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Fifi PAA ¥ B SR B[R] FITIES TR pH A3 N34 3 90 A B G 3 IR 285 5 B 1 R B AS Z8A e 88 T IR L2 1
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LB XA R LE I TCH SR REA , BEA 38 3 SR T2 R R0 AR Bk U B 5 A ) A S5 1 FLAR RS LA 43 A 1
B, B EZIAN TR 5B ARMAT RIS R , R LR 145 6 25 54 BURA A I FL AR RO H B 5. 25 B
LG, LR RCHS I A A T B AN NG, £E 126 e/ hi i T FastSep-PAA 4 it i) JF 45 FL A% ( B
FastSep-epoxy HJFL12) 4 400 nm B A2 H B8 45 G455 (DBC) i 9 ( 70. 3 g/L) , LR F A R AR, &
AT B S 48 2 s TR AR FLAR A 700 nm S AR (40 52 1 DBC 49 i it B3 i i 34978 — %2 F B JR AR FLAZ2 A 1000
nm [ JEEF DBC JLF-ASZ i 350, FH H 126 e/hi% /i1 % 628 em/hitf 2 1 DBC X F % 3. 5% , H.1E 628
cov/h R T REPREF 57. 7 /L, EH A FAEZILAE T MY HOHRZ R/, & B e 5, X — PR iz ek
LI G B B8 738 e (i IR 2R 1 Rl i o0 B T B BRI R
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Abstract: The macroporous anion exchange chromatographic medium ( FastSep-PAA) was

prepared through grafting polyallylamine ( PAA) onto polyacrylate macroporous microspheres
(FastSep-epoxy ). The effects of the synthesis conditions, including the PAA concentration, re-
action time, and reaction solution pH, on the ion exchange (IC) of the medium were investiga-
ted in detail. When the PAA concentration, reaction time, and reaction solution pH were in-

creased, the IC of the medium increased, and optimal synthesis conditions were then selected
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in combination with changes of protein binding capacity. A scanning electron microscope was
used to examine the surface morphology of the medium. The medium possessed high pore con-
nectivity. Furthermore, the pore structure of the medium was preserved after the grafting of
PAA onto the macroporous microspheres. This finding demonstrates that the density of the PAA
ligands does not appear to have any discernible impact on the structure of the medium; that is,
no difference in the structure of the medium is observed before and after the grafting of PAA
onto the microspheres. The pore size and pore-size distribution of the medium before and after
grafting were determined by mercury intrusion porosimetry and the nitrogen adsorption method
to investigate the relationship between pore size ( measured in the range of 300—1 000 nm) and
protein adsorption. When the pore size of the medium was increased, its protein binding capaci-
ty did not exhibit any substantial decrease. An increase in pore size may hasten the mass trans-
fer of proteins within the medium. Among the media prepared, that with a pore size of 400 nm
exhibited the highest dynamic-binding capacity ( DBC: 70. 3 g/L at 126 cm/h). The large specif-
ic surface area of the medium and its increased number of protein adsorption sites appeared to
positively influence its DBC. When the flow rate was increased, the protein DBC decreased in
media with original pore sizes of less than 700 nm. In the case of the medium with an original
pore size of 1 000 nm, the protein DBC was independent of the flow rate. The protein DBC de-
creased by 3. 5% when the flow rate was increased from 126 to 628 cm/h. In addition, the pro-
tein DBC was maintained at 57. 7 g/L even when the flow velocity was 628 cm/h. This finding
reveals that the diffusion rate of protein molecules at this pore size is less restricted and that the
prepared medium has excellent mass-transfer performance. These results confirm that the
macroporous polymer anion exchange chromatographic medium developed in this study has
great potential for the high-throughput separation of proteins.

