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Abstract: The continued development of antibody therapeutics—including monoclonal antibodies
and bispecific antibodies—intensifies downstream purification challenges, particularly in removing
aggregates, host cell proteins, charge variants, and structurally related byproducts. Protein A/G
affinity chromatography enables highly selective antibody capture; however, it provides insufficient
discrimination between antibody monomers and closely related impurities. Therefore, orthogonal
polishing steps with complementary selectivity remain essential. Cation—exchange/hydrophobic inter-
action mixed—mode chromatography (CEX/HIC) has been widely investigated because it combines
electrostatic and hydrophobic interactions under aqueous conditions. This review summarizes the mul-
tiple retention mechanisms of CEX/HIC and analyzes the effects of pH, salt type, salt concentra-
tion, protein surface charge, and exposed hydrophobic regions on adsorption and elution. It further
discusses the effects of matrix properties, pore structure, spacer—arm characteristics, ligand com-
position, and immobilization strategies on mass transfer, binding capacity, elution reversibility,

and separation selectivity. Representative applications in monoclonal antibody purification are re-
viewed, including aggregate removal and host—cell protein clearance. Additionally, applications in
bispecific antibody purification are examined, particularly for separating half-antibodies, homodi-
mers, light—chain—deficient species, and other product-related variants. Compared with conven-
tional cation—exchange or hydrophobic interaction chromatography alone, some CEX/HIC media can
maintain useful selectivity at elevated conductivity while reducing dependence on highly concentrated

salting—out conditions. Future studies should establish quantitative relationships among stationary—
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phase structure, multimodal interactions, protein properties, and impurity clearance to support
more predictable media design and robust process optimization.
Key words: mixed—mode chromatography; cation exchange; hydrophobic interaction; ligand de-

sign; monoclonal antibody; bispecific antibody
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Fig. 1 Schematic diagram of application steps in downstream antibody purification
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Table I ~ Representative reviews relevant to CEX/HIC stationary—phase design and antibody purification

Year Author Review focus Comments / Features
Commercial multimodal chromatography media and  The relationship between ligand structure and protein selectivity was
S i © £
antarelli et . P . ) . . . P
2019 e their selectivity in protein and monoclonal antibody — emphasized, but the structure — property relationships of CEX/HIC
al. - o . ’ . . i . .
purification. stationary phases were discussed only to a limited extent.
Mil ! Applications of multimodal chromatography in mono-  The review is directly relevant to antibody purification processes,
ine et al. . _ ’ . . . . . . .
2023 5 clonal antibody capture, polishing, and aggregate but provides limited discussion of matrices, spacer arms, and im-
[23] J =} tals O
removal. mobilization strategies.

o . . . . The review focuses on aggregate selectivity, but provides limited
Rupéikova et Mechanisms, media, and process conditions for o

2025 o . ) . . discussion of CEX/HIC ligand configurations and stationary—phase
al. ~ antibody aggregate removal using multimodal media. .
preparation.
. Retention mechanisms, commercial media, and  The review is relatively comprehensive, but systematic comparisons
Javidanbardan o . . . o o o . .

2026 L bl applications of multimodal chromatography in the pu-  of CEX/HIC ligand combinations, spacer arms, and immobiliza-

etal. e N . . . T

rification of different unlllm(])-])ased I)l'()(]llLTlS. tion strategies remain limited.
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Fig. 2 Schematic illustration of multiple interactions between proteins and CEX/HIC stationary phases
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Fig. 3 Schematic diagram showing structural composition of CEX/HIC stationary phase
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Table 2 Common matrix characteristics and ligand compatibility

Representative mate-

Matrix type . Main characteristics Ligand design considerations
rials
Hydrophilic Good biocompatibility and mild separation conditions for Aromatic or alkyl ligands may be introduced, but
flexible ma- Agarose biomacromolecules; relatively limited mechanical ligand hydrophobicity and elution conditions
trix strength and pressure resistance. should be carefully controlled.
Hydrophobic  PGMA-DVB and re- Good mechanical strength and ease of functionaliza- Hydrophilic spacer arms or hydrophilic/ionic

polymer ma- lated polymeric mate- tion; intrinsic matrix hydrophobicity may cause nonspe- groups should be introduced to reduce nonspecific
trix rials cific protein adsorption. adsorption.
Suitable for analytical separations or short—chain

Silica or rig- ~ Silica and rigid poly- Rapid mass transfer and high column efficiency; silica X . . .
igands; surface protection and pH stability
ligand f tect 1 pH stability

id matrix mers generally has a relatively narrow applicable pH range. .
should be considered.
Membrane  Functionalized mem-  Convection—dominated mass transfer, making these  Pore structure, functional-layer thickness, and
or nonwoven branes and PBT non- supports suitable for high—flow-rate and continuous pro- ligand density should be simultaneously opti-
support woven materials cesses. mized.
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Table 3 Functional group composition and interaction characteristics of common CEX/HIC ligands

Ligand Functional group L L L
Representative ligands Representative ligand structures Interaction sites Refs.

