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Abstract

Reverse polarity capillary zone electrophoresis coupled to negative ion mode mass spectrometry 

(CZE-MS) is shown to be an effective and sensitive tool for the analysis of glycosaminoglycan 

mixtures. Covalent modification of the inner wall of the separation capillary with neutral or 

cationic reagents produces a stable and durable surface that provides reproducible separations. By 

combining CZE-MS with a cation-coated capillary and a sheath flow interface, a rapid and reliable 

method has been developed for the analysis of sulfated oligosaccharides from dp4 to dp12. Several 

different mixtures have been separated and detected by mass spectrometry. The mixtures were 

selected to test the capability of this approach to resolve subtle differences in structure, such as 

sulfation position and epimeric variation of the uronic acid. The system was applied to a complex 

mixture of heparin/heparan sulfate oligosaccharides varying in chain length from dp3 to dp12 and 

more than 80 molecular compositions were identified by accurate mass measurement.
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1. INTRODUCTION

Sulfated glycosaminoglycan (GAG) carbohydrates are linear, acidic polysaccharide chains 

that are abundant on the surface of mammalian cells [1]. Several biological processes, such 

as developmental and disease functions, are impacted by GAGs within the body through 

protein-binding interactions [2–4]. The biosynthesis of GAG chains is a non-template 
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process, facilitated by a number of enzymatic steps (elongation, deacetylation, sulfation, 

epimerization) that do not go to completion, and results in highly heterogeneous and 

complex mixtures [5]. There are several classes of GAGs that are defined by their linkage 

pattern and amino sugar (N-acetyl glucosamine (GlcNAc) orN -acetyl galactosamine 

(GalNAc)), with heparin and heparan sulfate as the most structurally diverse. Heparin and 

heparan sulfate consist of a repeating disaccharide unit of an N-acetyl glucosamine linked 

(1←4) to a hexuronic acid sugar. The GlcNAc can be modified by deacetylation and N-sulfo 

modification, and it can also have sulfation at the 6-O- or 3-O-position. The hexuronic acid 

sugar can also exist as one of two epimers: glucuronic acid (GlcA) or iduronic acid (IdoA) 

with sulfation most likely at the 2-O-position of IdoA but infrequently at the 2-O-position of 

GlcA [6].

The structural assignment of GAG chains is a significant analytical challenge and has been 

the target of several researchers [7–14]. Although full-length sulfated GAGs have been 

analyzed in top-down fashion by mass spectrometry [15, 16], the typical approach is to 

partially digest polysaccharides to oligosaccharide mixtures of moderate length (typically 

disaccharides to decasaccharide) to enable characterization. The structural analysis of 

sulfated GAGs can be accomplished using mass spectrometry, which has the advantages of 

high sensitivity and selectivity for structural characterization [10, 12, 13, 17, 18].

The complexity of these digest mixtures makes prior separation (on-line or off-line) 

desirable to facilitate analysis. Some approaches for separating GAGs include high 

performance liquid chromatography (HPLC), hydrophilic interaction liquid chromatography 

(HILIC), and capillary zone electrophoresis (CZE). HPLC is a large umbrella term that 

contains several different techniques based on the chosen column. Size exclusion (SEC), 

strong anion exchange (SAX), reversed phase ion pairing (RPIP), and graphitized carbon 

chromatography (GCC) are techniques that have been coupled to mass spectrometry for 

GAG analysis [19–22]. However, these techniques have disadvantages in comparison to 

CZE-MS. SEC and SAX utilize reagent cations at elevated concentrations that lead to ion 

suppression if not removed before MS analysis [23]. RPIP-LC-MS can lead to mass 

spectrometer contamination and may undermine system performance. HILIC uses a polar 

stationary phase and mobile phases much like those used in reverse-phase separations, 

making it more compatible for GAG separations and MS analysis [24, 25]. Unfortunately, 

HILIC separations resolve components mostly by their degree of polymerization (dp), and 

do not provide much resolution for isomers [14, 16]. GCC offers adsorption based 

separation with very stable graphite columns allowing a multitude of conditions to be 

implemented, such as high temperatures, variable pH, and low salt content [19, 26, 27]. 