Key words: macroporous polymer microspheres; anion exchange chromatographic media;
grafting; binding capacity of proteins
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A ZAAFIE, HIN T R AL R N R P ek 2 i
MR IERC R, [F] I PET K8 70 1 1l 4 B % 3 HL
PO PR TR VKA AR BUN R
TR EE IO 25 5 28 B RO B R, 3R (U T ik

I A A | X 48 PEI it 3 10 S B 445 49 58
fAT 5, By S SR T Sy o — | PR R A5 TR
BH B 28 48 T 56 1) W B 45 6 33 A7 R AT R G
g HRTR R R A B AR A R LA
I, F0EZ R B4 S AS [RI A 437 B 8 1) PAA i
FEFARA ST B 5 s T R T R G,
HH 17,5 kDa 1) PAA Jit LR 1 8 i () W Jf 25
e mbeag A 145 6 45 5 Lb iR PEL () i
15 20% LA I 38 88 At 28 Y 1 BA S - 52 Bk 0 % A
i, AHRLRFLIA Pk 0 3 5 (1% 28 a3 T )
W98 Hmrge /b Hoh £ ik Fl R 2SR R A AT
R BB TR AIRTE .

AR T AR LA AL 5 TR 475 R T 2 ek o 356 i, 3 it
“ grafting to " J7iE4EAL PAA o4 T RFLEA
T 0354 5 ( FastSep-PAA) , BF5E T LA PAA Ky
e 56 1) I B8 - 5 #8335 A0 IO 014 o 4 O i, BRI T IRE
Hm R AR SEAS A B RNER, MKk R
EY SN TR H AN R —E R BIE S |

1 SLIEEH

1.1 UE5iKF

A T 3R (SEM) |, 5 B COXEM 24 7
TG 16 &R #E O HL(TMHSC) |, F i 75 A O
BLACES A R A w5 4 A 3l 26 1w K FL A& 43 BT 4Y
(BET) , &30 (M ot ) B A BR A A mitk a4 A
BERAL (MIP) , R YI A58 R A R A A
SCG-100 BIEE 134X, J MBS A PR A R LS
SEHNA] WAMEEREHE (UV-Vis) | F ¥R HL 20 BT X 2%
A BRZS ] ; SHA-BA RUKBHIRIR S 45 (1S) , & iaT
SRABAL G A PR A ] B1677 3 HIRA L (VM) ,
TUHTZ AR A BR A,

IR A0 3R B 9 0 TR 6 LBk ( FastSep-
epoxy , HAUBRE T IR E L) 2 il T /R 78
YR A R A, 4 S O A (BSA, 4l
98% ) W Tt nt B R A A R A Al PAA (7T
i 10~20 kDa, Z[ & 98% ) I T Jb 5t R BB RHE T
ABRA R, Lh Bl R AR s — 2 alifh

1.2 KFLBERFREES PAA

KALB B F 28 e o35 A0 o A il 25 i B AN R 2
4.0 g PAA %% 20 mL 2517k 4, 0. 5 mol/L
NaOH J45 pH=12. 0, 2.0 g T 4§18 F /) KL%
ER FastSep-epoxy — I MIIA 50 mL &.04 , T3
HIRAIX EZERN 12 h, ) 52505, K 6l A5 5
WK LB KRR rE, T25 CEE T4 24 h
Ja BIRAT S H K HoAf 44 4 FastSep-PAA (4R35
BHUERI ) ZhnmFLA%, 5354 44 4 FastSep-PAA-
300,400 500,700 ,1000) .
1.3 FastSep-PAA B2
131 HFR#EAE(IC)

L 10 mL FastSep-PAA fil A G AE 4 4 50
mL 1 mol/L NaOH it Akt , AR5 2
B FKPEGE I, HERG B 40 mL 0. 1 mol/L HCI
JIA A 3% A P, U B2 U 1 W T T 50 mL 1 mol/L
NaCl G , 76 i W i m 1~ 2 % 9 B /R
7, FH 0. 1 mol/L NaOH #1719 5E , E A i o (648
SR I0 SR E T I #E Y NaOH % IR B, 4222
()R T it

IC= VHCICHCI_VNaoHCNaOH ( 1)
Vi

K Vi 8 HCL B BARFR  mL; ¢y, i HCL WK
J¥ ,mol/L; Vy,u N NaOH JFE AR R, mL; cy,on N
NaOH ¥k E ,mol/L; V,, NMERIAR, mL,
132 EaA#IH4 6% E(SBO)

¥ — & H 1Y FastSep-PAA 5 BSA %W (%I
7 50 mmol/L pH 8.0 iY Tris-HCI 2% wh & fic i )
RAE, W 6 h, B0 )5 B EVE W, &4 I
B THAE 280 nm P4 I FLIUSCME, 38 i
PRE I AR R E R Cy, , 3 (2) HHHEE
HERSS A A,

