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22 ABSTRACT
23 Modern size exclusion chromatography (SEC) can be defined by the use of relatively small 

24 columns (e.g. 150 x 4.6 mm) packed with sub-3 µm particles, allowing a 3- to 5-fold increase 

25 in method throughput compared to conventional SEC. The quick success of the first sub-2 

26 µm SEC column introduced in 2010 lead to the development of numerous ultra-high 

27 performance (UHP)-SEC columns for the analysis of therapeutic monoclonal antibody (mAb) 

28 based products. Aggregates also known as high molecular weight species (HMWS) are 

29 indeed one of the most important critical quality attribute (CQA) of mAbs, as they may 

30 decrease the product efficacy or cause immunogenicity effects. Therefore, their confident 

31 characterization requires strong knowledge on modern SEC performance (i.e. selectivity and 

32 efficiency), but also on the inherent limitations caused by non-specific interactions more likely 

33 to occur with complex antibody drug conjugates (ADC) and some of the commercial mAb 

34 products. This review discusses the importance of the liquid chromatographic (LC) 

35 instrumentation, to exploit the full potential of modern SEC columns and current trends to 

36 hyphenate SEC to mass spectrometry (MS). Recent applications for antibody-based 

37 products (i.e. mAb, ADC, Fc-Fusion protein and bi-specific antibody) are presented. Finally, 

38 tips and tricks are provided, to further optimize SEC separations as well as maintaining their 

39 performance over time and better understand unexpected SEC results.
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41 1. General introduction to SEC and UHP-SEC of therapeutic proteins
42 Therapeutic proteins including monoclonal antibodies (mAbs), antibody-drug conjugates 

43 (ADC), bispecific monoclonal antibodies (BsAb), Fc-fusion proteins and related products are 

44 inherently heterogeneous and their characterization requires an arsenal of analytical tools [1-

45 6]. The different methods provide complementary information about the compounds of 

46 interest to build up the puzzle and understand the chemical structure of the protein 

47 biopharmaceutical product. Among all the analytical techniques, size exclusion 

48 chromatography (SEC) is a reference method for the qualitative and quantitative evaluation 

49 of protein aggregates [7,8]. The main advantage of SEC is the mild chromatographic 

50 conditions that permit the analysis of proteins with minimal impact on its conformational 

51 structure and local environment. SEC is considered as a non-denaturing chromatographic 

52 mode, as proteins are analyzed under their native (physiological-like) form. SEC separates 

53 biomolecules according to their hydrodynamic diameter. The stationary phase consists of 

54 spherical porous particles with a carefully controlled pore size and pore size distribution, 

55 through which biomolecules diffuse based on their molecular size difference without any 

56 retention, using an aqueous buffer as the mobile phase [7,8]. SEC is mostly considered as 

57 an entropy controlled separation mode and requires the use of inert stationary phases to 

58 avoid physico-chemical interactions between the protein and the stationary phase [7,8].

59 In conventional SEC, large column volumes (e.g. 300 x 8 mm) have been mainly used at low 

60 flow rate (and low pressure). On those columns, the analysis time usually ranged from 25 to 

61 40 minutes. The reason of using such large columns at the analytical scale, is simply that 

62 peaks elute before the column dead volume and therefore, the expected peak volume (or 

63 variance) is inherently low and strongly affected by the system dispersion if the column 

64 volume is small. On the other hand, from a technical point of view, it was easier to pack 

65 columns of large diameters with such highly porous particles (more porous than in other 

66 chromatographic modes, and hence possessing lower mechanical stability), which were less 

67 resistant to high packing pressure [9].  

68 Today, the trend in SEC is to decrease column volumes and particle sizes, to increase 

69 throughput. The standard dimension of modern SEC columns is 150 x 4.6 mm and those 

70 columns are typically packed with sub-3 µm particles (1.7 ≤ dp ≤ 3 µm) [10]. The potential of 

71 such columns was recently recognized and various column providers have launched their 

72 own sub-3 µm SEC materials since 2016 [10]. The pressure stability of these packings was 

73 also strongly improved as they can be operated up to 250 – 480 bar. High mobile phase 

74 velocities can be applied and the analysis time decreased down to 4 – 8 minutes [11]. In 

75 these conditions, the peak capacity for a 150 kDa mAb monomer typically ranges between nc 

76 = 15 and 25 [11]. To distinguish this new SEC approach, the term ultra-high performance 

77 SEC (UHP-SEC) is often used.
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78 Several reviews have been published on SEC during the past few years [7-9], mostly dealing 

79 with conventional SEC applications and method development. The aim of this paper was to 

80 review the potential and limitations of modern UHP-SEC. Possible issues related to 

81 undesired secondary interactions with state-of-the-art stationary phases and 

82 instrumentation’s volumetric contributions are discussed. Several practical tips and tricks are 

83 also described, to determine protein aggregates with high confidence. Possible solutions to 

84 couple SEC and mass spectrometry (MS) are illustrated too. Finally, the latest applications 

85 on modern therapeutic protein based products are reviewed.

86

87 2. Stationary phases in modern UHP-SEC
88
89 2.1 Physico-chemical properties of the SEC columns

90 While cross-linked dextran particles, polyacrylamide-based gels and polystyrene resins were 

91 the first chromatographic media introduced for SEC, their limited mechanical stability leads to 

92 the introduction of silica-based particles to perform SEC at higher flow rates and pressures 

93 (few hundred bars) [12]. Further surface modifications, i.e. derivatization with hydrophilic 

94 silanes or diol functionalization were then performed to minimize secondary electrostatic 

95 interactions occurring between the charged amino acids of proteins and the acidic silanols 

96 (Figure 1) [12]. Diol bonded-silica stationary phase remains today the most prevalent SEC 

97 material due to its high chemical stability and hydrophilic character compared to trimethylsilyl 

98 (TMS) groups.

