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Abstract

Capillary electrophoresis (CE) is one of the leading separation technologies for analysis of water-soluble analytes. CE has many
advantages over the more established methods such as liquid chromatography and gel electrophoresis particularly in rapid
analysis, require very little sample, use less or no toxic organic solvent, high peak efficiency and ease of automation. Despite the
many attractive advantages of CE, CE users continue to seek improvements particularly on detection sensitivity, resolution and
selectivity. This paper presented several simple approaches to improve detection sensitivity using simple sample pre-
concentration called field-enhanced sample injection (FESI) and chromatographic-based ZipTip C.g pre-concentrator. Also,
some improvements in the resolution of complex peptides mixture when using two strategies namely, capillary coating and
manipulation of the hydrophobicity of peptides using perfluorinated acids as background electrolyte (BGE), which have anionic
conjugate base forms with hydrophobic character. As test compounds, standard peptide mixture and proteins digests were used
for these studies. The results showed that FESI has significantly enhanced the detection signal of peptide standards and bovine
serum albumin (BSA) tryptic digests. As for the use of ZipTip C,g pre-concentrator, selective enhancement in detection signal
was particularly notable on the late migrating peptides. Coating the capillary proved to have little changes on the CE of peptides
when used in conjunction with acidic BGE. Electropherograms of BSA tryptic peptides in pentafluoropropionic acid (PFPA) and
heptafluorobutyric acid (HFBA) showed interesting profile, with notable resolution improvement for peptides with close
similarity in electrophoretic mobilities.

Keywords: Capillary electrophoresis, peptide, protein digests, pre-concentration, detection sensitivity, resolution.

Abstrak
Elektroforesis rerambut (CE) merupakan salah satu teknologi pemisahan terkini untuk analisis analit boleh-larut air. CE
mempunyai banyak Kkelebihan berbanding dengan kaedah-kaedah yang lebih terkenal seperti kromatografi cecair dan
elektroforesis jel, antaranya ialah analisis yang pantas, memerlukan sampel yang amat sedikit, menggunakan amat kurang atau
tiada langsung pelarut organik toksik, keberkesanan puncak yang tinggi dan automasi yang mudah. Walaupun mempunyai
banyak kelebihan-kelebihan yang menarik, namun pengguna-pengguna CE masih berusaha untuk menambahbaik kaedah ini
terutamanya dari segi kepekaan pengesanan, resolusi dan selektiviti. Kertaskerja ini melaporkan beberapa pendekatan-
pendekatan mudah untuk meningkatkan kepekaan pengesanan dengan menggunakan kaedah pra-pemekatan mudah yang
dipanggil suntikan sampel medan-diperkuat (FESI) dan pra-pemekat berasaskan kromatografi ZipTip Cys. Juga, beberapa kaedah
penambahbaikan resolusi campuran peptida yang kompleks dengan menggunakan dua strategi yang dipanggil penyalutan
rerambut dan manipulasi ciri hidropobisiti peptida dengan mengunakan asid-asid perfluorin sebagai elektrolit latarbelakang
(BGE). Asid-asid perfluorin membentuk bes konjugat anionik yang memberikan ciri hidropobik kepada BGE. Sebatian peptida
piawai dan hasil hadaman beberapa protein telah digunakan sebagai sebatian ujian dalam kajian ini. Hasil kajian menunjukkan
bahawa kaedah FESI dapat meningkatkan isyarat pengesanan sebatian sebatian peptida piawai dan hasil hadaman BSA dengan
berkesan. Bagi penggunaan pra-pemekat ZipTip Cig pula, peningkatan secara selektif ke atas isyarat pengesanan dapat
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diperhatikan terutamanya pada peptida yang termigrasi lewat. Menyalut rerambut menunjukkan perubahan yang sedikit ke atas
CE peptida apabila digunakan bersama dengan BGE berasid. Elektroferogram-elektroferogram peptida triptik BSA dalam asid
pentafluoropropionik dan asid heptafluorobutirik sebagai BGE menunjukkan corak yang menarik, di mana peningkatan resolusi
peptida yang mempunyai mobiliti elektroforetik yang hampir sama adalah jelas kelihatan.

