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Characterisation of monoclonal antibodies 
and related products via HIC-MS

Hydrophobic interaction chromatography (HIC) is one of the standard techniques for the LC analysis of mono-
clonal antibodies (MAbs) and antibody-drug-conjugates (ADCs). The native conditions provide crucial advan-
tages for the analysis of proteins. Usually non-volatile salts such as ammonium sulphate are used in HIC mode 
at high concentrations (1 – 2 M). Therefore, a coupling with MS is virtually impossible. If volatile salts such as 
ammonium acetate are used in HIC mode, the salt concentration needs to be increased to achieve the same 
salting-out effect. Instead of 2 M ammonium sulphate 5 – 5.5 M ammonium acetate needs to be applied, so a 
direct coupling to MS is still challenging but feasible.

1. Challenges of HIC applications coupled with MS

The work by Yan et al. demonstrates how hydrophobic interaction chromatography (HIC) and native mass 
spectrometry (MS) can be coupled directly. The combination of HIC, using BioPro HIC BF by YMC, and native 
MS enables a highly sensitive method even for samples with low concentrations. Especially molecular species 
and drug-to-antibody ratios (DAR) can be characterised with this technique.

Summary

• High separation performance

• Excellent lot-to-lot reproducibility

• Long term stability

• Virtually no carryover effects

BioPro HIC BF:

[1] Y. Yan, T. Xing, S. Wang, T. J. Dali, N. Li, “Online coupling of analytical hydrophobic interaction  
 chromatography with native mass spectrometry for the characterization of monoclonal antibodies  
 and related products”, J. Pharmaceut. Biomed., 2020, 186, 113313.

Reference:

In the studies of Yan et al. HIC was coupled directly to online native MS. The coupling is enabled by a com-
bination of a makeup flow and a splitter (s. Fig. 1). Thereby the salt concentration as well as the flow rate are 
reduced to enable nanospray ionisation (NSI).

2. Innovative solution for HIC-MS
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from New England Biolabs Inc (Ipswich, MA, USA). InvitrogenTM

UltraPureTM 1 M Tris-HCl buffer, pH 7.5 was obtained from Thermo
Fisher Scientific (Waltham, MA, USA). SigmaMAb Antibody Drug
Conjugate (ADC) Mimic was purchased from Sigma-Aldrich. All
other monoclonal antibodies including both IgG1 and IgG4 sub-
classes were produced at Regeneron. The high-pressure static
mixing tee, PEEK crosses and tees were all purchased from IDEX
Health & Science (Oak Harbor, WA, USA).

2.2. Sample preparation

To reduce the mass heterogeneity introduced by the presence of
two N-linked glycans in the Fc portion, the SigmaMAb ADC Mimic
was treated with PNGase F (1 IUB milliunit per 10 �g of protein)
in 100 mM Tris-HCl (pH 7.5) at 45 ◦C for 1 h. 10 �g of the degly-
cosylated sample was then injected for HIC-MS analysis. The mAb
mixture sample was prepared by mixing seven in-house mAbs at
final concentrations of 1−2 mg/mL for each mAb, of which 3 �L was
injected for HIC-MS analysis.

2.3. HIC-MS method

The HIC chromatography was performed on a Thermo Dionex
Ultimate 3000 UHPLC system (Thermo Fisher Scientific, Bre-
men, Germany) equipped with a YMC BioPro HIC BF column
(100 mm × 4.6 mm, 4 �m, butyl functional group) (YMC CO., LTD.
Kyoto, Japan). Mobile phase A (MPA) was 3 M of ammonium acetate
in water and mobile phase B (MPB) was either 100 % water for
analysis of mAbs or 30 % isopropanol in water for analysis of Sig-
maMAb ADC Mimic. A 16 min linear gradient (0%–90% MPB for mAb
samples; 10%–97% MPB for SigmaMAb ADC Mimic) was applied at
a flow rate of 0.3 mL/min to elute proteins, followed by a 4 min
isocratic hold at the end of the gradient to ensure complete elu-
tion. To enable online native MS detection, a post-column makeup
and splitting flow platform (details in Results and discussion) was
applied to reduce the salt concentration by six folds and reduce the
flow rate to 1−5 �L/min for NSI-MS detection. A Thermo Q Exac-
tive UHMR mass spectrometer equipped with a Nanospray FlexTM

Ion Source was used for native MS analysis. A disposable PicoTip
Emitter (non-coated, tip: 10 ± 1 �m) (New Objective, Inc., Woburn,
MA, USA) was used to initiate nanospray. For native MS analysis of
mAbs, the resolution was set at 17,500, the capillary spray voltage
was set at 1.5 kV, the capillary temperature was set at 350 ◦C, the
S-lens RF level was set at 200, the in-source fragmentation energy
was set at 100, the HCD collision energy was set at 10 and the HCD
trapping gas pressure was set at 3. For native MS analysis of Cys-
linked ADC mimic, the in-source trapping energy was employed at
either -50 to preserve the ADC complex or -100 to dissociate the
ADC complex. Mass spectra were acquired with an m/z range win-
dow between 2000 and 15000. For each HIC-MS analysis, 10 �g of
mAb or ADC mimic sample was injected.