SBC= (Ciyi=Ciz ) Visa (2)
Vi
K Cyy HWIIG BSA IR B BT VR E , g/ L; Cyyp
Iy BSA VSR BTV FE , 8/L; Vi, 4 BSA ¥
AR mL,
133 &az A4 4% E(DBC)

FA BRI TRANG OGN (P 7.8 mmx13
mm) ', LA 50 mmol/L pH 8. 0 Tris-HCI 2% th% i
MR A 2% i, 1 mol/ L S8 Ak 40 7 AT S ok
W (ZF BT 50 mmol/L pH 8. 0 Tris-HC1 28 %
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TECTHR] ) | 56 FH V- G2 v BORs @35 A - i 22 B4 K
Fa, Z I VIR I 22 3 H (2 g/L BSA ¥
HEATURAA A Shate it | 2 0 2 i 2 e 3k B e s U
{5 1R ST P10 2 nh i Wb e (T AE A TR
BPAR SRR T UE BT B AT BRI, E % 10%
WAEWBL I G) TR ER IS S AR,
DBC=Cpgp Vg i/ Vi (3)

o Cpey W FEE A Y R WL, 8/Ls Vigygys N
10% 5 A, mL,
1.4 N REMREFLER~TNE

I B R A5 158 5 SEM JEAT LSS s He T
AR AT R FH U B 32 0 R 5 2R R R 3 %5
JRALAR R R A EA T 2RAE

2 ZERE5TS

21 RMEHEMNEIC REB SBC N
2.1.1 PAA R

) FastSep-epoxy A F it , 18 i i Bk 2 i 1% 26
IS PAA 4y T HIAESE RN, B PAA Jr T HiA%
FERALGERF T , #4575 3] FastSep-PAA , Hifi| & i
FEUNE 1 R,

FastSep-epoxy PAA
(polyallylamine)

FastSep-PAA

E 1 FastSep-PAA K% & 172
Fig. 1 Scheme for preparation of FastSep-PAA

A I3 2 1A 22 HE 0 PR L3R 1T R AL i
W e 5T PAA U IR (Cpyy ) ¥R RS2
BRI, LA 2 FiR, BEF Cop, 3
Jn,IC 14, SBC eI G A AE . 7E Cppy /DT 0. 05
g/mL I, IC 3K, 8 [ W AL s 48 b, B SBC #82
3G Cryy , IC 3G B8 RO S 22 BRI 4G
A HESIHENN, Cppn 9 0.2 g/mL ) SBC ik 3 % 15
(101.3 g/L) ;#k&itiahn C,,, , IC 4k&e3 i, {H SBC
RNFFBEZ 360, 2R B 22 A5 i T
H XBFGERE 17. 5 KDa i) PAA 43 535K 2 35 B
415t ( Sepharose FF) I-, il %153 £ — &R 5 A [ IC
BB 7 34 (5% A) 51 ( Sepharose FF-PAA-S) | 7
WHEL T IC % 11 SBC M2, & PRKE IC 34

051 4 - 120
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0.4 r
- ] “x0
3 %7 : §
£ ] L60 <
R r Q
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= F40 ©
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2 PAA REREXM R IC #EA SBC MM (n=3)
Fig. 2 Effect of mass concentration of PAA (Cp,,) on
ion exchange capacity (IC) of media and static
binding capacity (SBC) of protein (n=3)

T W RS 8, 26 1 SBC B8 5 e A i il A
JESEIN B A RN 23 (2R 1 SBC PR i i £L
B AR/ N 2 1 25 11 SBC F&AK, FTLLBEE Cpps
(3G 22 | Ok P 23 FLIR AR o 40 22 TRl S L ¥
BEK, B R B LB s [l /N G 3 4
JEREIN SBC FEALRFEAAR | BT LALE J5 2252 56 AR F:
AkSEHE I PAA W JE, ¥E#E 0.2 g/mL Ry i B4k
W,
2.1.2 R pLEfH