Kata kunci: Elektroforesis rerambut, peptida, hasil penghadaman protein, pra-pemekatan, kepekaan pengesanan, resolusi.

Introduction
Peptides represent a large and complex group of biomolecules playing variable and vitally important roles in a
living organism. Peptides act, among others, as hormones, neutrotransmitters, immunomodulators, coenzymes or
enzyme inhibitors, drugs, toxins and antibiotics. Peptide and protein assays in biological samples are increasingly
important in the diagnosis and treatment of a number of diseases. The importance of peptides in proteomics is ever
increasing, since both the structure and function of many proteins are identified via their peptide fragments [1,2].

Traditionally, peptides have been analyzed by high-performance liquid chromatography (HPLC); CE is becoming
rapidly accepted as complementary to this method. CE has several advantages over HPLC, including rapid analysis
time, high separation efficiency, requires very little sample amount and eliminates the use of toxic solvents and
handling their waste. CE, both CE-ultraviolet (CE-UV) and CE-mass spectrometry (CE-MS) has been utilized for
the separation and characterization of peptides. This is reflected in the large number of publications on CE of
peptides in various samples. For instance, peptides in human serum [3], polypeptides in urine and cerebrospinal
fluid [4] and body fluid [5], Amadori compounds [6], plasma [7], to hame a few of the recent publications.

In CE, the narrow bore capillary allows injection of 2 - 10 nL normally, which is very convenient for analysis of
biological sample. Paradoxically, this advantage leads to major drawbacks [8]. Most commercial CE detectors rely
on on-column UV absorption, therefore, the optical pathlength (Equation 1) is essentially equal to the internal
diameter (i.d.) of the capillary; which is normally 50 — 100 um.

A=¢l C 1)

where A is absorbance, ¢ is the molar absorption coefficient, C the sample concentration, and |, the optical
pathlength.

This poses a severe limitation on account of the Beer-Lambert Law. The concentration limit of detection (CLOD) in
CE, which typically ranges from 10 to 10® M, is thus poorer than HPLC. Unfortunately, protein concentrations in
biological samples (e.g. blood, plasma, cells) can be in the sub-micromolar range. At these concentrations, tryptic
fragments represented in the peptide map are undetectable by the conventional CE with UV absorbance detection.
Over the years, several techniques have been developed for improving detection sensitivity in CE. These
improvement efforts can be grouped into two areas: CE detection technology and sample pre-concentration. On
detection sensitivity, attempts were aimed at lengthening the detection pathlength I, such as Z-shaped cells [8,9],
bubble-shaped cells [10] or multi-reflection detection cells [11] and rectangular CE [12]. This technology produces
the best sensitivity enhancement (by one order of magnitude), but decreases resolution and remains expensive.
Other attempts have aimed to improve the performance of other detection schemes such as MS [13,14], laser-
induced fluorescence (LIF) with derivatization [15] and without derivatization [16], electrochemical [17] and
chemiluminescene [18]. MS is universal with very high detection sensitivity for peptides but is expensive and
requires complex instrumentation. LIF detectors are more sensitive than UV but not as flexible as UV detectors, e.g.
they require specific derivatization reagents among other limitations. As for electrochemical and chemiluminescene
detection schemes, their applications are still limited in peptides and proteins.

A simpler and more straightforward technique of improving the detection sensitivity in CE-UV is sample pre-
concentration. There are two mechanisms of sample pre-concentration: electrophoretic-based and chromatographic-
based. In this report, sample pre-concentration using field-enhanced sample injection (FESI) and chromatographic-
based using commercial ZipTip Cyg pre-concentrator are described. FESI pre-concentration is based on the
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difference between the velocity of the analyte in the sample plug and the velocity in the running buffer. The
stacking process occurs when the injection part of the capillary is still in the sample vial, which is during the
injection using voltage. Then, the focusing process occurs after replacing the sample vial with the buffer vial and
during the start of the CE run. This is very simple to perform in any CE analysis: a small plug of water (or any
solution with lower conductivity than the BGE is injected into the capillary after filling it with BGE, then sample
injection is performed using electrokinetic injection. The chromatographic-based pre-concentrator ZipTip Cig tips
are commonly used for sample clean-up. At the same time, it also pre-concentrates the analyte into a small sample
volume. Details of the extraction and pre-concentration procedures are given in the methodology section.

