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Abstract 

An affinity capillary electrophoresis (ACE) method for improving albumin protein separations has been 
developed. Separation efficiencies for bovine serum albumin (BSA) and human serum albumin (HSA) are 
dramatically improved by using anti-inflammatory compounds as run buffer additives. The anti-inflammatory drugs 
used as biospecific ligands to improve the protein separation include ibuprofen (IB), flurbiprofen (FL), and 
ketoprofen (KE). The binding constants of proteins (BSA and HSA) for the anti-inflammatory ligands (FL and IB) 
are estimated by ACE and compared to literature values. 

I. Introduction 

Capillary electrophoresis (CE), a powerful 
separation technique, has developed rapidly in 
the past years [1-5]. The method is capable of 
separating ionic species based on charge to mass 
ratio, approaching efficiencies of 1 000 000 theo- 
retical plates. Unfortunately, the routine applica- 
tion of CE to proteins and other macromolecules 
is still hindered by the problem of solute ad- 
sorption to the fused-silica surface of the capil- 
laries. These interactions result in band broaden- 
ing and peak tailing, with greatly reduced sepa- 
ration efficiencies and poor separation repro- 
ducibilities. Reported attempts to eliminate sam- 
ple adsorption include: (1) addition of chemical 
agents to the run buffer [2]; (2) deactivation of 
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the silica surface by physically or chemically 
coating the capillary wall [6-11]; and (3) adjust- 
ment of run buffer pH [7,12]. Although these 
approaches have shown some success in reducing 
the adsorption problem, the improvement of 
protein separations is still an interesting and 
challenging area in CE. 

Recently, affinity capillary electrophoresis 
(ACE), which is considered to be a branch of 
CE, has opened up new horizons for biospecific 
separations as well as for characterizing molecu- 
lar properties by analyzing biospecific interac- 
tions. Guttman and Cooke [13] reported an 
ACE method using capillaries filled with linear 
polyacrylamide, in which ethidium bromide was 
solubilized as a ligand, for specific separation of 
double-stranded DNA fragments. Poly(9-vinyl- 
adenine) has been used as an affinity macro- 
ligand entrapped within a gel matrix to separate 
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nucleic acids [14]. Recently, several approaches 
for chiral separations of various drug and amino 
acid samples have been developed in our labora- 
tory using bovine serum albumin (BSA) as an 
affinity ligand [15-17]. Another potential of 
ACE is its ability to measure the binding con- 
stants of solutes for ligands [15,18,19]. 

In this report, we present an ACE method for 
protein separations. Separation of bovine serum 
albumin (BSA) and human serum albumin 
(HSA) has been improved by using different 
anti-inflammatory compounds as run buffer addi- 
tives. Also, the mechanism of separation is used 
to estimate the binding constants for the ligand- 
protein complexes. 

2.3. Protein separations by ACE 

Proteins were separated using 10 mM phos- 
phate (pH 7.04) and the addition of different 
amounts of anti-inflammatory compounds as run 
buffers. The sample solution was prepared by 
dissolving proteins in a 10 mM phosphate buffer 
(pH, 7.04). Concentrations of proteins were: 
BSA 0.4 mg/ml; HSA 0.4 mg/ml; and a -LA 0.2 
mg/ml. Syphon injection (6 cm x 6 s) was used 
for all separations. The effective length of the 
capillary was 32 cm and the electric field strength 
was 300 V/cm. Binding constants were measured 
using the method reported by Chu et al. [18,19] 
with minor modifications. 

2. Experimental 

2.1. Chemicals 

Bovine serum albumin (BSA, fatty-acid free), 
human serum albumin (HSA, fatty-acid free), 
a-lactoglobulin (a-LA), ibuprofen (IB), flurbi- 
profen (FL) and ketoprofen (KE) were pur- 
chased from Sigma (St. Louis, MO, USA). All 
drugs were in their racemic form. All other 
chemicals were obtained from Fisher Scientific 
(Fair Lawn, NJ, USA). 

