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Abstract: The accumulation of uremic toxins such as urea nitrogen, blood creatinine, and uric acid of patients
with renal failure in vivo would lead to aggravated kidney damage. In this study, coated aldehyde oxy-starch
(CAO) was used as an adsorbent to investigate its in vitro adsorption performance on renal failure indexes for urea,
indoxyl sulfate (INS), monomethylamine (MMA), dimethylamine (DMA), uric acid (UA), and creatinine (Cr). The
effects of variables such as pH, temperature, concentration, dosage, and time on the adsorption capacity of CAO
were systematically investigated, employing analytical techniques of high-performance liquid chromatography

(HPLC) and gas chromatography (GC). The results revealed that CAO exhibited a strong adsorption capacity for
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urea, INS, and MMA, alongside a moderate adsorption capacity for DMA, UA, and Cr. The adsorption kinetics and

thermodynamic studies indicated that the adsorption of urea and UA by CAO were fitted in pseudo-first-order

kinetics, and the adsorption isotherm aligned with the Freundlich adsorption model. The enthalpy change AH of

urea in adsorption was in the range of 40 to 60 kJ-mol”, which demonstrated the presence of strong adsorption

force due to the interactions of coordinating groups. The AH of UA was greater than 80 kJ-mol”, indicating the

generation of chemical bonds during the adsorption. Both of them, Gibbs free energy AG was less than 0, within

the range of —20 to 0 kJ-mol”, suggested that the adsorption of urea and UA by CAO occurred spontaneously as

physical adsorption process. The adsorption entropy AS of urea and UA was > 0, which indicated an increase in

entropy throughout the adsorption. The infrared spectroscopygram showed the formation of a chemical bond,

specifically the imine bond, following the adsorption of urea by CAO, thereby indicating a chemical reaction

during the adsorption. This study elucidates the adsorption mechanism of CAO on various indexes of renal failure,

providing a scientific basis for its clinical usage.
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Table 1 Methods for determinations of the contents for adsorbates.
INS: Indoxyl sulfate; MMA: Monomethylamine; DMA: Dimeth-

ylamine; UA: Uric acid; Cr: Creatinine

Adsorbate Column Method
Urea Hypersil APS-2 Mobile phase: acetonitrile/water
(250 mm x 4.6 mm, (85:15, v/v)
5 pm) Flow: 1.0 mL-min™
Column temperature: 25 °C
Detector: DAD (195 nm)
Injection volume: 10 pL
INS Platisil ODS C18  Mobile phase: acetonitrile/0.2%

(250 mm x 4.6 mm, trifluoroacetic acid solution (20:80,
5 pm) v/v)
Flow: 1.0 mL-min”
Detector: FLD (excitation 280 nm,
emission 390 nm)
Column temperature: 25 °C
Injection volume: 50 pL
MMA, CP-Volamine
DMA (30 m x 0.32 mm)

Inlet temperature: 180 °C

Detector temperature: 200 °C
Program temperature rise: 65 °C
maintain 3 min, 10 °C-min™ to

150 °C maintain 3 min

Detector: FID

Injection volume: 1 mL dosing ring
with 10:1 split ratio

Headspace equilibrium temperature
and time: 80 °C, 40 min

UA, Cr Diamonsil Plus C18 Mobile phase: 20 mmol-L"'

(250 mm % 4.6 mm, ammonium acetate solution (pH 4.8)

5 um) Flow: 1.0 mL-min”
Column temperature: 30 °C
Detector: VWD (uric acid: 288 nm;
creatinine: 235 nm)
Injection volume: 10 pL

FEmFRAE

fHE B M AR e 2T 48 6 1 (Fourier-transform infrared,
FT-IR) #2 g CAO®E T 20 mL 600 pg'mL™" urea i,
T 37 °CHEIR T HRFE 8 h )&, B0 (4 000 r'min™, 10 min),
BUOUHE, T, BUKZ) 2 mg BV T-RE b, 7635 E 0o
525100 mg KBr W B VR A, 2 J5 1k Fr e il i3 &)
Fro SR & Y Fl L E N 400 F 4 000 cm™!, Z3d P
Wb FRAEEZ AR IE S5, 43 Hr W B AT JE CAO AR W i A
H o

145 7 & L BE (scanning electron microscopy,
SEM) ¥ CAO W Fff urea i J& 1)/ & T 454 o il o T
AT b, RGNS SWGE 2 REEM S, R
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W BFF J5 TR bR i 0 LA 22 e s B SRR TR RTINS
urea-MMA ¥ B 36 7158, W Bt LE32) KT 50%; X DMA .
PRI « Cr I W B 8 70— e, W B BE 3 KT 10%, 7 T
30% (% 2).
11 WP BRR BE X IR B M BE RS2 B Bk
W B 2% e 5 TR A 5%, AR T AN [R) IR B B % CAO ) Bl 2 I