Previous work using HPLC and HILIC demonstrated the ability to separate GAGs up to 

dp14 [20, 28].

Because of the ionic nature of sulfated GAG chains, CZE is a well-suited separation 

technique for this biomolecule class. Anionic biomolecules, such as oligonucleotides and 

metabolites, have been analyzed using CZE for several years [29–33]. Despite this 

advantage, CZE-MS analysis of GAG oligosaccharides remains an under-developed 

approach. Much of the early GAG CZE literature focuses on normal mode polarity where a 

positive potential is applied to the capillary [34–36]. Using normal polarity, CZE separation 
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of chondroitin sulfate, hyaluronic acid, keratan sulfate, heparan sulfate, and heparin; ranging 

from disaccharide to oligosaccharide length (up to dp20) has been demonstrated [37]. 

However, normal polarity is not well suited to the acidic nature of highly sulfated GAGs and 

generally leads to longer migration times (except with specific electrolytes) and low 

resolution [35, 36, 38]. Most of this work has been performed with optical detection and 

structural features cannot be assigned without the use of standards. Replacement of UV-

absorbance with MS detection is a logical progression; however, the electrolytes used during 

UV detection experiments are non-volatile and often incompatible with MS limiting the 

number of well understood electrolytes that can be employed [39–41].

The optimal CZE-MS configuration for GAG oligosaccharide analysis is reverse polarity 

with negative mode ionization. In reverse polarity CZE, a negative potential is applied to the 

capillary inlet, generating an electrophoretic force for negatively charged GAGs in the 

direction of the mass spectrometer. By using reverse polarity, the migration times of GAGs 

will decrease and the sample peaks become narrower, improving resolution. A recent 

application of CZE-MS to GAGs has used reverse polarity CZE and negative mode MS 

detection [42]. This work focused on disaccharides and demonstrated fast and complete 

separations. Researchers have started to tackle larger oligosaccharides, which retain 

structural information, in an attempt to solve specific biological problems [37] and 

investigate common pharmaceuticals [42].

In addition to the electrophoretic force (EF), ions are also subject to an electroosmotic force 

(EOF). The EOF is driven by the bulk movement of solvated counterions near the inner 

surface of the capillary. With a conventional bare fused silica (BFS) capillary, the inner 

surface of the capillary presents silanol groups to the solution within the capillary. At neutral 

pH, the silanol groups are ionized, resulting in a negatively charged static layer which 

attracts cations from the background electrolyte (BGE) to create a positively charged mobile 

layer [43, 44]. With reverse polarity CZE in a BFS capillary, the EOF opposes the EF and 

results in longer migration times, or may cause some less ionized components to migrate 

away from the MS interface and not be detected. Modification of the surface of the fused 

silica capillary can alter its properties and either turn off EOF by creating a neutral surface 

or make a static positively-charged surface, which would produce an EOF that moves in the 

same direction as the EF, thus reduces the migration time of the analytes [45, 46]. Prior work 

used dynamic coatings to create a static positive charge at the inner surface [47, 48]. These 

are simple to implement, but the stability of such non-covalent coatings is an issue that can 

be improved upon.

The present work focuses on the separation and detection of GAG oligosaccharide mixtures 

using reverse polarity CZE-MS. We have examined neutral and cation coated separation 

capillaries, using covalent modifications that are durable and stable. These were tested and 

compared to BFS capillaries to optimize separation parameters for GAGs. Baseline 

characterization of each coating was performed with binary mixtures of typical 

modifications in GAGs. The optimized conditions were used to examine a complex mixture 

of GAG oligosaccharides with up to 12 saccharide subunits. Although demonstrated on a 

high resolution MS system, the described methodology is amenable to most MS 

instrumentation.
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2. MATERIALS AND METHODS

