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Fig. 1 Schematic diagram of the route to fabricate the HCP-DMEA and HCP-DDA.
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Fig. 2 (a) FTIR spectra and (b) Solid-state '3C-NMR spectra; (¢) Survey XPS spectra (with the inset showing the magnified
N1s XPS spectra); (d) Ols XPS spectra of PDVB, HCP-DMEA and HCP-DDA.
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Fig. 3 Optical microscopy micrographs and SEM images of the adsorbents: (1) P(St-DVB), (2) HCP-DMEA and (3) HCP-
DDA. (al-a3) Appearance photos, (b1-b3) the surface zone, (c1-c3) the surface amplified zone, (d1-d3) the cross-section
zone, (f1-13) the cross-section amplified zone.
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Fig. 4 (a) N, adsorption-desorption isotherms; (b) Micropore size distributions of PDVB, HCP-DMEA and HCP-DDA calculated
by the NLDFT method.
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Table 1 Textural properties of PDVB, HCP-DMEA and HCP-DDA.
Sample PDVB HCP-DMEA HCP-DDA
SpET 796 948 947
. Shicro (0.35-2.00 nm) 245 419 427
Specific surface area
2—-10 nm 622 551 547
(ng_l) Smeso
10-50 nm 161 143 140
Siacro (50—100 nm) 20 16 18
Vp 1.7149 1.6294 1.6613
Viero (0.35-2.00 nm) 0.1153 0.1836 0.1875
Pore volume
Vineso (2—10 nm) 0.5291 0.4720 0.4648
(em’-g™)
Vineso (10-50 nm) 0.8886 0.7735 0.7811
V acro (50—100 nm) 0.2259 0.2369 0.2663
Average pore size (nm) 8.6179 6.8783 7.0176

Note:The micropore data is derived from the T-plot theory, while the mesopore and macropore data are obtained from the BJH

theory.

%)% 8.6 nm, fif HCP-DMEA 1 HCP-DDA [{] *F*
B R AR, 20509 6.9 117.0 nm.

H R %1, AHFFCRF DMEA FIDAA 2 Fii/)
T AEINE RIS — IR B 34T )5
THFMPE, 78 2 HCP-DMEA F1HCP-DDA
TP S EL R AR SBET F#L L R THIAX Smicro
FIRE R, PLE A KL EE R H AR Smeso AN FL4F
(R /N, IX 7% 7E Friedel-Crafts i 32 156 5w it
b, RN IS BEGRIAR R AR B ) AL
B, 5T S PDVB H 2RI 28 R Al o
JE AZIR RN, TE 45 F4 b 1 REIUE NI 1 A2 1B 45
1, BEARREWENMER A HE. B SR
B, TR BEE I 2, R B R
R B, SRS (AR R £ 1
AREEH I AR 2548 2 ] 2= SR T RV 22 /)
FLER, I BSCR R AL, SRR
B Ing At 1 BLAih
2.2 A iin 3R IS o IR B 7 A B 2 R BT AR
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Fig. 5 Adsorption rates of PDVB, HCP-DMEA and HCP-
DDA for (a) middle molecular uremic toxins and (b) PBUT
toxins in the bovine plasma with the treatment time of 2 h.

DMEA A1l HCP-DDA X 2-MG K3 4 % 7 5 N
62.0% F1168.7%, X IL-6 115 R 73710 48.0% il
55.8%. HIMEAT ML, A [FWR B 7% B2-MG 138 B
e T IL-6; AR T — IR B IE PDVB,
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28 1t 5 A2 Bk et 2 S5 B 45 3 () HCP-DMEA Al
HCP-DDA, *H RT3 IR PIHERERS A T %

R IG5 & RERZR
WEEMIFERIH BKYE, X PR BEAE A ok 4y
TR, FBARCMIEWH 3 Edd gk /A
- AH ELAE SRR B E PRI . W B 7R R AL & A R
~ERE AR AR RN R B OE, RAFIIFLES
P Bl W B 2 33 N W B 750 L P 3, 38 i
W B 25 SR . AR HF 9 P o) 2% 1) — IS AN JIE PDVB
FAT UL 2 T8 LR 23 A (B 2), 77 (58 W Bt o 43
THEBEANFLENE: F4h — IR AEPDVB
AL 0 A N 8.6 nm, KT AARYI f2-MG
(29 3.4 nm)F1IL-6 (£ 4.6 nm) K157 K/, H A
6 B 2 G E R AT = gk 2 458, KAL
4514 (50~100 nm) 7] 1 Ry B AR 4 53 10 1% fr FL3E
HFL(2~50 nm) AT AE IR B FLIE, SR f2-MG
FTL-6 1 e 25deT 3R B . 5 PDVB AR EL, B A2 Bk
#} /s HCP-DMEA #1 HCP-DDA ) % i LI . ~F
BIFLAR R R AL A Fro b, BRI A K43
TR RIE RS RIS