3. Results and discussion

3.1. Design and optimization of a makeup and splitting flow
platform

To develop a generic HIC-MS method suitable for routine anal-
ysis of therapeutic mAbs, ammonium acetate-based mobile phase
A (MPA) was first evaluated by testing the retention of multiple
in-house mAbs with a wide span of hydrophobicity (both IgG1 and
IgG4 subclasses) on a butyl-based, analytical scale HIC column. Con-
sistent with previous findings [23], our results indicated that 3 M of
ammonium acetate was required to successfully retain all the mAbs
tested. Additionally, this assessment also suggested that a 16-min

Fig. 1. Three different makeup and splitting flow designs for online coupling of HIC
with native MS detection.

linear gradient could effectively elute and separate the tested mAbs
with great selectivity (Fig. S1). Therefore, 3 M of ammonium acetate
was chosen as the MPA and this 16-min gradient was determined
adequate for routine analysis of mAbs. Despite the excellent LC per-
formance, such a high salt concentration was impractical for direct
MS analysis, as it could cause poor desolvation, spray instability as
well as instrument contamination. It was clear that reduction of
the salt concentration prior to MS detection was necessary, which
could be achieved by post-column dilution using a makeup flow of
water. However, as the salt concentration was reduced via dilution,
the concentration of protein analyte was also diluted to the same
extent. To compensate the protein concentration loss due to dilu-
tion, native MS employing NSI was highly preferred, as it offered
significantly improved sensitivity over regular flow ESI-MS [4]. As
a result, reduction of the final flow rate to sub �L/min range was
also required to accommodate NSI. It became clear that a combina-
tion of makeup flow and splitting flow might provide the solution
to this challenge.

Using purified mAb samples as testing articles, three differ-
ent makeup and splitting flow designs (Fig. 1) were studied and
evaluated on both the MS data quality and the chromatographic
performance at MS detection (HIC-TIC). Design A employed a
post-column adjustable splitter (splitting ratio: ∼1:300) (Analytical
Scientific Instruments, CA, USA) after the HIC column to reduce the
flow rate to ∼1 �L/min. While the remaining high flow was diverted

Figure 1: Makeup flow and splitter setup. [1]

BioPro HIC BF, a non-porous column with butyl ligands from YMC, was used for the separation of seven in-
house MAbs, two MAb samples with post translational modification (PTM) induced molecular variants and a 
cysteine-linked ADC mimic.
The study was published in April 2020 in the Journal of Pharmaceutical and Biomedical Analysis under the 
title Online coupling of analytical hydrophobic interaction chromatography with native mass spectrome-
try for the characterization of monoclonal antibodies and related products. [1]

3. Chromatographic conditions

Column: BioPro HIC BF (4 µm) 100 x 4.6 mm ID
Part number: BHB00S04-1046WT
Eluent: A) 3 M ammonium acetate in water
 B) 100 % water for analysis of MAbs and water/isopropanol (70/30) for the ADC mimic 
Gradient: MAb samples: 0 – 90 % B in 16 min
 ADC mimic: 10 – 67 % B in 16 min
 Followed by a 4 min isocratic hold
Flow rate: 0.3 mL/min
Sample: Mixture of 7 in-house MAbs at 1 – 2 mg/mL each
 2 in-house MAbs with molecular variants
 SigmaMAb ADC mimic (Sigma-Aldrich)
Injection: MAb mixture: 3 µL (3 – 6 µg)
 MAb 8, MAb 9 and SigmaMAb ADC mimic 10 µg each
Detection: NSI-MS
Setup: Post-column makeup flow: 100 % water at 1.5 mL/min (reducing salt conc. 6-fold)
 Splitter to reduce the flow rate to 1 – 5  µL/min
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Seven different MAbs were analysed using a 16 min gradient (from 3 M to 300 mM of ammonium acetate). 
Six well separated peaks were obtained. The injection of 3 – 6 µg for each MAb was sufficient to also detect 
low-abundance molecular variants present in each MAb such as non-glycosylated and partially glycosylated 
species.
Only two MAbs (MAb 5 and MAb 6, see Fig. 2) could not be separated. The deconvolution spectra also show 
MAb 5 and its oxidised form could be separated (Peak 4 and Peak 5).

