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Protein  glycosylation  is  one  of  the  most  common  and critical  post-translational  modification,  which
results  from  covalent  attachment  of carbohydrates  to protein  backbones.  Glycosylation  affects  the  physic-
ochemical  properties  of  proteins  and  potentially  their  function.  Therefore  it  is important  to  establish
analytical  methods  which  can  resolve  glycoforms  of glycoproteins.  Recently,  hydrophilic-interaction
liquid chromatography  (HILIC)-mass  spectrometry  has  demonstrated  to be a useful  tool  for  the effi-
cient  separation  and  characterization  of  intact  protein  glycoforms.  In  particular,  amide-based  stationary
phases  in  combination  with  acetonitrile-water  gradients  containing  ion-pairing  agents,  have  been  used
for the  characterization  of  glycoproteins.  However,  finding  the  optimum  gradient  conditions  for  glyco-
form  resolution  can  be quite  tedious  as  shallow  gradients  (small  decrease  of  acetonitrile  percentage  in
the elution  solvent  over  a  long  time)  are  required.  In the present  study,  the  retention  mechanism  and
peak capacity  of  HILIC  for non-glycosylated  and  glycosylated  proteins  were  investigated  and  compared
to  reversed-phase  liquid  chromatography  (RPLC).  For  both  LC  modes,  ln  k vs. ϕ plots  of a  series  of  test  pro-
teins  were  calculated  using  linear  solvent  strength  (LSS)  analysis.  For  RPLC,  the  plots  were  spread  over
a wider  ϕ  range  than  for  HILIC,  suggesting  that HILIC  methods  require  shallower  gradients  to  resolve
intact  proteins.  Next,  the  usefulness  of  computer-aided  method  development  for  the  optimization  of the
separation  of  intact  glycoform  by  HILIC  was  examined.  Five  retention  models  including  LSS,  adsorption,
and  mixed-mode,  were  tested  to  describe  and  predict  glycoprotein  retention  under  gradient  conditions.

The  adsorption  model  appeared  most  suited  and  was  applied  to  the  gradient  prediction  for  the  separation
of  the  glycoforms  of six  glycoproteins  (Ides-digested  trastuzumab,  alpha-acid  glycoprotein,  ovalbumin,
fetuin  and  thyroglobulin)  employing  the  program  PIOTR.  Based  on  the  results  of three  scouting  gradients,
conditions  for  high-efficiency  separations  of  protein  glycoforms  varying  in  the degree  and  complexity  of
glycosylation  was  achieved,  thereby  significantly  reducing  the time  needed  for  method  optimization.

©  2019  Elsevier  B.V.  All  rights  reserved.
. Introduction
Proteins are macromolecules with a complex and hetero-
eneous structure, which is partly due to post-translational
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modifications (PTMs). One of the most critical PTMs is glycosyla-
tion. About half of the mammalian proteome is glycosylated, and
approximately one-third of the approved biopharmaceuticals are
glycoproteins [1]. Glycosylation is an enzyme-mediated process
where carbohydrates (glycans) are covalently attached to proteins.
The glycans can be attached to a serine or threonine residue (O-
glycosylation) or an asparagine residue (N-glycosylation) of the

backbone of proteins [2]. N-glycans share the same core structure
and are classified into three different types: oligomannose, com-
plex and hybrid [3]. In contrast, O-glycans do not have a distinct
core structure. The attachment of glycans may  affect the tertiary

https://doi.org/10.1016/j.chroma.2019.03.038
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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tructure and physicochemical properties of the protein, such as
tability, solubility, and folding [4]. In biopharmaceuticals, these
ffects could result in a change of the quality, safety, and efficacy
f the product. Therefore, it is of great importance to be able to
onitor and check the glycosylation of these biopharmaceutical

roducts [1].
There are three major approaches to study the glycosylation

f proteins: analysis of released glycans [5], analysis of glycopep-
ides (either by bottom-up or middle-down approaches) [6,7], and
nalysis of intact glycoproteins [8]. Released glycans are obtained
y enzymatic or chemical cleavage. This approach can help with
he determination of the different glycan structures present, but
esults in a loss of information on the protein attachment sites of
he glycans [9]. For the analysis of glycopeptides, the glycoproteins
re digested by specific endoproteinases (e.g., trypsin). With this
pproach, a complete overview of the glycosylation sites of proteins
an be obtained. However, information on co-occurring glycosyla-
ion sites and the number and distribution of glycoforms is lost
10]. For the determination of the actual glycoforms, the analysis of
ntact glycoproteins is a more suitable approach [11]. So far, several
nalytical techniques have been described for the glycoform profil-
ng of intact proteins, including capillary electrophoresis (CE) and
iquid chromatography (LC) [8,12]. Coupling of CE or LC with high-
esolution mass spectrometry (MS) enables the determination of
he accurate mass of separated intact proteins. More structural
nformation regarding protein sequence and PTMs can be obtained

hen employing tandem MS  approaches [13].
When considering LC for the analysis of intact glycoproteins,

ifferent modes can be applied. For example, reversed-phase (RP)
C enables to resolve protein heterogeneity according to sequence
amino acid composition) but has limited selectivity toward gly-
oforms [9]. An attractive alternative for the separation and
haracterization of intact glycoproteins is hydrophilic-interaction
iquid chromatography (HILIC) [14]. Currently, this technique is

ostly applied to the chromatographic separation of small polar
olecules [15] peptides and glycopeptides [16]. The precise reten-

ion mechanism of HILIC is debated, but the generally accepted idea
s that retention derives from a combination of partitioning pro-
esses and electrostatic interactions (ion exchange and hydrogen
onding) between the analytes and the surface of the hydrophilic
tationary phase. When analyzing proteins with HILIC, relatively
igh percentages of water are needed to assure protein solubiliza-
ion and elution, leaving electrostatic interactions the predominant
ause of retention.