2.1. Materials

BFS capillaries (360 μm o.d. x 50 μm i.d.) were purchased from PolyMicro Technologies 

(Phoenix, AZ), and coated electrospray emitters (1.0 mm OD x 0.75 mm ID, E-BS-

CC1-750-1000-10μ-B30) were obtained from CMP Scientific (Brooklyn, NY). Coating 

reagents, dichlorodimethylsilane (DMS, Sigma-Aldrich, St. Louis, MO) and N-(6-

aminohexyl) aminomethyltriethoxysilane (AHS, Gelest, Morrisville, PA) were prepared in 

toluene. Ammonium acetate, formic acid, water, and methanol were of HPLC grade (Fisher 

Scientific, Hampton, NH). Diethylamine, sodium hydroxide, concentrated hydrofluoric acid 

(~48% wt), acetone, and toluene were purchased from Sigma-Aldrich (St. Louis, MO). All 

solutions were filtered with 0.45 μm syringe filter (Millipore, Temecula, CA) before use.

2.2. GAG Standards

GAG oligosaccharides were prepared by enzymatic depolymerization and purified using 

strong anion exchange high-pressure liquid chromatography (SAX-HPLC) for samples 1–6 

as shown in Table 1 [49]. Epimer pair heparan sulfate tetrasaccharides (Table 1, samples 7 

GlcA-GlcNAc6S-IdoA-GlcNAc6S (GI) and 8 GlcA-GlcNAc6S-GlcA-GlcNAc6S (GG)) 

were chemically synthesized and purified as described in the literature [50]. Low molecular 

weight heparin, Enoxaparin, was from the USP (Rockville, MD). All samples were desalted 

with a 3 kDa Amicon Ultra centrifugal filter (Millipore, Temecula, CA) prior to separation 

and mass spectrometry analysis. Although the GAGs have molecular weights below 3kDa, 

heparan sulfate tetrasaccharides and larger chains do not pass through the 3kDa membrane. 

The membrane permeability is based on size and shape. GAGs have a linear structure 

compared to proteins that often globular, and this makes the GAGs behave as if they have a 

higher molecular weight to the centrifugal filter membrane. Filters were conditioned with 

water, and the sample was then washed with two filter volumes of water (14,000 × g for 25 

min each). Before analysis, GAG samples were diluted to 5 μg/mL in water.

2.3. Coatings

Bare fused silica capillaries were etched with concentrated hydrofluoric acid (HF) at one end 

to reduce the outer diameter of the capillary for use in the sheath flow CE interface 

described below. For the etching process, the outlet of the capillary was placed in 

concentrated HF for 45–60 min. The capillary tip was then washed profusely with water. 

The etched capillaries were coated with AHS to render a cation coated capillary and DMS to 

generate a neutral coated capillary. Coating solutions were prepared in toluene with 1% 

concentration of either AHS or DMS. To clean and prepare for coating, the capillary was 

rinsed with 0.1 M NaOH, water, methanol, dry acetone, and dry toluene, respectively, for 30 

min each. The capillary was then coated by flowing 1% AHS or DMS for 1 h. The capillary 

was consecutively flushed with dry toluene, dry acetone, and methanol for 30 min to remove 

excess coating solution. Finally, the capillary was equilibrated with background electrolyte 

buffer (BGE, 25 mM ammonium acetate 70% MeOH) for 1 h. Once degradation becomes 

apparent, BFS capillaries can be easily cleaned by flushing sodium hydroxide for a short 

time; however, the coatings are stripped in basic conditions and must be reapplied by 
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repeating the coating procedure. In some experiments, 0.1–1% formic acid (FA) or 0.02–

0.1% diethylamine (DEA) was added to the BGE.

