Journal of Chromatography A 1713 (2024) 464498

Contents lists available at ScienceDirect

Journal of Chromatography A

FI. SEVIER

journal homepage: www.elsevier.com/locate/chroma

L)

Check for

Improved sample introduction approach in hydrophilic interaction liquid = %&s
chromatography to avoid breakthrough of proteins

Raquel Pérez-Robles ®"¢, Szabolcs Fekete ¢, Rébert Kormany ¢, Natalia Navas ",

Davy Guillarme %"

2 Instituto de Investigacién Biosanitaria de Granada (ibs. GRANADA), Granada, Spain

Y Department of Analytical Chemistry, Science Faculty, University of Granada, Granada, Spain

¢ Fundacion para la Investigacion Biosanitaria de Andalucia Oriental-Alejandro Otero, Granada, Spain

4 Waters Corporation, Geneva, Switzerland

¢ Egis Pharmaceuticals Plc., Keresztiiri tit 30-38, 1106, Budapest, Hungary

f School of Pharmaceutical Sciences, University of Geneva, CMU - Rue Michel Servet 1, 1211 Geneva 4, Switzerland

8 Institute of Pharmaceutical Sciences of Western Switzerland, University of Geneva, CMU - Rue Michel Servet 1, 1211 Geneva 4, Switzerland

ARTICLE INFO ABSTRACT

Keywords: When therapeutic proteins are analysed under hydrophilic interaction liquid chromatography (HILIC) condi-
Hydrophilic interaction liquid chromatography tions, there is an inherent mismatch between the sample diluent (proteins must be solubilised in aqueous media)
Breakthrough

and the mobile phase, which is mostly composed of aprotic solvent (acetonitrile). This difference in eluent
strength between sample diluent and mobile phase is responsible for severe analyte breakthrough and peak
distortion. As demonstrated with therapeutic proteins of different sizes (insulin of 6 kDa, anakinra of 17 kDa and
rituximab subunits of 25 and 50 kDa), only very small volumes of 0.1-0.2 uL can be injected without break-
through effects, when performing rapid analysis on short HILIC columns of 20-50 mm, leading to poor sensi-
tivity. In order to avoid the undesired effect of the strong sample diluent, a special injection program should be
preferred. This consists in the addition and automatic injection of a defined volume of weak solvent (acetonitrile)
along with the sample to increase retention factors during sample loading. Various injection programs were
tested, including the addition of a pre-injection or post-injection or both (bracketed injection) of acetonitrile
plugs. Several weak to strong injection solvent ratios of 1:1, 1:2, 1:4 and 1:10 were tested. Our work proves that
the addition of a pre-plug solvent with a weak vs. strong injection solvent ratio of 1:10 is a valuable strategy to
inject relatively large volumes of proteins in HILIC, regardless of column dimensions, thus maximising sensi-
tivity. No peak deformation or breakthrough was observed under these conditions. However, it is important to
note that peak broadening (40 % larger peaks) was observed when the injection program increased the injection
solvent ratio from 1:1 to 1:10. Finally, this strategy was applied to a wide range of therapeutic mAb products
with different physico-chemical properties. In all cases, relatively large volumes can be successfully injected onto
small volume HILIC columns using a purely aqueous sample diluent, as long as an appropriate (weak) solvent
pre-injection is applied.

Solvent mismatch
Therapeutic proteins

1. Introduction acetonitrile, and elution is achieved by a water gradient [1]. It is

believed that the hydrophilic stationary phase enriches water from the

Hydrophilic interaction liquid chromatography (HILIC) is a powerful
solution for the separation of polar and/or charged compounds. In
HILIC, analytes are interacting with a hydrophilic stationary phase, such
as bare silica particles, or bounded amine, hydroxy, amide or zwitter-
ionic particles, by applying a polar mobile phase, composed of water and

mobile phase and thus generates a thin aqueous layer surrounding the
stationary phase. This allows for hydrophilic analytes to partition be-
tween the hydrophilic layer and the mobile phase mostly composed of
acetonitrile. Elution is then achieved by increasing the amount of water
in the mobile phase. However, the retention mechanism of HILIC is
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likely a superposition of hydrophilic partitioning, electrostatic in-
teractions and hydrogen bonding to the stationary phase [2].

