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Summary 
In recent years, the hyphenatTon of capTIlary electrophoresTs (CE) and electrospray Tonization 
mass spectrometry (ESI MS) has been wdely used for the analysis of biological molecules wth 
high efficiency and high accuracy However, the signal intensity of CE ESI MS is restricted by 
various parameters. This paper reports the eFects on the CE ESI MS signal of the pH and the 
electrolyte concentration, the formic acid concentration of the sheath liquid, and the sheath li 
quid composition, using several proteins as samples. The study was performed systematically 
by experTmental and theoretical analyses. The maxmum sTgnal TntensTiy of three proteTns (cyto- 
chrome c, insulTn, bovine serum albumin) was attaTned wth a pH 4.40 buffer centainTng 
75 mM formic acid and 75 mM ammonTum acetate. InvestTgation of the influence of the formic 
add cencentratTon in the sheath liquid (over the range of 0%-  ]%) on the ESI-MS signal of 
brovTne serum albumTn showed that the feasTble amount of the formTc acid Tn sheath liquid 
could Tmprove the sTgnal intensTty of the sample ions. However, considerable band broaden- 
ing was observed that should be attrTbuted mainly to column overloadTng, band spreadTng at 
the interface, and scanning data acquisition. 

Introduction 

In the past five years, the separation 
sciences have assumed an increasingly sig- 
nificant role in bioanalytical chemistry [ 1 ]. 
Since biological samples are usually com- 
plex, separation techniques are necessary 
in order to isolate the components of in- 
terest before their identification and char- 
acterization can be attempted. Of the var- 
ious separation techniques, high perfor- 

mance liquid chromatography (HPLC) 
and capillary electrophoresis (CE) are 
usually employed [2, 3]. 

CE is a modem analytical method that 
offers the advantages of high efficiency, 
short analysis time, and minimum con- 
sumption of both reagents and samples [4, 
5]. It has therefore been widely used for 
the analysis of proteins for over three dec- 
ades. Mass spectrometry (MS) provides 
high sensitivity and reliable detection of 

various samples, particularly in biochem- 
ical applications where the sample 
amount is very limited [6]. Moreover, it af- 
fords much information about the struc- 
ture and identity of analytes. Accordingly, 
CE-MS has played an important role in 
the analysis of biological samples. How- 
ever, the interface between CE and MS 
may affect the performance of such hy- 
phenation. Among all the developed inter- 
faces, electrospray ionization (ESI) inter- 
face permits the mass spectrometric analy- 
sis of large biomolecule with mass up to 
several hundreds thousand with signifi- 
cantly lower mass scan range. Thus it 
proves to be suitable for the coupling with 
HPLC, CE, and even electrochromato- 
graphy [7 17]. 

The success of coupling CE separation 
systems to ESI-MS detection system de- 
pends on many factors, including the de- 
sign and operating parameters of the elec- 
trospray interface [20], the composition 
andpH of the buffer solution [19], the che- 
mical properties of the analyte [21], and 
the composition of the sheath liquid [18, 
22-24]. However, up to now, few sys- 
tematic studies have been reported on the 
effects of the electrolytes used in CE se- 
parations on the ESI-MS signal. In this 
paper the effects o f p H  and the electrolyte 
concentration in CE on the ESI-MS signal 
were studied experimentally and theoreti- 
cally. Simultaneously, the influence of the 
formic acid concentration in the sheath li- 
quid was investigated in order to better 
understand the most important factors 
that determine the performance of the 
coupled CE-ESI-MS system. 
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Experimental 

Chemicals and Instrumentation 

Methanol (HPLC-reagent grade), ethanol 
(HPLC-reagent grade), formic acid (80%, 
analytical-reagent grade), ammonium 
acetate (analytical-reagent grade) were 
purchased from YuWang (Shandong, 
China). N,N,N,N-Tetra-methylethylene- 
diamine (TEMED, 99%), acrolylic amide 
(> 98%), 3-(trimethoxysilyl)propylmetha- 
crylate (v-MAPS, 98%), ammonium per- 
sulfate (ACS, >98%) were purchased 
from ACROS (New Jersey, USA). Cyto- 
chrome c, bacteriolysin, hemoglobin, in- 
sulin, bovine serum albumin were ob- 
tained from Sigma (St. Louis, Mo, USA). 
Recombinant human renal tissue Kallik- 
rein were obtained from the Medical Uni- 
versity of South Carolina (Charleston, 
USA). Insect cell supernatants were pro- 
vided by Dr Qing Yang (Dalian Institute 
Chemical Physics, the Chinese Academy 
of Sciences, Dalian, China). High-purity 
water was prepared by a Milli-Q water 
purification system (Millipore, Milford, 
MA, USA). The ammonium acetate-for- 
mic acid electrolyte was prepared from 
the salt with subsequent adjustment of the 
pH with formic acid. 