2.4. Instrumentation

Experiments were conducted on an Agilent HP 3D capillary electrophoresis instrument 

(Wilmington, DE). The total length of the capillary ranged from 52–54 cm, and its inner 

diameter was 50 μm with a volume of approximately 1 μL. The aqueous GAG sample was 

injected for 3 s at 950 mbar followed by a BGE injection for 10 s at 10 mbar. The injected 

volume was 0.1 μL. The ionic strength of the injected sample plug is 2–3 orders of 

magnitude less than that of the background electrolyte, so sample stacking is expected under 

these conditions and provides a sharp sample front. The capillary was then placed into a 

BGE vial for separation. A separation voltage of -30 kV was applied to the capillary for 

most experiments. A separation voltage of −15 kV was used for selected experiments as 

identified in the results below.

An EMASS-II (CMP Scientific, Brooklyn, NY) CE-MS interface was employed to couple 

the CE with a Thermo Scientific Velos Orbitrap Elite mass spectrometer (Bremen, Germany) 

[42, 51, 52]. The etched capillary outlet was nested inside of a cation coated glass emitter tip 

with a 30 μm tip orifice (CMP Scientific, Brooklyn, NY). The etched capillary was 

positioned 0.3–0.5 mm from the tip of the emitter orifice to create a mixing volume of ca. 15 

nL, and the emitter tip was filled with sheath liquid (SL, 25 mM ammonium acetate 70% 

MeOH). An external power supply provided a nano-electrospray (nESI) voltage ranging 

from −1.7 to −1.85 kV to the emitter. MS detection was performed in negative ion mode. 

Prior to CZE-MS experiments, a semi-automatic optimization of source parameters was 

performed using sucrose octasulfate to improve sensitivity of sulfated GAGs and reduce 

sulfate loss during MS analysis. The Orbitrap was scanned from m/z 150–2000 for GAG 

oligosaccharides with a specified resolution of 120,000. Optimal conditions resulted when 

the S-lens RF level, multipole 00 offset, and lens 0 were set at 6 %, 7.20 V, and 8.50 V, 

respectively.

3. RESULTS AND DISCUSSION

3.1. Coatings

In capillary zone electrophoresis of mixtures, EF provides component separation due to 

differences in their mobilities. In contrast, EOF causes an analyte-independent migration of 

all components. The magnitude and direction of the EOF with respect to the EF depends 

upon the chemical nature of the separation capillary’s inner surface. In an uncoated BFS 

capillary, with a background electrolyte solution (BGE) of 25 mM ammonium acetate 

(pH=7.5) in 70% methanol, a static layer of negatively-charged silanol groups are presented 

at the inner wall of the capillary. These interact with the BGE to create a mobile layer of 

solvated positive ions. With reverse-polarity CZE, this mobile layer is attracted by the 

negative potential at the entrance of the separation capillary. This creates an EOF that 

opposes the EF for negatively charged analytes. In the case of highly-charged GAG 

oligosaccharide anions, the EF is greater than the EOF, so sample migrates toward the mass 
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spectrometer interface. However, with EOF moving in the opposite direction, sample 

migration through the BFS capillary is slowed and results in increased migration times.

We have examined coated capillaries that eliminate the EOF, or reverse it so that it aligns 

with the EF to optimize the separation of GAG oligosaccharides. After optimization, 

migration time and peak widths are reduced while the peak capacity remains the same 

compared to prior work with BFS capillaries. Two different coatings, dichlorodimethylsilane 

(DMS) and N-(6-aminohexyl) aminomethyltriethoxysilane (AHS), were examined. Figure 1 

compares the direction of EF and EOF for BFS, with that of capillaries with neutral (DMS) 

and cationic (AHS) coatings that were examined for this study.