HILIC has been successfully applied in many areas for the analysis of
proteins [3,4], small drugs [5], released glycans of therapeutic proteins
[6], sugars and polar metabolites in metabolomic studies [7]. HILIC
separation is often referred as being orthogonal to reversed phase (RP)
separation, making it suitable for multidimensional separation of com-
plex samples [8,9].

HILIC separations also have some drawbacks such as longer equili-
bration times, and limited kinetic efficiency when compared with RP
[10]. Similarly to what can be observed in other chromatographic
modes, sample injection in HILIC may also causes serious problems due
to the higher eluent strength of the injection solvent vs. mobile phase
(solvent mismatch between the mobile phase composition and the in-
jection solvent), as the sample is inadequately focused at the column
inlet [11]. A fine adjustment of the injection diluent, could minimize this
mismatch (i.e. increasing the percentage of acetonitrile in the sample
diluent). However, this adjustment is not always possible due to the
nature of the sample, i.e. for peptide or protein analysis; the use of dil-
uents with a high proportion of acetonitrile is counterproductive as
denaturation phenomena, insolubility, induction of post-translational
modifications, or even insolubility (precipitation) may occur.

The differences in elution strength between the sample solvent and
the mobile phase usually give rise to undesirable effects on the chro-
matographic separation, ranging from slight broadening to severe peak
deformation or even splitting and analyte breakthrough. Breakthrough
is a phenomenon where part of the sample migrates through the column
with very little interaction with the stationary phase and hence elutes
very close to the column dead time, while the other part of the peak
elutes at the normal retention time, resulting in the presence of the ex-
pected retained peak. However, it is common for the retained peak to
exhibit a wide range of deformations during breakthrough, and multiple
retained peaks to appear for a given injected analyte [12,13]. The shape
of the retained peaks depends on (i) the solute retention in the injection
solvent, (ii) the solute retention in the mobile phase (iii) the gradient
elution conditions (iv) the column temperature, (v) the injected sample
concentration and (vi) the injection volume [8].

Several strategies have been proposed in the literature to overcome
mobile phase incompatibility in HILIC. One valuable approach is to
introduce a rapid, high acetonitrile initial gradient at the beginning of
the chromatographic process, but this approach is only attractive with
low injection volumes. Alternatively, an on-line solid phase extraction
(SPE) step can be incorporated. Proteins are first loaded onto a short RP
cartridge under aqueous conditions. After loading, the SPE cartridge and
HILIC column are placed in-line and the highly organic mobile phase at
the beginning of the HILIC gradient elutes the mAb sample from the SPE
cartridge onto the HILIC column where separation occurs [14]. How-
ever, this approach remains complex to apply routinely. Recently, the
implementation of the Performance Optimizing Injection Sequence
(POISe) technique has been investigated to avoid the solvent mismatch
problems which cause breakthrough and extra band broadening effects
[15] (exacerbated by the use of ultra-short columns) generated within
the injection system on HILIC [11,16]. The POISe technique involves
injecting a defined volume of weak solvent (usually similar to the initial
mobile phase composition) along with the sample in order to increase
retention factors during sample loading and to eliminate the in-
compatibilities between the sample solvent and mobile phase. This
technique is effective in gradient elution mode and can also reduce
pre-column band broadening effects in isocratic elution mode [17].

In this work, the effect POISe-like injection has been evaluated on
peak shape for the analysis of proteins and monoclonal antibodies
(mAbs) subunits (sizes comprised between 5 and 50 kDa). To this end, a
systematic study of the injection mode and loading capacity was carried
out using programmed sequenced injection. Various injection programs
were tested, including the addition of a pre-injection or post-injection or
both (bracketed injection) of acetonitrile plugs. Various weak to strong
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injection solvent ratios were tested. The influence of column length
(volume) and flow rate was also investigated. Finally, this strategy was
applied as a generic approach to a wide range of therapeutic mAbs.