Two MAb variants with post translational modifications (PTMs) located at or near the complementarily deter-
mining regions (CDRs) were characterised. The variants could, at least, be partially separated, a 10 µg injec-
tion of MAb 8 and MAb 9 each showed a minor peak eluting slightly earlier, so that the presence of molecular 
variants with reduced hydrophobicity can be assumed. The mass measurement revealed two major species of 
MAb 8 and an oxidised product of MAb 9 (see Fig. 3).

4. Results

MAb molecular variants

HIC-MS of a MAb mixture
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Fig. 2. HIC-MS analysis of a mAb mixture sample containing seven different in-house mAbs. Left panel: HIC-UV and HIC-TIC separation profiles showing six resolved peaks.
Middle panel: averaged mass spectra of the six HIC-TIC peaks. Right panel: deconvoluted mass spectra of the six HIC-TIC peaks showing the detection of seven different
mAbs. NG: non-glycosylated; PG: partially glycosylated; FG: fully glycosylated.

Fig. 3. HIC-MS analysis of mAb8 (top) and mAb9 (bottom). 10 �g of each mAb was injected for HIC-MS analysis. The HIC-TIC profiles were shown by blue traces; The averaged
native mass spectra (zoom-in region of charge state +24) of either the main peak (black trace) or the variant peak (red trace) from the corresponding HIC-TICs were shown
in the insets. : N-acetylgalactosamine; : galactose; : sialic acid (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).

analysis of 10 �g of mAb8 showed a minor shoulder peak eluting
slightly earlier than the main peak (Fig. 3, top panel), suggesting
the presence of molecular variant(s) with reduced hydrophobic-
ity. Simultaneous online mass measurement indicated that the
shoulder peak consisted of two major species, each exhibiting a
mass increase of ∼656 Da and ∼948 Da, respectively, compared to

the main species. Subsequent peptide mapping analysis (data not
shown) confirmed these two variant forms as O-linked glycan con-
taining species at a threonine (Thr) residue located near the LC
CDR2 (Fig. 3, top panel). In the second example, the HIC-MS anal-
ysis of 10 �g of mAb9 also showed a variant peak eluting slightly
earlier than the main peak on the TIC (Fig. 3, bottom panel). Again,

Figure 2: Chromatogram and mass spectra of MAb mixture. [1]
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Fig. 2. HIC-MS analysis of a mAb mixture sample containing seven different in-house mAbs. Left panel: HIC-UV and HIC-TIC separation profiles showing six resolved peaks.
Middle panel: averaged mass spectra of the six HIC-TIC peaks. Right panel: deconvoluted mass spectra of the six HIC-TIC peaks showing the detection of seven different
mAbs. NG: non-glycosylated; PG: partially glycosylated; FG: fully glycosylated.

Fig. 3. HIC-MS analysis of mAb8 (top) and mAb9 (bottom). 10 �g of each mAb was injected for HIC-MS analysis. The HIC-TIC profiles were shown by blue traces; The averaged
native mass spectra (zoom-in region of charge state +24) of either the main peak (black trace) or the variant peak (red trace) from the corresponding HIC-TICs were shown
in the insets. : N-acetylgalactosamine; : galactose; : sialic acid (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).

analysis of 10 �g of mAb8 showed a minor shoulder peak eluting
slightly earlier than the main peak (Fig. 3, top panel), suggesting
the presence of molecular variant(s) with reduced hydrophobic-
ity. Simultaneous online mass measurement indicated that the
shoulder peak consisted of two major species, each exhibiting a
mass increase of ∼656 Da and ∼948 Da, respectively, compared to

the main species. Subsequent peptide mapping analysis (data not
shown) confirmed these two variant forms as O-linked glycan con-
taining species at a threonine (Thr) residue located near the LC
CDR2 (Fig. 3, top panel). In the second example, the HIC-MS anal-
ysis of 10 �g of mAb9 also showed a variant peak eluting slightly
earlier than the main peak on the TIC (Fig. 3, bottom panel). Again,
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Fig. 4. HIC-MS analysis of deglycosylated SigmaMAb ADC Mimic. Left panel: HIC-BPC from the analysis showing separation of different DAR species. Right panel: Deconvoluted
mass spectra of the eight BPC peaks showing the measured average masses.

online MS analysis revealed a mass increase of ∼16 Da of the vari-
ant species compared to the main species, suggesting its identity as
an oxidized product of mAb9. Subsequent peptide mapping anal-
ysis (data not shown) further localized the oxidation site to a Met
residue within HC CDR2. In both examples, mAb variants, due to
hydrophilic PTM formations (e.g., oxidation and O-glycans) at the
surface of the mAb molecules (near or at CDRs), were effectively
separated from the main species and readily identified by online
native MS analysis. As the HIC method has become increasingly
popular in characterizing mAb variants resulting from PTM forma-
tions [20], this developed HIC-MS platform can greatly expand and
empower such applications by providing valuable MS information.

