites. As shown in Fig. S3, the weight
losses of all the spheres were similar. Owning to the main-chain pyrol-
ysis, a weight loss (75%) was observed from 350 °C to 485 °C in pristine
PS-DVB. Compared with that of PS-DVB, the degradation of the nano-
composites appeared to be shifted to a higher temperature range. This
indicated that there was a strong interaction between the polymer ma-
trix PS-DVB and the V-Hap nanoparticles [62]. Also, actual ultimate
V-Hap contents were estimated as 0.84 wt%, 1.74 wt%, 2.66 wt%, 3.87
wt% and 5.64 wt% compared with initial values of 1 wt%, 2 wt%, 3 wt
%, 4 wt% and 5 wt%, respectively, consistent with results based on
ICP-OES analysis. Taken together, these results indicated that V-Hap
surface modification did not affect V-Hap crystal behavior in the PS-DVB
matrix during polymerization.

Fig. S4 shows the surface morphology of various nanocomposite
adsorbents with different V-Hap contents. All particles had a well-
defined spherical morphology with a smooth surface and an average
diameter of 300-500 pm, properties that would benefit a potential
application to hemoperfusion. The cross-sections and surface micro-
morphology of the spheres were characterized by SEM images. As shown
in Fig. S5, mesopores’ cross-sections revealed that PS-DVB/V-Hap
possessed penetrating mesoporous channels that were beneficial to the
diffusion of guest molecules into the beads and increased the accessible
adsorption sites. Well-formed structures with numerous mesopores on
the surfaces of the spheres could be observed (Fig. 3c). Moreover, the
nanocomposites with 3 wt% V-Hap exhibited the maximum pore
porosity (Fig. S6). When the V-Hap content was further increased, the
mesopore begun to decrease. This phenomenon may be due to aggre-
gation in the polymer matrix resulting in a mesoporous structure that
was destroyed.

To demonstrate the porous nature of prepared PS-DVB/V-Hap and
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Hardness and modulus of nanocomposite adsorbents.

PS-DVB, nitrogen adsorption-desorption isotherms were performed at
77 K. The isotherms exhibited a feature of type IV with a distinct hys-
teresis loop based on the IUPAC classification, indicating that the PS-
DVB/V-Hap and PS-DVB adsorbents belong to typical mesoporous ma-
terials [63-65]. The hysteresis between the adsorption and desorption
curves was caused by the adsorption and desorption processes being
irreversible (Fig. S7). To further understand the porous structure of
PS-DVB with different V-Hap contents, the size distribution of the pores
and the textural properties of adsorbents are shown in Fig. 3d and
Table S2, respectively. The size distribution of the pores (PSDs) showed
similar patterns for PS-DVB/V-Hap and PS-DVB; PS-DVB/V-Hap3 had
the most mesopores in the distribution and the largest mesopore volume,
factors that would be beneficial to the diffusion of guest molecules into
the adsorbents and would increase the accessible adsorption sites.
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Moreover, in terms of the textural properties (Table S2), the
PS-DVB/V-Hap3 adsorbents exhibited the maximum BET surface areas
(Sggt) of 769.95 cm? g_l, the largest total pore volume (Tp) of 2.1539
em® g71, and BJH desorption average pore diameter (Dp) of 11.069 nm,
indicating that the V-Hap nanoparticles had an advantage in the
development of a mesoporous structure within the adsorbent. However,
when the V-Hap content was further increased (>3 wt%), the obtained
SgeT, Tp and D;, values begun to decrease. This phenomenon may have
been due to excess V-Hap nanoparticles occupying part of the space in
the mesopores and blocking a fraction of pores of PS-DVB adsorbents,
which weakened the nano-effect [51]. The porous nature results were
also in accordance with the SEM images.