H
2-Benzamido—4-mer- N Carboxyl group: weak cation—exchange interac- [29]
captobutyric acid tion; phenyl ring: hydrophobic interaction.
) HO 5 ) )

type combination

Carboxyl - aromat-
ic group (R -
JFEH)

[0}
o . . Carboxyl group: weak cation—exchange interac-
p—Aminohippuric acid N OH . . . . [53]
H.N H ll()rl; [)ht‘”y] I'Irlg: h)(]r()lll]()])l(’ iteraction.
2
(o}

CLI]'I)HX)] ii]k}]

o} \ . .
. . . Carboxyl group: weak cation—exchange interac-
6—Aminohexanoic acid H,N . . o . [62]
tion; alkyl chain: hydrophobic interaction.
o

WCX/ \
eroup (FRIE - I
HIC
#)
. . . | Carboxyl group: weak cation—exchange interac-
4-Aminobutyric acid H,N T ! . L [63]
tion; alkyl chain: hydrophobic interaction.
OH
0 : . .
Carboxyl group: weak cation—exchange interac-
L-Tryptophan HO tion; indole ring: hydrophobic and 1 - 7 inter- [54]
§ NHZ \ actions.
Carboxyl — hetero- NH
cyclic group (¥
- 30 N o] Carboxyl group: weak cation—exchange interac-
1 H-Benzotriazole—5— N\/ tion; benzotriazole ring: hydrophobic interac- 64]
carboxylic acid HN OH tion, hydrogen bonding, and possible 1 interac-
tions.
. Na*
Sulfonate — phenyl Sodium 4 " o Sulf . ) .
: Sodium 4—styrenesulto- 11 Sultonate group: Sll'()ll‘{ cation—exc lange interac-
group (fiffRSk - . \ o . e . N L [65]
e nate tion; phenyl ring: hydrophobic interaction.
HEL) I ) )
(0]
SCX/
HIC
Sulfonate - imidaz- L N Q Sulfonate group: strong cation—exchange interac-
L 2—Mercaptobenzimid- —~OH . S o )
ole group (filffiRJk . \ tion; benzimidazole aromatic heterocycle: hydro- [59]
" azole=5-sulfonic acid N \6 . . .
DR ) phobic and 7 - r interactions.
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BERCTE, FFE> EAERTHORRE . IR e nh A

BZBTLIM AL £, ST Z T AV T2 P s R B s IR Btk bR . TR, 2
FBH 5 15 e D REALBE AN TC 27 B R T o L B TR BT P B3R S R4l ™ e Fan 25
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pH BRI B 5 2 25 0 2 SN DL IR 4545474 o Krazel Adamikova % ™' %} Capto MMC HRF 50 2E— 25 W],
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Table 4  Application types and functional characteristics of CEX/HIC in antibody purification

Application con-
PP rext Application object Representative media/ligands Main mechanism Refs.
ex

. pH and salt concentration jointly regulate electro-
Monoclonal anti-

IgG, IgG4, and other . : static and hydrophobic interactions, thereby
body capture or o Capto MMC; Capto MMC ImpRes . . o : [27]
lichi monoclonal antibodies amplifying retention differences between anti-
I)U 1S 1I|1g
rody monomers and aggregates.
body 1 aggregat
Separation of bi- ) . . . . o .
. . Half-antibodies, homodi- Structurally related by—products are differentiat-
specitic anti- N . . . ) . o .
mers, light—chain—deficient Capto MMC ImpRes ed on the basis of differences in charge, hydro- [28]
body-related ) o . .
species, and aggregates phobicity, and conformation.
by—products
C " Fermentation supernatants, Multimodal cation—exchange mem- Hydrophobic interactions provide supplementary [21,
apture from o . o .
hicl Juctivi cell-culture supernatants, branes; 2-mercaptopyridine=3—car- retention when electrostatic interactions are par- 49,
nigh—conductivi- X . . . X A . .
° feed K and intermediate process boxylic acid—functionalized nonwoven  tially screened, while membrane or nonwoven 79—
ty teedstocks : i . .
’ streams membranes supports enhance mass—transfer efficiency. 80]

