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[ Abstract] Objective To design and prepare a high efficiency bilirubin adsorbent with good mechanical
properties and biocompatibility. Methods In this study, quaternary ammonium pyridine was designed and synthesized,
and then modified polyether sulfone microspheres, or PES/p(4-VP-co-N-VP)@6 microspheres, were prepared by phase
conversion and electrostatic spraying. The morphology of the polymer components and the microspheres were studied by
means of nuclear magnetic resonance (NMR) spectroscopy and scanning electron microscopy. The basic properties of the
microspheres and their bilirubin adsorption efficiency were tested, and the adsorption mechanism was further explored.
Blood cell counts and the clotting time of the microspheres were also measured. Results The diameter of the modified
polyether sulfone microspheres prepared in the study was approximately 700-800 um. Compared with the original PES
microspheres, the surface and internal structure of PES/p(4-VP-co-N-VP)@6 microspheres did not change significantly,
and they also had a loose porous structure, with some micropores scattered around in addition to irregular large pores.
Compared with the control group, the bilirubin removal effect of the modified microspheres was (94.91+0.73)% after
static adsorption in bilirubin PBS buffer solution for 180 min, with the difference being statistically significant (P<0.0001).
According to the findings for the clotting time, the activated partial thromboplastin time (APTT) of the blank plasma
group, the control PES group, and the modified PES microsphere group were (27.57£1.25) s, (28.47+£0.45) s, and
(30.4+0.872) s, respectively, and the difference between the experimental group and the other two groups was statistically
significant (P<0.01, P<0.05). There was no significant change in red blood cell and white blood cell counts. Conclusion
The microspheres prepared in the study have high efficiency in bilirubin adsorption, excellent mechanical properties and
thermal stability, and good blood biocompatibility, and are expected to be used in the clinical treatment of patients with
liver failure.
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Fig 1 Schematic diagram of the preparation and application of PES/p(4-VP-co-N-VP)@6 microspheres

4-VP: 4-vinyl pyridine; N-VP: N-vinyl-2-pyrrolidinone.

1 #MR5FE

1.1 #RRALEE
1.1.1 A

Rk (polyethersulfone, PES, Ultrason E6020P) i H
RO R AR LR (98%) . 4- LM FEMLIE (4-
vinylpyridine, 4-VP, 96%) Fl & % fL.#4 (NaOH, AR, 96%)
W 8RR T A AR B A BR A 7] TR 4 (99% )
A5 THE (AIBN, 98% ) FlIN - £, % 3 N 1% o il (N -
vinyl-2-pyrrolidone, N-VP, 90% ) W [ - 1B 5 34 Hir 12X 5]
AR A N,N-H B 2P (DM A, AR, 99%) FIN,N-
T HI L EERE (DMEF, AR, 99.5% ) [ & s R R 2
Al TERAIFSE I R P 2585 17K (DK ) o

1.1.2 &

g PR P (AV 11T HD 400 MHz, Bruker, f&
), 148 7 B (Phenom PureH T & f/E%, Thermo
Scientific/A F, faf 2% ), falilhz 7139 AL (HZ-1004A, T ) ,
FEE 43I (METTLER TOLEDO TGA/DSC 3+, Fi 1),
fitih7X (SpectraMax®ABS Plus, JEI ), 4= FH 2 ifiL 1 4l 53
HHL(BC-5100, %49 B 7 ML T4 BRZ A, ERYID
4 [ S LK EEE AT (Sysmex CA-500, HAS) .

1.2 MESREmtl & 5 RE

142 g 4-VPHI1445 mg N-VPEf# T 15 mL DMAcH, fin
A51 mg AIBN, ik AU #E7196FE30 minffiI 53
HA], HELAS S AR T T80 “C /24 h, AT RIAT
KA ip(4-VP-co-N-VP), ZkZEhiA4 gifARIEC ke T



4 1

RS B A% 51 SR DUARICRR 7 i I 20 3R IUAE H 76 2 7 847

SN, ARSE T80 °C 224 h, LSRR (A, 2
NS AT PO A DR e, A7 b G TR AT, 20k
J5 B TR AL EL, B15 3 R 5 Y p(4-VP-co-N-VP) @6, %
B

1.3 U BB K A il &

FREL— 5 5 e Y PESHS A AR & ¥ p(4-VP-co-N-

VP)@6# T'DMACH!, BLili| I 97 2235 1, HARZL 70 sk
IR o SEaE IR, WOE B W0 1 - O L e 12
I P 5 5 32 AR 1 5 1 /N K 50 B P A (R ek ( PES N
PES/p(4-VP-co-N-VP)@6 J, K flBk B T 25 B /K, ] el
24 Wil fe— R LB 7K, DL EERER B AT .