99 To improve the efficiency of size-based separations occurring almost entirely within the intra-

100 particle pores, the total porosity of the columns was increased from 60-70% (which is 

101 common in most sorptive modes of LC, such as RPLC) to around 80-90% for modern SEC 

102 columns. The pore size is another important feature in SEC as it determines the molecular 

103 weight (MW) range of proteins that can be successfully analyzed. The latter can be 

104 evaluated by injecting various protein markers possessing different MW and plotting the log 

105 MW vs. elution volume (or normalized elution volume). Then, the slope of the fitted 

106 calibration curve is determined by the pore size distribution, while the position of the curve 

107 (average logMW) is the function of the average pore size of the stationary phase. A pore size 

108 of 200 - 300 Å generally allows the separation of proteins with MW comprised between 10 

109 and 500 kDa and is thus well suited for the separation of mAb and ADC trimers, dimers, 

110 monomers as well as fragments having sizes of 25 - 100 kDa, whereas higher orders of 

111 aggregates would elute together with the trimers through the interstitial column volume 

112 without entering the internal pores [10]. Surprisingly, very similar calibration curves were 

113 obtained using four different state-of-the-art UHP-SEC columns possessing nominal pore 

114 sizes between 150 and 300 Å. This was particularly true for the linear range of the calibration 
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115 curves (which corresponds to the useful elution window), corresponding always to protein 

116 MW between 10 and 500 kDa for all columns [10]. Indeed, there is no consensus on the pore 

117 size definition (mean, median or mode) and the determination of the pore volume is generally 

118 performed by low-temperature gas adsorption-desorption (BET method), which is unlikely to 

119 mimic the behavior of proteins in aqueous solution. Moreover, small gas molecules can 

120 interact with all the surfaces of the pores even if the pore diameter of the individual channels 

121 is unequal along the travel of the solute inside the pore. This is probably not the case for a 

122 large solute which can travel only a part of the individual pore having a large enough 

123 diameter, while the thinnest parts of the pores are not accessible. In addition, it is important 

124 to mention that pore size distribution has also a strong contribution on the shape of the 

125 calibration curves and in particular, the slope of the linear part of the calibration curve is 

126 higher with a wide pore size distribution. When proteins cover a broad range of MW, SEC 

127 columns with a wide pore size distribution or combination of SEC columns with different pore 

128 sizes can be of interest to extend the MW range of the SEC separation. For example, the 

129 combination of 200 and 450 Å SEC columns was tested on a protein mixture and improved 

130 the resolution between the largest proteins compared to the individual 200 Å column as well 

131 as the one between smaller proteins, in comparison with the large pore size column [13]. 

132 The BEH200 SEC column packed with 1.7 µm particles was the first sub-2 µm material 

133 launched in 2010 and can be considered as the precursor of modern SEC. Obviously, the 

134 column allowed to significantly increase method throughput thanks to smaller column 

135 dimensions of 4.6 x 150 mm vs. 7.8 x 300 mm for conventional SEC columns, without 

136 sacrificing performance. In comparison to columns packed with 3 and 5 µm particles, 2 to 5 

137 times lower plate heights were achieved on the 1.7 µm packing and the analysis times could 

138 be cut by a factor of 2 to 4 [14]. In 2014, a study evaluated thirteen 4.6 mm x 150 mm and 

139 4.6 mm x 300 mm UHP-SEC columns packed with sub-3 µm particles and concluded that the 

140 BEH200 SEC column achieved better SEC separation of various mAb products within 5 min 

141 [15]. The method was successfully implemented in bioprocess development and analytical 

142 testing, and six times faster separation was done compared to conventional SEC (Figure 2). 

143 Yang et al. found that the throughput was three times higher with the BEH200 SEC column in 

144 comparison to conventional SEC [16].

145 Following the successful application of mAbs for several diseases and the approval of more 

146 complex antibody formats such as ADCs, additional sub-2 µm and sub-3 µm UHP-SEC 

147 columns listed in Table 1 were introduced by other suppliers. Similar efficiencies were 

148 obtained on columns packed with 1.7, 1.8 and 2.0 µm particles and they were 1.5 to 2 times 

149 higher compared to the UHP-SEC material packed with 2.7 µm particles (Figure 3) [10]. In 

150 addition, flatter plate-height curves were obtained with the sub-2 µm packings allowing the 

151 increase of the flow rate without losing significant performance. 
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152

153 2.2 Possible secondary interactions

154 Ideally, only the hydrodynamic radius of proteins should contribute to their separations in 

155 SEC (entropy controlled separation). However, secondary interactions can occur between 

156 the proteins and the stationary phase. In practice, electrostatic, hydrophobic and hydrogen 

157 bonding interactions can all contribute to the elution and separation of proteins. Electrostatic 

158 interactions can be sorted in two categories depending on the charge of the proteins: i) ion 

159 exchange when the protein carry a positive charge and the stationary phase possesses a 

160 negative one and ii) ion exclusion with negatively charged proteins and stationary phase 

161 functional groups. Hydrophobic interactions can occur between the hydrophobic parts of the 

162 proteins and active site of the stationary phase (e.g. linker of functional groups or short alkyl 

163 chains). For example, He et al. suggested that the ethyl (C2) group in the BEH particle of the 

164 BEH200 SEC columns was likely to be responsible of hydrophobic interactions with 

165 polysorbate 80 [17]. Hydrophobic interactions can become critical on some sub-2 µm 

166 columns, particularly with ADCs, which are often highly hydrophobic, due to the high 

167 lipophilicity of the drug and linker attached to the mAb [6,10]. As reported elsewhere, two 

168 sub-2 µm UHP-SEC columns with a diol bonding were not suitable for the analysis of 

169 hydrophobic ADC products when using purely aqueous mobile phase, while the columns 

170 packed with 2.0 µm (diol bonding) and 2.7 µm particles (alternative proprietary bonding) 

171 allowed a baseline resolution between the HMWS and the main peak of two FDA- and EMA- 

172 approved ADCs [18]. Interestingly, the last generation of TSK UP-SW3000 columns packed 

173 with 2 µm particles did not require the addition of organic solvent (which is often used to limit 

174 or eliminate undesired hydrophobic interactions) in the mobile phase, contrary to the former 

175 generation of TSK 3000SWXL columns packed with 5 µm particles, meaning that column 

176 chemistry has also been improved by the provider [6,10]. 