A 5 W B 700 A4 RE X6 8 ) 45 A 8 B R (IS A
pCS) 1 B 2 Ml 2 R w1 B S(b) s . A ]
IER], —RACHAM i PDVB X IS Al pCS flii
RO RN 22.7% F126.5%; 25 Jim 28 Bk Bt 1)
HCP-DMEA H1 HCP-DDA % IS H3#5 B2 43 51l A
59.0% F150.3%, X pCS [iERRZE 73718 76.5% Fil
65.3%, WP AT,  FLzeit & T i
SHAOMEFITERREAS: 26.5%, pCS: 42.5%).
i L AT %1, HCP-DMEA F1 HCP-DDA [ i) B A
BEUT I JREFAE PBUTSs AR K2 185 22 BRI RE

HCP-DMEA F1 HCP-DDA *f PBUTs B 5 #¢
UFRRE SR BRI B B8 ), X 58 A Bk
(194 25 45 ¥ B JL 3R T B RE T o v R AH OC L dl
W, RIS E AN PBUTs 53 & A A
wAERLSE, Bk “EA-HR” ZA4Y, N
A4S BT IAE LV PR B A IR FE LG, e DA
TR . A FUR & DR B /N o) - A8 BRI
— AT TG (R R AT JE AC BRI L 1, A 3 1)
HCP-DMEA #1 HCP-DDA B A £ & K i L 45 ¥
A I LR TR, 5 Bh T4 4L s £ 18 Rt
sy BONEERE, @i fEAc B, HCP-
DMEA F1HCP-DDA ¥ g i1 B 22 4544 43 5l 51N
TRBEFE ARG, X T g SR AR 12

BRPEIRSE T AR FE RAFAE, SO AR
IE AT, AT 57 B FL ) PBUTS 2 [R) 7= A= S
g r A AR . EFLEE KRN T 1) m-m AH ELAR
FRPREVERTE, 88 AC AR T e % 16 6 1 b 0 B
HERIFESKPBUT R R4, T “HA-F
K7 B 4T, ik PBUT 5 2 U5 V5 S B i A
“EH-EHR” EAUThaEER, mABRIRLT
IS BRI .
2.3 PBSEEF pCSHERNMMERE KB 1%

DR N VEAlT W B 75044 KL% PBUTS 1 W B 14
BE, AHIF 7% £ P 1% BE 2 4T (1) HCP-DMEA WY
B FUAE AT G, DL pCS VIS 5 3 A A Wk b
JoT 5 SR FH A [0 (10 0 oA 280 R g R el W B 20 77 2%
W B SR R A T AL AT

K 6(a) & 7k T HCP-DMEA X%} pCS AT IS 11
B S A AR L 28 . i RT %0, HCP-DMEA
XiF pCS FTS [0 ik FEH 22 7 1 BRI B . 18
T I R RS 487 TR B 3 AN B B L E OBLE T 1.5 h
P, IR PR IR TH A KRR AL A, BV s
WP PBUT # 2 il SR (LA i iR BERR R 22, W
TRARECR Bl AR P SORLITEEAT, R PR R TH
WAL R T AN, PBUT 8 R 20 TIFUAT B3
W B FRRFL P, LI R R K B O ]
FEOW PR G R B FRITAL P R PR
AR R B AV P ) PBUT 8 R IR S 22 6k
P AT 20 ik [ 08 P A A St LT R B Bl B,
Bk B EIRAS . IR g SRR, 2R W B AT BT
P HOS ARAEN P R A AR . T HCP-
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gEK, B IR AT B 18 hJE T ATk
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T PR B 5

K FE— 50 )32 R = 24 5 124 5 FE S
Bt 2h 77 5 B R AT AU AT, AERE R RS
ith 2t 6(b) M1 6(c) 7, I T RAS B AH G
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DMEA X} pCS F1 1S W Bt 11 #E — 2 5y )7 55 B (1)
FH 9% 22 BU(RY) 43 ) N 0.9999 F10.9998, A Eb ik
— R ) 15 AH K F H(R?=0.8254 F11 0.8993) L
BT 1 BBl =g sh 1 8 A5 3
f) HCP-DMEA %} pCS H1 IS [~ 17 W Ff 3 51 Ay
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Fig. 6 (a—c) Adsorption kinetics and (d-f) adsorption isotherms of of pCS and IS on HCP-DMEA. (a) Kinetic curves;
(b) Adsorption kinetic of pseudo-1t-order; (c) Pseudo-2"-order fitting plots; (d) Non-linear Langmuir and linear model fitting
plots; (e) Non-linear Freundlich; (f) Linear Freundlich model fitting plots.

Table 2 Adsorption kinetic parameters of HCP-DMEA towards pCS and IS.