1 HLBHRAS

Table1 The components of spinning solutions

Solution PES p(4-VP-co-N-VP)@6 DMAc
PES 12% 0 88%
PES/p(4-VP-co-N-VP)@6 12% 8% 80%

14 BUEREAGEKA RIS SR

M A T Y MUEE (SEMD) WS T B BERR MOk i 6
T AN AR T 30, R Bk R T A0 B8, 2 R 2R R VT, B
Ff it FH S 70 B i (45 28 kPa, HLJ6 ~ 8 mA) £ & Ml
WU, U . SR, I B i € OS2 RIS X T
PEZAHRAL Y SEMIERHEA T IC 2R L RN 5345 437 o

TR A 2= Pk R ik ) SEE I o P AR B i
il HFC & 10 kg fe A% 0938 HL I AL, Fe 46 K % R
10 mm/min, 5K BRIV AR 70%.

Tk A PAER e P e e R AT SO D RIPRE 2R
BEB SR TE60 CRYMEAE T T%:24 h, R4 ~ 10 mg T4
JE ROk, A Z A . #4873 47 (thermogravimetric
analysis, TGA )t Z& #7375, I ARAETGA %
ST SN (derivative thermogravimetric, DTG) [if]
2o MAAFRFAREE H50 CHEIESFH30 min, 85 1410 °C/min
BB 2R 50 CHNEAEI800 °C, BAMKIEFEN, A T
AT
1.5 RBET 35 A IR B i

M T AHZL R 5) WG i, A S BV i e RO 2%
AT
1.5.1 AWM F

FREL10 mgfHZT %, PA1.25 mL 0.1 mol/L NaOH¥ i
IR R, BN A pH7 4B L & th IR W E B 2
50 mL, IR 35], BOGIRAE

FREX200 mg PESEYPES/p(4-VP-co-N-VP)@6f{ER, fil
A8 mLARZL R Z v, 737 CHEET, 120 r/minfH

TR, AAEAR R R85 T 6 I8 % 37 (1) TC BRI 41 22 22 vhis
WAE e X ZE, 4305 F0 min. 15 min. 30 min.
60 min. 120 min, 180 min¢}L100 uL W, FI HBEHR Ao
K438 nmAb IR OGRE (A, o BRZAAE SN A 34
AT
ORI NELT R B2 m] ()5
A conirol — Asamplc
Acomrol

AW, RAMBAS: Ao FIA i A A5 P FISE SR
HYARLT 2R I R WO EE

FIRAIRTE R B, >R FHAL— M — 2 8) )y 2
B3 M 7 AL R W 30 )k B . 0 — 205 R, LR
Lagergreni# 2 /7 2, JE W [&1 14 2 W B A — B 72, 9%
05 TSR BT B 3R 52 A A W B S R R s . TR
AXIMK(2). (3) PR

R= x 100% (1)

In (qc - ql) = lnqc - klt (2)
t 1 t
—= +— 3
4@ kq g @

v q Fiq a3 i A A A RS TA68 s 4 2 o6 R
Z0 N B 1, 2 R ST ], e, T, 23 1) A HUA— S RDL — 94 )
AR R B A
1.5.2 R4 IRE 6 # S Re 4 Z R W

FRE—E R AHLT 2, 110.1 mol/L NaOHIAE R = iR
TR, BN —E AR pH= 7. 41 BER$h 2% v, i
il o -1 100 mg/L., 200 mg/L., 300 mg/L. 400 mg/L
500 mg/LIYAHLL 2R 22 whis i, TR -5 950 JG WG IR

FREL100 mg PESEPES/p(4-VP-co-N-VP)@6, Jil A
8 mLARZL R wp iR, 1637 CIEE T, 120 r/minfH i
7%, ATEARIR) PREE N E IR 5235 9 JCERIB L 3R 22 i
YERZS FIXT R, F180 min B 100 pLis W, A H B AR
RS 438 nmAbRYWOCRE . R i E A 34 P AT .

Fiex (1) THA IR BERURER (Y BT 3R W B
1.6 IMEBEFE

fit R AT 6 I (R [ 14424 % 55 PRk il ) 15 &%
A IR 8 OH 1 8 il s (a1, L Lt om1 - 9) 3L
i R (R T-VEAS il 4 50 VR e il ) i B s
(5 mL, VLA A, i ED IR . ARSE50 R U )1 K
HEVGBEBEAEIE AT, BT A S 06 X 4 RO DG A A ] S 4
79 (GB/T 16886.4-2003/1SO 10993-4:2002, 14 A\ R ILAN
] ] % ot WA B RS B R A g, AR N R [ [ A
HEACAE S 5123 AT o ATAT LA M SR R S 50 1
RAFHVG R B, IEA5 3] 1 DU )1 R 2= A8 78 I e 2 AR 2
DA RHEHE (52024553, fff FH AR IMIRAT 5 A RE



848 PUN S22 (B2 )

5 554

1.6.1 e mfitit 4k

SR FH LA 350 5 SO 1l 40 M 5 3
IR AR 100 LA FRER K iR ifu st i . JeBi/b Bl
K, FEAH B4 1100 uL, 7£37 CHEE T E 30 min,
SRIG FBRIRER, WCHE TR A% VR FH 4 1 3 i 240 i 53 1
ASCIN 5 L 200 5 R TE RO i 4 1M A D s X IR,
ANFERE S 3T
1.6.2 . B JA) A4 0)

