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Abstract-High-performance membrane chromatography (HPMC) is a very effective chromatographic method that 
conthines the advantages of both membrane technology mad column chromatography. In this work, proteins (myoglo- 
bir~ conalbm~lin mad soybean trypsin inhibitor) were sepm-ated by HPMC. The separation medamlism revolved ai~on- 
exchange, mad the stationary phases were used a~on CIM DEAE and QA disks (12x 3 zra-n). Two types of mobile phase, 
bmffer A (20 m2vl Tris-HCI, pH 7.4) and buffer B (buffer A + 1 M NaC1) were used. As the amount of sodium chloride 
dissolved in buffer lineaiy increased, the retention time shortened mad the resolution of the components was greatly 
improved. The optimum mobile phases mad operating conditioi]s were expez-h-nentaUy detem]ined. From the experimen- 
tal results, the proteins were separated within 2 min at a mobile phase flow rate of 4 mI/min. 
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INTRODUCTION 

The fast growth of biotechnology and the pharmaceutical indus- 
fry requfl-es develotxnent of new isolation mad purification methods 
for biopol3anet~ [Michael et al., 1998]. High-peffomaance liquid 
chromatography (H2LC) has been widely used as a standard analyt- 
ical ~s~umei~ mad a number of stationary phases m-e conmaercially 
available. The separation ks achieved using inte, actions among sol- 
utes, mobile phases and stationary phases, as well known from ion- 
exchange, hy&ophobic interaction, reversed-phase, and affinity 
HPLC modes. HPLC columns are improved to increase the selec- 
tivity and the efficiency for the mix~es  separated [Lee et al., 15F96]. 
High-perfon-naace membrane chromatography (HPMC) combines 
the a&antages of both membrane technology and column chro- 
matography [Ales et al., 15;99]. HPMC is based on the sepmation 
of proteins molecules on a very thin sepmation layer as a result of 
the interactions between the proteins molecules and the active groups 
on the surface of the pores [Wensheng and Fred, 1998]. Memh-anes 
and monoliths have been successfixlly applied in various chromato- 
graphic sepm-ations using gradient elntion of IaiBe biomolecules in 
ex~-emely short m]alysis times [Ales et al., 1999]. The main differ- 
ence between monoliths and conventional HPLC coMnns lies in the 
s~uc~-e of the support. Colu~rms are cozra-nonly filled with highly 
porous particles with a diameter in the range of 3-15 btm. Most of 
the active groups are located witt/_n the pores which represent more 
than 90% of the total accessible surface area mad provide a high 
specific svrface area for interactions between molecules in the mobile 
and stationary phases. For sepm-ations under gradient flow condi- 
tiom, multiple steps of the adsoiption/deso~ption process should 
take pIace [Catherine, 1998]. 

In the case of HPMC, the length of the separation layer is much 
shorter (3 mm). Because of the short separation layer lengths and 
the resulting short residence tinaes of the molecules within the sep- 
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aration layer, the multiple steps of the adsorption/desorlmon pro- 
cess were usually not considered as a possible medam]ism for the 
separation [Joseph et al., 15;92]. The separations of Ia-ge biomole- 
cules on short coDarms (membranes) are achieved by gradient elu- 
tion [Lauxe et al., 2000]. 

The current market offers several designs of separation systems 
if]at im~olve chronaatographic membranes in various shapes such 
as hollow fibers, stacked sheets, and individual disks [Keith Roper 
et aI., 1995]. The majority of applications of monoliths are in the 
field of capillary elec~-ocl-~-omatography [Svec, 2000], chromatog- 
raphy with microcokmns ['Reginer, 2000] and capillaries [Gusev, 
1999]. The concept of the ultra-short bed has been applied to a great 
extent for separation of bioplo3a'nez~ such as proteins mad polynu- 
cleotides [Lian et al., 2001]. Recently, isccratic separation of plas- 
mind DNA confon-nei~ under isocratic flow conditions on a 3 mm 
thick CIM (Coi~a~ective Interaction Ivledia) QA (Quaternary mn- 
mornum) monolithic disk was used [MichaeI et al., 1998]. How- 
eve1; no clear explm]ation of the phenomena govea~m]g the separa- 
tion mechanism was provided [Vodopivec, 2000]. 