2. Materials and methods
2.1. Chemicals, reagents and sample preparation

Acetonitrile (ACN) and water were purchased from Fisher Scientific
(Reinach, Switzerland). Trifluoroacetic acid (TFA), formic acid (FA), DL-
dithiothreitol (DTT) were purchased from Sigma-Aldrich (Buchs,
Switzerland). Rituximab (10 mg/mL), cemiplimab (50 mg/mL), ramu-
cirumab (10 mg/mL), bevazizumab (25 mg/mL), casirivimab (120 mg/
mL), daratumumab (20 mg/mL), ipilimumab (5 mg/mL), nivolumab
(10 mg/mL) and anakinra (150 mg/mL), were purchased from their
respective manufacturers as EU pharmaceutical grade products. Insulin,
USP specification quality grade was supplied by Sigma-Aldrich (Buchs,
Switzerland).

Light (LC) and heavy (HC) chains were obtained by the addition of
10 uL DTT (1 M) to 50 pg of the mAb (10 mg/mL), and water to obtain a
final volume of 50 pL. The mixture was incubated for 30 min at 45 °C.

The mAb subunits and anakinra samples were off line diluted up to
0.5 mg/mL in 100 % of pure water meanwhile the insulin standard was
diluted in water +0.1 % FA to enhance the solubility of the protein in the
solvent.

2.2. Instrumentation, columns and chromatographic conditions

A Waters ACQUITY™ UPLC™ I-Class System equipped with a binary
solvent delivery pump, autosampler (FTN), thermostated column
compartment, and photodiode array UV detector was used for this study.
A low dispersion volume flow-cell was used (0.5 pL) for the UV detec-
tion. An extended loop tubing was coupled to the injection system,
allowing up to 50 pL to be injected into the system. The UV detections
were carried out at A = 214 and 1 = 280 nm at sampling rate of 20 Hz and
filter time constant of 0.005 s. The extra-column volume of the system
was measured as Vgc = 4.6 pL, while the gradient delay volume was V4
= 100 pL. Data acquisition and instrument control were carried out
using Empower™ Pro 3 software (Waters). Several prototypes and
commercial columns were provided by Waters (Milford, USA), including
very short prototype 300 A Amide 1.7 pm, 2.1 x 20 mm; and commercial
Glycoprotein BEH™ 300 A Amide 1.7 um; 2.1 x 50 and 2.1 x 150 mm
columns.

The mobile phases were composed of water +0.1 % TFA (mobile
phase A) and ACN + 0.1 % TFA (mobile phase B). The retention of
therapeutic proteins and the column length (L) were considered for the
linear gradients. The gradient time (tg) was adjusted proportionally with
the column volume, i.e. from 72 to 64 % of B for HC and LC, from 78 to
64 % of B for anakinra and from 85 to 71 % of B for insulin, over 10 min
(L = 50 mm) and 30 min (L = 150 mm); and from 74 to 66 % of B for HC
and LC, from 80 to 66 % for anakinra and from 85 to 71 % of B for insulin
over 4 min for L = 20 mm column. The column temperature was set at
60 °C. Two flow rates (0.3 mL/min and 0.6 mL/min) were tested during
the study of the conditions recorded in Table 1.

A multiple injection mode was used in this work. The ACQUITY FTN
autosampler allowed a multi-step (sequenced) injection mode to be
configured using the Auto-Additions option in Empower. This mode
allows to automate and program the pre-, post- and bracketed injections.
A time delay between sample and solvent aspiration and injection
““stroke’’ can also be considered (distance a sample is moved within the
sample loop. This movement is L of air introduced in the sample loop).
In this work, no delay time was used. ACN was always used as solvent
plugs for pre-, post- and bracketed injections.
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Table 1
Pre-column dilution using POISe injection.
Column Column Column Sample Pre-plug
length L volume volume volume of
(mm) (mL) (uL) ACN (uL)
Prototype, BEH, 20 0.06 0.1 0.1;0.2; 0.4;
amide, 300 A, 1
Waters. 0.5 0.5;1;2;5
1 1;2; 4,10
2 2; 4; 8; 20
ACQUITY UPLC 50 0.13 0.5 0.5;1;2; 5
GlycoProtein BEH, 1 1;2.;4;10
amide, 300 A, 2 2; 4;8; 20
Waters 5 5;10; 20; 45
ACQUITY UPLC 150 0.36 1 1;2; 4,10
GlycoProtein BEH, 2 2; 4; 8; 20
amide, 300 A, 5 5;10; 20; 45
Waters 10 10; 20; 40