177

178 3. Mobile phase in UHP-SEC
179 Once a suitable SEC column has been selected based on physical (i.e. dimensions, pore 

180 and particle sizes) and chemical (i.e. limited non-specific interactions) properties, the mobile 

181 phase composition has to be optimized. Of particular concern, protein aggregates can 

182 sometimes show a greater tendency than monomeric species to bind to the stationary phase 

183 resulting in the underestimation of their content, and proving the critical role of mobile phase 

184 on SEC quantitative measurements [19,20]. Historical native SEC involves the use of 

185 moderate amounts (between 0.1 and 0.4 M) of phosphate salts and neutral pH comprised 

186 between 6.2 and 7.4. Potassium cations are generally preferred to sodium ions due their 

187 better ability to shield the residual silanolates of silica-based SEC supports and therefore 

188 reducing potential electrostatic interactions [21]. In addition, at least 0.2 M of potassium-
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189 based salts were required to effectively limit electrostatic interactions at pH = 6.8 with a wide 

190 range of FDA- and EMA-approved therapeutic proteins even when using the last generation 

191 of UHP-SEC columns [21]. Yang et al. also observed a better performance for a mAb with 

192 several mobile phases containing more than 0.15 M potassium-based salts at pH = 6.2 

193 (Figure 4) [16]. However, the counter anion can also affect non-specific interactions. Indeed, 

194 the phosphate buffer has a strong salting-out effect that may promote hydrophobic 

195 interactions even on the most inert SEC supports. [19]. As summarized by Arakawa et al., 

196 electrostatic interactions dominate at low salt concentrations, whereas hydrophobic 

197 interactions are promoted with the use of high ionic strength mobile phase [19]. Based on our 

198 experience, the combination of 50-100 mM phosphate buffer and 200-250 mM potassium 

199 chloride is a good compromise at pH = 6.8 with modern UHP-SEC columns for the analysis 

200 of therapeutic proteins. However, six different mAbs were still retained on a UHP-SEC 

201 column packed with 2.7 µm particles under these conditions [22]. A useful strategy to reduce 

202 hydrophobic interactions with the most critical mAbs can consist in reducing the ionic 

203 strength down to 50 mM, and in the same time to decrease mobile phase pH below 5 (to limit 

204 the most the presence of ionized silanolates and their interactions with proteins, which may 

205 become critical at low ionic strength) [23]. However, Mou et al. reported strong denaturing 

206 effects when the mobile phase pH was lower than 6.8 with loss of aggregates, increased 

207 peak tailing and reduced resolution between aggregates and fragments [15].

208 As an alternative, organic modifiers can be added to the SEC mobile phase up to 15-20 %, to 

209 limit hydrophobic interactions, which seem to be more critical than electrostatic interactions 

210 (Figure 5) [10]. This strategy is commonly applied in the industry with former generation of 

211 300 x 7.8 mm SEC columns especially for the analysis of ADCs, which can be considered as 

212 highly hydrophobic species, due to the extreme lipophilicity of the attached drug [6]. 

213 However, it has to be kept in mind that the use of organic solvents may denature the non-

214 covalent aggregate or/and change the proteins conformation, resulting in the underestimation 

215 of HMWS and change in the elution time. In addition, some organic additives such as 

216 acetonitrile are expected to enhance electrostatic interactions due to their low dielectric 

217 constant [24].

218 Finally, amino additives have been used in the past to limit secondary electrostatic 

219 interaction in SEC. While glycine and alanine greatly improved the recovery of BSA on a 

220 controlled-pore glass (CPG) column [25], arginine has attracted a major interest as a more 

221 effective co-solvent, to improve protein recovery without changing the aggregate content 

222 [19]. With a heat- and acidic stressed mouse mAb sample, Ejima et al. found 22% and 67% 

223 HMWS using a silica-based TSK G3000SWXL column in absence and in presence of 0.2 M 

224 arginine, respectively [24]. Similar results were observed with other proteins both on 

225 Superdex-75HR 10/30 and G3000SWXL columns, and confirm the tendency of aggregates 
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226 to bind more strongly to the SEC stationary phases in comparison with the monomeric 

227 species [24]. The authors indicated that arginine suppresses non-specific adsorption of 

228 proteins and does not change their aggregate content, while only slightly changing their 

229 melting temperature. 

230

231 4. Importance of instrumentation in UHP-SEC 

232 It is well-known that extra-column band broadening can be critical in modern ultra-high 

233 pressure liquid chromatography (UHPLC), as it can drastically decrease the apparent 

234 efficiency of small columns, when analyzing low molecular weight compounds [26-30]. In 

235 usual UHPLC conditions, the column volume and related volumetric band variance are 

236 essentially low, due to the column dimensions (e.g. 50 x 2.1 mm), and performance may be 

237 significantly affected by the extra-column band variance. In modern UHP-SEC, the typical 

238 column dimension is 150 x 4.6 mm, but band variance (σcol
2) also depends on the solute 

239 retention factor (proportional to (k+1)2). Since there is theoretically no adsorption in SEC and 

240 compounds are partially excluded from the internal pores, the retention factor is k ≤ 0, 

241 resulting in small column band variance. As reported, around 20 – 200 µL2 column peak 

242 variance is expected when working with 150 x 4.6 mm sub-3 µm UHP-SEC columns [7,8]. 