4.1 BEREHE

De Sousa % *" DL Capto MMC 4 lg4lifb N e PEER A G, 7E 60 mmol/L BEMRERZZ 0l (pH 6.75) H.
RSN MERA 2T T, SR H] Langmuir BERLE 15 3 09 B KWLM 25 54 549. 2 mg/g, T 2 E A&,
ZEUE R T ARSI R S 280, AR E S T D AE T s B4 G5 8. 15— T
TgG4 FAPT R FI SRR/ B BT H, Capto MMC 7EZ5 A - PR 0T M 3 Fh R 20k b 4 i b o
T, REMRZRG AR IRF) 99%, K 78. 6%; K HHBiIE T /MK Capto MMC ImpRes JERHE 277,
PAPRZE TR R 99. 3%, WWERIEEE 87. 9%, Hahn 55 ™ i — 204 th pH E I 0 25 & - Ve lis=X, 1R
A4 pH (AT LS TS e Y 5K RO Bk . TS e HCP RIS
XYWL, CEX/HIC I T Hpiaifbiy, SCEEA U B4 &R &, MAE TR pHAE . 3hiR BEFIL
FRESH T AN E 3 ) ) PR B 22 5

mADb elution HMW aggregation
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| 1 | ! !
: e mAb P g g
1 i ! monomer ! ’ i i
! ' ! ! ! i 1
1.00 + | i i i it i
o ' o
e B B
< i : i i L 7 ‘ i =
E: : anagt Tahen' : | Z
Rkt i oy : ! g
2 s e s
= | ARSI A | T 50% 2
@ 1 | ' ey ' ' 1 s
2 ! 1 i . HMW 1 S
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0.00 . . : : L : I 0%
i o
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Elution volume/CV
— UV280 = = == Void volume window
= = = = Normalized conductivity/% = = = = mAb elution window

= = = = Aggregate elution window

4 CEX/HIC 3 g fui st 5 B GE 1 i 7 S DMt i 12 7
Fig. 4 Schematic elution chromatogram illustrating separation of antibody monomers and aggregates via CEX/HIC
4.2 MWiEFEmE
Li%E A, bsAb T AN S5 H bR gk, 105 S [ b BE ™ S AH S 2% BRI A
KAFT. I, bsAb Al fb BT EEREME [F] I X 73 Hafer . /KRR 2R i P R, U A ik 2

[27]
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WECRPTEE A Y, difbad B LR . FUE IR R R R R Ry T T
Lee 55 ™ W50 T bsAb 7ETR S ALCRH B F 28 i v (1 2k -pH PR IRIBEREAT o 45K ER, MpH <5.0
iF, BUETE 1 mol/L3RyREE N HUARIELIBENG, BEHAK pH B A 1F T i B A P ANGE K VE W] E [R] i 1 it 5
M pH > 6. 0B, bR FURB B, Hodh pH 7. 0 7% 4R R AR 7R I bUR TR . 7R
WuXiBody AUtk ', 45 Capto MMC ImpRes J2HT 5, BEE L BIF=Y S BIET 0. 2%, BEASE
P2 1. 2%, %¢ EARERES 0 BIFEAR 15. 3% F19. 6%, TangZ: " Wilkih, Capto MMC ImpRes fEMRAL&4E T
A BEARPUR . hole—hole Ml JE —BRIAFREMREFR =Y & 8. LbWFFEBiH, CEX/HIC7E bsAb ZlifkH
HIVERAUOR B Z5 G258, ok E pHAE . Ehifk BRI I 25 4 6 A IR &I =4 (B 22 e A o (HOR ]
bsAb B LT 7341 . Bi/KPEFIR G e PEZERIEC R, WO IFh R IR 2R BUIRI TR RGN 55 T2
5 Z£itERE

SRRTE , CEX/HIC [f % AH LAt 671 B A8 BH 251 28 5 o7 s R S8 i BRI K 4544 A%, FF T & INE
., m-m BORATIAESVE M . AR SURTEAAE R R PR H pH B AR SR AL S FAH EAE, MEA
FET WL AT RGP 22 B AT PR EIR ] . AHEC A — CEX, F4% CEX/HIC A B4 i i 5 A7 a) {43 m )
HMZEARE ST B —HIC, HT AR Sk B L R0 i, JFiEd i e B e R & 1 .
RS B T s PE AU S U i R Bk A, JCH W TR MR . HCP, WL ARk DL &
ik FE IR RS SR A A B PR R, (HIE AR A Protein A Z S IEAMIE TR,
AN A SRR ) 5 i 1R

Ja S I WA T ). S, EEATEERT. FLAEH . R . ECELEA K S R A R
FiZiB i E B R, Wl A5 -MEAEN-RE R WRREE. 2, SRR, &
AR, MR HCP IERFMBERZRRIFEM S, G mERIFE ., o FRR LR
HTA R R T 200k . it Bl TAE, CEX/HIC FF % 1T B 2200 1 5 1 1o 34— 4546 ) m] F33000 £
il s AH PR T2k .
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