Capillary Preparation 

Fused-silica capillaries were treated by the 
following procedure. First, the capillary 
column was treated in order with 1.0M 
NaOH, 1.0 M HC1, and deionized water 
for 30rain, the residual water being re- 
moved by nitrogen. Second, the capillary 
was filled with a methanol solution con- 
taining 50% (w/w) 3-(trimethoxysilyl)pro- 
pylmethacrylate and allowed to react at 
room temperature for 12h. Then the ca- 
pillary was washed with several capillary 
volumes of methanol, followed by a 
15 min wash with deionized water. Third, 
the capillary was filled with an aqueous 
solution containing 3% (w/w) acrolylic 
amide, 0.1% (w/w) ammonium persulfate 
and 0.1% (w/w) TEMED and left at room 
temperature for 5 -6  h for reaction. Subse- 
quently the capillary was rinsed with deio- 
nized water for 30 min. Before use, the ca- 
pillary was rinsed with the running buffer 
for 20 min. 

CE Operation and the 
Hyphenation with ESI-MS 

All experiments were performed on a 
Beckman Coulter P/ACE CE T M  MDQ ca- 
pillary electrophoresis system (Beckman, 
Fullerton, CA, USA). A fused-silica capil- 
lary (80cm, 75~un I.D., 375~un O.D., 
Beckman) coated with acrolylic amide 
was used. Samples were injected hydrody- 
namically for 13 s at 7.0 kPa. Between the 
runs, the capillary was rinsed with the run- 
ning buffer for 2.0 rain at 175 kPa. 

ESI-MS was performed on a Finnigan 
LCQ DU~ ion trap mass spectrometer 
(Finnigan MAT, San Jose, CA, USA). 
The mass spectrometer was equipped with 
an electrospray ion source and was cali- 
brated by direct infusion of a solution of 
methyl reserpate 3,4,5-trimethoxybezoic 
acid ester (10pgpL 1, Finnigan) in 
methanol-water (50:50, v/v) containing 
1% acetic acid. A spray voltage of 4.0 kV 
was employed. The temperature of the 
heated transfer capillary was set to 
200 ~ The sheath-liquid flow comprising 
0.25% (v/v) formic acid in methanol-water 
(50:50, v/v) was delivered at a flow rate of 
4 p,L min 1 via a syringe pump (Mode 22, 
Harvard apparatus, South Natick, MA, 
USA). Mass electropherograms and mass 
spectra were recorded on an LCQ T M  DUO 
workstation with Core data system soft- 
ware, version 1.2 (Finnigan). 

Results and Discussion 

Theory of ESI-MS 

In ESI, the number of ions that escape 
from droplets is related to the charge on 
the droplets, which can be derived from 
the spray current measurement. Kebarle 
et al. [25, 26] have proposed equations for 
a binary electrolyte system, + 

kA[A + ] 
IA =fPKA[A+] + ktt[B+lIspray (1) 

kA[B +] 
Iu =fP-KA[A+] +k~[B+]Ispr~y (2) 

where IA iS the A + ion signal at the MS 
detector; IB is the B + ion signal at the MS 
detector; f represents fraction of charges 
on the droplets that are converted to gas- 
phase ions; p is the fraction of gas-phase 
ions transported into the mass analyzer; 
/cA and kB are sensitivity coefficients for 
A + and B+; I ,  pr~y is the total droplet cur- 
rent (spray current); [A +] and [B +] are the 
concentration o fA  + and B +. 

Eq. (1) can be extended for a muilt- 
electrolyte system by extending the de- 
nominator with the appropriate number 
of Kx[X +] terms. 

For  an increasing concentration of elec- 
trolytes in solution, the spray current in- 
creases weakly with conductivity [25, 27], 

IsprayOC( conductivity) n (3) 

where n < 1. 
Formic acid-ammonium acetate buffer 

should be considered as a ternary-electro- 
lyte system. Accordingly, Eq. (1) and Eq. 
(2) should be modified as follows. 

see below Eqs. (4)-(6). 