! Pseudo-1%*-order Pseudo-2"-order
Geexp (ME-g™") " - . » ST .
qe,cal,l (l’l’lgg ) kl (mln ) R qe,cal,z (l’l’lgg ) k2 (g ‘mg " min ) R
pCS 22.82 9.23 0.0020 0.8254 20.89 0.0013 0.9999
1S 15.62 4.51 0.0041 0.8993 15.81 0.0026 0.9998

(22.82 F115.62 mg g HYHAEFE nH%ix . UL B25 R pCSFIIS W Bt &6 26 . B B vl %0, I V0T 46
R, W R BT DL E A R pCS RIS R T R B 7R 114 ST A R B R A K R
HCP-DMEA X pCS Al IS ) W [ff 5 77 2% i 7%, Wi, HCP-DMEA ¥V~ 1 i & B & pCS W) 46k
HCP-DMEA %} pCS F11S FELEAY 20 R 5 £ 38 0 BB R 1 TR s, R O R

6(d)E7~ T HCP-DMEA 7£298 K56 fF % FffERE. KA Langmuir F1 Freundlich W 45 5 4
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%} HCP-DMEA % pCS F1TS F W i 25 35 25 K 3t
TAE T, G 6(d)~6(HFr, TH5EA
FIMARSES TR3 . HE 37 %1, Langmuir
W B A5 R ABE R PR A ¢ RB(RY)BE i T 1, &
B HCP-DMEA %t pCS A1 TS Ft WS s 58 46 171 T~ 2. 7y
T2 . FEAR TR AR, X T FR R EE
FRAE P S A B, A5l e B A 2R 3 % B A [ T
1 B Langmuir J5#2, 7] . HCP-DMEA W [ 771 5
pCS FH IS 2 B 4775 . 35 1 i v sl B AH AR
R AR A Langmuir W B 55 T AR 7Y 1 545 21 1)
HCP-DMEA % pCS A1 IS [ £ K W Bt & nl 1A 2
193.88 #1160.41 mg/g.

2.3 ARG PR MR TR

T R R MR RIS AR, AR T
— A RETR I % B (8] 7(a)), KEAT RS B)
S B S B L S2I6 R 3EAT T R TR R
(2-MG FI1L-6). PBUTs(pCS FIIS). HLf#E )i i 7>
CHBE AN IS ) W BHE B . AL 7(b) A1 7(c) T
LA F|, HCP-DMEA X} 2-MG F1IL-6 [1]iE R %
BEFERET A K A s fEER 2 hE, B2-
MG 1 IL-6 )5 BR 28 ] 73 )38 31 42.5% F119.6%.
HLLZ N, HCP-DMEA Xf pCS HI1 IS [ 775 F 2 f&F
B, EEERSG 3 hEDER TRl R
2hJi, HCP-DMEA %} pCS F1IS )35 b % 2435l

Table 3  Adsorption isotherm parameters of HCP-DMEA towards pCS and IS.

Fitting Langmuir Freundlich
Sample
method gm(mgg") K (L'mg™) R Ky (mg™'-g™")-(L-mg™)"" 1/n LS
s Linear 255.75 0.00121 0.9982 1.2193 0.6949 0.9901
p
Non-linear 193.88 0.00316 0.9937 5.5754 0.4868 0.9661
S Linear 83.33 0.00272 0.9881 2.0453 0.6945 0.9876
Non-linear 160.41 0.00459 0.9973 1.8477 0.5176 0.9943
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Fig. 7 The in vitro evaluation for treatment efffciency of HCP-DMEA through dynamic adsorption experiments in bovine
serum. (a) Diagram of the actual process of the simulated hemoperfusion experiment; The clearance rate of (b) $2-M and, IL-6,

(c) pCS and IS, (d) serum calcium and serium phosphorus in bovine serum after different simulated hemoperfusion time.
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Fig. 8 (a) Calculated adsorption rates of total protein and albumin from bovine plasma on different adsorbents; (b) Hemolysis
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Preparation and Performance Study of Hypercrosslinked Adsorbents with
Functional Groups for Whole Blood Hemoperfusion
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Abstract In the field of clinical uremic blood perfusion therapy, hypercrosslinked polystyrene adsorbents have
been widely applied. However, they still face challenges, including the complexity of material preparation and
modification processes, as well as insufficient adsorption capabilities for protein-bound uremic toxins (PBUTS).
To address the aforementioned issues, this study employs a one-step external crosslinking modification technique,
utilizing small-molecule external crosslinkers with specific functional groups, such as (dimethylamino)
acetaldehyde dimethyl acetal (DDA) and aminoacetaldehyde dimethyl acetal (DMEA), to simultaneously perform
post-crosslinking and modification on the pre-crosslinked polystyrene resin PDVB. This process successfully
produced functionalized hyper-crosslinked polystyrene adsorbents HCP-DMEA and HCP-DDA.. The physicochemical
structures of the hypercrosslinked resins were characterized and analyzed using techniques such as Fourier infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and
Brunauer-Emmett-Teller (BET) surface area analysis. The research results indicated that small-molecule external
crosslinkers containing functional groups could simultaneously achieve post-crosslinking reactions and group
modifications on the pre-crosslinked resin, successfully introducing different nitrogen-containing groups into the
adsorbent structure. The prepared HCP-DMEA and HCP-DDA resins exhibited excellent adsorption performance
for both PBUTs (IS, pCS) and middle-to-large molecular toxins (2-MG, IL-6). Similar to the commercial HA130
resin, these hypercrosslinked resins demonstrated good blood compatibility and holded promising potential for
wide application in whole blood hemoperfusion, artificial kidneys, and related fields. It is expected to provide

more efficient and safer treatment options for patients with uremia.
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