SNSRI A 53 1C S B 1 SBC 5% M KA 4
K3 Fs, 80 RN 0.5~ 48 h, B SN I 8] Y
R 1C Sekehn 5 & ke, i SBC WM A T
FR 4 1C B Sz 1 Bsf [) 9 AR Akt 3 T DL S B[] 43+
k3 AN B CROBERIIA SO R R AR ) 7E
RFIHI(3 h ), R R R & PR PAA 142
RN TC i B[R] 184 o i T8GR B 0 (3 h B3k E)
0.31 mol/L) ; 7EJ W H14] (3~ 12 h) , flBREE 1 A 35
SASLB L  PAA 2R HURBEAL, IC B (] 3% fin
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Fig. 3 Effect of reaction time on media IC
and protein SBC (n=3)
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228480 (12 h B 353 0. 37 mol/L) ; 78 5 A
(12~48 h) , fERFR A IR E LT 58 e S vy s,
PAA ANFRAREE TN IC B (B3 i A R A AR
(48 h BHEFRFAE 0.37 mol/L) , Bl 207 B[] fit) 4%
I AR PAA BEARWIIG 2, BAHSESE 35 0 T 3k
PR FL AR R o 4l FL A 25 Tl o7 BEL 3 K, 2R
I TT S AL BR 25 [ di /Nl SBC RS F R (0.5
h i} 110.5 g/L, 48 h iF 99.0 g/L) . K, A T3k
1 FAE I HERSCR | 7 LB 18 1Y S 0L A ] 3 5k
FEAEAS TR F2 1 15t 6] R %) SBC 1 IC, 38 3] d5e 432 1 =2
NEFIE] . PEFEA. PAA B SRR vh > B0 I 8]
12 h B, SBC ik £l i, i $% 12 h 7 A e L s i
A ]
2.13 pH1H

SN Y pH {5200 PAA A& L1 511k
FRIE S TR Me S N 0% Gl 5 48 pH 7~ 14 38
FElPA IC il SBC M7AEAk (4n1&l 4 iR ) , K38 =3 40
BiE pH i e s N 76 pH 12 By 5 K AH
IC=0.37 mol/L, SBC=106. 86 g/L, pH X} ¥4}
F14) JS2 IV T P R 2 5 S AR B A K M, L5 e
AN IR I AR B AF AR KA 5K T, MRS
UK, o T R HE R AR AR S B T FE 34 R 25T
FRARFNIL S ik DO D R R 7, | N 345 5
B SRR B e i SO R 2 1
W, SOWAL R R TR HE SN . PAA J2& B4 B
PR HLf# B, pK, = 9. 6772 | Y4 pH<9. 67 i, PAA
B FREILRR 1L, BILL-NH, " F1-NH, " JE A7 7
FER PAA JE UTIOK S5 B 00 PAA Z [B) L 4
i, PAA HERRCRAL; XS pH > 9. 67 B, PAA 85 1Y
FIEEW R T1E, RVLL-NH, T :UF7 78, 15 55 10 PAA
TERER P Y BN Z BRI PAA SA8CRE > 1t
Hb ARSEHG N pH AE , 2338 ok T 30 48 K A 1Y 2

0.40 - 110
035 L 100
= 030 Foo O
ER %
£ ] S
g 0254 80 &
0.20 L 70
0.15 1 e e ek 60
7 8 9 10 11 12 13 14
pH

B 4 pHXIN/&RICFEH SBC KM (n=3)
Fig. 4 Effect of pH on media IC and protein SBC (n=3)
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22 BIENTFRHRERRRL

i i SEM | FastSep-epoxy #ll FastSep-PAA
MIE S uE4T 7 R A4E, WK 5 iz, M FastSep-
epoxy 5 FTH M N ER A KL, 7T LU Y, 10
BRI FRTH S R AEAE RO B K AL, R fLER 2
(B g () 3 3k | 3k BB AR AR A F T 2R SR AR )
KorFAEN TN B 3 1L