Considering the pressure in the extracorporeal circuit, the mechan-
ical properties of the spheres would be beneficial to maintaining their
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dimensional stability. As shown in Fig. 3e, the mechanical strength
enhanced with the increase of V-Hap content. In addition, the modulus
and hardness of the pure PS-DVB were 40 + 2 MPa and 4 + 1 MPa,
respectively, and those of the PS-DVB/V-Hap3 composite were increased
to 118 + 12 MPa and 9 + 1 MPa, respectively. Furthermore, the loading-
unloading nano-indentation curves also demonstrated a lower load on
PS-DVB than on PS-DVB/V-Hap (Fig. S8). Considering that a bilirubin
adsorbent requires an abundant mesopore structure and excellent me-
chanical strength, the PS-DVB/V-Hap3 was selected as the representa-
tive sample for further characterization. HRTEM was used to investigate
the internal nano-scaled structure of PS-DVB/V-Hap3. As presented in
Fig. S9, the expected lattice fringe with interplanar spacing (d values) of
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0.3077 and 0.1846 nm, corresponding to the (2 1 0) and (2 1 3) planes of
hexagonal Hap (d2;0 = 0.3080 and dg;3 = 0.1841 nm, JCPDS No0.9-432)
[66-68], respectively, further demonstrated that V-Hap was successfully
added to the PS-DVB/V-Hap, in good agreement with the XRD analysis,
while there was no such pattern observed in PS-DVB (Fig. 3a). More
importantly, EDS was performed on the PS-DVB/V-Hap3 to further
evaluate the adsorbent’s elemental characteristics. Compared with the
result of PS-DVB (Fig. S10), the appearance of an even distribution of Ca,
P, and Si elements in the results of PS-DVB/V-Hap3 further confirmed
the homogenous structure within the organic-inorganic copolymer.
Together, the above results suggested the successful synthesis of
PS-DVB/V-Hap. Notably, there were three points that should be
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emphasized: (1) The adding of V-Hap had no effect on the morphology of
adsorbent. (2) The obtained PS-DVB/nHAp3 had the highest pore vol-
ume and most abundant mesoporous structure, making it the most
efficient for removal of bilirubin. (3) The as-prepared PS-DVB/nHAp
had an optimized mechanical performance, suggesting that it could be
safely used for hemoperfusion.

3.3. In vitro adsorption experiments

The effect of PS-DVB adsorbents with different V-Hap content (0, 1,
2, 3, 4, and 5 wt%) on bilirubin adsorption capacity was studied; the
results are shown in Fig. S11. The nanocomposite has the largest
adsorption amount of bilirubin when the V-Hap content was 3 wt% (7.4
mg g~ 1), and the adsorption rate was 79.26 + 1.02%; this value was
consistently higher than that the of PS-DVB (56.49 + 1.18%) (p <
0.0001). Additionally, there was an increase in the adsorption capacity
of bilirubin with an increase in the V-Hap content from 0 to 3 wt%.
However, further increase in the V-Hap content from 3 to 5 wt% resulted
in a decrease of the bilirubin removal efficiency. This may be due to 3 wt
% PS-DVB/V-Hap adsorbent having the most developed mesoporous
structure (Fig. 3c), the largest pore size, and largest pore volume
(Table S2). The bilirubin is adsorbed mainly by hydrophobic in-
teractions, resulting in an enhanced effective bilirubin removal.
Therefore, PS-DVB/V-Hap3 was employed as the optimal adsorbent
material for the application of the treatment to hyperbilirubinemia.

3.3.1. Assessment of adsorption mechanism

The study of adsorption kinetics described the solute uptake rate.
Therefore, we assessed the adsorption kinetics of the adsorbent from
initial to adsorption equilibrium. Fig. 4a and Table S3 show the kinetics
of adsorption of bilirubin by the adsorbents in the simulated serum. The
adsorption was initially quite rapid during the first 30 min, and the
adsorption then slowed, reached equilibrium within 2 h. The maximum
amount of bilirubin adsorbed by PS-DVB/V-Hap3 is about 7.40 mg g},
which was significantly higher than that of PS-DVB (5.38 mg g 1). Rapid
adsorption during the initial minutes was due to a large number of
vacant adsorption sites existing on the surface of composites. In order to
further examine the controlling mechanisms of adsorption such as mass
transfer and chemical reactions, pseudo-first-order and pseudo-second-
order kinetics were utilized to model the experimental data [69,70].
The coefficient of determination R? of the pseudo-first-order model was
higher than that of the pseudo-second-order model, indicating a better
fit with the pseudo-first-order and suggesting that the pseudo-first-order
equation was more suitable for describing the adsorption process
(Table S4). These results also confirmed that the adsorption efficiency
was proportional to the number of free sites and that hydrophobic forces
may play a critical role in the adsorption of bilirubin using composite
beads.