Different types of stationary phases, such as hydroxylated sta-
ionary phases and weak ion-exchangers, have been adopted for
he analysis of proteins by HILIC. These materials have proven to
e useful for the separation of hydrophobic proteins (e.g., mem-
rane proteins [17]) and charge variants of proteins [18]. Recently,
mide-based stationary phases have demonstrated good perfor-
ances for the separation of intact proteins [19] demonstrating

nteresting selectivity for the separation of glycoforms of glycopro-
eins [7,20,21]. The acetonitrile (ACN)-water mobile phases used
or amide-based HILIC of proteins typically contain 0.05–0.1% tri-
uoroacetic acid (TFA). TFA lowers the pH of the mobile phase
rotonating the acidic residues of the protein and the free silanol
roups of the stationary phase material. At the same time, TFA
cts as an ion-pairing agent, interacting with the protonated basic
esidues of the protein. As a result of this, the HILIC separation
f proteins is mainly driven by polar, but neutral, groups on the
rotein backbone (incl. glycans) and not by charged residues [11].
uch HILIC systems can separate a wide range of proteins, as

emonstrated by the analysis of a cell lysate [19]. When apply-

ng shallow gradients (e.g., decreasing the ACN % of the mobile
hase of 10% over 30 min), highly efficient glycoform separations
ogr. A 1598 (2019) 67–76

of glycoproteins such as monoclonal antibodies [7], therapeutical
glycoproteins [11], and neo-glycoproteins [9,12] are obtained.

Unfortunately, the determination of the optimal gradient for a
set of protein glycoforms can be a cumbersome process as it can
be difficult to determine a suitable gradient program. To facilitate
efficient method development in LC, computer-aided approaches,
such as ChromSword, DryLab and PIOTR, have been developed
[22–24]. These software use models (based on, e.g., linear solvent
strength (LSS), ion exchange or mixed-mode) to describe reten-
tion and to make predictions of protein retention times based on
a limited number of scouting gradients. The possibilities of auto-
mated method development in liquid chromatography for large
biomolecules, such as therapeutic proteins, have been the topic
of a recent review [25]. An example is the recent work of Bobaly
et al. in which the DryLAB software was  used to develop a generic
HILIC method to study the glycoforms of Ides digested monoclonal
antibodies and antibody drug conjugates [26]. In this study, the gra-
dient steepness and temperature effects were tested, monitoring
the increase of resolution of already resolved features and assuming
a linear relationship between gradient time and gradient retention
factor.

Retention models have been objects of recent studies to verify
their applicability to different classes of compounds and sepa-
ration modes. In particular, Tyteca et al. tested three retention
models (LSS, quadratic, and Neue-Kuss) for the separation of small
molecules, peptides and proteins in RPLC. In this study, the LSS
model was described as the most suitable to describe the reten-
tion behavior [27]. Recently, five different retention models were
applied to model the gradient elution in HILIC of small molecules
and peptides using PIOTR [28], concluding that the adsorption
model had the best fitting and prediction for the analyte set dis-
cussed.

In the present study, retention and chromatographic behav-
ior of proteins in HILIC (using an amide stationary phase) were
first compared to RPLC (C4 stationary phase). After that, acceler-
ated optimization of HILIC methods for the separation of protein
glycoforms was  developed using a computer-aided approach. Dif-
ferent retention models (mixed-mode, Neue-Kuss, adsorption, LSS,
and quadratic model) were compared for predicting the gradient
conditions needed for optimal resolution. Finally, a PIOTR method
employing the HILIC adsorption retention model and a Pareto-
optimization approach was evaluated as a prediction tool to obtain
gradient separation conditions of glycoforms from proteins varying
in degree and complexity of glycosylation (Fc parts of trastuzumab,
ovalbumin, fetuin, alpha-1-acid glycoprotein, and thyroglobulin).

Our results demostrate that the adsorption model describes
protein (and glycoprotein) elution in HILIC adequately. Gradient
conditions resulting in efficient glycoform separations could be
readily derived from scouting gradients, which by itself did not
provide glycoform resolution.