Interaction between analyte and inner capillary wall is detrimental to CE. The small diffusion coefficients of
proteins, of the order of 10™° m? s compared to 10® m? s for small molecules such as peptides, should in theory
give peak efficiencies of the order of 10° theoretical plates. However, these values are not achieved experimentally,
and in many cases peak tailing is seen to occur. This is a result of strong electrostatic interactions between regions
of net positive charge density on the protein or peptide surface with negatively charged capillary inner wall. In the
current study, therefore, the inner wall of the bare fused silica capillary was coated with a coating solution
commercially available from Target Discovery (Palo Alto, CA, USA) called UltraTrol™. The exact properties of the
coating solution are not available due to intellectual property factors, but according to the manufacturer it is a class
of linear polyacrylamide, N-substituted acrylamide co-polymers for the control of electroomostic force and
electroosmotic flow (EOF). The solution is used to pre-coat the bare fused silica capillary and not added into the
BGE, therefore no alteration occurs to the viscosity or ionic strength of the BGE. Because it alters the EOF, it is
expected to affect the electrophoretic mobilities of the analyte. Manipulation of the intrinsic electrophoretic
mobilities of analytes would offer an opportunity to enhance their selectivity and thus improve resolution.

Another effort carried out to improve the peptide resolution in this study is ion interaction strategy. CE separations
are based on differences in analyte charge-to-size ratios. In theory, therefore, positively charged peptides of the
same molecular size and charge, differing only in hydrophobicity, would not be separated by CE. Thus, selectivity
of CE separations can only be optimized based on other characteristics, such as their hydrophobicity [19]. In cases
where resolution of peptides is poor due to close similarity in electrophoretic mobility arising from there being little
difference in charge and/or size, manipulating their hydrophobicity could be an alternative to optimize their
separation. In reversed-phase-liquid chromatography (RP-LC) the process of ion-pairing has been widely utilized to
enhance selectivity for the separation of analytes with similar hydrophobicity. The most widely used anionic ion-
pairing reagents for RP-LC of peptides were perfluorinated carboxylic acids, such as trifluoroacetic acid (TFA) and
its higher homologues such as pentafluoropropionic acid (PFPA) and heptafluorobutyric acid (HFBA) [20, 21].
Thus, in the current study, PFBA and HFBA were employed as separation buffers (to replace phosphate buffer) to
investigate if they would affect the resolution of peaks in the complex peptide mixture of a BSA digest.

Experimental

Chemicals and materials

Acetonitrile (ACN), trifluoroacetic acid (TFA), phosphoric acid, 85 % (w/v), HPLC-grade water, peptide standards
mixture (P2693), bovine serum albumin (BSA), TPCK-treated trypsin [EC 3.4.21.4], 4-dimethylaminopyridine
(DMAP), HFBA, PFPA and lithium hydroxide were purchased from Sigma-Aldrich (Poole, UK). The six-protein
mixture digest (P/N 161088) was obtained from LC Packings, Dionex Co. (Amsterdam, The Netherlands);
ammonium bicarbonate was bought from BDH Laboratory Supplies (Poole, UK); ZipTip Cig pipette tips were
obtained from Millipore Ltd. (Watford, UK); and UltraTrol™ dynamic pre-coating (ULHN-02841-6905-SM0010)
was bought from Target Discovery Inc. (Palo Alto, CA, USA). Fused-silica capillaries were obtained from
Composite Metal Services Ltd. (llkely, UK). All reagents were of analytical grade; BSA, protein digests and
peptide standards were used without any further purification.