The adsorption isotherms were used to describe the adsorption
progress to investigate the mechanisms of adsorption and to estimate the
maximum adsorption capacity of adsorbents, as depicted in Fig. 4b and
Table S5. According to the Giles’s classification of liquid adsorption
isotherms, the shapes of isotherms of adsorption of bilirubin onto two
adsorbents were H-2 type [71], indicating that both had the same
mechanism of adsorption for bilirubin. An H-2 type adsorption isotherm
suggested that bilirubin molecules were adsorbed in the mesopores of
adsorbents. This behavior is due to the relationship between the pore
structure and molecular size of bilirubin. To our knowledge, the area per
of bilirubin molecule is 0.74 nm?, and its molecular size is estimated to
be 1-2 nm [72,73]. In simulated serum, free bilirubin can bind to al-
bumin with an association constant of 9.5 x 107 M~! to form indirect
bilirubin with hydration diameters of about 7 nm [74]. Meanwhile, the
adsorbents had mesopores with diameters of 5-20 nm. Therefore, the
bilirubin molecules could access and be adsorbed in the mesopores of
adsorbents, resulting in the acceleration of adsorption due to the
adsorption potential field of the mesopores. Moreover, two well-known
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theoretical models, i.e., Langmuir and Freundlich models, were used to
fit the experimental data [69,75,76]. Nonlinear fitting was performed
(Fig. 4b) with the relevant parameters calculated from the two models
listed in Table S6. According to the maximum adsorption amount, R
values, and fitting curves, the adsorption of bilirubin by the two ad-
sorbents was typical monolayer adsorption in the simulated serum. The
maximum adsorption capacities from Langmuir model for PS-DVB and
PS-DVB/V-Hap3 were 34.71 and 40.27 mg g™, respectively. Compared
with PS-DVB, the larger Sggt, D, and T, of PS-DVB/V-Hap3 may further
facilitate adsorbate diffusion processes inside polymer particles, which
favors a solute-solute interaction for protein-binding bilirubin (molec-
ular size: 7 nm) according to the capillary condensation theory [77].
This is in agreement with some earlier reports [78].

3.3.2. The effect of microenvironment factors on the adsorption of bilirubin

The effect of albumin concentration, ionic strength and temperature
on the adsorption of bilirubin are illustrated in Fig. 4c-e and
Tables S7-S9. The concentration of albumin is one of the most important
properties in the adsorption studies; due to the albumin being a natural
vector of bilirubin, a bilirubin-albumin complex can be formed in blood.
The molecular weight of albumin is 66 KDa, and the protein contains
two strong bilirubin-binding sites and ten comparatively weak binding
sites. The bilirubin sorption decreased with the increasing of concen-
tration of albumin (Fig. 4c and Table S7). This result could be attributed
to two factors. On the one hand, the presence of excess albumin could
conjugate with bilirubin [79], resulting in a decrease in the amount of
free bilirubin. On the other hand, competition between the albumin and
the adsorbents for binding to the bilirubin decreased the number of
collisions between bilirubin and adsorbents. However, there was no
obvious change in the adsorbed amount when the concentration of al-
bumin reaches about 15 g L™, The reason may be that the conjugate
BSA-bilirubin reach a saturated adsorption state. Additionally, the
concentration of albumin had a relatively small effect on the adsorption
capacity of PS-DVB/V-Hap3, compare with the PS-DVB. This can be
attributed to the addition of V-Hap enhancing the adsorption selectivity
toward bilirubin against albumin interference. Thus, the initial con-
centration provides an important driving force to overcome all mass
transfer resistances between the aqueous and solid phases.

Generally, various salts ions are present in human plasma. The salts
lead to high ionic strength, which may affect the adsorption onto ad-
sorbents (Fig. 4d and Table S8). The adsorb amounts of PS-DVB and PS-
DVB/V-Hap3 at varying concentrations of NaCl (0-0.8 M) showed no
significant increases, indicating that the prominent adsorption mecha-
nism between PS-DVB/V-Hap3 and bilirubin is still a hydrophobic
interaction, and that PS-DVB/V-Hap3 adsorption toward bilirubin was
stable against salts interference. The temperature is also important for
the adsorption performances. As shown in Fig. 4e and Table S9, an in-
crease in temperature from 4 to 60 °C enhanced the remove efficiency
significantly. This was mainly due to the increased temperature making
the bilirubin molecules form more intermolecular H-bonds, resulting in
an increase of their hydrophobicity and thus an increase in the hydro-
phobic interaction between adsorbate and adsorbent. In addition, the
rate of diffusion of the adsorbate molecules across the external boundary
layer and in the internal pores of the adsorbent particle can be enhanced
with increasing temperature, owing to the decrease in the viscosity of
the solution for high-temperature suspensions [80]. Taken together,
these results indicated that PS-DVB/V-Hap3 had higher absorbability of
bilirubin.