243 In conventional SEC (300 x 6.8 mm columns), it was showed that extra-column band 

244 broadening of regular HPLC systems was still acceptable [31,32], and the most important 

245 source of extra-column band broadening for the SEC separation of polymers was the tube 

246 dispersion [32]. 

247 In a recent study carried out in modern UHP-SEC (150 x 4.6 mm columns), the system 

248 variances of uridine, a monoclonal antibody (mAb) and blue-dextran were evaluated on 

249 conventional HPLC and optimized UHPLC systems [10]. It was found that for a totally 

250 permeable small analyte, only 25 – 60 % of the intrinsic efficiency of a 150 x 4.6 mm column 

251 was maintained on conventional HPLC systems. The situation was even worse with a 

252 partially excluded solute. When analyzing a mAb with the same UHP-SEC column, only 15 – 

253 40 % of the column potential remained. Optimized UHPLC systems having very low extra-

254 column volumes (typically Vec < 10 µL) have then to be used, to properly operate these 

255 columns. Another interesting finding was that conventional HPLC systems also had an 

256 impact on the apparent elution time of proteins - and therefore on mass-calibration curve, 

257 when working with 150 x 4.6 mm I.D. columns. Then, calibration data were not reliable, 

258 except if corrected for extra-column residence time. 

259 The optimization of UHPLC systems is important to take the full benefits of state-of-the-art 

260 150 x 4.6 mm modern UHP-SEC columns. The possible shortest and narrowest connector 

261 tubing have to be used and PEEK tubing have to be preferentially selected [33]. Indeed, 

262 stainless steel tubing showed larger band broadening probably due to adsorption process. 
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263 By removing the column pre-heater from the UHPLC instrument (SEC of proteins is 

264 performed at ambient temperature), a further gain in apparent column efficiency was 

265 observed [33]. After a thorough system optimization, 20-40 % increase of apparent column 

266 efficiency can be achieved compared to a non-optimized UHPLC system, for a 150 x 4.6 mm 

267 UHP-SEC columns packed with sub-3 µm particles [33]. Figure 6 shows an example on 

268 UHPLC system optimization by replacing tubing and removing column pre-heater. Significant 

269 increase in plate numbers and shift of elution time can be visualized.

270
271 5. Are we always performing size-based separation in SEC?
272 In 2016, the United States Pharmacopeia (USP) published a general chapter <129> named 

273 analytical procedures for recombinant therapeutic monoclonal antibodies, which defines the 

274 HMWS as proteins species eluting before the main peak and similarly the LMWS 

275 corresponding to those eluting after the main protein peak. [34]. The USP definition of 

276 HMWS (or aggregates) and LMWS (or fragments) relies on a solely size-based separation of 

277 the proteins in SEC, which assumed the unlikelihood of SEC to separate monomeric species 

278 with similar molecular weight. However, different monomeric species may have different 

279 hydrodynamic radius (conformation) leading to size-based separations of monomeric species 

280 in SEC. Indeed, Philo et al. suspected the presence of a partially denatured monomer eluting 

281 before the main peak of a recombinant antigen, which was confirmed by LS/RI and 

282 sedimentation velocity experiments [35]. Furthermore, it has been shown that nonspecific 

283 interactions between the proteins and the SEC material can significantly modify their 

284 elution/retention time, particularly when analyzing hydrophobic mAbs [10]. Interestingly, the 

285 secondary hydrophobic interactions that may occur in SEC were successfully exploited in 

286 two studies for the separation of mAb-oxidized variants eluting before the main peak which 

287 was slightly retained on the SEC support thanks to its higher hydrophobicity (Figure 7) 

288 [23;36]. This approach called mixed mode chromatography, including size- and hydrophobic-

289 based separation mechanisms was further optimized by adding high amount of salts (> 0.5 

290 M), inducing protein salting-out effects and promoting hydrophobic interactions. However, the 

291 retention of proteins in SEC can also occur with common mobile phases. Such behavior was 

292 observed for seven FDA-approved mAbs out of 24, with both a historical SEC mobile phase 

293 containing 0.05 M potassium phosphate and 0.25 M potassium chloride at pH = 6.8 and an 

294 MS compatible mobile phase containing only 0.1 M of ammonium acetate at pH = 6.9 [22]. 

295 Interestingly, six mAbs out of the seven identified by the study possess the highest 

296 hydrophobicity, as measured by hydrophobic interaction chromatography (HIC). Therefore, 

297 these results suggested possible hydrophobic interactions with some mAbs in SEC and imply 

298 the possibility of separating less hydrophobic protein species from the main peak, such as 

299 oxidized variants in SEC. At the end, it is worth mentioning that antibody products containing 
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300 various species of different hydrophobicity may be therefore slightly separated in SEC, and 

301 induce peak tailing as observed for the highest DAR species of brentuximab vedotin [37].