2.2. Apparatus 

ACE separations were performed on a labora- 
tory-constructed instrument which included a 
safety plexiglas box, a CZE 1000 PN 30 high 
power supply (Spellman, Plainview, NY, USA), 
a high power supply local control (Chamonix 
Industries, Johnson City, NY, USA), a Spectra 
100 UN detector and a SP-4400 integrator 
(Thermo Separation Products, Freemont, CA, 
USA). Detection wavelength was 214 nm. The 
temperature inside the plexiglas box was cooled 
by a fan. Polymer deactivated capillaries (75/zm 
I.D. × 360 txm O.D., Chemical Solutions, South 
New Berlin, NY, USA) exhibiting no electro- 
osmotic flow (EOF) were used for all sepa- 
rations. 

3. Results and discussion 

3.1. Improvement of  BSA and HSA separation 

Fig. 1 shows the separation of a three-protein 
mixture sample, a -LA is completely resolved 
under the conditions employed, BSA and HSA 
cannot be baseline separated, exhibiting poor 
peak efficiencies and resolution. With the addi- 
tion of ibuprofen (IB) to the run buffer, the 
separation of BSA and HSA is improved 
dramatically (Fig. lb -d) .  It is well known that 
serum albumin has the important function of 
reversible binding with various substances such 
as fatty acids, tryptophan, bilirubin and many 
acidic drugs [20]. This characteristic of serum 
albumin has been used for the chiral separation 
of acidic drugs in HPLC [21] and ACE [15-17]. 
In this experiment, the electrophoretic mobilities 
of BSA and HSA are determined to be 1.84- 

4 2 1 1 4 2 1 1 10- cm V-  s- and 1.78.10- cm V-  s - .  
The electrophoretic mobility of IB is 2.32.10 -4 
cm 2 V -1 s -1. In a coated capillary which has no 
EOF, BSA and HSA will migrate at a greater 
rate when IB is added to the run buffer if they 
form complexes with the faster moving modifier 
IB, and the separation of these two proteins can 
be improved due to their different affinities for 
lB. As shown in Fig. 1, the separation efficien- 
cies for BSA and HSA increase with an increase 
in IB concentration in the run buffer. The 
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Fig. 1. Electropherograms of BSA (1), HSA (2) and a-LA 
(3). Conditions: capillary, polymer coated capillary (75 p.m 
I.D. x 360 p.m O.D.) with an effective length of 32 cm; 
electric field strength, 300 V/cm; current, 23 /xA; sample 
injection, 6 cm x 6 s; run buffers, 10 mM phosphate at pH 
7.04 with different amounts IB added: (a) no IB added; (b) 
4.85.10 -5 M; (c) 24.24.10 -5 M; and (d) 48.5.10 -5 M. Peak 
I: unidentified peak. 

migrat ion times of the two proteins decrease 
with an increase of  IB concentration. The migra- 
t ion t ime of a - L A  is independent  of  IB con- 
centrat ion in the run buffer. This suggests that 
a - L A  does not interact with IB under  the ex- 
per imenta l  conditions employed.  

Similar improvement  for BSA and H S A  res- 
olution has been achieved using flurbiprofen 
(FL) and ketoprofen  (KE)  as run buffer addi- 
tives. Fig. 2 shows elect ropherograms of the 
prote in  mixture sample.  An  interference peak,  
which is suggested to originate f rom an impurity 
in the sample,  is observed prior to the BSA peak 
in all e lectropherograms.  Also, an inverted peak 
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Fig. 2. Electropherograms of BSA (1), HSA (2) and a-LA 
(3) using FL and KE as buffer additives. Conditions are the 
same to those of Fig. 1 except that the run buffers are (a) 10 
mM phosphate at pH 7.04 containing 20.5- 10 -s M FL; and 
(b) 10 mM phosphate at pH 7.04 containing 19.7.10 -5 M 
KE. 

is observed when IB is added to run buffer. The  
source of the peak  is unknown,  although it may 
be caused by phosphate  ions being injected 
during the sample introduction displacing IB in 
the run buffer. 