2.3. Pre-plug, post-plug and bracketed injection

The influence of the pre- plug, post- plug and combined pre/post-
plugs of ACN was systematically studied. In the present work, 3 pL of
anakinra were injected on the 2.1 x 50 mm column. Among the tested
solutions, the influence of ACN dilution (seven times the sample volume)
was studied using different injection modes: (i) pre-plug (21 pL of ACN),
(ii) post-plug (21 pL of ACN) and (iii) bracketed injection (21 pL of ACN
before the sample and 21 pL of ACN after the sample aspiration).

2.4. Pre-plug solvent injection

An experiment design was planned and carried out considering the
sample volume (0.5-10 pL) and solvent (pre)plug volumes as variable.
The sample injection volume was adjusted according to the column
volume (i.e. for L = 20 mm column; 0.1, 0.5, 1 and 2 pL, which corre-
sponds to Vi/V, between 0.2 and 4.6 %; for L = 50 mm column, 0.5, 1, 2
and 5 uL, which corresponds to Vi/V, between 0.4 and 4.6 %; for L =
150 mm column, 1, 2, 5 and 10 uL, which corresponds to V;/V, between
0.3 and 3.1 %). A number of ACN pre-plug volumes were tested in
proportion to the sample volume (one, two, four and ten times the
sample volume). The column volume was measured experimentally
from the ty determination (Vo = ty x flow rate). ty was determined
experimentally from the measured solvent breakthrough time, consid-
ering the extra-column volume and injection delay into consideration.
The injection programs used in these experiments are detailed in
Table 1.

2.5. Generic application of the sequenced injection approach: mAbs
subunits separation

Several mAbs (i.e. rituximab, cemiplimab, ramucirumab, bev-
azizumab, casirivimab, daratumumab, ipilimumab, nivolumab) sub-
units with different physico-chemical properties in terms of isoelectric
points (pI) and hydrophobicity were separated using two chromato-
graphic columns of different lengths: Waters prototype column 300 A
Amide 1.7 pm, 2.1 x 20 mm and Glycoprotein BEH 300 A Amide 1.7 pm;
2.1 x 50 mm Column. 2 pL and 1 pL of the reduced mAbs samples fol-
lowed by 20 uL and 10 pL injection of ACN pre-plug were analyzed on
the L = 50 mm and L = 20 mm columns, respectively (weak vs. strong
solvent ratio of 1:10).

3. Results and discussion
3.1. General considerations

In HILIC conditions, the sample diluent (injection solvent) is often
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much stronger than the mobile phase. In most cases, the samples are
actually dissolved in water (or buffered aqueous solution), while the
mobile phase contains high proportion of ACN. This inherent solvent
incompatibility (mismatch) often results in analyte breakthrough ef-
fects. Such a phenomenon occurs when the injected volume is relatively
large or when the retention of the solute in the sample diluent is very
different from that in the initial mobile phase. As a result, a fraction of
the solute molecules elutes with the injection solvent peak. The other
fraction of the solute leaves the injection solvent, resulting in a retained
peak with a distorted shape [12,18]. In addition to the retained peak, a
breakthrough peak is thus eluted near the column dead time (or even
before the dead time, due to exclusion or repulsion effects).