2. Experimental

2.1. Chemicals and sample preparation

Deionized water (18.2 m�)  was obtained from a Milli-Q purifi-
cation system (Millipore, Bedford, USA). Acetonitrile (ACN; HPLC or
MS grade) and trifluoroacetic acid (TFA; MS  grade) were obtained
from Biosolve B.V. (Valkenswaard, The Netherlands). Isopropanol
(IPA; LC-MS grade), tris(hydroxymethyl)aminomethane (≥99.8%),
and hydrochloric acid (37%) were purchased from Sigma (Zwijn-
drecht, The Netherlands). All materials were used as received, and

the mobile phases were not filtered before use. Alpha-acid glyco-
protein (AGP) from human (≥99%), alpha-chymotrypsin (c.tryp)
from bovine, albumin from chicken egg white (ova) (≥98%),
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ytochrome C (cyt C) from equine heart (≥95%), serum albumin
BSA) from bovine (≥98%), carbonic anhydrase (CA) from bovine
rythrocytes (≥95%), fetuin (fet) from fetal calf serum, lysozyme
lys) from chicken egg white (95%), myoglobin (myo) from horse
eart (>90%), ribonuclease A (RnA) from bovine pancreas Type

-A (≥60%), ribonuclease B (RnB) from bovine pancreas (≥80%),
ransferrin (trans) from human (≥98%), trypsinogen (tryp) from
ovine pancreas, and ubiquitin (ubi) from bovine erythrocytes
≥98%) were acquired from Sigma. Thyroglobulin (thyro) from rab-
it (polyclonal) was purchased from Biolegend (San Diego, United
tates). Herceptin (trastuzumab) was acquired from Roche (Basel,
witzerland). The immunoglobulin-degrading enzyme of Strepto-
occus pyogenes (IdeS, FabRICATOR) was purchased from Genovis
nc. (Lund, Sweden).

Protein standard solutions (1 mg/mL) were prepared in deion-
zed water. The IdeS-digestion of trastuzumab was  performed
ollowing the protocol provided by the manufacturer (Genovis Inc.).
riefly, trastuzumab (100 �g) in 10 mM TRIS buffer (pH 7.5) was

ncubated with 100 units of IdeS enzyme at 37 ◦C overnight. No
urification step was performed.

.2. LC instrumentation, conditions and data analysis

Protein separations were performed on an Agilent HPLC 1290
nfinity II (Waldbronn, Germany), composed of an autosampler,
olumn thermostat, variable wavelength detector, and Agilent
PLC 1100 binary pump. For the HILIC method optimization with
IOTR, an Agilent AdvanceBio glycan column (150 × 2.1 mm i.d.;
.7 �m particles with 125 Å pore size) was used (Etten-Leur, The
etherlands). For the comparison with RPLC, the HILIC column:
aters Acquity UPLC glycoprotein Amide column (50 × 2.1 mm

.d.; 1.7 �m particles with 300 Å pore size) was  used (Etten-Leur,
he Netherlands). Both column materials are silica-based amide
unctionalized stationary phases. For RPLC, a Waters Acquity UPLC
rotein BEH C4 column was used (50 × 2.1 mm i.d.; 1.7 �m par-
icles with 300 Å pore size). A Phenomenex SecurityGuard Ultra
artridge (Widepore C4; 2 × 4.6 mm i.d.) (Utrecht, The Netherlands)
as installed before the analytical columns.

HILIC separations were performed using a mobile phase com-
osed of solvent A (98% ACN, 2% water, 0.1% TFA) and solvent B
88% water, 10% IPA, 2% ACN, 0.1% TFA). For the analysis of the pro-
ein solutions the linear gradient was programmed as 20% B to 50%

 in 10 or 30 min, followed by a cleaning step from 90% B to 10%
 in 1 min, repeated three times, and final column equilibration
t 20% B for 15 min. The flow rate and column temperature were
.2 mL/min and 60 ◦C, respectively. The dwell volume of the applied
ystem was 0.31 mL,  and the hold-up volume was 0.26 mL  The HILIC
inear scouting gradients for the glycoform separation were 10% B
o 50% B in 15, 30 or 60 min. The hold-up volume, in this case, was
.38 mL.  For RPLC the flow rate, column temperature, and mobile
hase solvents were the same as used for HILIC. The RPLC linear
radient went from 95% B to 40% B in 10 or 30 min, followed by a
leaning step from 10% B to 90% B in 1 min, repeated three times,
nd final column equilibration at 95% B for 10 min.

The retention times were determined using Openlab CDS Chem
tation C.0107SR1. The software PIOTR (version 1.27) was  installed
n a standard PC to optimize the methods. A detailed description
f the procedure to import data in PIOTR, the equation used for dif-
erent models and the selection of optimized conditions is reported
n Section S.3 and 4.

.3. Mass spectrometry
For mass spectrometric (MS) detection of IdeS-digested
rastuzumab, a Bruker Daltonics maXis HD high-resolution
uadrupole time-of-flight (qTOF) mass spectrometer (Bremen,
ogr. A 1598 (2019) 67–76 69

Germany) was used, operating in positive-ion mode. The nebulizer
was set at 0.8 bar, the dry gas at 8 L/min and the dry temperature of
the nitrogen at 220 ◦C. The quadrupole ion and collision cell ener-
gies were 5 and 10 eV, respectively. The collision cell RF was  2000
Vpp. The in-source CID (isCID) was  120 eV. The funnel RF was set
to 400 Vpp, and the multipole RF to 800 Vpp. The transfer and pre-
pulse storage times were set at 190.0 and 20.0 �s, respectively. The
monitored mass range was  600–5000 m/z. Data analysis was done
using Compass data analysis (4.3) from Bruker and the charge state
deconvolution using the Maximum Entropy algorithm.