For DMS and AHS capillaries, the reagent forms a covalent ether linkage to silica at the 

surface of the inner wall of the capillary and produces a durable and stable layer. These 

fused silica surface modifications have been used by others for nanoparticle modification, 

protein immobilization supports, and other applications [53–55]. Non-covalent coating 

methods (also known as dynamic coating) are easier to implement than covalent coating, but 

the coating can dissociate from the inner surface over time. In our hands, when bovine serum 

albumin (BSA) is utilized as a non-covalent coating, a cation surface is produced on the 

inner surface of the capillary but is unstable over time and often leads to plug formation 

within the capillary as the coating degrades. As shown in Figure 2, the covalently linked 

coatings are more durable than the BSA-coated capillaries. After 81 run iterations on a BSA 

capillary, degradation of the BSA coating caused plug formation and prevented further trials. 

The AHS and DMS coated capillaries are found to be quite stable, and the coating 

hydrolyzes slowly under the separation conditions with a very modest change in migration 

time from run to run. Furthermore, they do not lead to column plugging, and therefore can 

be refreshed by reapplication of the coating. In contrast, the BSA coated capillaries often 

become plugged by desorbed protein after several runs.

With a DMS-coated capillary, silanols are capped by neutral methyl groups. This eliminates 

the EOF in normal and reverse polarity and analytes migrate only under the influence of EF. 

For negatively-charged analytes under reverse-polarity conditions, the sample is expected to 

migrate through the capillary faster than in an uncoated BFS capillary. The AHS coated 

capillary will have an EOF that aligns with the EF for negatively-charged analytes in 

reverse-phase CZE and should exhibit even faster migration. Multiple amino silane reagents 

were considered, such as 3-aminopropyltriethoxysilane and N-(2-aminoethyl)-3-

aminopropyltriethoxysilane. However, AHS was shown to be the most stable coating reagent 

because its chain length prevents hydrolysis by self-cyclization [53]. Short term durability 

tests demonstrated that covalent coatings are stable in optimized conditions (Figure 2), but 

long-term use showed signs of degradation in DMS coated capillaries. Both coatings 

degrade in high pH conditions (pH >12).

3.2. CZE-MS of Tetrasaccharides

Tetrasaccharide standards that contain common variations in GAG structure were used to 

test the efficacy of the coatings. A mixture of tetrasaccharides that differ in the number of 

sulfate modifications, ranging from 3 to 6 (samples 1–3), was analyzed first. Figure 3 

compares the CZE migration profiles (base peak chromatogram) for this GAG 
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tetrasaccharide mixture obtained with BFS, DMS, and AHS coatings on capillaries of 

similar length and identical experimental conditions. Sample 1 migrates through all of the 

capillaries first due to the higher number of sulfates present (six) compared to samples 2 and 

3 with four and three sulfates, respectively. As expected from the EOF behavior described 

above, the compounds migrate most rapidly with the AHS capillary and slowest with a BFS 

capillary. The peaks are narrowest with the AHS capillary, as longitudinal diffusion of a 

sample band increases linearly with its migration time. For sample 1, the peak widths at 50% 

peak height (FWHM) were 1.14, 0.49, and 0.2 min for BFS, DMS, and AHS capillaries, 

respectively. With a decrease in peak width, the sensitivity (limit of detection of 50 ng/mL) 

was improved using the AHS capillary and optimized experimental conditions. Shortened 

migration and reduced peak width were achieved with reverse polarity CZE on a cation 

coated capillary.

Next, compounds that contain single point variations in structure and produced mixtures of 

increasing separation difficulty were analyzed. Two GAG tetrasaccharides with different 

amino modifications, samples 4 and 2 (Table 1), were investigated. These tetrasaccharides 

have the same number of sulfate modifications, but one has an N-sulfo modification on the 

fourth residue; whereas, the other tetrasaccharide contains an N-acetyl group. Using reverse 

polarity CZE-MS on an AHS capillary, these tetrasaccharides are baseline separated in less 

than 20 min with approximately 2.5 min between the peaks. The FWHM for the peaks are 

13.8 s (sample 4) and 15 s (sample 2). When compared with the DMS and BFS capillaries, 

the FWHM for the AHS capillary was reduced by a factor of two (DMS) or three (BFS). The 

two components of this mixture differ in composition by (O-sulfo + N-acetyl) versus (OH + 

N-sulfo), evidenced by the 42 Da difference in their mass spectra, shown in panels B and C 

of Figure 4.