Table 2 The adsorption ratio of adsorbates at optimal conditions.
CAO: Coated aldehyde oxy-starch

B FRARAS R, IR B I TR KA — . Ho urea (K
1A) FIMMA (& 1B) 7EWR I 8 h J&, IR B 25 5 A7 4 22 4
Kk sh, A8 275 H; INS (K 1C) f1DMA (K 1D)
TEARAR LR, WRBH 2 h 5 T P4, 76 A sk BE R, IR
8 h G I A Fr & 1 K& %% UA (K 1E) #1 Cr (E
IF) FEASFRIRBE T, W AN E) 1 h {8 08 21 B 17

1.2 CAOAEX MM MEENREI CAO KA E K
K, T B Bk vy, B REAR R R R g3k 2 V8 8 O o
&, AT CAO W EE R B A 21T 5 v 7 B, Bt AT
Mt s (B 1G). BiE CAO HE 3G, F Xt INS
48 B Ll FR 33.52% 38 K 21 76.85%, X urea IRt LE B
47.25% 18 h0 3] 78.91%, XF MMA [ b EE 1 25.76% 18
hn%059.12%, X DMA BB 7.15% 38 N 18.66%,
ST UA % B EE F 11.49% 388K %1 23.88%, i Cr [ it
P H1 6.61% 38 K 5] 11.61%.

1.3 B pH X AR RERIRINT AN [R1 W By ot £ .

Adsorbare MO gy Coneentraon Temperature AdSorpion W [ 2% 11 ) pHL{f £7 75 2% 57, NS urea, MMA fil
g pg'm ratio/% .
Urea 3012 200 37 78.91 B, 11T UACr W2 7 pH 7.2 B 5545 R T H B (B 1H) .
MMA 3 1.2 80 37 59.12
DMA N 20 = 866 S J5T pH X IR B 14 6 52 ) 1) ML i R R 2 R T Sk 1 R
UA 3 70 120 37 23.88 THREE S 5 e A BV K SR8, T USRI
Cr 3072 20 37 11.61 227N
B C 500
400
e B0 30
2 £ - 10 pg-mL"
S)— 5)— 200 = 50 pg-mL"
Tt =+ 100 pg-mL"!
GI T T T T
10 10 0 2 4 6 8 10
Time/h Time /h Time /h
D 100 E 300 F 40
-~ 10 pg-mL"! - 1 pg'mL?!
-= 30 pg'mL- 30 -# 10 ug-mL"!
U -+ 45 pug-mL*! —'t_m 200 -~ 10 pg'mL"! —'90 -+ 20 pg-ml?
2 50 e = 60 pg'mL" 2 2
~ ~_ -+ 120 pg-mL"! )
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I 2g B pH 3.0 ' 37°C
_ 1000 - =3g _ 1000 L = pH 7.2 _ 1000 == 50 °C
T 500 b0 500 ) 6o 500
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Figure 1 Adsorption of different concentrations of urea (A), MMA (B), INS (C), DMA (D), UA (E), and Cr (F) by CAO at different times.
Adsorption by CAO under different CAO dosages (G, The dosages of CAO used for INS were actually 0.25, 0.5, and 1.0 g for 1, 2, and 3 g),

pH (H) and temperatures (I)
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1.4 REXTIRMMEBERIRNT A CAO XTI B it M &5 R EEE (K 4), B K HME— RS F AR

(1) B AL, A 70 HL AR 53 (25 °C)~ AR (37 °C)
FETR (50 °C) A [A) U5 B T 0 25 W B 53 1 W R 15 0
R BIR, FE R E AL, CAO X urea. INS.MMA .
DMA . UA (¥ W5 Bt 88 77 %5 A #5088 AL FE X Cre fr9 R Bf
RE S5 ma e (B 1), oo, Bl I BE Tt i, CAO
X} urea\MMA F1 DMA [ W B b S W5 B 725 528 o 18
CAO X INS Fl UA 7£ 37 °C i W B 7% & £ A%, 7E 50 °C
B AR R B 25 K1 25 °C IR B 25 =
1.5 MREEMNEMTEFE X urea . INS.MMA
DMA \UA.Cr [l 5E J7 15 34T J5 15 5 50 00E, 45 R4 i
W B BT R R BE 8 BN IR XIS AN R E A
PESIFF A b SR FERAE 24 h NS %E (UALCr{E6 h
AR E); LRIk O R . TR, 3 8y vk ml 0
JRI S B E (R 3).
2 Mzt hE