2.4. Calculations

In Fig. 1a the retention times of both chromatographic modes
were normalized using Equation 1, where RTi is the retention time
of the analyte (min), RTmin is the retention time (min) of the first
eluting protein, and RTmax is the retention time (min) of the last
eluting protein of the separation considered.

normalized retention time = RTi − RTmin

RTmax − RTmin
(1)

The effective peak capacity (nc) was calculated using Eq. (2),
where tG eff is the effective window of the gradient (time of last
eluting peak minus time of first eluting peak), and w̄1/2 h is the
average peak width at half height.

nc = tG eff

1.7 ∗ w̄1/2 h
+ 1 (2)

The gradient retention factor (k*) was  calculated using Eq. (3)
where tG is the gradient time programmed, F is the flow rate
(mL/min), Vm is the hold-up volume (mL), S represents the change in
lnk with increasing elution strength of the mobile phase (constant
for a given solute), and �ϕ  is the gradient range, i.e., the difference
between fraction B at the start and the end of the gradient (e.g. if
the gradient goes from 10 to 60% B, �ϕ is 0.5).

k∗ = tGF

1.15Vm ∗ �ϕS
(3)

3. Results and discussion

3.1. Protein selectivity and peak capacity of amide-based HILIC
and C4-RPLC

The amide-HILIC and C4-RPLC retention of fifteen intact model
proteins, covering a wide range of molecular weights and theo-
retical isoelectric points, was  investigated. The test set included
glycosylated proteins (AGP, fet, ova, RnB, trans, and thyro) and
non-glycosylated proteins (BSA, CA, c.tryp, cyt C, lys, myo, RnA,
tryp, and ubi). The HILIC and RPLC columns had the same dimen-
sions and particle characteristics, and the same solvents A and B
were used for both separation approaches. Protein samples were
prepared in water and analyzed using linear gradients from 20%
B to 50% B in 30 min  and from 95% B to 40% B in 30 min  when
using HILIC and RPLC, respectively (see Section 2 for experimental
details). These initial and final percentages of mobile phase B were
chosen to allow elution of the model proteins within the gradient
time, providing analysis methods with similar gradient volumes.
The steepness and width of the gradient (�%B) needed for elution of
the test proteins are different for HILIC and RPLC. HILIC separations
were obtained using more shallow gradients (�%B, 30%) than RPLC
(�%B, 55%). When comparing the HILIC and RPLC chromatograms

of individual proteins, differences in retention order and selectiv-
ity are observed (see Fig. 1a–c). To further assess the orthogonality
[29] of the two separation methods, the normalized retention times
of the test proteins were calculated with Eq. (1). The obtained nor-
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Fig. 1. (a–c) HILIC chromatograms (red) and RPLC chromatograms (black) of (a) CA (b) RnB, and (c) BSA. (d) normalized retention times of test proteins obtained during
C4-RPLC  and amide-based HILIC. The normalized data points are labeled with the abbreviation of the corresponding protein. For C4-RPLC analysis the linear gradient was
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rom  5% to 60% A in 30 min, and for HILIC analysis the linear gradient was from 

avelength were 0.2 mL/min, 60 ◦C, and at 214 nm, respectively. An overview of th
For  interpretation of the references to color in the text, the reader is referred to th

alized retention times with HILIC were plotted against the ones
rom RPLC (Fig. 1d). The individual proteins are scattered over the
lot, indicating uncorrelated elution properties. This suggests that
oupling HILIC to RPLC (i.e., two-dimensional LC) may  represent an
ttractive option for increasing the peak capacity of LC(-MS)-based
ethods for the separation of complex protein mixtures (e.g., for

op-down analysis of cell lysates [30,31]). This two-dimensional
olumn coupling has been successfully applied to various types of
ample including the study of the (micro)heterogeneity of single
roteins or protein groups [31,32] as well as scorpion venom [33]
inseng extract [34] lipids [35,36] and surfactants [37,38].

To further investigate the chromatographic behavior of the 15
roteins in HILIC and RPLC, the influence of the amino acid compo-
ition on the retention was examined. For both HILIC and RPLC,
he amino acid composition of the protein influences retention
s shown by the different elution times of the non-glycosylated
roteins investigated (S.1, Table S1).

The retention of proteins in HILIC separations using amide sta-
ionary phases and TFA is thought to be based mainly on the overall
olarity of the proteins. However, we did not observe a clear trend
hen looking at the protein elution order in HILIC and the number

f polar amino acids. Moreover, no correlation was  observed for
PLC between observed protein retention and the relative number
f non-polar amino acids (Section S.1, Tables S2, and S3).

