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12 Abstract

13 Electromigration separation techniques often demand certain compounds in the electrolyte to achieve the required selectivity and

14 efficiency. These compounds, including the electrolyte itself, ampholytes, polymeric compounds for sieving, complexing agents,

15 tensides, etc. are often non-volatile. Thus, interference with the electrospray ionization process is a common issue, impeding

16 direct coupling of such electrolyte systems to mass spectrometry. Still, several options exist to obtain mass spectra after separa-

17 tion, including offline fractionation, alternative ionization, dilution, or the change to volatile constituents. In the first part of this

18 article, these methods are discussed. However, all of these options are a compromise of separation performance and sensitivity of

19 mass spectrometric detection. Two-dimensional capillary electrophoresis-mass spectrometry (CE-CE-MS) systems represent a

20 promising alternative to the aforementioned challenges, as they allow the use of existing methods with best separation perfor-

21 mance in combination with sensitive mass characterization. In this context, the second part of this article is dedicated to the

22 advantages, limitations, and applications of this approach. Finally, an outlook towards future developments is given.

23 Keywords Capillary electrophoresis . Electrospray ionization . Two-dimensional separation . Interference-free mass

24 spectrometry . Pharmaceutical analysis . 2D interface

25 Abbreviations

27 2D28 Two dimensional

29 AA30 Ascorbic acid

31 ACE32 Affinity capillary electrophoresis

33 APCI34 Atmospheric pressure chemical ionization

35 APPI36 Atmospheric pressure photo ionization

37 ASA38 Acetylsalicylic acid

39 BGE40 Background electrolyte

41 CD42 Cyclodextrin

43 CE44 Capillary electrophoresis

45 CSE46 Capillary sieving electrophoresis

47CIEF 48Capillary isoelectric focusing

49CZE 50Capillary zone electrophoresis

51ESI 52Electrospray ionization

53ICP 54Inductive-coupled plasma

55mAb 56Monoclonal antibody

57MALDI 58Matrix-assisted-laser desorption/ionization

59MEKC 60Micellar electrokinetic chromatography

61MS 62Mass spectrometry

63SDS 64Sodium dodecyl sulfate 65

66Introduction

67Electromigration techniques such as capillary electrophoresis

68(CE) enable highly selective and efficient separation for a

69variety of ionic compounds. Since its introduction in the early

701980s, CE has emerged as a powerful analytical routine tool in

71the fields of environmental analysis [1, 2], forensic analysis

72[3], food analysis [4], and bioanalytical analysis [5].

73Electromigration includes several techniques such as capillary

74zone electrophoresis (CZE), capillary isoelectric focusing

75(CIEF), capillary sieving electrophoresis (CSE), micellar
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76 electrokinetic chromatography (MEKC), and affinity capillary

77 electrophoresis (ACE).

78 The most common mode of operation is CZE. Separation

79 in CZE occurs according to different electrophoretic mobil-

80 ities of ions based on their charge-to-size ratio in an electric

81 field. Typical analytes span from small to large molecules,

82 such as proteins including monoclonal antibodies (mAbs)

83 [6]. The selectivity is mainly given by pH (charge of the an-

84 alyte) and the background electrolyte (BGE). It can be altered

85 by the type of solvent (non-aqueous capillary electrophoresis).

86 Furthermore, additives are often used to modify the mobility,

87 e.g., cyclodextrines can be applied for enantiomeric separation

88 (chiral CZE) or affinity interaction can be studied by adding,

89 e.g., antigens.

90 By adding a (pseudo)gel, molecules with similar charge-to-

91 size ratio but different size can be separated referred as capil-

92 lary sieving electrophoresis (CSE). This principle is widely

93 applied for DNA sequencing [7] and protein separation [8]

94 (after complexing with sodium dodecyl sulfate (SDS)). In

95 CIEF, proteins and peptides are separated in a pH gradient

96 formed in a capillary after applying an electric field. The pH

97 gradient is formed utilizing an acidic anolyte, a basic

98 catholyte, and ampholytes in the BGE. In MEKC, analytes

99 are separated by the use of a pseudostationary phase

100 consisting of micelles.

101 Mass spectrometry is a major technique for the characteri-

102 zation and identification of analytes separated in gas or liquid

103 phase. Electrospray ionization (ESI) is an efficient way to

104 transfer analytes separated in liquid phase into the mass ana-

105 lyzer, especially ionic species as separated in CE. Efficient

106 ESI premises the absence of non-volatile constituents, which

107 often can be achieved in liquid chromatography (LC) without

108 compromising separation. However, most capillary

109 electromigration techniques (as discussed above) require ded-

110 icated compounds in the electrolyte for selective separation,

111 compatible with optical detection (UV-Vis absorption,

112 fluorescence) but not with ESI-MS. Nevertheless, possible

113 solutions to obtain online mass spectra from such

114 electromigration techniques exist and are discussed in this

115 paper.