Apparatus and procedures

CE-UV analyses were performed in 50 cm, 50 um i.d. and 365 um o.d. uncoated fused-silica capillary on a
Beckman P/ACE MDQ system (Beckman-Coulter, High Wycombe, UK) equipped with a UV diode array detector.
The UV absorbance scan range from 190 to 300 nm took place at 10 cm from outlet end through a window created
by removal of 1 cm of polyimide coating. The polyimide coating was also removed 2-3 mm from both ends to
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minimize adsorption of the positively charge peptides on the coating [22]. For a new capillary, it was conditioned by
rinsing with solutions in the following order: (i) MeOH (5 min), (ii) HPLC water (30 min) (iii) 1 M HCI (30 min),
(iv) HPLC water (30 min), (v) 1 M NaOH (30 min), (vi) HPLC water (30 min) and (vii) BGE (30 - 60 min). For
used but still good capillary, it was conditioned with 0.1 M NaOH (15 — 30 min), HPLC-grade water (30 min) and
then BGE (30 - 40 min) prior to analysis. In between runs, capillary was rinsed with running buffer for 2 — 5 min.
Re-conditioning of the capillary was performed again if the reproducibility of migration time and peak area was
poor. Separation was carried out using applied voltage of +15 — 30 kV. Temperatures of samples compartment and
capillary during analysis were set constant at 25°C. All analyses were carried out in triplicate or more. Other
experimental details are described in Results and Discussion.

Preparation of buffer, standard and sample solutions

Except for the 11-CE experiments, the BGE was 80 mM phosphate buffer which was prepared from a concentrated
phosphoric acid 85 % (w/v). Similarly, the 80 mM PFBA and 80 mM HFPA buffers were prepared from
concentrated PFBA and HFPA, respectively. In all cases the pH of the BGEs were adjusted to 2.3 with 1.0 M LiOH.
Meanwhile, the digestion buffer was 50 mM ammonium bicarbonate, pH 7.8, prepared from ammonium bicarbonate
salt. The final pH of each buffer was measured using a Corning ion analyzer 150 (Halstead, UK). All buffers were
sonicated for 20 min or more, filtered through a 0.2 um microfilter (Sartorius, Gottingen, Germany) prior to use. A
stock solution of nine peptide standards (P2693) (containing 25 g of each peptide) was prepared by adding 450 uL
HPLC-grade water and 50 pL of 0.1 % TFA into the mixture vial to give 50 ug mL™ each peptide. Further dilution
into 10% BGE was carried out to obtain solution with the concentration of 5.0 ug mL™ each peptide. The six-protein
mixture digest working solution of 1.0 pmol pL™ was prepared by adding 100 uL 0.05 % TFA in HPLC-grade
water into the vial containing 100 pmol each protein. All solutions were prepared in HPLC-grade water.

Protein digestion procedures

About 0.5 mg of BSA or six-protein mixture was dissolved in 0.5 mL digestion buffer. TPCK-treated trypsin was
added to the BSA digestion solution at a substrate-to-enzyme ratio of 1:20 to 1:50. The digestion vial was then
incubated in a water bath at 37°C for 18 h. Phosphoric acid (0.5 mL, 1.0 M) was added into the digest to terminate
the proteolysis and acidify the digest solution. The mixture was then centrifuged at 5,500 g for 10 - 15 min to obtain
a clear solution. 100 pL of the clear solution were diluted with 20 pL phosphate BGE and made up to 200 pL with
HPLC-grade water to give a final concentration of 250 pug mL™ total peptides. If necessary, further dilution was
carried out to obtain more diluted digest samples. The samples were analyzed immediately.

Sample pre-concentration procedures

FESI

Procedures for the FESI stacking experiments were as previously reported by Monton and Terabe [27]. The
procedures were as follows: (i) capillary was filled with BGE (20 psi, 2 min), (ii) injection of water plug (0.5 psi, 5
— 7 9), (iii) sample injection using voltage (electrokinetic injection) (+5 — +7 kV, 5 — 10 s), (iv) injection of BGE
(0.5 psi, 5 ), (v) separation (+25 — +30 kV, until analysis completed).