The HILIC and RPLC analyses were performed with the same
olumn and stationary phase dimensions and mobile phase sol-
ents, allowing the direct comparison of the average peak width
t half height (w̄1/2 h and the peak capacity (Eq. (2)) of the two  LC
odes. The w̄1/2 h for the peaks of the measured proteins in RPLC
as 0.37 min, resulting in a peak capacity of 31 for an effective

radient window (i.e., the gradient time in which the separation
ccurs) of 18 min. For HILIC, the w̄1/2 h for the peaks of the test pro-
eins was 0.61 min, (effective gradient window, 18 min) resulting

n a peak capacity of 18. Overall, the peaks in HILIC were broader
han in RPLC. In particular, glycoproteins, such as AGP, fetuin, oval-
umin, RNase B, and thyroglobulin, showed broader peaks in HILIC,
ossibly due to partial separation of their glycoforms under non-
 50% B in 30 min. The flow rate, column temperature, and absorbance detection
omatographic data obtained for the proteins analyzed is reported in S.1, Table S1.

 version of this article.)

optimized gradient conditions that could not be distinguished using
UV detection. For instance, the glycoforms of RNase B were partially
separated in HILIC, while with RPLC no separation was  obtained
(Fig. 1b). Non-glycosylated proteins showed similar average width
at half height, i.e., 0.24 min  for RPLC and 0.28 min  for HILIC (Section
S.1, Table S1). MS  data analysis using extracted-ion chromatograms
(EICs) to reveal single glycoforms, confirmed the selectivity of HILIC
toward glycosylation (results shown in section S6 of the support-
ing information). Yet, when UV absorbance detection is performed,
the different proteoforms are not distinguished and therefore give
overall broader peak profiles. Further evidence for this is provided
in the discussion of the HILIC-MS results (Section 3.5).

3.2. LSS modeling of gradient elution of intact proteins in
amide-based HILIC and C4-RPLC

The retention of individual test proteins was studied applying
two linear gradients of 10 and 30 min  in both HILIC (10% to 50% B)
and RPLC (5% to 60% A). To be able to model the separation con-
ditions, the software requires to carefully determine the system
parameters: flow rate and initial/final mobile phase composition
(percentage solvent B), the dwell volume and the hold-up volume.
The hold-up volume was determined by HILIC analysis of ubiquitin
under non-retaining conditions using an isocratic mobile phase of
ACN-water (50:50, v/v). The dwell volume was  calculated from the
gradient delay for gradients of different times without a column
installed.

The retention times of the main peak of each protein were used
to construct LSS plots. The plots were compared for both LC modes.
The LSS model describes analyte retention in RPLC as a function of
mobile phase composition, but it has also shown useful for other LC
modes [39]. LSS presumes a linear relationship between the natu-

ral logarithm of the retention factor (ln k) and the volume fraction
(ϕ) of the strong solvent in a binary eluent (Eq. (4)). In this equa-
tion, k0 is the extrapolated (not necessarily real) k of the analyte in
pure weak solvent (i.e., ϕ equals 0) and S the slope of the plot rep-
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Fig. 2. ln k vs. ϕ plots for all test proteins using (a) C4-RPLC, and (b) HILIC; (c) ln
k
c
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 vs. ϕ plot for RnA (1) and RnB (2–6) using HILIC. The numbers in plot 2a and 2b
orrespond to the test proteins: 1 = ubi, 2 = myo, 3 = ova, 4 = cyt C, 5 = c.tryp, 6 = lys,

 = CA, 8 = tryp, 9 = BSA, 10 = RnA, 11 = Trans, 12 = RnB, 13 = thyro, 14 = AGP, 15 = fet.

esenting the elution strength of the strong solvent for the analyte
40].

n k = ln k0 − Sϕ (4)

The protein gradient elution times were used to calculate the ln
0 and S for each protein applying the LSS retention model using
he software PIOTR. These values were used to generate the ln k
s.ϕ plots for both RPLC (Fig. 2a) and HILIC (Fig. 2b). The model
eliably described the elution of the proteins for both chromato-

raphic modes as indicated by a low Akaike Information Criterion
AIC; results reported in Table S1, the significance of this param-
ter is described in the next chapter). As can be seen from Fig. 2,
he slope S is relatively large, implying that for proteins, a relatively
ogr. A 1598 (2019) 67–76 71

small change in ϕ (%B) may  strongly affect their retention [39]. For
HILIC, the obtained slopes (S) are generally smaller (i.e., less steep
curves) than for RPLC and appear to be only weakly correlated to the
protein molecular weight. For example, the S value of thyroglob-
ulin (having a molecular weight of about 660 kDa) is 160 in RPLC
and only 16 in HILIC. Another considerable difference between the
two LC modes is the spread of the x-intercepts (range of ϕ values
corresponding to ln k = 0) in the protein plots, which is consider-
ably smaller for HILIC as compared to RPLC. This indicates that the
separation of protein mixtures with HILIC may need more detailed
optimization and requires more shallow gradients than in RPLC.

Fig. 2c shows the LSS plots for RnA and its corresponding gly-
coprotein RnB (single N-glycosylation site), which comprises five
glycoforms differing in number (5–9) of mannose residues. The
glycosylated RnB elutes at a higher water percentage than the non-
glycosylated RnA. Moreover, the percentage water at which the RnB
glycoforms elute increases with the size of the glycan (curves 2–6
in Fig. 2c), clearly showing that protein retention in amide-based
HILIC depends on (the degree of) glycosylation. The slope (S) of the
curves of the RnA and the RnB glycoforms are very similar, indi-
cating that these proteins have a comparable gradient response
behavior, probably because the proteins have the same backbone.
Notably, with RPLC, the glycoforms of RnB were not separated, and
protein glycosylation does not seem to influence protein retention
significantly.