Since the breakthrough effect is related to the injection volume, the
term “critical injection volume” (Vi) is often used to express the
maximum injectable volume that will not result in breakthrough [12,
19]. This critical volume directly depends on the column volume (V)
and the retention factor (k) of a solute experienced in the injection
solvent. Therefore, V; can be estimated from retention model param-
eters for a given column volume and for any diluent composition. The
parameters of the linear solvent strength (LSS) model was used here to
estimate retention factor (k), as the calculation of breakthrough volume
requires the knowledge of k value at a given diluent composition. In the
present work, retention model parameters were experimentally
measured for insulin, anakinra and the subunit fragments of rituximab
(light chain (LC) and heavy chain (HC)). The model parameters were
then used to estimate and plot V¢; as a function of diluent composition.
To compare the breakthrough phenomenon between large and small
solutes, retention parameters for small molecules (rthodamine and
homovanillic acid) were taken from the literature to estimate V¢ [20,
21]. Finally, V. was normalized to the column volume (to have values
independent of column dimensions) and plotted against the ACN volume
fraction (¢acn) of the sample diluent. Such plot shows the injectable
volume (to avoid breakthrough) as a function of sample diluent
composition. The higher the vertical position of the curve for a given
diluent composition, the greater the volume that can be injected without
breakthrough. If the y-value is zero, breakthrough is practically un-
avoidable. Calculations were performed in Excel™ Software (Microsoft)
and Statistica™ Software (Tibco Software Inc.). Fig. 1 shows the cor-
responding plot, highlighting the fact that large molecules result in a
more abrupt transition between the absence of breakthrough and the
onset of breakthrough (very steep ascending curves). For example, when
anakinra is diluted in ¢pcn < 0.64, breakthrough is inevitable, no matter
how small the volume injected. If ¢pacn = 0.65, Verit = 0.01 x Vo, and if
the ACN fraction is increased to ¢acny = 0.69 then Vi = 0.1 X Vg (the
injection volume can be up to 10 % of the column volume). In contrast,
the breakthrough of small molecules peaks is less sensitive to changes in
diluent composition. For homovanillic acid, when ¢acy = 0.40, 0.50,
0.60 and 0.70, the expected critical injection volumes are 1, 3, 8 and 20
% of Vo, respectively. Fig. 1 also suggests that for the selected proteins,
¢acn ~ 0.65-0.70 (as sample diluent) would result in no breakthrough
and would allow the injection of relatively large volumes, but these
proteins have limited solubility in such solvents. However, please note,
that the absence of breakthrough does not necessarily result in a perfect
peak shape. There are several sources of additional band broadening
such as mass overload, volumetric overload and very often in HILIC the
unwanted secondary interactions.

3.2. Impact of injection volume in HILIC for proteins

To assess the effect of injection solvent in HILIC, a first series of
experiments was carried out by injecting different volumes of anakinra
(a therapeutic protein of approximately 17 kDa) onto a 50 x 2.1 mm,
1.7 ym column. The tested injection volumes ranged from 0.5 to 5 uL
(corresponding to about 0.4-4 % of the column volume, Vy). The
commercial formulation of anakinra is aqueous and was further diluted
with water to 0.5 mg/mL prior to analysis, which is clearly not an ideal
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Fig. 1. Estimated critical injection volume (normalized) as a function of sample diluent composition (volume fraction of acetonitrile, ¢acn).

sample diluent. Fig. 2 shows the results obtained for the analysis of
anakinra. For injection volumes comprised between 2 and 5 pL (corre-
sponding to approximately 1.6-4.0 % of Vo), a significant break-
through phenomenon was observed, with an intense peak eluted in the
column dead time, at approximately 0.45 min. This breakthrough peak
has an area 10-times higher than the retained peak, when injecting a
volume of 5 uL, while the value drops to 7-fold for an injection volume of
2 uL. This total breakthrough phenomenon was already described under
HILIC conditions, but only with positively charged compounds such as
peptides and weak bases. In the present work, a strong total break-
through was also observed with proteins (positively charged molecule
under acidic conditions) for injected volumes comprised between 2 and
5 uL. When decreasing the injection volume to 1 uL and 0.5 L, the ratio

0.44 °
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0.40 -
0.36 -
0.32
0.28 -