In order to further evaluate the adsorbent, we tested the adsorption
capacity of PS-DVB/V-Hap3 in the plasma of patients with hyper-
bilirubinemia in vitro, and a commercial bilirubin adsorbent (BPR, made
in japan) was used as a positive control. As shown in Fig. 4f and
Table S10, the absorption capacity for TBIL, DBIL and IBIL of the PS-
DVB/V-Hap3 and BPR was equal, while PS-DVB/V-Hap3 had signifi-
cantly higher adsorption rates than PS-DVB. However, BPR is a typical
anion exchange resin, it can only be used for plasma perfusion. PS-DVB/
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V-Hap3 is designed on the basis of whole blood perfusion, which does
not rely on plasma separator and can be used in a safer, more convenient
and cost-reducing way.

3.4. Biosafety assessment of PS-DVB/V-Hap3

As a hemoperfusion adsorbent has direct contact with blood or
plasma, good biocompatibility is necessary. Unexpected leukopenia,
hemolysis, and thrombocytopenia during hemoperfusion treatment
suggest poor hemocompatibility of blood-contacting biomaterials. Since
abnormal hemolysis leads to hemolytic anemia (HA), jaundice, fatigue,
cholelithiasis, pulmonary hypertension, and renal dysfunction, hemo-
lysis ratios are important to confirm the safety and feasibility of adsor-
bents [12]. As shown in Fig. 5a, compared with PS-DVB (2.8%),
PS-DVB/V-Hap3 showed lower hemolysis rates (1.3%); this not only met
the requirements of the hemolysis experiment of applied materials
(ASTM, F756-2008) but also indicated better blood compatibility [81].
By contrary, BPR has a higher hemolysis rate (19.45%). Thus,
PS-DVB/V-Hap3 can be classified as a nonhemolytic nano-composite
adsorbent clinical hemoperfusion adsorption material.

Moreover, blood coagulation, including analyses of activated partial
thromboplastin time (APTT), thrombin time (TT), prothrombin time
(PT), and the fibrinogen (FIB), was performed to study the coagulant
property (Fig. 5b). The APTT and TT can assess the antithrombogenicity
of the samples in vitro; PT can confirm the exogenous coagulation ability,
while the adsorption of FIB was used to evaluate the pro-coagulant ac-
tivity. Compared with the control group of PPP, the values of APTT, TT,
PT and FIB for PS-DVB/V-Hap3 and PS-DVB showed no significant re-
ductions, suggesting that PS-DVB/V-Hap3 caused little whole blood
coagulation.

Furthermore, blood cell differential counts were measured to study
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the overall effect of adsorbents on whole blood. As shown in Fig. 5c,
there were no obvious difference among control (BPR), PS-DVB, and PS-
DVB/V-Hap3 groups for white blood cells (WBC), red blood cells (RBC),
or hemoglobin (HGB). It is worth mentioning that the decreased rate of
platelet (PLT) for PS-DVB/V-Hap3 was lower (only 8.2%) than in the
control group (30.2%). Additionally, the concentrations of major pro-
teins, ions, and other coagulation-related compounds showed no sig-
nificant decreases when compared to the control groups, indicating that
the spheres did not induce any nonspecific adsorption (Table S11).
These results demonstrate that PS-DVB/V-Hap3 spheres had better
blood compatibility, a result that provides the foundation for safe
treatment in whole blood.

Lastly, the cytotoxicity test results (Fig. 5d) showed that the relative
increase rate of cells in the positive control group was 26.52%, in
accordance with the evaluation criteria. The relative cell proliferation
rates were 86.75% and 94.29% for PS-DVB and PS-DVB/V-Hap3,
respectively, conforming the nontoxicity and better biocompatibility
of PS-DVB/V-Hap3. Taken together, these results demonstrated that the
PS-DVB/V-Hap3 could be applied in direct contact with blood, and that
it is feasible and safe as a clinical hemoperfusion adsorption material.