3.3. Computer-aided optimization of HILIC-UV methods for
glycoproteins: evaluating retention models

Next, we investigated the possibility of performing computer-
aided method development for the separation of glycoforms of
proteins that so far had not been characterized by HILIC (ova, fet,
AGP, and thyro) using the software program PIOTR [23]. These gly-
coproteins have different sites of glycosylation (only N, or N and
O glycosylation) and different glycosylation complexity. To be able
to model the separation conditions, the software requires experi-
mental retention data, system parameters, and a proper retention
model. Each glycoprotein was  analyzed by HILIC using several
scouting gradients with different slopes and the obtained analyte
retention times were imported in the software.

Pirok et al. [23] suggested using large gradient ranges for accu-
rate modeling with PIOTR. In the present study, three HILIC scouting
gradients were performed in triplicate for each test protein from 10
to 50% solvent B – in 15, 30, and 60 min. In our experience, these
gradient times allow for the elution of a wide range of proteins
(see Section 3.1). Under these gradient conditions, a number of the
tested glycoproteins did not give a narrow symmetric peak, but
rather broad bands comprised of partially separated glycoforms,
which could not be differentiated reliably using UV absorbance
detection, as exemplified for thyro in Fig. 3.

A detailed explanation of the peak picking and analysis process
is provided in S.4. In general, if glycoform features could be distin-
guished during the longest gradient time (tG = 60 min), these were
chosen as retention times and also assigned in the shorter gradi-
ent times. These values were then used to model protein retention
and optimize the separation. When this was  not possible (i.e., the
protein eluted as a single featureless band) the retention times of
the peak at its maximum and at half height (front and tail) were
measured, as shown for thyro (Fig. 3). Scouting results of the other
proteins of interest (i.e., IdeS-digested trastuzumab and the intact
glycoproteins AGP, fet, and ova) can be found in S.2 (Figures S1–4).

Five different retention models were compared: mixed-mode

[41], Neue-Kuss [42], adsorption [43], LSS [40], and quadratic model
[44]. The equation and parameters of the LSS model can be found
in Section 3.2 (Eq. (4)). For the other models, the equations and
parameters are stated in S.3 (Equation S2 to S5). The retention times
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Fig. 3. HILIC-UV of thyro using a linear gradient from 10 to 50% B in (a) 15, (b) 30
and  (c) 60 min. The red dots and arrows indicate the retention times corresponding
to  the peak maximum (2) and to the peak width at half height (front (1) and tail
(3)  of the peak) which were used for modeling and optimization by PIOTR. (For
interpretation of the references to color in the text, the reader is referred to the web
version of this article.)

Fig. 4. Assessment of the retention models’ goodness-of-fit based on the AIC values calcu
to  dark blue: <−15, −15 to −10, −10 to −5, −5 to 0 and >0. See S.3 (Table S4) for the AIC v
ogr. A 1598 (2019) 67–76

of the main features (minimum 3) of each protein band obtained
under the different gradient conditions were used. The goodness-
of-fit of the different models was  determined by calculating the
AIC values, which describe the quality of fit of the selected model
and the given experimental dataset, relative to the other models
used [43,45]. The AIC allows comparison of models that use a dif-
ferent number of parameters. This is convenient for the present
study as the LSS and the adsorption model employ two  parame-
ters, whereas the quadratic, Neue-Kuss and the mixed-mode model
comprise three parameters. For AIC calculation, Eq. (5) was used,
where p is the number of parameters of the model, n is the number
of analyses, and SSE is the sum-of-squares error from the retention
times. Three different gradient analyses (15, 30 and 60 min) were
performed, each in triplicate (n = 9). The lower the AIC, the better
the model describes the retention of analytes [28].

AIC = 2p + n
[

ln
(

2� ∗ SSE

n

)
+ 1

]
(5)

For each model, the AICs obtained for the test proteins were
binned in five ranges of which the frequency (N) was plotted (Fig. 4).
Notably, our results regarding the modeling of protein HILIC reten-
tion align rather well with results of Pirok et al. obtained for small
molecules and peptides [28]. Considering the specific chemico-
physical properties of proteins as well as the characteristic mobile
phase conditions for protein HILC, this is not evident. Still, also for
proteins, the adsorption model showed optimal to model and pre-
dict the retention of HILIC on amide stationary phases. Moreover,
our results show that the AICs for glycoproteins are lower than the
AICs found for small molecules [28], indicating a better fitting of the
model in this study. This result can be at least partially ascribed to
the fact that the relatively high percentage of water (20–50%) used
for protein elution diminishes the stagnant water layer on the sur-
face of the stationary phase, and thus minimizes the contribution
of analyte partitioning to the retention.
The quadratic and the mixed-mode model also showed quite
favorable AIC values. These models performed somewhat worse
than the adsorption model but slightly better than the LSS model.
The Neue-Kuss model performed poorly for most proteins, pro-