TEAER5E MG AT B] (activated partial thromboplastin
time, APTT) . #E I JF A} ] (prothrombin time, PT) FlI¥E
1ML AR 7] (thrombin time, TT) #3714 H SIEMENSZY
A, RGN FT B Z 37 °C o i IV (MR R SA T )
4000 r/min®&.[>15 minfg 2 = M/ I3 (platelet poor
plasma, PPP), HUi& & i#BR, J A300 uL PPP#RI, T°37 °C
WEEF, W H30 min, JOERPPP R ZS FAXTRRAL . {4
F ShBE M E APTT ., PT, TT. 4>k H 341
A7
L7 HITETE

TSI AT, BB T3UCE AT, AR
Tk sFRn o WLLR RS04, 224 RIS 3205 260
Br, I Tukey = J5 K 50 HEA T2 0 [B] A 73BT o P< 0.05°0 2%
AR

2 GHREHR

2.1 BEMRME
PUTARZ AR i 50, IRk 4- VP N-VP A 2R
A Wp(4-VP-co-N-VP)@6[1)'H NMRiE& I UNE 28R . X

FL LR (4-VP, N-VP) [ E ST &, B A Y p(4-VP-co-

N-VP)@67E5x107° ~ 7x10 I XL | Y o I %, R
RAEI . 0.5x10°° ~ 2x10 B4 (1) 5T F W B bR
S EE, AU, DL S5, p(4-VP-co-N-
VP)@6ifil 5 1Y)
2.2 BEANRIBRA R R AL

SEMWLZE (KI3A) & B, JREBEAN K B AR 294700 ~

800 pum, 5JEIRPESHHIRAH L, PES/p(4-VP-co-N-

VP) @613 If I FR A8 I T W 4 A2 Ak, [RIRE HL A i
LALLM, DR BLN K ALAMABUFE o A — 266 AL . 4R
Ji FHEDS I 2 P16 i 2R ik B st ek 1) 1k 2 e b 4743
Mro @59 (EI3B)EW], C. N, O, S, Bre RS M 1E
PES/p(4-VP-co-N-VP)@6K i . DL F45F K, ilihil &
b 2l R R RO

FCER 14 18 7 - 1 A% 1 2% an 4 A RN Rl 4B T 7, PESHN
PES/p(4-VP-co-N-VP)@6 1) 1 4t & Jo ] b 25 53¢, YR80

R
I

N-VP
| u ‘L )
p (4-VP-co-N-VP)

p (4-VP-co-N-VP)@6

o N J_U_kau\é §
9 8 7 6 5 4 3 2 1 0
f1/10°°

2 4-VP N-VP,p(4-VP-co-N-VP)Fp(4-VP-co-N-VP) @6 B #% Hi £ R
SiEE
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4-VP: 4-vinyl pyridine; N-VP: N-vinyl-2-pyrrolidinone.
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Fig 3 Morphology and chemical composition of PES and PES/p(4-VP-co-N-VP)@6

A, SEM images of the surface and cross section of the microspheres; B, energy spectrum of the microspheres.
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Fig 4 Mechanical properties and thermal stability of PES and PES/p(4-VP-co-N-VP)@6
A and B, Typical compressive stress-strain curves of the microspheres, A is a local amplification of B. C, The thermogravimetric analysis curves of the microspheres.

D, The derivative thermogravimetric curves of the microspheres.
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Fig 5 Bilirubin adsorption in vitro

A, Adsorption ability of the microspheres at different initial concentrations (T=37 °C, =3 h), n=3. B, Bilirubin adsorption kinetics of the microspheres (T=37 C,

initial bilirubin=200 mg/L), n=3, " P<0.0001. C, The pseudo-first-order equation of PES/p(4-VP-co-N-VP)@6, n=3. D, The pseudo-second-order equation of PES/p(4-

VP-co-N-VP)@6, n=3.
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Table 2 The parameters of the pseudo-first-order model and the pseudo-second-order model for the adsorption

Pseudo-first-order equation

Pseudo-second-order equation

Sample Qe /(mg/g)

k,/(g/mgemin)

qc(mU/ (mg/g) rlz

ky/(g/mgemin) Qe /(mMg/g) r’

PES/p(4-VP-co-N-VP)@6 15.39 0.03215

14.67

0.9742 2.073x10° 18.00 0.9917
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Fig 6 Evaluation of the biocompatibility of microspheres in vitro

RBC: red blood cells; WBC: white blood cells; PLT: platelets; DIFF: differential white blood cell count. A, Cell counts of RBC (x10"' L™") ,WBC (x10°L™") and

PLT (x10°L™") after coculturing with microspheres for 30 min (n=3), ™" P<0.001. B, Clotting times of PPP after coculturing with microspheres for 30 min (n=3), * P<0.05,

" P<0.01. C, DIFF scatter diagram and histograms of RBC, WBC and PLT after coculturing with microspheres for 30 min.
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