ZipTip Cyg

Procedures for ZipTip C,g pre-concentration were as recommended by Millipore Corp. (UK). For this experiment, a
10 pL pipette (Eppendorf UK, Cambridge, UK) was used, where the ZipTip Cyg pre-concentrator was assembled on
the pipette as a tip. The solutions used were: (i) wetting solution (A): 100 % ACN; (ii) equilibration (B) and
washing (C) solutions: 0.1 % TFA,; (iii) elution solution (D): 0.1 % TFA in 50:50 (v/v) ACN:H,0. Three processes
were involved namely, (i) equilibrium, (ii) binding and washing, and (iii) elution. Prior to use, the ZipTip tip was
conditioned by rinsing with solution A twice, then rinsed three times with solution B. For binding, the sample
solution was aspirated from and dispensed into its original tube 15 times. Then, the ZipTip tip was rinsed with
solution C, also 15 times. To elute the bound analytes, the ZipTip tip was rinsed by aspirating and dispensing 4 pL
solution D into a sample tube 15 times. The pre-concentrated sample was then analysed with CE.
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Dynamic coating procedures
Procedures for application of the UltraTrol dynamic pre-coating were as recommended by the manufacturer (Target
Discovery Inc., USA).

Ion interaction CE (II-CE)
The procedures were similar to those in other CE analyses, but 80 mM phosphate (pH 2.3) buffer was replaced by
PFBA or HFPA at similar concentration and pH.

Results and Discussion

FESI pre-concentration

Initially the capillary is filled with BGE, followed by a hydrodynamic injection of a short plug of water, which
guarantees the presence of a sufficiently long zone of low conductivity [23]. At low pH, the electroosmosis is
limited, which means that the plug of water stays at the injection end. Injection of a BGE plug after the sample
injection aids this process and prevents expulsion of any of the water plug due to Joule heating and expansion of the
capillary contents. Being positively charged, the peptides that enter the capillary rapidly move to the front of the
water plug. At this point they encounter a lower electric field and slowed down immediately, a process that literally
stacks the peptides at the front of the water plug/BGE interface. After substituting the sample vial with a BGE vial
at the inlet, the CE voltage is turned on, and the focused analytes separate according to their electrophoretic
mobility. The electropherograms of FESI stacking and non-FESI (i.e. using normal pressure injection) of peptide
standard mixture and BSA tryptic digest are shown in Figures 1A and 1B, respectively.

Figure 1A showed significant increased in the detection signal (i.e. UV absorbance) of the peptides. The injected
sample volume in the non-FESI was approximately 6.0 nL, which corresponds to 29 pg each peptide. In the FESI
method, the electric field across the capillary under applied voltage would not be uniform due to the water plug at
the injection end, and calculation of the injected amount using the formula for electrokinetic injection (Equation 2)
would not be accurate.

Q = % (:uep + /ueo )”DZ Einthinj (2)

where, Q is the amount injected, e, and P, are electrophoretic and electroosmotic mobilities, respectively, Ejy is
the field strength across the injection zone, D is the capillary internal diameter, C is the solute concentration and ty;
is the injection duration.

The amount of sample loaded by electrokinetic injection was, therefore, using approximated by peak area
comparison [24]. Using bradykinin (peak 1) as a basis, the peak area when using FESI was 35.5 times bigger
relative to that obtained by typical pressure injection, which is equivalent to 210 nl of injected sample solution. As
described in Introduction, narrow bore capillary allows injection of 2 - 10 nL normally using pressure injection. It is
shown here that FESI method allows much larger injection of sample which ultimately produce enhanced detection
signal. The effect of FESI was evaluated by direct comparison of peak height in FESI and non-FESI
electropherograms of the test peptides. Table 1 shows the reproducibility (expressed as % relative standard
deviation, % RSD) of migration time and, peak height, corrected peak area (PA) and sensitivity enhancement factor
(SEF) of the peptide mixture for the FESI studies.