Effects of pH Value of Electrolyte 
on ESI-MS Signal 

The effects of the electrolyte pH on the 
sample ions signal intensity have been in- 
vestigated and the results are shown in 
Figure 1. It can be seen that the sample 
ion signal intensities of cytochrome c, in- 
sulin and bovine serum albumin increase 
with the increase in the electrolyte pH 
from 4.0 to 4.4, and decreases following 
the increase of the electrolyte pH from 4.4 
to 4.8. This phenomenon can be explained 
by Eq. (4). When the electrolyte pH in- 
creases from 4.0 to 4.4, the sample ions 
have been fully ionized and there is resi- 
dual [H +] in the system. In this pH range, 
[H +] is the main effective factor on the 
sample ions signal intensity. Accordingly, 

ks[S+] 
IS =fP Ks[S+l + kH[U+] + kNH4 [NH4 + ] Ispray 

kH[U+] 
Ilt fpKs[S+] +kH[H+ ] + kNHa [NH+]Ispray 

kNH 4 [NH4 q- ] 
fNH~ =fP Ks[S+] @ kH [Uq_ ] @ kN//4 [NH4 + ] Ispray 

(4) 

(5) 

(6) 
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F~ure L Influence of the buffer pH on the ESI-MS signal. CE conditions: 
separation voltage 16 kV; capillary, polyacrylamide coated, 80 cm x 
75 gm I.D.; temperature, 25 ~ electrolyte, formic acid-ammonium acet- 
ate. MS conditions: sheath-gas, 6unitmin 1; spray voltage, 4kV; sheath- 
liquid, 0.5% formic acid in methanol-water (50:50, fly), 4 gL min-1; scan 
range, 400 2000. Sample, cytochrome c, bacteriolysin, hemoglobin, insu- 
lin, bovine serum albumin, 100 ~200 ggmL -1 each. 
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Figure 2. Influence of the buffer concentration on the ESI-MS signal. 
Electrolyte, 50 125mM formic acid-ammonium acetate; sheath-liquid, 
0.25% formic acid in methanol-water (50:50, v/v), 3.4 gL mill -1 . Sample, 
cytochrome c, bacteriolysin, insulin, bovine serum albumin, 100- 200 p.g 
mL -1 each. Other conditions as in Figure 1. 

Eq. (4) can be further modified as follows: 

ks[S + ] 
~rs =fpKs[S+] + k ~ [ H +  ] Z, pr~y (7) 

When the electrolyte pH increases from 
4.0 to 4.4, Ispr~y increases and k~[H +] de- 
creases. Accordingly Is increases. When 
the electrolyte pH increases from 4.4 to 
4.8, the sample ions have not  been fully io- 
nized, and [NH +1 exerts the main effect 
on the sample ion signal intensity. Conse- 
quently, Eq. (4) can be further modified as 
follows: 

ks[s  + ] 
I s /pKs[S+] +klVtt4[NH+llspray (8) 

In this pH range, I,p,~y increases and 
kNH 4 [NH +] increases as well. According 
to Eq. (3), because n < 1, Is is reduced with 
the increase in the [NH +] concentration. 
For bacteriolysin and hemoglobin, the 
sample ions signal intensity reduces in the 
investigated pH range, which could also 
be explained by Eq. (8). 

Effect of the Electrolyte Concen- 
t rat ion on the ESI-MS Signal 

The effect of the electrolyte concentration 
on the ESI-MS signal has been investi- 
gated, with results shown in Figure 2. The 
maximum sample signal intensity was at- 
tained with 7 5 m M  formic acid-ammo- 
nium acetate, pH 4.4. Comparing 50 m M  
with 75 m M  formic acid-ammonium acet- 
ate, the sample signal intensity decreased. 
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Figure 3. Influence of the formic acid in sheath liquid on the ESI-M8 signal. CE conditions: separa- 
tion voltage 16 kV; capillary, polyacrylamide coated, 80 cm x 75 jn-n I.D.; temperature, 25 ~ dec- 

1 trolyte, formic acid-ammonium acetate. MS condition: sheath-gas, 6unitmin-  ; spray voltage, 
4kV; sheath-liquid, 0.25�88 formic acid in methanol-water (50:50, v/v), 3.4p.Lmin ; scan range, 
400 2000; sample, Bovine serum albumin, 100 ggmL 1. 

One possible explanation for this behavior 
is that a low concentration can increase 
the zeta potential of the capillary surface 
and  enhance the adsorption of proteins to 
the capillary surface, which leads to band  
broadening and the shortening of the re- 
tention time. Consequently the sample 
ions signal intensity decreases. For  
125 m M  formic acid-ammonium acetate, 
the sample ions signal intensity decreases 
also. This may be caused by the high 
NH 4 + concentration which competes with 
the sample ions in the conversion process 
from solution to gas phase ions. 