116 Strategies for direct coupling
117 of MS-interfering capillary electromigration
118 methods to mass spectrometry

119 Capillary electrophoresis coupled with mass spectrometry

120 (CE-MS) has become a powerful routine tool for analysis of

121 a broad range of analytes. In recent years, several applications

122 about CE-MS have been published highlighting its diversity

123 and importance, including metabolite and intact protein anal-

124 ysis [9–12]. In these applications, almost entirely volatile

125 BGEs have been used.

126The pH is the most important parameter for selectivity in

127CZE. The availability of volatile BGE systems in CZE, cover-

128ing almost the entire pH range, enables the direct coupling of

129these methods to ESI-MS. Most common BGEs for CZE-MS

130applications are formic acid (HFA) and acetic acid (HAc) for

131low pH values and their respective ammonium salts for acidic

132to neutral pH values. Other volatile buffers for higher pH

133ranges include ammonium carbonate ((NH4)2CO3) as well as

134ammonium hydroxide (NH4OH). The mentioned volatile buff-

135er electrolytes cover the total pH range. However, the type of

136BGE and possible additives can also influence the selectivity in

137CE separations, which can limit their applicability to CZE-MS.

138The separation of anionic active ingredients and their degrada-

139tion products in effervescent tablets using different BGEs is

140shown in Fig. 1. In this case, only the highly ESI-interfering

141100 mM tricine electrolyte enables the complete separation of

142all analytes. Both, the use of a lower concentrated tricine and

143the use of volatile acetate- or formate-based BGE are insuffi-

144cient in this regard. The low number of different electrolytes

145suitable for CZE-MS does not only restrict the versatility of the

146separation itself, but also the possible use of preconcentration

147techniques such as transient-isotachophoresis.

148CE modes such as CIEF (ampholytes, anolyte, catholyte),

149chiral CZE (cyclodextrins), and MEKC (surfactants) often

150rely on ESI-interfering electrolyte compounds. For these tech-

151niques, the complete exchange of the BGE system, avoiding

152non-volatile or ESI-interfering compounds is often very diffi-

153cult preserving the original separation efficiency and selectiv-

154ity. Nevertheless, e.g., for MEKC, volatile [13, 14] or at least

155semi-volatile [15] surfactants can be used in certain applica-

156tions. If this most straightforward approach using volatile

157electrolytes is not accessible, other options need to be

158considered.

159Another approach is the use of BGEs with low concentrat-

160ed interfering compounds. Still, a compromise between MS

161compatible conditions and separation performance of the CE

162method has to be made as shown for tricine-based separation

163of anions in Fig. 1. In addition, low electrolyte concentration

164limits the possible injection volume. The most common strat-

165egy for coupling CIEF with ESI-MS is the direct hyphenation

166using low ampholyte concentrations. Tang et al. [16] de-

167scribed the first direct hyphenation of CIEF with MS using

168an ampholyte concentration of 0.5% for a compromise be-

169tween CIEF resolution and ESI-MS detection. Further ap-

170proaches of direct CIEF-MS are described in detail in a recent

171review [17]. Another alternative is the use of partial filling

172techniques, which have been applied especially for the cou-

173pling of chiral CZE and MEKC to ESI-MS [18, 19]. In these

174cases, the EOF and the migration direction/order play a crucial

175role and need to be optimized during method development.

176Most CE-MS applications have been performed using a

177sheath liquid interface, where a sheath liquid at a flow rate

178in the low microliter-per-minute range provides the contact
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179 between the capillary outlet and a surrounding metal needle.

180 In the last years, nanospray interfaces have becomemore pop-

181 ular, especially since the commercialization of the porous tip

182 and a nanosheath liquid interface. For details of coupling, we

183 refer to recent reviews [20, 21]. NanoESI processes (flow rates

184 < 1000 nL/min) are generally more tolerant to ESI-interfering

185 compounds and offer higher sensitivity. Thus, these interfaces

186 are expected to be more useful for coupling ESI-interfering

187 CE methods with MS. The field of application regarding

188 nanoESI in combination with non-volatile BGEs is relatively

189 new. Still, the direct hyphenation of CIEF with MS was re-

190 cently introduced by Dai et al. utilizing a nanosheath liquid

191 interface [22]. Still, there is need for further systematic inves-

192 tigations regarding the degree of compromise regarding con-

193 centration of interfering substances, if nanoESI interfaces are

194 used.