As seen in Table 1, % RSD of migration time increases on descending the column which most probably due to the
decrease of electrophoretic mobility, and therefore greater susceptibility to EOF variations from run to run. Previous
researchers also noted high variations in FESI which caused difficulty in quantification [25]. On the basis of the
present data, peak height has better reproducibility than peak area. According to Ledger et al. [25], this is because
peak height is less influenced by migration time and integration errors. Thus, the SEF was expressed in term of peak
height.
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Figure 1: CE electropherograms of FESI vs. non-FESI of peptide standards (A) and BSA tryptic digest (B) in 80
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mM phosphate buffer adjusted to pH 2.3 with 1.0 M LiOH. A: Inj.: +5 kV, 60 s (FESI); 0.5 psi, 5 s (non-
FESI); voltage / current: +25 kV / 58.6 pA.; sample conc.: 5.0 ug mL™ each peptide with 10 mM DMAP
in 10 % phosphate buffer. Peak identifications: 1, bradykinin; 2, substance P; 3, bradykinin F1-5; 4, arg®-
vasopressin; 5, Luteinizing-hormone-releasing hormone (LHRH); 6, bombesin; 7, leu-enkephalin; 8,
met-enkephalin; 9, oxytocin. B: Inj.: +5 kV, 5 s (FESI); 0.5 psi, 5s (non-FESI); voltage / current: +30 kV /
56.0 pA; sample conc.: 250 ug mL™ BSA digest; Capillary: 40 x 50 cm, 50 um i.d. UV detection at 190
nm; data rate: 16 Hz.
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Except the enkephalins (peaks 7 and 8), the peak heights of all the peptides were increased significantly with
SEFeigh: Values up to 19. Apart from the marker, DMAP, bradykinin (peak 1) was the most enhanced, followed by
LHRH (peak 5), substance P (peak 2) and arg®-vasopressin (peak 4). The amount of sample loaded into the capillary
using electrokinetic injection is theoretically determined by the electrophoretic mobility, Hep,, of the peptides. The
higher the value of i, the greater is the loading. This explains the highest SEF for DMAP: although it has a single
charge of +1 (protonated amino group), it has the highest mobility because it has the smallest mass and size.
Peptides with high charge-to-size ratios have high velocity under the applied voltage and therefore high amounts are
transported into the water plug.

Table 1: % RSDs of migration time, t,, peak height, corrected peak area, PA and SEF g OF the test peptides
and DMAP. For peak identification, refer to Figure 1.

Analyte RSD (%, n = 3) SEFteight-
tm peak height corr. PA

DMAP 0.37 0.86 6.5 22
1 0.46 7.0 15.7 19
2 0.53 1.8 16.6 8
3 0.48 22 17.8 13
4 0.83 4.3 17.1 13
5 0.90 2.2 16.7 15
6 1.0 35 14.2 11
7 11 9.9 22.2 0.3
8 11 12.8 29.6 0.3
9 15 5.0 124 5

1gp _ peak height (FESI)
Fheight ~ peak height (pressureinj.)

To test the viability of this method on more complex peptide mixtures, BSA and six-protein mixture tryptic digests
were used as samples. BSA is a large protein with 607 amino acid units and a molecular mass of 66.2 kDa. Based
on the EXPASy Proteomics Tools [26], digestion with trypsin would be expected to produce 75 peptide fragments.
The non-FESI electropherogram in Figure 1(B) was obtained from ~ 6.0 nl of 50 ug mL™ digest solution, which
equivalents to 3.8 pM BSA. The concentration of the resultant BSA tryptic fragments should be to a first
approximation 3.8 pM. As with the peptide standards, it was suspected that a normal stacking also occurred during
the hydrodynamic injection due to the difference in conductivity of the sample plug and BGE inside the CE column.
The electropherogram obtained using the FESI method was based on electrokinetic injection of +5 kV for 60 s, from
a sample volume of 200 pl. To ensure high loading, the injection time was considerably longer than in the previous
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study with the peptide standards. The results showed that detection signals for most of the tryptic peptides in BSA
were improved significantly. For closer inspection, the electropherograms have been expanded and displayed in two
parts as shown in Figure 2.

* FESI FESI

Pressure injection
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Figure 2: Expanded electropherograms of Figure 1(B). Enhanced (*) and not enhanced signal (#). Experimental
conditionsare as described in Figure 1.