lated for all peaks detected for the tested glycoproteins. AIC ranges were from light
alues of each analyte.
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Fig. 5. HILIC-UV chromatograms obtained with the PIOTR-optimized methods for
(a) IdeS-digested trastuzumab (gradient, 26.5 to 34.0% B in 53 min), (b) ova (gradient,
22.3  to 29.5% B in 45 min, (c) fet (gradient, 33.0 to 42.0% B in 53 min, (d) AGP (gradient,
40.0 to 47.7% B in 41 min, and (e) thyro (gradient 33.5 to 40.5% B in 44 min. Flow
rate, column temperature, and UV detection wavelength were 0.2 mL/min, 60 ◦C, and
280  nm,  respectively. Injected protein concentration, 2 mg/mL  each. The scouting
G. van Schaick et al. / J. Ch

iding no proper fits. A possible explanation is that this model is
mpirical and, therefore, needs many data points to make a reli-
ble prediction. In the present study, only three points (gradient
imes) were used to make the model. Based on the results described
bove, the adsorption model was selected as the retention model
or the computer-aided method optimization for the separation of
he glycoproteins. The results of the parameters calculated for each
etention model are reported in Table S4.

.4. Computer-aided optimization of HILIC gradient conditions
or glycoproteins

Using the adsorption model to describe protein retention, we
tudied the effect of the following parameters: the starting per-
entage solvent B (ϕinit), gradient time (up to 60 min), and final
ercentage solvent B (ϕfinal). For each factor, we  selected a range
i.e., the starting and final value) and the number of increments
steps) to take into account during the calculations. First, broad
anges for solvent B with a low number of steps were chosen to
et an indication of the optimal conditions. In this case, the ϕinit
as from 0.20 to 0.45 in 10 steps of 2.5% B, the ϕfinal was  from 0.25

o 0.50 in 10 steps of 2.5% B, and the gradient time was from 15
o 60 min  in 45 steps of 1 min. Thereafter, the ranges were further
pecified per protein to achieve shallower gradients. The specified
anges of each protein can be found in S.4 (Table S5). Then PIOTR
alculated the results for all possible methods within those ranges
sing a Pareto-optimization approach. For the Pareto optimization,
ll possible combinations of factors were plotted considering two
hosen objectives (i.e., gradient time, last eluted peak, ϕinit, ϕfinal
r resolution of the predicted separation). As an example, in S.4
Figure S5), the Pareto-plots of thyro are depicted.

Finally, the optimized gradient selecting points within the
areto-optimal conditions was selected. A condition is Pareto-
ptimal when it is not possible to improve one of the objectives
ithout making the other one worse, which results in a Pareto

ront that represents the performance limit within the specified
onstraints [46]. In the present study, the resolution score of the
redicted separation was selected as an important objective. To
alculate the resolution score, a procedure as described in [23] was
sed. The resolution of each predicted peak with all other peaks
as calculated. The obtained resolutions were normalized between

 and 1, where a score of 1 means a minimum predicted resolution
f 1.5 between two peaks and 0 means complete overlap. Lastly,
he resolution scores of all the peak pairs were multiplied, result-
ng in a measure of the overall predicted separation power. Of all
he solutions reported, the one having the highest value of resolu-
ion (i.e., resolution score is 1) was selected meeting the following
riteria: the peaks eluted within the gradient time, have the lowest
radient time in the interval between 40 and 55 min, and a max-
mum total analysis time of 70 min. A detailed description of the
election procedure can be found in Section S.4.

The described approach was first evaluated for the separation
f the Fc glycoforms of IdeS-digested trastuzumab, which contains

 conserved N-glycosylation site on the Fc part of each heavy chain
47]. The digestion with IdeS results in three fragments: F(ab)′

2 of
bout 100 kDa and two Fc/2 fragments of approximately 25 kDa
7]. Fig. 5a shows the UV chromatogram of the optimized method
26.5 to 34.0% B in 53 min). Starting from general elution conditions
nd using only three scouting gradients, our approach established
n optimal gradient slope of 0.14%/min. The obtained method is
n agreement with the one used by D’Atri et al. [7] for HILIC of
deS-digested monoclonal antibodies. Furthermore, the retention

imes for the Fc/2 glycoform peaks (corresponding to the peaks
etween 24 and 31 min  in Fig. 5a) were accurately predicted by the
dsorption model (error below 1 min  in a gradient time of 53 min
S.4, Tables S6 and S7).
gradients of these proteins can be found in Fig. 3 and Figs. S1–S5.

To express the steepness of a method we  calculated the gradient
retention factors (k*) and compared its value for scouting gradients
and the optimal method. The parameter k* is the median value of
k during gradient elution (i.e., the k when the analyte band has
reached the middle of the column) and can be calculated with Eq.
(3). For optimal resolution, k* should be between 1 and 10 [39].
The calculated k* values are listed in S.5 (Table S8). On average,
the k* of the general gradients were around 0.5, 1 or 2 for gradi-
ent times of 15, 30 or 60 min, respectively. The gradient conditions
of the optimized method for the separation of the IdeS-digested

Trastuzumab correspond to a k* of 8.2, showing the importance
of shallow gradients to enable efficient separation of protein
glycoforms.
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ig. 6. HILIC-MS of IdeS-digested trastuzumab (1 �g/�L). Base peak chromatogram 

indicated by number 1–6) (1–5) Fc/2 fragments and (6) F(ab)′
2 fragment. The linear

.2  mL/min and 60 ◦C, respectively. Injection volume was  2 �L.