195 A different approach for coupling CE to MS and reduce

196 BGE-related MS interference is the use of alternative ion

197 sources to ESI. Examples are matrix-assisted laser

198 desorption/ionization (MALDI) [23], atmospheric pressure

199 chemical ionization (APCI) [24], atmospheric pressure photo

200 ionization (APPI) [25], and inductive-coupled plasma (ICP)

201 [26]. However, ICP is limited to elemental analysis, especially

202 metals, whereas APCI and APPI are more suited for small,

203 less polar analytes, which are typically not accessible by

204 electromigration separation techniques. The use of MALDI

205 for CE separations is limited to spotted fractions.

206Still, in order to maintain the original separation perfor-

207mance in combination with a sensitive mass spectrometric

208detection, further approaches such as multidimensional sepa-

209ration methods need to be considered.

210CE-CE-MS for coupling MS-interfering
211capillary electromigration methods to mass
212spectrometry

213Two-dimensional (2D) separation techniques are commonly

214used to increase peak capacity by combining two separation

215techniques/modes with different selectivities (e.g., combina-

216tion of LC and CE methods). Hence, superior separation per-

217formance can be achieved compared with the respective indi-

218vidual separation dimensions [27]. Here, we discuss an alter-

219native purpose to allow interference-free mass spectrometric

220detection of analytes separated in highly ESI-interfering elec-

221trolyte systems applied as the 1st dimension [28]. Remaining

222interfering electrolyte compounds of the 1st dimension are

223either completely removed from the sample or separated from

224the analytes of interest in the 2nd dimension prior to MS

225detection. Considering any CE mode as 1st dimension, there

226are generally two different approaches classified as offline and

227online.

228Applying offline 2D coupling methods, fractions of a 1st

229separation dimension are collected and subsequently

Fig. 1 ComparisonQ3 of different BGEs for the separation of ascorbic acid

(AA), acetylsalicylic acid (ASA), and related degradation products in

degraded effervescent tablets (RH 75%, T = 30 °C, t = 72 h). The CZE-

UV separation was performed applying + 20 kV in a 50-cm fused silica

capillary. Two different wavelengths were used: 220 nm (red, solid) and

270 nm (black, dashed). Four different BGEs are compared: 25 mM

ammonium formate, pH = 6 (a); 25 mM ammonium acetate, pH = 9 (b);

25 mM tricine, pH = 8.8 (c); 100 mM tricine, pH = 8.8 (d). The peaks in

the 100 mM tricine BGE were assigned to diacetylated AA (1),

monoacetylated AA (2), AA (3), ASA (4), naphatalenesulfonic acid as

internal standard (5), saccharin (6), and salicylic acid (7)

Two-dimensional capillary electrophoresis-mass spectrometry (CE-CE-MS): coupling MS-interfering capillary...
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230 transferred to a 2nd separation dimension. This approach is

231 rather simple and often preferred, especially if additional sam-

232 ple preparation steps in between the two separation methods

233 are required (e.g., solvent exchange, derivatization, or diges-

234 tion). Nevertheless, fraction collection in CE is associated

235 with high dilution of the sample, as typical fractions in CE

236 are in the lower nanoliter range which have to be collected in

237 at least a fewmicroliters of solvent [29]. This challenge can be

238 tackled by performing an additional concentration step prior to

239 injection in the 2nd dimension; however, this makes the entire

240 2D system more complex and sensitive against disturbances.

241 In general, offline methods are time consuming, labor inten-

242 sive, and also automation is limited. Thus, in contrast with LC,

243 fraction collection is rarely applied in CE.

244 In contrast, online coupling of two CE dimensions poten-

245 tially enables a direct sample transfer with minor dilution. For

246 online coupling a dedicated sample transfer in the nanoliter

247 range from the 1st to a 2nd dimension is required. Avariety of

248 2D concepts have been developed, including dialysis, flow

249 gating interfaces, and microfluidic chips [30, 31]. Still, most

250 of this work has been performed with optical detection and

251 ESI-interfering electrolyte systems in the 2nd dimension.

252 Especially, flow-gating interfaces and interface-free

253 microfluidic chips are challenging to couple to MS, due to

254 the open nature of the system (absence of outlet vial).