3.5. Extracorporeal whole blood cleaning in living animals

3.5.1. Establishment of hyperbilirubinemia model

A hyperbilirubinemia model can be constructed by bile duct ligation
[82,83] (Fig. 6a). The skin, lips, and eyeballs turned yellow in bile duct
ligation pigs after seven days (Figs. S12a and S12b). Meanwhile, the
plasma bilirubin levels before and after modeling were analyzed
(Fig. 6b). The results showed the TBIL, DBIL, and IBIL increased
significantly from 1.28 + 0.50, 0.85 + 0.38 and 0.44 + 0.27 t0 139.47 +
9.36,119.32 + 6.77 and 20.90 = 3.56 umoL L™}, respectively, indicating
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Fig. 5. Blood compatibility and biocompatibility evaluation of the adsorbents. (a) Hemolysis rate results for control groups and adsorbents (Inset shows a digital
photo of red blood cells incubated with different samples.). (b) TT, APTT, PT and FIB in PPP after incubation with different adsorbents. (¢) Comparison of the blood
cell count for normal whole blood and the blood after incubating with adsorbents. (d) The cell viability of NIH3T3 cells of adsorbents by CCK-8 assay (Inset shows the
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Fig. 6. (a) A schematic of the fabrication of bile duct ligation. (b) The levels of TBIL, DBIL, and IBIL in pigs before and after model establishment. (c—f) The pa-
rameters of blood routine examination, liver function, proteins, and renal function were analyzed before and after the 2-h hemoperfusion process. (Mean + SD, n = 6

for each group), *p < 0.05, **p < 0.01; ns.: Not significant.

a successful model (Fig. 6b). Moreover, the routine blood results of the
models suggested that a 53.16% increased of WBC may have been
caused by the inflammatory response after the operation to resist
infection, and a 31.16% increased of PLT may have been due to
decreased or refused diet and inadequate water intake after ligation
(Fig. 6¢). The concentration of RBC remained constant; there was no
significant difference, i.e., no indication of dehydration. The liver
function results of pigs with hyperbilirubinemia suggested the levels of
alanine aminotransferase (ALT), aspartate aminotransferase (AST),
alkaline phosphatase (ALP) and y-glutamyl transpeptidase (GGT) were
significantly higher than normal, indicating that the pigs had clear liver

dysfunction (Fig. 6d). Moreover, there was no significant differences in
total protein (TP) or globulin (GLOB) before and after the model (p >
0.05); and a 5.1% reduction in concentration of albumin (ALB) sug-
gested that it may have been due to liver function injury and animals
eating less or refusing to eat after surgery (Fig. 6e). The comprehensive
assessment the parameters of kidney function and electrolyte indexes
(Fig. 6f) showed the concentrations of creatinine (CREA) increased by
25.86% and Cl~ decreased by 8.57%, both of which were statistically
significant. Taken together, the results further confirmed the successful
induction of hyperbilirubinemia.
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3.5.2. Toxicity in vivo during hemoperfusion in pigs

The blood count is the main safety index for evaluating the blood
compatibility of biomaterials. After treatment, the levels of WBC
increased slightly (p > 0.05) (Fig. 6¢), which might be a transient in-
crease caused by the contact between blood and adsorbent but returned
to pre-treatment level by 24 h after hemoperfusion (Fig. S13). In addi-
tion, the levels of PLT decrease slightly during hemoperfusion, without
significant difference (p > 0.05). These results indicated that PS-DVB/V-
Hap3 did not cause remarked changes in the numbers of various blood
cells and thereby demonstrating its low toxicity. The statistical results
for ALT, AST, ALP, and GGT are shown in Fig. 6d. Notably, after treat-
ment with hemoperfusion for 2 h, the levels of ALT, AST, and GGT were
significantly decreased, while the level of ALP decreased slightly, indi-
cating that using the PS-DVB/V-Hap3 hemoperfusion apparatus could
potentially reduce liver damage and improve clinical outcomes. The
effect on proteins is also an important indicator in hemoperfusion for
bilirubin. The levels of proteins were slightly decreased during hemo-
perfusion, possibly due to physical adsorption of the adsorbent, but this
decline is within the range of clinical acceptance and does not make a
significant change of blood components after treatment (p > 0.05)
(Fig. 6e). Furthermore, except for the observed change in CREA, there
were no significant changes in renal function during 2 h hemoperfusion
(Fig. 6f). The decrease of CREA might primarily result from the hemo-
dilution caused by fluid infusion [84].