In this work, gradient sepm-ation of proteins (myoglobin, conal- 
bumin, soybean trypsin inhibitor) in the anion-exchange mode was 
presented. The effects of the DEAE (diethylaminoethyl) disk and 
QA (quaternary mnmoniua'n) disk layer, the mobile phase compo- 
sition of buffer B in sodium chloride concen~ation on the resolu- 
tions of the three peaks (myoglobin, conalbumin, soybean lrypsin 
inhi~oitor) were discussed in temas of the plate theory on conven- 
tional HPLC columns. 

EXPERI~IENTAL 

1. Separation Unit and Chemicals 
The separation of proteins (myoglobin, conalburnin, soybean tryp- 

sin inhibitor) was performed on cozranercially available CIIvl DEAE 
(diethylaninoethyI groups) disks, QA (quaten~ry amine) disks (BIA 
Separations, Slovenia). CIM disk monolithic columns bealmg slrong 
QA mad weak DEAE anion groups were used tl-~-oughout the ex- 
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paJmental wc~k. CTM disk monolithic columns consisted o f a  3 mm 
length and 12 mm I.D. disk-shaped poly(glycidyl methacrylate-co- 
ethylenedknethacrylate), highly potx~us polymer maaix that was 
seated hi a non-porons self sealing fitting ring. The bed volume of 
one disk was 0.34 nil, 60% of which resided in the highly inter- 
cotmected flow through pores. The disk-shaped matrix (stationary 
phase) was inserted in Conlmercially available PP or polyacetal hous- 
ing (BIA Separations) and connected to a HPLC system. Standard 
chemicals of proteins hi this experiment were purchased filnn Sigma- 
Aldrch Kote~t The Iris [NH2C(CH2OI~] were purchased fiom J. T 
Baker (Phillipsburg NJ, U.S.A). Sodhm Chlotide was purchased 
fi~om Oriental Chanical Indumies (Korea). HyNochlotic acid was 
purehased ~om Junsei Chemkxd Co. (Japan). Water was distilled 
and deionized pilot" to use. The buffer A used a 20 mM Tfis-HC1 
buffet; pH 7.4. and buffer B was used 20 mM Tris-HC1 buffer A 
with 1 M sodium chlotide. 
2. E q u i p m  ent 

The I-ZPMC systenl in this experiment ~vas installed in Wata~ 
Model 600S liquid ctlromatog~--~hy (Waters Associates, Milford, 
MA, U.S.A.) with the Watem 515 Multisolvent Delivery System 
and486 Tunable Absorbance analytical Detectot; and injector (5 nil 
sample loop)ofRhcodyne. The dam acquisition system was CHRO- 
MATE (Vet. 3.0, I_ntefface Eng, Korea) installed in aPC. The wave- 
length was fixed at 280 nm and the experhnent was perfonned at 
room temperature. The pH meter was purehased ~om EUTECH 
Instrument (Korea). 

R E S U L T S  A N D  D I S C U S S I O N  

The set-up of the HPLC system is a crucial factor in achieving 
the optimal performance fi~otn CIM monol~ic columns [Dubinina 
et al., 1996]. CIM monolith cohmms have been commonly used 
for grMient sepat--,aions and ion exchange mode. Two differer~ mar 
trices be~ng  weak (DEAE) and slrong (QA) anion exchange groups 
were tested for protelus (myoglobin, cona~ounlin, soybean Ixypsin 
inhibitor) sepamiotl with the effects of  buffer concenlration. To sep- 
arate of proteins, mobile phases were used as buffer A (20mM Ttis- 
HC1) and buffet" B (buffer A+I  M NaC1). In these experhnents, the 
flow rote of mobile phase was set at 4 ml/min, and sample injec- 
tion volume was 20 btL As the retention times of the proteins were 
changed with file cotnposifion, the experimer~al v~iables wa'e dif- 
ferent sodium chlotide concentrations ranging from 1 M to 0.1 M. 
The sepm'ated peaks elutedfi~m the tube were analyzed on  DEAE 
mid QA disks again hi avery short time (2 min). To investigate the 
effect of  the mobile phase cotnposition. DEAE and QA disks of 
thickness 3 mm were used. 