255 Mechanical-valve-based interfaces are frequently used in

256 LC-LC coupling. Regarding the use of such a valve for CE-

257 CE, certain other requirements need to be fulfilled. Due to the

258 high voltages applied in CE, a fully isolated valve is required

259 and thus, metal components in direct contact or near proximity

260 of the electrolyte solutions must be avoided. Furthermore,

261 based on the miniature nature of CE, the transfer of very small

262 volumes (low nanoliter range) from the 1st to the 2nd separa-

263 tion dimension needs to be achieved. In recent years, our

264 group has developed a CE-CE-MS system using a four-port

265 mechanical valve as interface. A scheme of the general CE-

266 CE-MS setup is depicted in Fig. 2. The valve consists of three

267 major parts: the stator, the rotor comprising the sample loop

268 (4–20 nL), and the motor. A mixture of polyether ether ketone

269 and polytetrafluoroethylene was chosen as rotor and stator

270 material to provide sufficient resistivity and tightness of the

271 valve. Due to the material properties and the close distance of

272 the rotor channels, up to ± 15 kV can be applied in both di-

273 mensions in order to avoid potential current breakthroughs

274 [28]. The inlet and outlet capillaries of the 1st and 2nd sepa-

275 ration dimension are connected to the four-port valve, respec-

276 tively. In general, the 1st dimension can be operated in any CE

277 mode (CZE, CIEF, CE(SDS), etc.) and usually UV detection

278 is applied provided by an external detector placed right in

279 front of the valve through the inlet. During the CE separation

280 of the 1st dimension, the mechanical valve is kept in loading

281 position, where the sample loop is connected to the 1st dimen-

282 sion, until the analyte of interest is positioned in the sample

283loop. The external UV detector and the known distance be-

284tween detector cell and center of the sample loop is used to

285determine the correct time to cut desired peaks. Subsequently,

286the valve is switched to inject position transferring the analyte

287from the 1st to the 2nd dimension and high voltage (± 10 to

28815 kV) is applied for separation. Typically, CZE is performed

289in the 2nd dimension due to the availability of volatile BGEs

290(e.g., formate or acetate). A major characteristic of this 2D

291setup is, that both dimension are operated completely inde-

292pendent (e.g., coating and equilibration procedures).

293Several applications have been developed utilizing the

294above-mentioned CE-CE-MS system. In our group, a CZE-

295UV for the simultaneous determination of ascorbic acid

296(AA), acetylsalicylic acid (ASA), and their related degrada-

297tion products in effervescent tablets has been developed.

298Since the BGE contains 100 mM tricine, direct coupling of

299this method to ESI-MS was not possible. Thus, this method

300was the first showcase for a highly ESI-interfering CZE

301method applied as 1st dimension in the CE-CE-MS setup.

302In this way, it was possible, for the first time, to identify

303mono- and diacetylated AA as major degradation products

304of AA in the presence of ASA [32]. Another example of an

305MS-incompatible CZE method as 1st dimension was the

Fig. 2 General setup of the CE-CE-MS system developed in our group.

The inlet and outlet capillary of the 1st dimension CE-UV method (CE1

instrument) are connected to the four-port valve (upper, right side). An

external UV detector cell is positioned in front of the valve through the

inlet of the 1st dimension. Various CE separation modes can be applied as

1st dimension including CZE, CIEF, and CE(SDS). The inlet and outlet

capillaries of the 2nd-dimension CZE-QTOF-MS (CE2 and MS

instrument) are connected to the remaining channels of the four-port

valve (lower part). During the CE(UV) separation, the mechanical valve

is kept in loading position where the sample loop is connected to the 1st

dimension. When the desired analyte is located in the sample loop, the

valve is switched to inject position transferring the analyte from the 1st to

the 2nd dimension. Subsequently, high voltage (10 to 15 kV) is applied

for separation. The insert contains the position of the valve for the

separation in the 1st dimension and the position of the valve for the

separation in the 2nd dimension

Schlecht J. et al.
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306 characterization of intact monoclonal antibody (mAb) charge

307 variants using a generic ε-aminocaproic acid (EACA)-based

308 BGE [33]. These electrolyte systems are routinely applied as

309 pharmaceutical application and cannot be coupled directly to

310 MS [6]. The CZE-UV electropherogram of the deglycosyl-

311 ated model mAb Trastuzumab is shown in Fig. 3a. Three

312 peaks, including the main form (1) and two acidic variants

313 (2 + 3), were cut in a heart-cut approach, transferred, and

314 analyzed via CZE-MS in the 2nd dimension. It was possible

315 to separate the co-transferred ESI-interfering EACA in the

316 2nd separation dimension prior to MS detection, as indicated

317 in Fig. 3b. In this way, interference-free, highly precise mass

318 data (deviation 0.4–0.8 Da) of intact charge variants of

319 Trastuzumab were achieved (Fig. 3c–e). In combination with

320 the electrophoretic separation, the acidic variant peaks 2 and

321 3 were identified as deamidation products. Another applica-

322 tion was the separation and characterization of hemoglobin

323 and its glycated form (ΔpI = 0.036) by CIEF-CZE-MS setup

324 [34]. In addition, Trastuzumab was analyzed with the same

325 CIEF-CZE-MS setup, and the results were in accordance

326 with the findings of the CZE-CZE-MS measurements [35].