AHIFFE 43 5 5E 2537 F150 °C K urea Al UA 197
Bt 7 2 O Bl IS [R] ¢ AR AL . 45 SRR B, WP -4 i, T
ik % B2 R S s 2 S5, 38 0 SR R 5 R B
FEA R, Fizn CAO Xt urea 88 UA 19U B 55 Bt B ik
F 25, CAO X urea  UA HIW Bt 4351 F 8 F12 h 5
T V. R, R SRR, R B R AR
Ko 75K FH#E— R 5 715 07 B 903 1% )i 18
o AN R] i T VR B 5 o ) A A P B s AT LS
(EI2A.B), 315 K8 1% S48 (K 4).

PG 48 SR T, R B 3ok e o B o U R O, AR
HE— 2 B N FR GRS RE R KT
0.99, {H 1 — 2 ) 7 2 A5 R Ak B0 19 S 4687 TR B 25 & 5 s

Table 3 Method validations of the adsorbate determinations

urea.UA 7E CAO LW T A
3 IRPFRZ

Urea UA 7E CAO |- 155 5 W P 25 52 I P 2 1, I
JE o v W B 2 & R (B 2C. D), $2 78 CAO X urea.
UA (1) 5 B o A% 2 W F i), s il XS urea s UA R IR B 52
AH.

¥4 urea. UA A [R] I B2 N 1 W8 B 048 23 il R
Langmuir /5 72 il Freundlich 77 F2 31T 28L& . 4
F W], Freundlich #7381 & B & A F Langmuir #5724, 5
] CAO HIWL Bt 4T 4 3 75 & Freundlich #5784, Jy3E 1 i
[i] 4% 3 THI PR IR B AT A, LR R A S £ 0 T2
CAO Xt urea 15 B, it 2 15 K AR BR R, BT DA B2 XS
CAO Wt urea )W B 25 5 510 K 25 °CH n /N T 1,
37.50 °CHf n KT 1, FREALE Sl I CAO X urea ¥
B g B0 R R B I, IR B2 AR AR B I AR . CAO
XFUA [0 B, K A5 Bl 35 BE B A2 4 A K, B DL BE X
CAO W B UA I B 25 2 52 0 AN K 7 25,37 #1150 °C
I n A5/ 1, W CAO X UA FRI R B A AR At 2
i (K 4).
4 RPIHRNE

W B R 2 S B AR AH VR AE AS RIS A i
H A AG (AT 7.8.9) THE1FE. urea. UA [ Ft 5
A AH > 0, R HAE CAO LM Ff AW Gl 72, $2
L T B FR (34T, [FIR urea [ AH 7 40~
60 kJ-mol™ P, 2 A JH W [t ik A% 47 7 TiC A7 J& 52 8 3 I
B 73 B AE L, 400 RT BE A2 CAO Hh 2 35 76 R 1tk 2% 1
N, R PR B TG AR AT 6 SR UA Y

) RSD/% Accuracy
Absorbate Standard curve R — — —
Precision Repeatability Stability (RE/%)
INS y=2321x+1.6l 0.999 9 0.39 0.34-0.44 0.65 -0.42-1.66
Urea y=290x+8.33 1.000 0 0.20 0.34-1.56 1.52 0.07-1.52
MMA y=4.80x-2539 0.999 9 1.00 0.99-2.52 1.16 0.49-3.56
DMA y=18.40x-12.44 0.999 9 1.72 1.79-4.81 3.42 -7.00-1.66
UA »=39.49 x + 7.64 1.000 0 0.043 0.18-0.40 0.17 -3.85-0.07
Cr y=24.52x-5.86 0.999 4 0.012 1.13-2.61 0.26 -0.86-2.88
Table 4 Adsorption kinetic and isothermal parameters of urea and UA to CAO
0 Pseudo-first-order Pseudo-second-order Langmuir Freundlich
Absorbate T1C e, O pm  ® Qs h o Oulie g' K 2 " K. R
/pg-g /pgg”  /gpgh (x10°)  (x107)
Urea 25 927.13 943.49 044 09931 110621 0.0005 0.9945 16.1 3.56 0.9950 0.94 6.9 0.999 5
37 1286.21 1364.81 033 09971 171987 0.0002 0.9975 4.28 5.04 09991 1.06 2625 0.9992
50 1556.74 1513.70 0.72 09973 1847.17 0.0004 0.999 1 5.25 6.71 09979 1.05 4037 0.9976
UA 25 84.11 10520 19.43 09993 107.17  1.00 0.998 6 1.77 1.00 0.9995 0.98 1.62 09997
37 99.51 92.52 9.85 0.9976 103.92  0.10 0.998 5 2.30 0.98 09915 0.87 1.21 09997
50 142.91 136.62 7.67 09958 146.05  0.08 0.999 5 0.49 5.08 0.9787  0.89 143 09870
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Figure 2 The adsorption kinetic model of urea (A) and UA (B). The adsorption isotherms of urea (C) and UA (D). FT-IR profiles (E),