Next, PIOTR was used to predict optimal HILIC gradient con-
itions for separating glycoforms of intact proteins of increasing
omplexity: ova, fet, AGP, and thyro. Ovalbumin is a 45 kDa-
lycoprotein from chicken egg white and has one N-glycosylation
ite [48]. Yang et al. identified 45 glycoforms using native MS.
ovine fetuin (42 kDa) has three N-glycosylation and two O-
lycosylation sites [49]. AGP is a 41 kDa glycoprotein of which the
lycan content represents 45% of the molecular weight, including
ighly sialylated complex-type N-glycans [50]. Imre et al. identified
0 different AGP-derived glycopeptides using MS(/MS) [51]. Bovine
hyroglobulin is a dimeric glycoprotein of approximately 660 kDa
nd one of the largest glycoproteins known. Rawitch et al. showed
hat bovine thyroglobulin has thirteen N-glycosylation sites. Nine
f these sites are complex or hybrid type glycans, and the other four
re oligomannose-type. Besides N-glycosylation, also phosphory-
ation and sulfation sites occur [52].

Fig. 5b–e shows the HILIC-UV chromatograms using the opti-
al  methods for the analyzed glycoproteins as proposed by PIOTR

ased on three general scouting gradients. The chromatograms
learly show a multitude of features. For all proteins, shallow gradi-
nts with an overall change of only 7–9% in solvent B over a time of
0–53 min  were predicted (0.13 to 0.22%B/min) with k* between
.8 and 15.6. Under these conditions, the peak of glycoproteins
hat appeared only as broad peaks in the scouting gradients were
esolved into profiles with distinct features applying the predicted
ptimal gradients.

.5. Assignment of glycoforms of IdeS-digested trastuzumab
sing HILIC-MS

In the previous section, we assumed that based on the UV data,
he different glycoforms were resolved by the optimized methods.
o confirm that the observed peaks of IdeS-digested trastuzumab
Fig. 5a) indeed are different glycoforms, we also analyzed the
ample with HILIC-MS using the same HILIC conditions (Fig. 6).

he glycosylation of IgG class therapeutic monoclonal antibod-
es is well characterized with glycans comprised of galactose or

annose (H), N-acetyl glucosamine (N), and fucose (F). The base
eak chromatogram (BPC) obtained with HILIC-MS (including pro-
ing the proposed glycan structures and deconvoluted mass spectra of the fragments
nt was  from 26.5 to 34.0% B in 53 min. The flow rate and column temperature were

posed glycan structures) is depicted in Fig. 6. The deconvoluted
mass spectra of the fragments are indicated with 1–6. The first
five peaks corresponded to the different glycoforms of the Fc/2
part and the last peak to the F(ab)′

2 part. MS-based assignment
of the glycoforms indicated that neutral glycan units significantly
contribute to glycoform separation. The two most abundant glyco-
forms (Fig. 6, deconvoluted spectra 2 and 4) correspond to H3N4F1
and H4N4F1. The peaks with lower intensity could be assigned to
H3N3F1, H5N4F1, H3N4, H4N4, and H5N2 glycoforms. Extracted
ion chromatograms of the glycoforms described in Fig. 6 as well
as for ova are reported in Section S6 of the supporting infor-
mation. The observed glycoforms have approximately the same
peak widths, but distinct elution times. This explains the broad-
ened peaks observed for the glycoproteins during HILIC-UV. The
HILIC-MS analysis of ova revealed several protein masses. How-
ever, because of the simultaneous presence of sequence variants
and numerous proteoforms, the assignment of the masses observed
was not trivial and not further attempted in this study. In order to
aid assignment of the glycoforms observed, released glycan studies
and/or bottom-up characterization of the protein could be per-
formed.

For fet, AGP, and thyro, no satisfactory MS  results were obtained.
The presence of TFA in the mobile phase and the relatively high
molecular weight (and thus distribution into multiple charge
states) of the proteins probably hindered an appreciable MS
response of these proteins. Optimization of LC and MS  conditions
allowing the characterization of the proteoforms of ova, fet, AGP,
and thyro is currently under investigation.

4. Conclusions

We  have investigated the quality-of-fit for five retention models
applied to the modeling of the retention behavior of glycopro-
teins in HILIC using amide stationary phases and TFA based mobile
phases. The adsorption model demonstrated robust performance

in terms of its ability to describe HILIC retention of glycoproteins
using three gradient times having a wide solvent composition.

We used the gradient elution modeling as the strategy to rapidly
obtain shallow gradient conditions that allow for the resolution of
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lycoform of glycoproteins. This is demonstrated by the separation
f proteins with high degree and complexity of glycosylation. Fea-
ures of ovalbumin, fetuin, AGP, and thyroglobulin (proteins that
ere not previously studied using HILIC) were resolved using shal-

ow gradients (overall change of 7–9% B over gradient times up
o 1 h) calculated using the computer-aided method development
escribed here.
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