3.2. Binding constant measurements 

Binding constant measurements  by A C E  were 
first repor ted  by Whiteside 's  research group 
[18,19]. The following equat ion gives a conveni- 
ent form for Scratchard analysis of binding 
constants [18]; 

6At  '~{ 1 '~ - K (  8At  
~ ] \ " ~ ]  = Kb b\~ mtmax] (1) 
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where At is the difference between the migration o.5 
time of the protein of interest and the reference a 
protein (At = tre f - tin t . . . .  t sample) at concentration 
[L] of the charged ligand, 8 At = At - At 0 (At o is o.4 
the value of At at [LI  = 0) ,  a n d 6  Atma x is the ~ ~BSA 
value of ~ At at saturating concentrations of L. If 
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Fig. 3. Plots of At (the difference of migration times of the 
internal reference protein and interest proteins) versus the 
concentrations of ligands FL (a) and IB (b). (O) BSA; (13) 
HSA. 
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Fig. 4. Scatchard plots of experimental data according to Eq. 
(1). (a) FL is used as ligand; and (b) IB is used as ligand. (O) 
BSA; and (E3) HSA. 

the migration time is affected by changes in 
EOF, Eq. (1) is not accurate to estimate binding 
constants. Recently, Comez et al. [22] reported a 
method to correct the effect caused by changes 
in EOF. In our experiments, the EOF of the 
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coated capillary has been determined to be zero, 
therefore Eq. (1) is suitable in the estimation of 
binding constants. 

Fig. 1 shows a representative series of electro- 
pherograms of a three-protein mixture sample in 
run buffers containing various concentrations of 
the ligand ibuprofen (IB). The migration time of 
a-lactoglobulin (a-LA) is not affected by the 
increase of the IB concentration, indicating little 
or no interaction with IB under the electro- 
phoretic conditions employed. The same results 
are observed when flurbiprofen (FL) and keto- 
profen (KE) are used as run buffer additives 
(Fig. 2). As a result, a - L A  has been used as the 
internal reference protein in all binding constant 
measurement experiments. Migration times of 
BSA and HSA decrease with increasing IB 
concentrations. Fig. 3 shows the dependence of ~ 
At on the concentrations of ligands FL and IB. It 
can be seen that At values for both BSAf~md 
HSA increase dramatically at low ligand i:on- 
centrations. They reach maximum values 'ate- 
certain ligand concentration considered to be the 
saturating concentration. 

Fig. 4 shows the plots of Eq. (1) derived from 
the experimental data. The curved shapes of the 
plots, which are similar to some regular Scat- 
chard plots, suggest multiple class binding [23]. 
In Fig. 4a two sets of straight lines (first three 
points and last three points) are obtained for 
both BSA and HSA. Binding constants of FL to 
BSA and HSA are estimated based on the 
slopes. The results are listed in Table 1. In Fig. 
4b the second binding constants (K2) of IB to 
BSA and HSA cannot be estimated due to 
inadequate data points. The K~ values of IB 

(based on first four points) are found to be 
3.2.104 M -1 for BSA and 2.4.10 4 M -1 for 
HSA. These values are similar to those obtained 
by measuring nuclear magnetic resonance relaxa- 
tion time [(1.07-1.45). 10 4 M -1] [24], but lower 
than the values obtained by other methods (K 1 = 
105-106 M -1) [23,25,26]. Reasons for this are 
currently under investigation in our laboratory. 
Some possible reasons are buffer ionic strength 
effects, the use of high concentrations of ligand 
in the run buffer [24], and different experimental 
temperatures [23]. 

In conclusion, ACE can be used to improve 
protein separations by adding biospecific affinity 
agents, such as anti-inflammatory compounds, to 
run buffers. In addition, qualitative and quan- 
titative information on drug-protein binding 
interactions can be achieved. ACE can be used 
as an alternative method to the conventional 
methods for drug-protein binding constant mea- 
surements. Major advantages of this method 
include: (1) simplicity, the biospecific ligands are 
simply added to the run buffer; (2) microscale, 
only nanograms of ligands and proteins required; 
(3) it is applicable simultaneously to several 
proteins in the same solution because of the high 
resolving power of CE; and (4) the availability of 
commercially automated instruments. 
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Table 1 
Measured binding constants by ACE 

Ligand Protein K 1 (1.105 M -1) K 2 (1- 105 M 1) 

Flurbiprofen Bovine serum albumin 2.8 0.085 
Human serum albumin 1.3 0.067 

Ibuprofen Bovine serum albumin 0.32 - 
Human serum albumin 0.24 
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