302

303 6. Hyphenating SEC with MS
304 SEC is usually hyphenated to MS for performing an online desalting of the protein samples 

305 and enhance the quality of mass spectrum [38]. The approach significantly improves method 

306 throughput by avoiding the time consuming off-line use of desalting spin columns. The rise of 

307 2D-LC methodologies in biopharmaceutical applications also promoted SEC as a powerful 

308 non-denaturing desalting step allowing the coupling of generally non-MS compatible 

309 techniques such as HIC to MS [39,40]. In particular, non-denaturing conditions are preferable 

310 for the analysis of the interchain cysteine-linked brentuximab vedotin, to avoid the 

311 dissociation of the conjugated heavy-chain (hc) and light-chain (lc) during the LC separation 

312 that would result in more challenging interpretation [41]. For these reasons, SEC is generally 

313 more suitable than RPLC for desalting proteins at the intact level as the latter involves the 

314 use of organic solvents, acidic additives and elevated column temperature. While the primary 

315 interest of SEC-MS is intended for protein desalting, Haberger et al. demonstrated the value 

316 of UHP-SEC coupled to native ESI-MS for the simultaneous quantification and identification 

317 of HMWS and LMWS of a bi-specific CrossMAb (Figure 8) [42]. The authors even mentioned 

318 the superiority of native SEC-MS for the analysis of HMWS against direct infusion in MS that 

319 often leads to the formation of oligomers artefacts based on their experience. However, they 

320 also pointed out that care must be taken to ensure the ESI process does not artificially form 

321 the species observed in SEC-MS. Indeed, aggregate may be formed in the ESI source 

322 according to the literature [43]. MS also suffers from poor sensitivity compared to UV or FL 

323 detection, in particular for the HMWS, and generally only the mAb dimers and trimers can be 

324 detected. Therefore, high injection volumes are often required to compensate for the lack of 

325 MS sensitivity, but they are likely to decrease the chromatographic performance. Otherwise, 

326 a post SEC column additive (such as m-nitrobenzyl alcohol) has been reported to 

327 significantly increase MS sensitivity and allowed the detection of size variants at levels down 

328 to 0.4%, but the approach was only applied until now for reduced mAb samples using 

329 denaturing conditions [44]. Alternatively, denaturing SEC-MS was also applied for the 

330 separation of hc and lc and also for a thioether linked hc and lc from free hc and lc from 

331 reduced mAbs without the need of post column derivatization [45].

332 It is also important to notice that MS-compatible mobile phases, which typically contain 

333 relatively low amounts of ammonium acetate (< 0.2 M), may only be suitable for the acidic 

334 proteins having pI below 7 [22]. Under these conditions, the authors reported strong peak 

335 tailing for the main peak (asymmetry factor > 1.5) and significant difference in HMWS 

336 amounts for proteins with pI higher than 7, in comparison with the historical SEC involving 
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337 the use of phosphate and potassium salts. The secondary electrostatic interactions between 

338 the proteins and the SEC stationary phase were indeed clearly more pronounced with the 

339 MS compatible mobile phases, thus resulting in protein adsorption. In another work, the 

340 HMWS of an ADC product were adsorbed onto the stationary phase even at 0.2 M 

341 ammonium acetate and could only be eluted by adding ammonium bicarbonate in the mobile 

342 phase, but such conditions are unlikely to be applied for routine SEC-MS analysis [46]. 

343

344 7. Application of modern UHP-SEC to real case study
345 MAbs are the largest class of biopharmaceutical products with more than 70 candidates that 

346 have been approved up to now, and therefore most SEC applications deal with mAbs 

347 analysis. A recent study evaluated the applicability of SEC for the analysis of different 

348 classes of FDA- and EMA-approved therapeutic proteins, i.g. mAbs, ADCs, Fc-fusion 

349 proteins and a bispecific antibody [22]. The HMWS were successfully separated from the 

350 main peak whatever the mAb formats of MW ranging from 54 to 150 kDa. This confirms the 

351 applicability of current sub-3 µm UHP-SEC columns with 150 – 300 Å pore size to separate 

352 species with a relatively large MW comprised between around 10 to 500 kDa [10]. Besides 

353 the determination of dimers and higher order aggregates, Boyd et al. recently reported the 

354 first SEC separation of an antibody species consisting in the non-covalent association of a 

355 mAb monomer with a heavy-light chain Fab arm (200 kDa) from the canonical antibody [47]. 

356 In another study, Yang et al. were able to consistently separate the minor “Fab/c” variants, 

357 which is an antibody fragment that has lost one arm of Fab (100 kDa), and the 

358 complementary Fab (50 kDa) from a mAb monomer [16]. As discussed in Section 2, non-

359 specific interactions between the proteins and the SEC stationary phase are the most critical 

360 measures of the applicability of SEC independently on the antibody type. To the best of our 

361 knowledge - and surprisingly -, very few SEC studies have been published for other 

362 therapeutic proteins than mAbs and ADCs, except Waxman et al. who performed stability 

363 testing for Fc-fusion proteins and a cytokine [48] as well as Paul et al. who evaluated the 

364 efficacy of a BsAb formation from two parental mAbs [49]. Interestingly, the two parent mAbs 

365 had different SEC elution/retention times, while the BsAb had an elution/retention time in 

366 between the two mAbs. As discussed in Section 5, the significant difference of 

367 hydrophobicity between the two parent mAbs (HIC retention times of around 15 min vs. 45 

368 min observed by running a generic linear inverse salt gradient) was likely to explain the 

369 unexpected SEC behavior [49]. Last but not least, biosimilarity evaluation also often includes 

370 SEC comparability studies for mAb [50,51], ADC [52], granulocyte colony stimulating factor 

371 (G-CSF) [53] and erythropoietin (EPO) [54] products.

372 As reported in section 6, SEC can act solely as an online desalting step in various 2D-LC 

373 combinations prior to MS analysis, but it can also add a true size-based separation 
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374 dimension. Despite a few applications reported for 1D-SEC analysis of mAbs originating from 

375 crude Chinese Hamster Ovary (CHO) cell culture [55], numerous Protein A x SEC 2D 

376 separations have been described for the analysis of mAb originating from complex matrices, 

377 i.e. cell cultures [56,57,58]. As example, Williams et al. developed an automated Protein A x 

378 SEC method with an on-line fraction collection device allowing the purification of the mAb 

379 originating from a complex bioreactor that may contained media components, host cells and 

380 DNA through Protein A chromatography, prior to the analysis of mAb aggregates by SEC 

381 (Figure 9) [59]. Heart cutting Protein A x SEC methods were also applied for the evaluation 

382 of mAb clones originating from cell culture supernatants, in comparison to the originator [51]. 