0.24

AU

of peak area for unretained vs. retained peak was reduced to 3.6 and 1.3-
fold, respectively. However, even if the unretained peak had a lower
intensity, an additional peak was observed (relatively broad eluted at
4.25 min when injecting 0.5 pL and very broad peak eluting at 3.2 min
for an injection volume of 1 uL). These peaks are typical of breakthrough
phenomenon, which corresponds to an intermediate scenario between
the total breakthrough (only an unretained peak is observed) and no
breakthrough (only a retained peak is observed). In this example, the
reduction of peak area corresponding to total breakthrough at lower
injection volume always results in the appearance of an additional peak
eluting closer (partially retained) to the peak of interest (double or split
peak). For injection volume of 0.5 and 1 pL, the breakthrough peak has
an area corresponding to 1.6 and 0.4-fold of the anakinra peak area,
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Fig. 2. Overlaid chromatograms in HILIC mode of 0.5-5 pL anakinra solution (0.5 mg/mL in water) obtained using L = 50 mm (1.7 ym, 2.1 x 50 mm) column.
Enlarged view of the shifted chromatograms from (A) 0.2 to 0.8 min (breakthrough region) and (B) from 2.0 min to 5.8 min (sample elution region). Injected volume:
0.5 pL, purple trace; 1 uL, red trace; 2 uL blue trace; and 5 uL green trace. Generic conditions: flow rate 0.3 mL/min; gradient 78 to 64 % B in 10 min; temperature
60 °C; UV detection 280 nm.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



R. Pérez-Robles et al.

respectively. When cumulating all the peaks, the loss of observed peak
area was equal to about 5-fold for the injection volumes of 0.5 and 1 pL.

In all cases, the anakinra peak eluted at 4.5 min was fairly sym-
metrical and had a suitable peak width at half height equal to 0.049,
0.054, 0.056 and 0.058 min for the 0.5, 1, 2 and 5 pL injection volumes,
respectively. So, the peak broadening associated with the increase of
injection volume was always reasonable. On the other hand, the peak
area obtained for the different injection volumes was equal to 4300,
10,800, 17,000 and 34,000 for the 0.5, 1, 2 and 5 pL injection volumes,
respectively. In theory, it should be directly proportional to the injection
volume, which was almost the case here. However, if breakthrough
would not exist, sensitivity would be 5-times higher at 0.5 and 1 pL, 7-
fold higher at 2 pL. and 10-times larger at 5 pL injection volume.
Breakthrough phenomenon is therefore particularly critical for sensi-
tivity, even if symmetrical/narrow peaks can be obtained.

As shown in Fig. 2, a volume of 0.5 pL is still too large and leads to
breakthrough and a peak splitting. A volume of 0.1-0.2 uL would
certainly be ideal in terms of peak shape for this HILIC analysis. How-
ever, using such a very low volume would lead to extremely limited
sensitivity and is therefore an unacceptable solution.

3.3. Evaluation of various injection programmes for proteins in HILIC

A few years ago, an interesting approach was proposed to minimise
the effect of the injection conditions on chromatographic peak broad-
ening when using very efficient and small volume columns in RPLC and
operating them in isocratic elution mode. This approach, which consists
in performing a pre-column dilution, was named as Performance Opti-
mizing Injection Sequence (POISe), and involves automatic injection of
a defined volume of weak solvent with the sample to increase retention
factors during sample loading [17]. This method has recently been
revisited by McCalley et al. for the analysis of small molecules under
HILIC conditions [11]. In the present work, this POISe approach was
reconsidered to avoid the problems encountered in Fig. 2. Fig. 3 shows
the analysis of anakinra using four different injection programmes, and a
constant injection volume of 3 uL on a 50 mm column length. In our
experiments, ACN solvent plugs were co-loaded onto the column
together with the sample plug in different configurations. Among the

0.22
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0.18
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0.10 |
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Journal of Chromatography A 1713 (2024) 464498