Examining the pattern of the peaks in Figure 2, some interesting observations are revealed concerning signal
enhancement. The peaks marked with (*) were enhanced exceptionally strongly in FESI, whilst peaks marked with
(#) were not enhanced at all in FESI. Whilst there is partial correlation with mobility, insofar as peaks in the first set
of the electropherogram and those in the latter set, more subtle effects are required to explain the details. It may be
in part due to the way mobilities of differently charged species vary with ionic strength, since ionic strength is low
in the water plug. Other possible factors are the pH values in the sample solution and in the water plug; the latter
will change rapidly during the electrokinetic injection process, but initially will be neutral and thus quite different
from that in the BGE.

Similar investigations were carried out using a more complex sample i.e. a mixture of peptides resulted from the
tryptic digestion of a solution containing six different protein standards. The solution consisted of 1.0 pmol each
cytochrome c (11 kDa), lysozyme (14 kDa), alcohol dehydrogenase (37 kDa), bovine serum albumin (69 kDa), apo-
transferrin (78 kDa) and beta-galactosidase (135 kDa). The number of the resultant tryptic peptide fragments are not
exactly known but they are estimated to be hundreds. Their electropherograms obtained using FESI and pressure
injection are shown in Figure 3.

The huge early migrating peaks seen here are likely to arise from salts in the sample solution because no sample
pre-treatment was performed. The peaks shown in the figure correspond to ~ 0.5 UM peptides in the injection
solution. Since there was very little signal for the sample using pressure injection, consistent with the extremely low
peptide concentrations, huge enhancements in detection sensitivity were achieved using the FESI method.
Comparing electropherograms where the electrokinetic injection time was increased from 60 s to 90 s at the same
applied voltage, the pattern remains almost identical and there is additional enhancement of peak heights and areas.
However, the widths of some of the peaks are increased and resolution decreased.
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Figure 3: CE electropherograms of FESI (A) vs. non-FESI (B) of six-protein mixture tryptic digest. Sample conc.:
peptides from 0.5 UM each protein; inj.: 5.0 kV, 90 s and 60 s (FESI); 0.5 psi, 5 s (pressure); voltage /
current: 25 kV / 58.6 uA. Other experimental conditions details are as described in Figure 1.

ZipTip Cyg pre-concentrator

ZipTip Cyg tips are commonly used for sample clean-up. At the same time, it also pre-concentrates the analyte into a
small sample volume. An electropherogram of a BSA tryptic digest after pre-concentration with ZipTip Cig is
presented in Figure 4.

The sample was injected using pressure. The electropherogram here corresponds to 5.9 nl of the pre-concentrated
sample. Comparing this figure and Figure 1(B), the enhancement in detection signal was not as great as in the FESI
method, particularly for the small peaks at the front. However, detection enhancement in the later migrating peaks
was significantly higher. In Figure 1(B), the later migrating peaks were generally low and very broad. In Figure 4,
most of them are sharper peaks. The explanation for this observation is almost certainly due to positive
discrimination by the ZipTip C.g material for the more hydrophobic peptides.
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Figure 4: Electropherogram of BSA tryptic digest after pre-concentration using ZipTip Cg. Experimental
conditions are similar as in Figure 1.