383 The optimization of antibody formulation also involves a set of analytical tools among which 

384 SEC is often used to evaluate the stability of the active principle ingredient (API). 

385 Furthermore, He et al. have developed a comprehensive excipient profiling by online 

386 coupling SEC and mixed-mode LC to separate the hydrophilic excipients eluting together in 

387 SEC at the total column volume, whereas the hydrophobic polysorbate 80 was already 

388 separated from the antibody and other excipients in SEC due to secondary hydrophobic 

389 interactions (Figure 10) [17]. Weisbjerg et al. developed a serial coupling of anion exchange 

390 (AEX) and SEC to retain a protein excipient (human serum albumin), which has a relatively 

391 similar hydrodynamic radius as the mAb. The separation was performed on the AEX column 

392 and the basic mAb was directly sent to the SEC column for HMWS determination [60]. Next 

393 to the presence of protein excipients in some formulations, the unwanted presence of free 

394 lipophilic linker-payloads related species in ADC products has to be assessed because the 

395 free cytotoxic payload exhibit very high cytotoxicity, which would cause off-target effects for 

396 the patients [1]. SEC x RPLC heart cutting methodologies have thus been developed to 

397 separate the lipophilic free linker-payload related species from the antibody in a first SEC 

398 dimension, while additional impurities from the small molecules were separated by RPLC in 

399 the second dimension [61,62]. Lipophilic linker-payload related species were characterized, 

400 but the use of 20 % acetonitrile in the mobile phase (to elute the lipophilic payload) may 

401 denature non-covalent aggregates. Therefore, an alternative approach was recently 

402 proposed to separate the HMWS from the ADC main peak under non-denaturing conditions 

403 prior elution of the free payload-related species by applying an acetonitrile gradient (Figure 

404 11) [18]. This allowed the simultaneous determination of two CQAs, using a standard 1D LC 

405 instrumentation.

406 Besides the measurement of size variants, additional information can be obtained with SEC 

407 thanks to post column reaction. As example, Printz et al. added an extrinsic fluorescent dye 

408 latter than the SEC elution and UV detection, to observe changes in protein structure by 

409 fluorescence detection. [63] In another work, Furuki et al. added 5,5-dithio-bis-(2-nitrobenzoic 

410 acid) (DTNB) to determine the mAb thiol-to-protein ratio. [64]. 



13

411 Finally, it is worth noting that oxidized variants might be relatively easily determined in SEC 

412 using high ionic strength (> 0.5 M) in particular for the most hydrophobic mAbs [23,36] and 

413 IgG4 BsAb [65], due to a mixed-mode separation mechanisms involving size- and 

414 hydrophobic-based separations. 

415

416 8. Tips and tricks in SEC
417 In 2017, two protocol papers has been published to share the in-house knowledge related to 

418 the analysis of therapeutic proteins by chromatographic techniques [66,67]. First and as 

419 discussed in Section 4, SEC is a non-retentive chromatographic method, which may suffers 

420 from system  band broadening especially when using modern 4.6 x 150 mm columns., 

421 Therefore, suitable chromatographic setup with minimized void volume should be used to 

422 ensure optimal SEC performance (typically extra-column system variance lower than 10 µL2). 

423 Once an appropriate setup is employed, the LC system has to be systematically washed with 

424 water at the end of SEC experiments especially with 2D-LC setups, comprising additional 

425 valves more prone to salt clogging issues. Additional wash with a mixture of 

426 acetonitrile/water or ethanol/water (20:80, v/v) should also be carried out when the system is 

427 in standby for more than one week, to avoid the development of algae and bacteria. Besides 

428 the instrumentation, the SEC columns lifetime is known to be much lower compared to other 

429 LC modes. In addition to the mobile phase filtration through 0.22 µm membrane filters and 

430 care to avoid sudden change of column pressure, the column storage conditions can critically 

431 affect the lifetime of SEC columns. Indeed, column storage with a mixture containing an 

432 organic additive (typically water/acetonitrile (80:20, v/v)), significantly deteriorate the 

433 performance of several SEC columns, evidenced by a strong peak tailing observed after 

434 some weeks. Therefore, SEC columns should be ideally stored with 0.02 to 0.05% of sodium 

435 azide in water, which is generally used as column shipping solvent for long-term storage (> 

436 one week). 

437 Besides column care, the risk of protein adsorption at the surface of the stationary phase is 

438 much higher on a brand new column. This adverse effect is more likely observed when 

439 injecting low protein amounts of around 1 µg. Therefore, pre-conditioning of the column with 

440 high amount of basic proteins (25 – 50 µg) such as cytochrome C may be carried out to feed 

441 the column before use. In addition, it has to be kept in mind that an increase of the mass load 

442 with the analyte of interest will decrease peak efficiency [16] and this effect is more critical 

443 when increasing the injection volume rather than sample concentration. The injection volume 

444 should thus be maintained below 2.5 µL when working with 150 x 4.6 mm SEC columns, to 

445 avoid significant peak efficiency loss. 