A more challenging test are the isomeric tetrasaccharides, samples 5 and 6. The analyte 

structures are closely related and vary only in the position of one of the five sulfate 

modifications. Figure 5 shows the separation of this isomer pair (samples 5 and 6) using an 

AHS coated capillary, with baseline separation of the peaks. As these are positional isomers, 

their mass spectra are identical, and exhibit double, triply, and quadruply-charged molecular 

ions, as shown in the lower panel of Figure 5, for sample 5.

The most challenging analysis that often arises in GAG characterization using MS is the 

differentiation of stereoisomeric compounds arising from epimerization of uronic acids 

(GlcA vs. IdoA). We examined such a mixture of epimers, and the results are shown in 

Figure 6, for samples 7 (GI) and 8 (GG). These GAG tetrasaccharides vary only by the C-5 

stereochemistry of the uronic acid near the reducing end. With reverse polarity CZE-MS on 

an AHS capillary, the two epimers are well separated. The early migrating peak, GI, exhibits 

a distinct shoulder. A similar result was found using differential ion mobility of these same 

compounds and was attributed to anomeric nature of the reducing end [56]. The rate of 

mutarotation of the anomeric carbon is slow compared to the migration time in CZE so this 

is a plausible cause of the extra peak in the sample. The lower panel in Figure 6 shows the 

mass spectrum of GI which is identical to that of GG (spectrum not shown). Since these are 

stereoisomers, all of the peaks in the electropherogram, including the shoulder, produce 

similar ESI mass spectra.
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3.3. CZE-MS of Enoxaparin (LMWH)

Enoxaparin, a pharmaceutical product produced by alkaline depolymerization of heparin 

into low molecular weight components, was also analyzed using reverse polarity CZE and 

negative ion mode mass spectrometry. Others have analyzed Enoxaparin using on-line 

separations and mass spectrometry detection [14, 57–60]. This sample is known to be a 

complex mixture of oligosaccharides varying in degree of polymerization (dp) from dp 3 to 

dp 20. Figure 7A shows an ESI mass spectrum of the sample without any prior separation, 

demonstrating the innate complexity of this sample. Base peak electropherograms obtained 

using BFS, DMS, and AHS capillaries are shown Figure 7B. Enoxaparin migrates more 

quickly through the capillary on the cation coated capillary (AHS) compared to the neutral 

and uncoated capillaries.

Although the migration time decreases for the coated capillaries, peaks are not lost. The 

peaks become narrower when using coated capillaries, as shown previously with the 

tetrasaccharide mixtures, but they exhibit the same features as the BFS separation. This is a 

highly complex mixture, and we do not obtain baseline separation of all components. 

Nevertheless, the mass spectra obtained at any time point is highly simplified compared to 

the unseparated sample, and we can evaluate the components that are present. 

Oligosaccharides ranging from dp 3 to dp 12 were detected with a range of 4–17 sulfo 

groups present on the GAGs. The neutral masses extend from 753 to 3301 Da with less than 

3.5 ppm error for the assigned compositions. Shorter oligosaccharides migrate through the 

capillary first and the GAG chain length increases over the migration period. The majority of 

the chains were dp 4 to dp 8 which is expected for the Enoxaparin mixture. Toward the end 

of the separation, dp 10 to dp 12 are observed in low intensity.

Sodium and ammonia adducts were also assigned for approximately half of the 

compositions. Sodium adducts are expected because Enoxaparin is manufactured as a 

sodium salt. The appearance of ammonia adducts can be explained by the choice of an 

ammonium acetate BGE. A supplemental list of all 83 unique compositions that were 

identified using the AHS capillary is included (Supp. Table 1).