$ & 5 H % IC (0.20 mol/L) 5 & IC (0. 37
mol/L) [ FastSep-PAA [ 450 3 11 S INFP 4544 £
5 FastSep-epoxy #E47%) b, & B8 HAZEARRT A |, 1R
BRIE A S A= 2 Ak Ik 3 T B P #0 FL T 45 48 e I i
Ak FLIE Ml PR AT, N ANERFLAR O I 25 7, 2R
UL BT
23 BIENRILEXES DBC K&

s A AL RSP X FE AL A B E 2
W22 AR TAEE ST FastSep-PAA J iR fLAR R
( Bl FastSep-epoxy HJfL12 R 1) %72 H DBC Y3
MR, B S R R 2 FastSep-epoxy FfL
BRAE () Zhn i L4 RS 300 ~ 1000
nm) , HERE 6 Fros A5 0~ F L4 Sk
F UL A B 45 10 - LA B ARAT , I IE R Sk 2
F ) R PTHRAL BFL AR X HH A T X 48

XA [E] L2 1F) FastSep-PAA (434 k47 T
HH DBC g , HE5 ]k 1 s, 78 300~ 1 000
nm FLAZJE R P, HE H DBC Ik H B BE A L1
RF g nm o & T REr 4, Horp R iR L 42k 400
nm A9 BT H 3l S 455 A i (70.3 g/L) 5 5
RFLAEIE K Z 1000 nm fLARRT, HEE 9 B4 6%
AT B RE PR 7T 60. 0 g/L /K-, X & A
ARG KA ] T4 e 2 AR A o S Y A% o
JESXHRIE T R LA 3G K5 35 bk 3R 1 AR A R 1Y
TR AN S W 98/ AR FLAR 2 300 nm 1, Fast-
Sep-PAA 4} Jii ) DBC A7 [F# 1K (68.6 g/L) , iX Al
BB THA A KT PAA K8 588 158 fLER
s ), FL N ZS R BHIS R, S 30 AT B ALBR S
)5/, DBC FEARH "

Ry HE— 2 BT A PAA X T4 o 45 44 1) 52
e, >R FH AUV B2 T 422800 A Rl LA Y ik
LR, A TAERTH PAA 4y F 153 T it
B 10~20 kDa AR5 SCHR[ 25 ], #%:(4) T
PAA 15372142
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FastSep-epoxy FastSep-PAA (1C=0.20 mol/L) FastSep-PAA (I1C=0.37 mol/L)

5 FastSep-epoxy 5 FastSep-PAA £ SEM &
Fig. 5 SEM images of FastSep-epoxy and FastSep-PAA
a. bulk; b. surface; c. internal structure.

5 £ 1 TREEHTLEZH FastSep-PAA i) DBC
- ] Table 1 Dynamic binding capacities (DBC) on FastSep-
o 4] Ma"‘gaCt“rter s annotated PAA with different original pore diameters
y q pore diameter:
'5 ] =300 nm FastSep-epoxy FastSep-epoxy DBC/ (g/L)
é 3] —0—400nm pore size®/nm pore size®/nm
= ] T2s00mm 300 324 68.6
= 1 V=700 nm
§ 2—_ 1000 nm 400 419 70.3
9“’0-')1 i 500 541 61.3
9 1 700 717 58.6
< ] 1000 1038 60.0
01— smmmsssis

a. FastSep-epoxy average pore size provided by manufac-
turer’ s instructions; b; FastSep-epoxy average pore size by
mercury intrusion method.

10 100 1000 10000
Pore diameter / nm

B 6 ERiEMER FastSep-epoxy HIFLIZES 7

Fig. 6 Pore diameter distributions of FastSep-epoxy #%E? JEH B(J PAA ﬁi}‘% El/‘] *H Xﬁ%?“}jﬁ: E%H/E\‘M: Q;
determined by mercury intrusion method Eﬁi$iﬁ‘{§1 E ’f’h /\/L\\;T:t ( 4) i‘l‘%ﬁ%ﬁ @J EI/\J PAA ﬁj\ % R
S SR 1L7~2.5 nm, %A TR A AL R
e ’“Z . (4) R HATIAL(2~50 nm) EEK, B, 30T

T

RO S A B T 100 nm #OFL72
2ok PR HH 1380 649x 107 J/Ks T JEFAMMEXT L, BRI ESS NI 7 i, A BET &
R K; MOZRAWOMA TR BB, BAlLIE . BAS #/0 R FastSep-PAA FLA% 41
Pa - S; K=3x10" /s, MEAY-FAREIHGE, 49598 A LA, KAL(>50 nm) & Rk BEFLAEH N
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TS, WAL (<2 nm) W LF3AT, 300 O #As
PAA FEZET AL,