446 At the end, SEC results should ideally be compared to an orthogonal technique such as 

447 analytical ultra-centrifugation (AUC), to confirm the data accuracy as i) SEC columns frits or 
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448 the column bed itself can filter some HMWS [19], ii) sample dilution prior to injection may 

449 results in potential dissociation of reversible aggregates [19], iii) oxidized variants may be 

450 separated from the main peak and considered as HMWS [23]. Prior to the analysis of 

451 antibody-based products, it is recommended to gently handshake the samples to 

452 homogenize the solution and avoid on-vial adsorption, as it can affect the reproducibility of 

453 measurements. This can be further limited by using appropriate vial shape and type [68]. In 

454 addition, polypropylene vials instead of glass containers are generally used to prevent 

455 potential adsorption issues. It is also possible to change the UV wavelength to 235 nm, to 

456 avoid sample dilution in case of UV detector saturation [69]. Finally, as suggested in a recent 

457 study, most mAbs that were retained in SEC had elution times correlating well with HIC 

458 retention times [22]. Indeed, when hydrophobic/hydrophilic variants of hydrophobic mAbs are 

459 already separated by HIC, this could indicate the potential separation of monomeric species 

460 in SEC.

461

462 9. Future perspectives
463 A common way to reduce solvent and sample consumption is to use small column 

464 dimensions such as 3 or 2.1 mm ID columns. However, in SEC it is probably not the future, 

465 as very low retention factors (-1 < k < 0) have a huge impact on peak variances and the 

466 observed peak variance is strongly affected by extra-column band broadening even on totally 

467 optimized UHPLC systems when working with 150 x 4.6 mm columns. Further decrease of 

468 column dimension such as 3 mm ID columns would result in > 50 % loss of the column 

469 intrinsic efficiency and this situation would be worse with 2.1 mm ID columns.

470 In the past 10 years, columns packed with superficially porous particles (SPPs) have been 

471 successfully applied in several LC modes, as they provide higher efficiency compared to fully 

472 porous particles (FPPs), especially for large molecules possessing low diffusivity. Despite the 

473 fact that SPP morphology may not be advantageous for SEC, columns packed with SPPs 

474 were recently evaluated in SEC, and the analysis time was somewhat decreased. Due to the 

475 lower porosity of SPP materials, the elution window is expectedly to be narrower and the 

476 probability to separate compounds becomes lower. However, the higher efficiency of SPPs 

477 can compensate for the decreased elution window. Indeed, peaks are sharper, and if 

478 compounds possessing large differences between their mass (size) have to be separated, 

479 then the use of SPPs could make sense in SEC [70,71,72]. Moreover, Brooks et al. 

480 described earlier that SEC does not really require porous stationary phase [73]. They 

481 suggested a chromatographic media based on solid particles bearing surface polymer layers. 

482 The partition of macromolecules into a layer of terminally attached polymer chains grafted 

483 onto a solid bead was fundamentally derived.
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484 An interesting possibility to increase throughput is the so-called parallel interlaced SEC 

485 [74,75]. The main idea is that only approximately the one-third of the chromatogram 

486 acquisition time in SEC is interesting for proteins’ analysis, as we mostly focus on the 

487 monomer and HMWS which elute in the middle of a SEC chromatogram. Thus, one can 

488 inject a new sample before the ongoing analysis of a previous sample has ended (interlaced 

489 injection). In addition, using two columns in parallel can further increase throughput, as 

490 additional interlaced time can be applied to cut-out the acquisition time between the injection 

491 time and the total-exclusion elution time (i.e. the time before the HMWS). This approach 

492 allows decreasing the analysis time by a factor of 2-3, but requires more sophisticated 

493 instrumentation (two columns, two valves, two pumps). 

494 To improve the sensitivity of aggregate determination or handle very small amounts of 

495 samples, the use of i) fluorescence instead of UV detection and ii) capillary SEC columns 

496 appear as promising approaches [76,77]. However, with capillary columns, important loss of 

497 column efficiency is expected on current LC systems and therefore several key modifications 

498 to the best commercially available LC system are required to reduce the system volume and 

499 associated extra-column band broadening, as previously mentioned.

500

501 10. Conclusion
502 This article reviews the current possibilities of modern size exclusion chromatography 

503 applied for the characterization of therapeutic proteins.

504 Small columns (150 x 4.6 mm) packed with sub-3 μm particles indeed offer faster 

505 separations of protein aggregates than conventional SEC columns. The analysis time 

506 typically ranges between 4 – 8 minutes. The pore size of the SEC materials should be 

507 carefully selected and fitted for the purpose. It seems that nominal pore size values – 

508 provided by the vendors – are not always meaningful and it is better to experimentally 

509 measure a calibration curve based on the elution time of a set of test proteins.

510 The inertness of modern SEC phases is clearly better than of conventional stationary phases 

511 however secondary interactions (mostly hydrophobic interaction) may still exist with 

512 hydrophobic therapeutic proteins (e.g. ADCs). By adding a low amount of organic modifier, 

513 these interactions can be limited or eliminated. Potassium-based salts seemed to better limit 

514 possible electrostatic interactions than sodium salts especially for large aggregates carrying 

515 huge number of charges at the given pH set for the mobile phase. Amino additives can also 

516 be used to limit secondary electrostatic interactions. Glycine, alanine and arginine can 

517 improve protein recovery without changing the aggregate content.

518 To take the full benefits of state-of-the-art 150 x 4.6 mm modern UHP-SEC columns the 

519 UHPLC systems need to be optimized to avoid important extra-column band-broadening 

520 effects. The possible shortest and narrowest connector tubing have to be used and PEEK 
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521 tubing have to be preferentially selected. Mobile phase pre-heater can also be removed to 

522 further decrease system volume.

523 Unfortunately the definition of observed pre- and post-peaks in SEC is still not 

524 straightforward. In contrast with the definition of USP, pre-peaks are not always high 

525 molecular weight species. It was reported that partially denatured monomer species or 

526 oxidized protein monomers can elute before the main monomer peak due to conformational 

527 changes and/or decrease of hydrophobicity - compared to the native monomer.