Coated capillary

In this study, the capillary was coated with commercial polyacrylamide polymer to control the EOF. Having the
inner wall of the capillary coated, peak efficiency should be better due to elimination of wall-peptide interactions,
and improvement in resolution is possible. It was investigated in this study if this is the case by comparing CE
separations of the BSA tryptic digest in uncoated and coated capillaries, using the same phosphate BGE (pH 2.3).
The electropherogram, along with an expanded electropherogram for better inspection, are shown in Figure 5. This
figure shows that peak efficiencies of some of the peaks in the coated capillary were slightly better than in the
uncoated one. Also, some improvement in the resolution was observed, particularly in the early peaks (Figure 5B),
which suggests may be due to complete suppression of wall interaction with the highly cationic peptides. In general,
however, there is relatively very little difference in the performance of the coated and uncoated capillaries. The fact
that the BGE is acidic (pH 2.3), wall-peptide interaction is less pronounced due to insignificant ionization of the
silanol inner wall in the uncoated fused silica capillary. Thus, the little difference between the electropherograms in
Figure 5A. It would be interesting to try out this coating material in used conjunction with BGE at high pH. Another
observation worth reporting here is that peptides in the uncoated capillary migrate slightly faster than in the coated
one, consistent with the small amount of EOF in the former case.
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Figure 5: Normal (A) and expanded electropherograms (B) of BSA tryptic digest in uncoated and coated capillary.
Sample conc.: 50.0 pg mL™?; inj.: 0.5 psi, 5 s. Voltage / current: 20 kV / 45.2 pA (uncoated), 20 kV / 39.3
pA (coated). Other experimental conditions are as described in Figure 1.
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Figure 6: Electropherograms of BSA tryptic digest in 80 mM PFPA BGE (A) and 80 mM HFPA (B). BGE: 80 mM
PFPA and HFPA adjusted to pH 2.3 with 1 M LiOH. Sample conc.: 50.0 ug mL™; inj.: 0.5 psi, 5 s.
Voltage / current, +25 kV / 56.5 pA. Other experimental details are similar to Figure 1.
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lon interaction-CE

In the previous electropherograms of the BSA tryptic digest (Fig. 1A), the peaks in the middle (10-16 min) were
mostly not fully resolved. This may implies that there are a large number of peptides with almost similar mobilities.
In this experiment, phosphate buffer was replaced with PFPA or HFBA, perfluorinated acids which have low pK,
values and anionic conjugate base forms having some hydrophobic character. These more hydrophobic anions were
expected to show ion-pair interactions with the cationic peptides [27], modifying their migration times and changing
the profile of the electropherogram. It was hoped that this would also improve the resolution. The concentrations of
the perfluorinated acids were kept the same as phosphoric acid (80 mM), as were the pH values (2.3). The same
basic solution, 1 M LiOH, was used to adjust the pH. The electropherogram obtained with PFPA and HFBA is
shown in Figure 6A and B, respectively.

It should be noted that the current is almost the same as that obtained in the phosphate BGE, i.e. 56.5 A as
compared to 58.6 YA for the same applied voltage of 25 kV. This implies that ionic concentrations are similar in the
two BGEs. Comparing Figures 1(B) and 6(A), differences between these two electropherograms can be easily seen.
Some of the unresolved peaks in the middle are now further resolved with better peak shape. Similarly, in HFPA
(Figure 6(B), significant improvements in the resolution and peak efficiencies were observed here. The explanation
for this may be hydrophobic interaction between the hydrophobic amino acids in the peptides and the perfluorinated
anions. Manipulation in the degree of ion-ion/hydrophobic interactions of these peptides appears to have resulted in
improved efficiency in the CE, and thus the observed improvement in the peak resolution. Because anions of HFBA
are more hydrophobic than in PFPA, the effects would be expected to be greater with HFBA. Similar observations
were reported by Popa et al. [27] in CE resolution of synthetic peptides when phosphoric acid in the buffer was
replaced by perfluorinated acids. They also observed further improvements in resolution in HFBA compared to in
PFBA.

Conclusions

Detection sensitivity, resolution and peak effeciency have all been improved by one or other of the different
strategies explored in this study. FESI offers the benefits of simplicity, and can be done on-line with minimal
adaptation of the CE conditions: it is simple to inject a water plug prior to the sample, and to use electrokinetic
rather than pressure injection. The detection sensitivity for species which are charged at the sample pH was shown
to be substantially enhanced using this approach, while uncharged species are not injected and not amplified. Use of
the commercial ZipTip Cig tips gave very good results for the late-migrating peptides, and generally provided
benefits for improving the quality of the CE separation of peptides. This is due to a combination of desalting and
selective retention of hydrophobic species on the C,g stationary phase in the ZipTip. Coating the capillary made
little changes in the electropherograms, thus offers no benefit to CE of peptides at low pH. lonic interaction CE was
found to cause interesting changes in the peptide separation. This is the first time such experiments have been
carried out on a protein digest. The use of HFBA was found to offer most promise in sharpening the peaks.
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