SEM images before (F) and after (G) the urea adsorption to CAO

AH > 80 kJ-mol", 3% BH W B ik 75 A7 75 4k 5 5 1) 26 7
i # AG < 0, £ -20~0 kJ-mol" N, ¥t ] CAO Xf
urea UA [ B2 AT B R 04T, HAT LR BRI B o B
I AS > 0, 7 B LE urea F1UA [0 B F2 o [R) I A7 AE 5
VA TRV P AR, VG B 5 5 9 ) 5 G W PR, 4 AR SR PRI
Vil el S - WA A W e S S O B R

P I FEP(ER 5).
5 HEmERILE
51 FT-IR £ FT-IR 741 K I, CAO X urea W Bt i

J R A B S X FE 3 400 em! A 1 IR WU g v

W IE, 751 667 cm™ A1 200~700 cm™ 43 1) /& ¥
K WS Bt 7 5 R TG 5 2R X SR S U T 22 i N FL R 2 e g
IR, 579 o™ B I 0 R AT U4 U Jigg D i K P A
AHRENP. 1556 em™ A& T i 3% (-CH=N) $k3),
EB] CAO & urea f MR Jf 2 I8] A T 6 RAEAL 2 )
(K 2E)*,

5.2 SEM K% B AT S 1) CAO 2 SEM ML %2, W Y Fir
J& [ CAO MR A W ARk, TR PR AT A2 68 1
AN P 22 TH A 5 B 5 4, IR BRI T e VAN 414
(AR5 R R, AT AE S CAO R KA T 4024 1E K IR

Table 5 Adsorption thermodynamic parameters of urea and UA on CAO

0 . AG/kJ-mol’! AS/J-mol "K'
Absorbate 0O/ugg AH/kJ-mol
¢ 25°C 37°C 50 °C 25°C 37°C 50 °C
Urea 500 45.14 -2.34 -2.73 -2.81 159.4 154.4 148.4
1000 42.86 151.6 147.0 141.3
1500 55.13 192.8 186.5 179.3
2 000 40.58 144.0 139.6 1343
UA 50 170.3 -2.43 -2.25 -2.39 579.4 556.4 1.70x10°
100 428.5 1445 1389 4.30%10°
150 714.4 2 404 2311 7.14x10°
200 1017 3419 3287 1.02x10°
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(E2F.G).

g

N T fEAR AN CAO W B - B 3 by 48 s (14 IR BfF fiE 0,
AHFFES T 2 A B R e B orik, AT
Il & CAO Xt urea . INS\MMA .DMA , UA FI Cr W Fff if
S5 2B BT A R SRR TR B S B Bt AT, B OE T
CAO X urea INS Fl MMA 58 W% [ff, % DMA.UA.Cr
N W B . CAO Xt urea UA W [ B8 755 & e — 2%
5l) /3% 1 Freundlich W& B #5274 | 10 B CAO Xf urea 1 UA
e B A 6 A SR R R 6 = 350 o ] 2 T P TR AT A,
HW &2 5 721 . FT-IR 45 5 875, CAO X urea
(14 W B A7 S e IV fc ‘e 1) A i, I B LR PR 2 B TR R
WG . IR B AH > 0.AG < 0.AS > 0, i
CAO X urea UA [ W Pt & W Fsd 7%, 77 76 o A7 2k 22 4
SR U IR 7 A Y B A S B TR AR B, (R ERE TT B R EEAT A
PRI RAb, SR BT AE CAO E 58 4 IR, eI
MR R . AW T — BB T CAO X urea . UA
T A % B 3 v A s R R B AL 1

BOgt: BOATL N 2GR 2R = S HR 1 S A B .

{E&E STHk: R 1555 S0 It Bl Ab B % S 2 5 A
B 27T & VR NS 5 2 5 S0 S K ik b
B FRIF DT 0 R AR B e T B R A A ST
RRIE; ARA XM iU P 5 SR I8 TR BE T TR P
SEETRSTR SCE AR .

FFMI: AT AEH ARG PR KR
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