327 In this work, the possibility to perform multiple heart-cuts in

328the same CIEF analysis was evaluated and confirmed. In

329addition, the 2D system was extended to imaging (i)CIEF

330as 1st dimension, which is a powerful technique commonly

331applied for the analysis of biopharmaceuticals [36]. In this

332work, the larger injection volume enabled the characteriza-

333tion of a basic variant of Trastuzumab. The observed mass

334shift could be explained by either succinimide formation (−

33517 Da) or partial cyclisation of N-terminal glutamic acid (−

33618 Da). Another interesting field of high ESI interference are

337CE methods utilizing SDS for mAb impurity analysis. We

338have developed a CZE method for the characterization of

339SDS-complexed samples based on the co-injection of posi-

340tively charged surfactants and methanol as organic solvent to

341remove SDS from proteins. This method can be applied as

3422nd dimension enabling the mass spectrometric characteri-

343zation of mAb fragments and impurities (manuscript in

344preparation).

345All these examples demonstrate the versatility of this CE-

346CE-MS approach using a mechanical valve. This is of special

347interest for theMS coupling of generic and validated methods,

348utilizing ESI-interfering electrolytes as frequently applied in

349the pharmaceutical context.

Fig. 3 CZE-CZE-MS for the characterization of intact monoclonal

ant ibody (mAb) charge variants . 1st-dimension CZE-UV

electropherogram of deglycosylated model mAb Trastuzumab (6 mg/

mL) (a) at 380 mM EACA, 1.9 mM TETA, and 0.05% HPMC (pH=

5.7) was used as BGE, commonly used as pharmaceutical application [6].

A separation voltage of + 10 kV was applied. Analyte peaks (10–20 nL)

were transferred in a heart-cut approach from the CZE-UV to the CZE-

MS dimension. CZE-MS (2nd dimension) electropherogram of highly

ESI-interfering EACA (gray, dashed) and mAb variant (red, solid) (b):

2 M HAc was used as BGE and in-house PVA-coated capillaries were

applied. A separation voltage of + 10 kV was applied. The co-transferred

ESI-interfering EACAwas successfully separated from the mAb signal in

the 2nd CZE dimension prior to MS detection. Deconvoluted mass

spectra of the main form M (peak 1, 10 nL cut) (c) and acidic variant

A1 (peak 2, 20 nL cut) (d) andA2 (peak 3, 20 nL cut) (e). Theminor mass

difference of + 2.0 and + 3.1 Da is an indication for the presence of

deamidation products. For the cut of acidic variant 3, a higher

concentrated sample was applied (30 mg/mL). Modified from ref. [33]

Two-dimensional capillary electrophoresis-mass spectrometry (CE-CE-MS): coupling MS-interfering capillary...
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350 Outlook

351 Despite the ongoing development of new CE methods, many

352 applications are still not compatible with MS detection due to

353 the nature of the electrolytes used. Thus, there is a need for

354 techniques to enable MS detection of analytes separated in

355 such ESI-interfering BGEs. Nanospray interfacing will cer-

356 tainly make CE-MS more powerful in both, existing and

357 new fields of application. Still, to what extent this will also

358 enable direct coupling of ESI-interfering CE methods with

359 MS remains open.

360 The introduced CE-CE-MS setup based on a mechanical

361 valve interface is a promising approach to face the above-

362 mentioned challenges, which is substantiated by the presented

363 applications. Despite the already achieved results, there is still

364 room for improvement of this design. So far, the maximum

365 applicable voltage is limited (± 15 kV) which influences the

366 total method run time. A complete automation of the mechan-

367 ical valve-based CE-CE-MS setup is aspired, being supported

368 also by a detection closer to or even in the loop. In addition,

369 interfacing for 2D coupling can be improved potentially by

370 the use of different materials and larger distances of the chan-

371 nels. These characteristics will be tackled in future studies.

372 Such improvements will contribute to expand the application

373 of CE-MS toward classical 2D approaches for the analysis of

374 complex samples. In this context, the combination of chro-

375 matographic and electromigration techniques is of major in-

376 terest. Furthermore, the role of microfluidic chips in one and

377 two-dimensional electromigration techniques will certainly

378 grow in the future.
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