Influence of the Concentration 
of FormicAcid as Sheath Liquid 
on the ESI-MS Signal 

In our experiments, the sheath liquid in- 
terface has been adopted for the hyphena- 
tion of CE and MS. The influence of the 
concentration of formic acid in the sheath 
liquid on the ESI-MS signal of bovine ser- 
urn albumin in the range of 0% 1% was 
studied in order to better unders tand the 
factors that determine the performance of 
the coupled CE-ESI-MS system. From 
Figure 3, it can be seen that the signal in- 
tensity increased first with more formic 
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Figure 4. Influence of the sheath liquid composition on the migration times of the proteins. A) 
0.25% formic acid in ethanol-water (50:50, v/v), 3.4 gL rain-l; B) 0.25% formic acid in methanol- 
water (50:50, v/v), 3.4jaLmin 1; 1, cytochrome c; 2, bacteriolysin; 3, insulin; 4, bovine serum albu- 
min; Other conditions as Figure 3. 
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Figure 5. Full scan mass spectra of recombinant human renal tissue Kallikrein. CE conditions: se- 
paration voltage 25 kV; capillary, polyacrylamide coated, 80 cmx 75 gm I.D.; temperature, 25 ~ 
electrolyte, formic acid-ammonium acetate, pH 3.0; MS condition: sheath-gas, 10 unit min 1; spray 

1 voltage, 5 kV; sheath-liquid, methanol-water (50:50, v/v), 6 gL rain- ; Scan range: 400 2000. 

acid in the buffer. However, the trend re- 
versed when its concentration is over 
0.25%. The increase in the signal intensity 
with increasing formic acid concentration 
from 0.0% to 0.25% should be attributed 
to the more efficient protonation of the 
proteins at higher hydronium ion concen- 
tration, whereas the decrease in signal in- 
tensity at formic acid concentrations 
above 0.25% may be rationalized by the 
competition of analyte ions and hydro- 
nium ions in the conversion process from 
solution to gas phase ions. 

Influence of the Sheath Liquid 
Composition on CE-ESI-MS System 

The influence of two sheath liquids, 
methanol-water (50:50, v/v) containing 
0.25% formic acid, and the ethanol-water 
(50:50, v/v) containing 0.25% formic acid, 
on the migration times of four proteins 
(cytochrome c, bacteriolysin, insulin, bo- 
vine serum albumin) have been investi- 
gated, with the results shown in Figure 4. 
It can be seen that the migration time of 
the proteins are different with various 
kinds of sheath liquid. In addition, the 
currents are also different from each 
other. Due to the potential gradient across 
the CE capillary, anions from both the 

sheath flow and background electrolyte 
migrate towards the anode. When the an- 
ions differ in the two solutions, a moving 
ionic boundary is formed inside the capil- 
lary. Since the pH may be different within 
this moving boundary, the electroosmotic 
flow rates, the effective charge on the ana- 
lytes and their migration rates will change 
once they enter the boundary, which will 
affect the migration of analytes. 

CE-ESI-MS Analysis of Human 
Renal Tissue Kallikrein in the Insect 
Cell Supernatant 

Insect cell supernatant was chosen to test 
the applicability of CE-ESI-MS to the se- 
paration and detection of recombinant 
human renal tissue Kallikrein in real sam- 
ple. Figure 5 shows the full scan mass 
spectra of recombinant human renal tis- 
sue Kallikrein. Figure 6 shows the separa- 
tion and detection of recombinant human 
renal tissue Kallikrein in an insect cell 
supernatant by using CE-ESI-MS with se- 
lected ion monitoring. According to Fig- 
ure 5, the m/z values of selected ions used 
to acquire this electropherogram were: 
794.3, 882.6, 992.9, 1134.8, 1323.9, 
1588.7. The migration time at 25 kV se- 
paration voltage in a 80 cm long coated 
capillary were 17.23 min for human renal 
tissue Kallikrein. Comparing with SDS- 
PAGE [28, 29] and ELISA [29], this meth- 
od can easily prove the presence of the re- 
combinant human renal tissue Kallikrein 
in the insect cell supematant. 

Conclusion 

Effects of the pH and electrolyte concen- 
tration, the formic acid concentration and 
the composition of sheath liquid on the 
CE-ESI-MS system have been investi- 
gated. Our results show that these para- 
meters not only affect the CE separation, 
but also influence the MS detection sys- 
tem. Therefore, good performance of the 
CE-ESI-MS system for proteins could be 
obtained with these parameters opti- 
mized. 
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Figure 6. Analysis of recombinant human renal tissue Kallikrein in the insect cell supernatant with 
selected ion monitoring. CE conditions: separation voltage 25 kV; capillary, polyacrylamide coated, 
80 cmx 75 gin I.D.; temperature, 25 ~ electrolyte, formic acid-ammonium acetate, pH 3.0; MS 
condition: sheath-gas, 10 unit min 1; spray voltage, 5 kV; sheath-liquid, methanol-water (50:50, v/ 
v), 6gLmin-1; SIM m/z values: 794.3, 882.6, 992.9, 1134.8, 1323.9, 1588.7; Sample: insect cell 
supernatant. 
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