The vital signs were further evaluated during hemoperfusion. The
animal’s physiology (respiratory and heartbeat rates) was monitored
during the irrigation process to assess whether the basic conditions of
the animals were stable, as shown in Fig. 7a and b. The physiological
responses were basically stable and did not show sudden rises and/or
lows, and the procedure did not cause adverse reactions such as heart
failure, respiratory failure, or arrhythmia. In addition, due to the
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different tolerance of individual animals to anesthesia, the statistical
deviation was large. Considering the characteristics of high coagulation
in pigs, the first dose of anticoagulation was given at the beginning of the
experiment; this was higher than the clinical dosage of humans. The
anticoagulant test results are shown in Fig. 7c. The results indicated that
the PT increased when the hemoperfusion lasted for 2 h but recovered to
normal levels at 24 h. This is most probably because heparin sodium
could not be completely metabolized in the body during the treatment of
2 h. The levels of FIB remained substantially constant, indicating that
there were no significant changes after treatment. The digital photos of
hemoperfusion apparatus are shown in Fig. 7d. There was no substantial
difference between before and after hemoperfusion for the spheres in the
apparatus, and no obvious blood clotting could be observed on the inside
wall of the apparatus after treatment; this also indicated that PS-DVB/V-
Hap3 shows little blood adherence effect.

3.5.3. Evaluation of effectiveness in hemoperfusion

To test the whole blood-cleaning capability of the TBIL, DBIL and
IBIL in vivo, blood was taken from the carotid artery and returned to the
jugular veins of living, anesthetized pigs using PS-DVB/V-Hap3 hemo-
perfusion apparatus (Fig. 8a—-c). Furthermore, the TBIL, DBIL and IBIL
levels of the therapeutic group decreased drastically, from 139.47 +
9.36,119.32 £+ 6.77 and 20.90 + 3.56 to 93.25 + 8.17, 81.97 &+ 8.02 and
9.23 + 2.33 pmoL L7}, respectively, in the hyperbilirubinemia pig’s
whole blood circulation for the entire 2 h treatment period. We further
confirmed removal efficiencies of 32.93% + 9.52%, 31.3% =+ 9.09% and
55.5% + 11.04% for TBIL, DBIL and IBIL, respectively (Fig. 8d-f).
Combining the low toxicity with the efficiency of PS-DVB/V-Hap3, the
results suggested that the nanocomposite materials could be a new type
of hemoperfusion adsorbent for bilirubin removal from whole blood
directly in clinical therapy for hyperbilirubinemia.
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4. Conclusion

In summary, we have successfully developed a novel organic-
inorganic nanocomposite (PS-DVB/V-Hap3) with high efficiency for
hyperbilirubinemia therapy by bilirubin removal directly from whole
blood. The nanocomposite spheres possessed large specific surface area,
high pore volume, and an abundant mesoporous structure that resulted
in a high adsorption capacity for bilirubin. Due to the improved inter-
facial bonding between V-Hap and PS-DVB through the formation of a
covalent co-crosslinked network, the nanocomposite also displayed
significantly enhanced mechanical properties. Surprisingly, the modulus
and hardness of PS-DVB/V-Hap3 reached 9 + 1 MPa and 118 + 12 MPa,
respectively. These high values mean that PS-DVB/V-Hap3 was much
more suitable for hemoperfusion applications than PS-DVB. More
importantly, the V-Hap endowed PS-DVB spheres with excellent blood
compatibility and biocompatibility. Last but not least, in vivo hyper-
bilirubinemia pig model experiments further confirmed that the adsor-
bent had significant advantages regarding biosafety performance as well
as absorptive property using whole blood. After 2 h hemoperfusion, the
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TBIL, DBIL, and IBIL levels of the therapeutic group decreased from
139.47 +9.36, 119.32 + 6.77 and 20.90 + 3.56 to 93.25 + 8.17, 81.97
+ 8.02 and 9.23 + 2.33 pmoL L7}, respectively. Taken together, these
results suggested that PS-DVB/V-Hap3 is an effective, safe, and cost-
effective adsorbent, one that could be used in a commercial hemo-
perfusion column to treat hyperbilirubinemia. The new material could
surmount the defects of extant techniques and finally improve the
clinical outcomes of patients with hyperbilirubinemia.
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