Fig. 1 shows gradient I-IPMC separation of proteins (myoglo- 
biu, cotialbunlin> and soybem Wypsiu hthibitor) oti a CIM DEAE 
disk. The high effective d lage  of the proteius molecules was taken 
into account to fonn the gradient conditions [Shuichi et al., 1999]. 
The ftrst eluting compone~Its, that is to say myoglobin, was sepa- 
t~ed, but the oilier components, conalbmnin and soybean trypsin 
irdiibitor coeluted Sepat'ation mechanism occtmed to ion exchange 
mode between protein molecules and monolithic convective inter- 
action mediaDAEA disk, QA disk [Xiatlfang, 1998]. The gradient 
condition was buffer A/htff'et- B=100/0-0/100 vol% dmilg the liu- 
eat" gradient time 30 sec The sepat'ation mechanisan of HPMC is 
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Fig. 1. Clu'omatogram a" myoglobin, eonalbumin, and soy bean 
lrypsin inll~Kor in ~ a d i e m  mode (BulIer A of 20 m M  ~ i s -  
H O ,  Butter B oi" 1 M N~-~I hi buffer A, Butl f f  AYI~n'ler B = 
100/0-0/100 vr gradimt l ime 30 sec, haj. volume=20 ILL 
cohunn CIM D E A E  monolidhic weak  anita disk, f low rate 
4 lnFmin, [IV at 280 nm).  
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Fig. 2. Gradient separation of myoglobin,  conalbumin,  mid soy 
bean trypsin hdu~itor ruing CI2VI D E A E  monolithic weak  
�9 . i l ion disk (Buffer Afihlffer B= 100/0-0/100 vola/o, ~-adient 
lime 50 sec). 

that cotnpefifive adsolption and desorpfion occm~ in between acti- 
vated membrane surface of~iot l  exchanger and protein molecules. 
Anionic protein molecules ate attracted on the cationic surface of 
manbrale. If  multiple adsotptiotl/desotptictl Aeps ocoar in thin mon- 
oliths, the retention time of protein depends on file concentration of 
sodium chloride in the buffer B. As the concentration of buffer B 
increased, more sodium chloride is ionized to NaT and CI-. In Fig. 
2, conalbumin and soybean tlypsin inhibitor were sepa~ed by CIM 
DEAE disk. In this condition, for the fu'st 50 sec, the concentration 
ofsodiunl chloride was kept constmlt, mid then gIadually it increased 
to modify the differences in the retention times of conalbumin and 
soybean trypsin hthibiton 

Fig. 3 demonsWates gradient HPMC separation of  proteins on a 
CIM QA disk, s ~ l g  anion exchalge group. The mobile phase com- 
position was that buffer A/buflhr B=100/0-40/60 voPA was changed 
dm'ing the f ~ t  gradient time 10 sec, and then Buffer A~ouffer B = 
40/60-0/100 voP/o during the second gradient time 40 sec To im- 
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Fig. 3. Gradient separation of myoglobin, conalbumin, and soy 
bean lrypsin inhibitor using CIM QA monolitMc s~lrong 
anion disk. (Buffer A/Buffer B=100/0-40/60 volO/o, l~-adient 
time 10 see, Buffer A/Bl~er B=40/60-0/100 volvo, ~eadient 
time 40 sec). 

prove the resolution of  the two components, conaIbumin and soy- 
bean ~ypsin inhibitor, a different type of  stationary phase, the QA 
disk, was adopted In this e~cpaimental ran, the concentration of 
sodium chloride, was changed for 40 sec, but before elution of the 
last two components, the concentration of buffs" B was constant. 
The composition of ehent for gradient chromatography approxi- 
mately corresponded to the salt concentration. Column efficiency 
(N) and resolution (R) between component% A mid B were calcu- 
lated by Eqs. (1) mid (2) for CIM DEAl?; (Fig. 2) mid QA (Fig. 3), 
respectively. 

, ,  

Where t~ denotes the retention tkne, and Wv2 the peak width at 
the half height As the number of  theoretical plates are linger, the 
shape of the peak was shalpet: 

2X (t~.~-t~) 
It '~v~ +w~ (2) 

Where t~. A and t~e me retention times of the eluted peaks, and 
W~and W s ~e  the width of  the peaks. 