K 7 &7~ FastSep-PAA-300 400,500,700 FlI
1000 fLAE5 7 FEEH F2~10,5~20,10~40,10~
50 11 10 ~60 nm, X} PAA 4r T R~} % i, Fast-
Sep-PAA-300 451452 PAA #EACE MK, PAA 14%
Fes S EUY B AL 23 RIS )N FL I 25 R BEEE
R AR AT S ALBRAS BN, TR B TR 2
B AR i AL AR A R 254 AR A7
PAA HR2m (HALARE A F T4 s 8 H 18
A BT N % BT 238 3K — 350N A A T o A 1 4
B IXH T PAA SRR, P it
HHEL T DBC Bl LA AR 15 Ol
24 REXBIENFRMEZER DBC KN

I BALARSE s & A R T8 A F AL N L

—®— FastSep-PAA-300
—O— FastSep-PAA-400
—A— FastSep-PAA-500
—V— FastSep-PAA-700
—*— FastSep-PAA-1000

20

Specific surface area / (m/g)

Pore diameter / nm

E 7 BET MEARREFL{Z FastSep-PAA Hytk REFR
Fig. 7 Specific surface area of FastSep-PAA
with different pores by BET

JEL2T20 O T IR HIE 2. 3 W i fLAR R SR
M 5 11 A% o 1) 235 5, 43 Sl e AN () L AR B A Jo 7
63,126,251 377,502,628 cm/h i # T ) 5 A
DBC, AN [A]fLA2 1Y £ 3% 47 Jot i 2 1 DBC Fifi i i 25 1k
m 2 P, AR T, BN [F LR BT
%11 DBC, FastSep-PAA-400 4351 1 5 & 19 86 1
DBC, iX /2 [F A L BH A3 KALAR A BT, AL
PR AR A K, 2R 1 AT W B A5 22 5 T FastSep-
PAA-300 48 PAA J5FLIR A 25 [l 8/)N , £L P 25 [E) 7
BH3E I, 8 1 AT R LB =S [/, DBC T B, X HETH
T R A R SR AR A A

TE 5 /N R IR FL 42 (300,400, 500,700 nm) fY
FastSep-PAA 4 i (1) & (1 DBC I, bifi 45 It 1)
B B R 2R E R BN 8 DBC T RE, LA
126 cov/h 1 628 em/h Jii T A& 1 DBC, i 3
s A%, 811 DBC T BRI B TE 13% ~21% , 3% J2:
R A B LA AR XT3 /0N i HL W B A 2 2
o7 PR AL IR P 2 (], 18 J L P 2 Tl 4o B4 o, 2 22
SEFEFLIE , DN Bt I G Rk B 1Y R 1 43
TRARY B AN BN, & T DBC Y T
[aL2 00 TR B K JE A FL A% (1 000 nm ) /Y FastSep-
PAA v il Bl 4 7 A9 34, 25 11 DBC F&AIG
TR/ (57 ~63 g/L) , g fin 5 /%, 8 1 DBC
TR 3. 5% , X VLR 140 F 7Rz AL T 9 i
RAZPREN ZALAEAN R AL R REL S, 1S A
T s B aiAk, M ELAE 628 co/h (Y T R
1 DBC RBUELRFF#E 57.7 g/L,

%® 2 A FEIFEIETLEN FastSep-PAA AR E TH DBC
Table 2 DBC of FastSep-PAA with different original pore diameters at different flow rates

Original pore DBC under different flow rates/(g/L) Decrease in
size?/nm 63 cm/h 126 c/h 251 cm/h 377 ecm/h 502 cm/h 628 cm/h DBC"/%
300 68.7 68.6 60.1 59.4 65.5 58.7 14.4
400 76.4 70.3 62.9 63.3 59.7 56.3 19.9
500 68.0 61.3 62.1 58.1 56.3 52.9 13.7
700 68.2 58.6 60.3 55.9 51.0 46.5 20.6
1000 56.9 60.0 62.9 62.3 59.7 57.7 3.5

a. FastSep-epoxy average pore size was provided by manufacturer’ s instructions. b The difference in protein DBC on chromato-
graphic media with different pore sizes were calculated at flow rates of 126 cm/h and 628 cm/h, respectively.
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