3.4. Additives for Separation

While optimizing conditions for reverse polarity CZE with negative ionization mode MS, 

the use of background electrolyte solution (BGE) additives was explored. The role of pH can 

play a vital part in the extent of separation achieved based on the applied coating. EOF is 

directly influenced by the pH range of the BGE on capillaries that have a charge on the inner 

surface of the capillary. The neutral DMS capillary will not be affected by the pH of the 

BGE because the EOF is eliminated.

Formic acid (FA) and diethylamine (DEA) were used to adjust the pH to lower and higher 

values during separation, respectively. These reagents were selected for their volatility, 

which makes them compatible with on-line CZE-MS analysis. Acetic acid and formic acid 

were both tested as an additive to the BGE and sheath liquid. Using formic acid reduced the 

amount of chemical background in the MS which improved the signal to noise ratio 

compared to acetic acid. Table 2 shows the effect of different BGE additives on the pH of the 
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BGE. Without any additive, a BGE consisting of 25 mM ammonium acetate in 70% MeOH 

has a pH of 7.5. By adding FA to a concentration of 0.5%, the pH is reduced to 4.2. 

Conversely, with addition of 0.4 % DEA into the BGE, the pH increases to 10.1.

For the AHS cation coated capillary, increasing the pH of the BGE reduces ionization of the 

modified surface of the capillary, reduces EOF, and results in longer migration times. In 

Figure 8, a mixture of tetrasaccharides containing an increasing number of sulfate groups, 

ranging from 3 to 6 sulfate groups (samples 1–3, and 6), is separated using 25 mM 

ammonium acetate in 70% MeOH with the addition of FA in the top electropherogram and 

DEA in the bottom electropherogram. The middle electropherogram is the separation in 

normal BGE without any pH adjustment. FA reduces the migration time and suppresses 

sodium adducts in the mass spectrum but does not affect the observed charge state. It also 

decreases the peak width in the electropherogram. The FWHM for sample 1 is reduced to 16 

s using 0.1% FA compared to a FWHM of 22 s without any additive. In contrast, DEA 

increases migration times and the charge states of the ions of interest in the mass spectrum. 

As one would expect, DEA increases the peak width. For samples that migrate slower 

through the capillary, the peak widths increase. Peak broadening is diminished for samples 

that migrate faster through the capillary. Comparison of sample 1 with or without DEA, the 

FWHM slightly increases from 21 to 22 s. However, for sample 2 and 3, the FWHM 

changed from 30 to 85.2 s and 22 to 28 s with the addition of 0.05% DEA, respectively. 

Overall, lower pH decreases migration time; while, higher pH increases migration time on 

an AHS cation coated capillary.

4. CONCLUSIONS

In this work, the advantages of using different coated capillaries with reverse polarity CZE-

MS separations were demonstrated on oligosaccharide mixtures larger than disaccharides. 

Standard uncoated, neutral coated, and cation coated capillaries were investigated to 

determine suitable CZE-MS conditions for sulfated glycosaminoglycans. Covalently coated 

capillaries were implemented through simple chemical reactions with silane reagents.

Using a cation coated capillary, structurally similar sulfated GAG oligosaccharides and 

complex mixtures were separated and analyzed with CZE-MS in a fast and reproducible 

manner. Positional isomers and stereoisomer tetrasaccharides were baseline separated. 

Although Enoxaparin was not baseline separated, the mass spectra were significantly 

simplified and would facilitate tandem mass spectrometry of the various components in this 

mixture. By incorporating a covalent cation coating, the migration time and peak widths 

were reduced while increasing the analytically useful lifetime of the separation capillary. 

Through the use of additives, the charge state distribution and migration time can be altered 

based on pH of the BGE. Future work will extend this method to incorporate tandem mass 

spectrometry for online sequence analysis of sulfated GAGs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Reverse polarity CE-MS enables the analysis of sulfated GAG mixtures.

• Covalent neutral and cation coatings produce fast and reproducible 

separations.

• The separation of oligosaccharides from tetra- to dodecasaccharides is 

demonstrated.

• Structures with sulfation position and epimeric structural differences are 

resolved.