3.4. Online HIC-MS analysis of cys-linked ADC mimic

We further evaluated the developed HIC-MS method for its
applicability in studying cysteine-linked ADCs using the SigmaMAb
ADC Mimic as the testing standard. For this ADC mimic, dansyl
fluorophores were conjugated at cysteine residues of inter-chain
disulfide bonds from an IgG1 mAb via LC-SMCC crosslinkers (total
∼668 Da for the payload), which resulted in a mixture of drug-
loaded mAb species with 0–4 pairs of payloads (Fig. S3). Here, for
ease of discussion, ADC species with varying number of payloads
were referred to by their corresponding DAR (drug-to-antibody
ratio) values. Prior to HIC-MS analysis, the ADC mimic was first
deglycosylated by PNGase F under mild conditions to remove
mass heterogeneity introduced by the Fc N-linked glycosylation.
The overall separation profile achieved by this HIC-MS method, as
shown by base peak chromatogram (BPC) (Fig. 4, left panel), highly
resembles the HIC-UV profile provided by the vendor, which was
obtained on a TSKgel butyl-NPR column using a conventional
ammonium sulfate / isopropanol-based gradient (https://www.
sigmaaldrich.com/technical-documents/articles/biology/adc-
mimic-for-lc-uv-ms-method-development.html). Noteworthy is
the little impact of deglycosylation on HIC separation profile,
which allows improved MS detection of minor variants due to
signal enrichment. As a result of the online native MS detection,

direct mass measurement of each BPC peak was achieved, and
the corresponding deconvoluted mass spectra are shown in the
right panel of Fig. 4. Again, because of the good method sensitivity,
with an injection amount of 10 �g, peak present at very low
abundance (P2, < 2%) still generated high-quality mass spectrum.
By comparing the experimental masses to the theoretical masses,
P1, P3, P5/6, P7 and P8 can be readily assigned as DAR0, DAR2,
DAR4, DAR6, and DAR8 species, respectively. This peak assignment
is consistent with that from the HIC-UV analysis provided by
the vendor, which was achieved by offline HIC fractionation and
subsequent reversed-phase LC MS analysis. It is noteworthy that
even though the four inter-chain disulfide bonds in this ADC mimic
were partially reduced (in DAR2−6) or even completely reduced
(in DAR8), the intact mAb construct, namely H2L2 (H: heavy chain;
L: light chain), were maintained, suggesting the non-covalent
interactions within the molecule were largely preserved under our
HIC-MS conditions. Interestingly, even though P5 and P6 exhibited
the same experimental mass and were both assigned as DAR4
species, they were chromatographically separated, likely because
of different payload locations (e.g., positional isomers). Further-
more, P2 and P4 exhibited masses that could not be explained by
any expected DAR species, and were left unassigned in the HIC-UV
analysis from the vendor. By comparing to the observed mass
of P3, P2 showed a mass decrease of ∼316 Da, which matched
well with the loss of a dansyl fluorophore moiety (predicted delta
mass: -317.5 Da) due to either incomplete conjugation reaction or
hydrolysis-driven degradation (Fig. S3). Therefore, P2 was assigned
as a degraded DAR2 species with one degraded payload. Similarly,
P4 exhibited a mass decrease of ∼318 Da from that of P5/P6 and
was therefore assigned as a degraded DAR4 species with one
degraded payload.

Close examination of P2 also revealed the partial separation of
two shoulder peaks, namely P2a and P2b, both of which exhib-
ited the same experimental mass (insets in Fig. 5). As P2 contained
DAR2 species with one degraded payload, P2a and P2b likely repre-
sented two positional isomers that only differed in the locations of
the intact payload and the degraded payload. For Cys-linked ADCs,

Figure 3: Chromatograms and mass spectra of MAb variants due to PTM. [1]

Figure 4: DAR determination and mass spectra of the SigmaMAb ADC mimic. [1]

The MAb IgG1 was conjugated with dansyl fluorophores at the cysteine residues of the inter-chain disulfide 
bonds. This results in payloads of 0 – 4 pairs. The achieved separation profile is similar to the HIC-UV profile 
provided by the vendor where a conventional gradient containing ammonium sulphate and isopropanol was 
used. The DAR as well as degraded forms could be determined.

DAR determination of ADC mimic