528 SEC is inherently not compatible with MS but thanks to the more inert stationary phases 

529 some volatile buffers (e.g. ammonium-acetate) can be used to perform direct SEC-MS 

530 analysis for some proteins (acidic proteins possessing pI < 7). Post column additives 

531 (charge-modifiers) such as m-nitrobenzyl alcohol can also be used to improve MS sensitivity. 

532 In addition, 2D LC setups also make possible to use MS detection when putting an MS 

533 compatible mode in the second dimension (e.g. SEC x RPLC heart cutting).

534 Despite that lots of improvements have been seen in SEC column technology in the past few 

535 years, new developments are still expected. It now seems to be promising to use superficially 

536 porous particles or perform interlaced injections in SEC. The development of more inert 

537 stationary phases is also required.

538
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Figures captions

Figure 1. Comparing the silanol acidity of different columns by plotting retention factor of 

lithium ion as function of pH based on the method of Mendez et al. [78]. The chemical 

modification of the silica surface allowed to maintain negligible electrostatic interactions down 

to pH around 6 against 4.5 with silica (Reprinted from Ref. [12])

Figure 2. SEC profiles of a mAb control and same mAb after a 3-month thermal stability and 

another mAb control and in-process mAb sample using UHP-SEC (A,B) and HP-SEC (C,D) 

methods. Very similar separation performance were obtained by SEC and UHP-SEC using 

YMC Diol 200 and BEH200 columns, respectively. (Reprinted from Ref. [15])

Figure 3. Plate heights (H) vs. linear velocity (u0) plots of adalimumab. Columns: 

AdvanceBioSEC 2.7 μm 300 Å (yellow curve with triangles), TSKgel UP-SW3000 2.0 μm 250 

Å (red curve with diamonds), Yarra SEC X-150 1.8 μm 150 Å (black curve with squares) and 

Acquity BEH200 1.7 μm 200 Å (blue curve with rounds). (Adapted from ref. [10])

Figure 4. Mobile phase salts comparison for UHPSEC separation of a mAb sample using a 

Waters ACQUITY UPLC BEH200 (4.6 × 300 mm, 1.7 μm). Minimal differences in separation 

were observed except for the mobile phase containing only 50 mM potassium phosphate and 

150 mM potassium chloride for which the post-monomeric peak was much less resolved. 

(Reprinted from Ref. [16])

Figure 5. Impact of the amount of acetonitrile in the mobile phase on the recovery of ADC 

(trastuzumab emtansine). By increasing the acetonitrile content, the recoveries of both 

monomer and dimer species increase and peak symmetry improves. (Reprinted from Ref. 

[79])

Figure 6. SEC chromatograms and plate numbers using different configurations of Acquity I-

Class UHPLC system, using a 150 × 4.6 mm, 1.8 μm Yarra SEC-X300 column at 0.3 

mL/min. Solute: IgG1 mAb.

Figure 7. Analysis of the molecular weights of the prepeaks and main peaks of a mAb by 

SEC-MALS. Tert-butyl hydroperoxide (TBHP) was used to generate oxidized species of the 

mAb sample, which separated from the main peak using a common mobile phase containing 

PBS (8.1 mM Na2HPO4 and 1.5 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4). Light 
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scattering overlay and mass distribution across the peaks are shown (Adapted from Ref. 

[23])

Figure 8. Comparison of the SEC profiles obtained using the BEH 200 SEC column with UV 

trace (A) and total ion current chromatogram (B). Chromatograms show the bi-specific 

antibody ‘stability’ (red trace, 24 months at 5°C) and temperature stressed (blue trace, 3 

months at 40°C) samples. (Adapted from Ref. [42].)

Figure 9. (A) Protein A purification of a thermally-aggregated mAb with multiple fractions 

simultaneously collected from the aggregate peak and monomer peak via the in-line fraction 

collection device. (B) SEC of each of the collected fractions after sequential loading onto the 

second dimension column every 10 min. (Reprinted from Ref. [59])

Figure 10. On-line SEC-UV (BEH200 SEC column) with mixed-mode LC-ELSD (Acclaim 

Trinity P1 column) for the separation of protein and excipients in different drug products. (A) 

model mAb, (B) mAb, (C) ADC, and (D) vaccine. Insert is UV for protein. Peak ID: Na 

(sodium), K (potassium), Cl (chloride) (Reprinted from Ref. [17])

Figure 11. 1D-LC gradient SEC method for the analysis of an ADC at different stages of the 

purification process. Several impurities were separated and eluted after the column dead 

time at 5.8 min (Adapted from Ref. [18])

Table captions

Table 1. Physico-chemical properties of commercially available sub-3 µm SEC columns
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Table 1. 
column name i.d. (mm) x length (mm) dp (µm) pore size (Å) permeability (m2) max. P (bar)

Agilent  AdvanceBioSEC
4.6 x 150, 4.6 x 300

7.8 x 150, 7.8 x 300
2.7

130, 300
10.1x10-15 400

Agilent  Bio SEC-3
4.6 x 150, 4.6 x 300

7.8 x 150, 7.8 x 300
3.0

100, 150, 300
n.a. 240

Tosoh TSKgel UP-SW3000 4.6 x 150, 4.6 x 300 2.0 250 5.9x10-15 250

Phenomenex Yarra SEC X-150, X-300 4.6 x 150, 4.6 x 300 1.8 150, 300 2.3x10-15 480

Waters Acquity BEH SEC 4.6 x 150, 4.6 x 300 1.7 125, 200, 300 3.7x10-15 480

4.6 x 150, 4.6 x 300 2.0 200, 300 n.a. 450
YMC-Pack Diol-SEC 200, 300

4.6 x 300 3.0 200, 300 n.a. 200

YMC-Pack Diol-SEC 60, 120 4.6 x 300 3.0 60, 120 n.a. 200