• More than 80 molecular compositions are determined from complex GAG 

mixture.
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Figure 1. 
Diagram depicting the forces of electroosmotic flow (EOF) and electrophoretic forces (EF) 

that act on analytes during a CZE-MS experiment with three different inner capillary 

surfaces: (A) Bare fused silica (BFS), (B) DMS coated, and (C) AHS coated.
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Figure 2. 
Short term durability of neutral (DMS, solid line) and cation (AHS, dashed line; BSA, circle 

dashed line) coated capillaries shown using sample 1 across 150 iterations. The BSA trial 

was terminated after 81 iterations due to coating failure.

Sanderson et al. Page 16

J Chromatogr A. Author manuscript; available in PMC 2019 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Electropherogram comparison of migration times based on different capillary coatings. 

Samples (1), (2), and (3) are tetrasaccharides with different numbers of sulfates. Sample (1) 

contains six sulfates, (2) has four sulfates, and (3) has three sulfates. Significant 

improvement in migration time and peak width is observed with neutral (DMS) and cation 

coated (AHS) capillaries.
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Figure 4. 
A) Baseline separation of tetrasaccharide mixture containing samples 4 and 2 with different 

amino modifications. Mass spectrum of sample 4 (B) and 2 (C) showing the mass difference 

due to amino modification.
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Figure 5. 
(A) Baseline CZE separation of a tetrasaccharide mixture on AHS capillary. Sample 5 and 6 

are isomers with the same number of sulfate groups and exact mass, but differ in sulfate 

position on the last two sugar residues. (B) Mass spectrum of sample 5 demonstrating the 

observed charge state distribution.
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Figure 6. 
Baseline separation of a stereoisomer mixture (samples 7 and 8) on AHS capillary. Sample 7 

migrates first followed by sample 8. The shoulder peak labeled 7a is attributed to an 

anomeric form of sample 7.

Sanderson et al. Page 20

J Chromatogr A. Author manuscript; available in PMC 2019 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
A) Mass spectrum of Enoxaparin (LMWH) without separation. B) Separation windows of 

Enoxaparin on uncoated and coated capillaries: (1) BFS (2) DMS, and (3) AHS with 

migration times decreasing from 1 to 3. The presented migration time window varies 

between panels 1–3 to enable comparison.
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Figure 8. 
Effect of additives on four tetrasaccharide standards with an increasing number of sulfates 

(samples 1–3 and 6) through an AHS coated capillary. The pH of BGE in AHS coated 

capillaries modulates migration time. Lower pH, from addition of formic acid, leads to faster 

migration, and higher pH, from diethylamine, leads to slower migration.
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Table 1

GAG tetrasaccharides used in this study

Tetrasaccharides Structure Name Molecular Weight (Da) Structure

1 ΔUA2S-GlcNS6S-IdoA2S-GlcNS6S 1153.9427

2 ΔUA2S-GlcNS6S-IdoA-GlcNAc6S 1036.0396

3 ΔUA2S-GlcNS6S-IdoA-GlcNAc 914.0722

4 ΔUA2S-GlcNS-IdoA-GlcNS6S 994.029

5 ΔUA2S-GlcNS6S-IdoA2S-GlcNS 1073.9859

6 ΔUA2S-GlcNS6S-IdoA-GlcNS6S 1073.9859

7 GlcA-GlcNAc6S-IdoA-GlcNAc6S 936.1471

8 GlcA-GlcNAc6S-GlcA-GlcNAc6S 936.1471
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Table 2

Effect of BGE Additive on pH

BGE Additive pH

0.5% FA 4.2

0.4% FA 4.3

0.3% FA 4.6

0.2% FA 4.8

0.1% FA 5.3

None 7.5

0.05% DEA 8.3

0.1% DEA 8.8

0.2% DEA 9.3

0.3% DEA 9.9

0.4% DEA 10.1

BGE: 25 mM ammonium acetate 70% MeOH
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