The calculated number of  theoretical plates and resolutions with 
the difference type of disk DEAE md QA me listed in Table 1. The 
higher numbers of  theoretical plate (N) means that the shape of peak 

Table 1. Calculated number  of theoFetic~i plates and resolliiions 
hi DEAE and QA monofitMc disks 

DEAE QA 
(Fig. 2) (Fig. 3) 

N ~ o ~  35 70 
N c,~,~.  840 1400 
Ns= ~ 3900 1200 

R myoglobin and conalbumin 5.6 5.8 
conalbimlin and STr* 0.8 1.1 

STI*: Soybean Trypsin Inhibitor 
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Fig. 4. Effect of the concmlralion of Ni~--I on the retmlion lit-lies, 

becomes shapa: In tams of the numbei~ in weak DF_,A27; and strong 
QA, it depends on the samples of protein, myoglobin, conalbumin, 
and soybean trypsin inhibitor. Moreovel, it is greatly affected by 
the concentration of sodimn chloride. In other words, the numbers 
of theoretical plates in the increasing concentiation of sodium chlo- 
ride in mobile phase is higher than that in high concentration. 

Resolution depends on the two factol~ the nmrowness of  the peaks 
mid the distance between the highest points of  two peaks. It was 
observed that the difference in the resolution of conalbumin and 
soybean Irgpsin inhibitor was small. Comparing the resolutions in 
the both cases, it was 0.8 in Fig. 2, while 1.1 in Fig. 3. The raM1 
molecules ofmyglobin were easily sepwaed, but the conlplae sop- 
araion of  the other two large molecules was difficult to be per- 
formed 

The effect of butter concenimtion on the giadiem ,node was stud- 
ied in this work. In Fig. 4, the retention times of the proteins were 
plotted as the concentration of sodium chlaide in buffer B. As the 
concentrotion of sodium chloride ina~eased, the t~etention of myo- 
globin was not influenced Howeva,  conalbumin and soybean tlyp- 
sin inhibitor were eluted faster with increasing concentralion of so- 
dium chloride. It could be explained that conlpetitive adsoxption 
mid deso,pfion process on the anion exchange memb,~mle arose be- 
tween proteins and ions in buffet: Also in anion exchange menl- 
b,~mle chronlatogmphy, samples were separated by the differences 
in isoelectric points (pI) [Elisabeth, 1999]. The pH of mobile phase 
equals the proteins pI. In the mobile phase ofpH 7.4, the net charge 
of the protein changes fi'om negative to neutral, leading to its de- 
soipfion from the stationary phase of anion-exchanga: The protein 
separation and isolation was dependent on the pls of  samples, so 
the conespending ion exchange membranes was selected IfpI value 
was below 7, anion exchange membl~ie was nlainly used. And, 
cation exchange membrane was applied above pI of  7. 

The dissolved anion proteins adsolbed on cation functional group. 
Also, proteins separation is a surface-dependent dynmfic process, 
in ~vtfich aportion of'the protein nlolecule binds to the packing ma- 
terial through individual chaIge sites or via specific surfaces of  the 
protein. There ,nay be other explanations Increased salt concenlra- 
tion hi the mobile phase can leadto an iucrease hi the hydmphobic 
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interaction of v-ote~s with ion-exchange membrane disks. AI1 pro- 
teins in the present work show a decreased retention time with m- 
creased buffer concei:h-ation throughout the concenh-ation range 
studied. 

CONCLUSION 

One of the unique features of DEAE and QA disk n].oi"lolith 001- 
uarms is the fast and easy exct~nge of the st, atiorary phase. AIthough 
much works stiI1 remain to be done in the study of thin monolithic 
separation layers for va:ious proteins, this work confi:TnS that out- 
standing setmrations of the proteins in a very short thne were achieved 
by the optimization of the mobiIe phase and buffer with HPMC. In 
this work, HPMC was applied to investigate the feasibility of large 
molecular proteins and biopolymer, also characteristic of HPIvIC 
studied in purpose of sel~-ated. Our results show that proteus were 
well resolved by a gradient mode on anion exchange CIM DEAE 
and QA disks. 
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