tested configurations, the addition of a pre-plug or post-plug or both
(bracketed injection) of ACN was evaluated and corresponding results
were compared with the classical (non-POISe) injection. As expected,
the classical injection of 3 pL (light blue trace) provided a significant
breakthrough peak, corresponding to 7.5-fold the retained peak, leading
to non-negligible loss in sensitivity on the retained peak, but no peak
deformation and a good peak width at 50 % equal to 0.058 min were
observed. In previous RPLC work, the optimal ratio of weak to strong
injection solvent was 4:1 [17]. However, as the impact of injection
solvent when analyzing proteins in HILIC was found to be significant, a
ratio of 7:1 was applied in Fig. 3 (this ratio will be further explored in
Fig. 4). When adding a post-plug injection of ACN equal to 7-fold the
injected volume (green trace), the breakthrough peak was slightly
reduced (the ratio of unretained vs. retained peak now corresponds to
3-fold) and the retained peak offer a better sensitivity (peak area was
increased by 2.3-fold). This result can be explained by the increased
focusing effect, as the ACN proportion in the injection plug is increased.
When adding a pre-plug of ACN (dark blue trace), significant benefits
were noticed, with no peak deformation, and no breakthrough peaks. In
this case, the sensitivity was strongly enhanced compared to the classical
injection (peak area was increased by 9-fold, for the same injection
volume of 3 pL). However, we also noticed a peak broadening when
adding the pre-plug of ACN. Indeed, peak width at 50 % was equal to
0.099 min, corresponding to 70 % increase in comparison with the
regular injection of 3 pL. In addition, we also observed a gradual shift of
the peak apex towards lower retention times and a triangular shape
towards the front. These phenomenon can be attributed either to an
increase in band broadening during the special injection programme, or
to concentration overloading effects, as injection volume of 3 pL corre-
sponds to about 3 % of the column volume, which is quite large under
HILIC conditions. Besides the addition of a pre-plug, the interest to
simultaneously add a post-plug (red trace) was found to be very limited.
Indeed, the peak area and peak width remain comparable to the case
where only the pre-plug was added.

In the end, it is clear that the addition of a pre-plug solvent is a
valuable strategy to inject relatively high volume when analyzing pro-
teins under HILIC conditions and maximize sensitivity.
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Fig. 3. Overlaid HILIC chromatograms injecting 3 pL of anakinra sample (0.5 mg/mL diluted in water) using pre-plug (pre-CD) and post-plug sample column dilution
(post-CD) with ACN, i.e. 1) 21 pL of pre-plug ACN + 3 pL of sample, dark blue trace; 2) 21 uL of pre-plug ACN + 3 pL of sample + 21 L of post-plug ACN, red trace; 3)
3 pL of sample + 21 pL of post-plug ACN, green trace; and 4) 3 pL of sample (no column dilution), light blue trace. Enlarged view of the chromatograms from (A) 0.2
to 0.7 min (breakthrough region) and (B) from 3.3 min to 5.7 min (sample elution region). Generic conditions: L = 50 mm (1.7 um, 2.1 x 50 mm) column; flow rate
0.3 mL/min; gradient 78 to 76 % B in 10 min; temperature 60 °C; UV detection, 280 nm.(For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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Fig. 4. Overlaid HILIC chromatograms of (A) insulin (0.5 mg/ mL), (B) ana-
kinra (0.5 mg/ mL) and (C) reduced rituximab (0.5 mg/ mL), injecting 1-10 L
of ACN in pre-plug column dilution mode (pre-CD) (1 pL, black trace; 2 pL, blue
trace; 4, green trace; and 10 pL, red trace) followed by 1 L of sample. Generic
conditions: L = 20 mm (1.7 um, 2.1 x 20 mm) column; flow rate 0.3 mL/min;
gradient 85 to 71 % B for insulin, 80 to 66 % B for anakinra, 74 to 66 % B for
reduced rituximab in 4 min; temperature 60 °C; UV detection, 280 nm.(For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

3.4. Impact of pre-plug volume of an injection sequence for proteins in
HILIC

The following experiments were performed on a shorter HILIC col-
umn of only 20 mm, with the same chemistry and particle size as the one
used in the previous experiments. Three different samples were
considered, namely insulin (therapeutic protein of about 6 kDa),
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anakinra and a reduced rituximab sample of which we analysed the light
chain (LC) and heavy chain (HC) sub-units of 25 and 50 kDa, respec-
tively. The injected volume was fixed at 1 pL and different ACN pre-plug
volumes of 1, 2, 4 and 10 pL were tested, corresponding to a ratio of
weak vs. strong injection solvent equal to 1:1, 1:2, 1:4 and 1:10. The
gradient conditions were optimised for each protein sample to achieve
reasonable retention for all species. As shown in Fig. 4(A), three
different scenarios were observed for insulin, depending on the pre-plug
volume of ACN, with total breakthrough, classical breakthrough or
adequate elution of the peaks with no breakthrough. With a weak vs.
strong injection solvent ratio of 1:1 or 1:2, a total breakthrough phe-
nomenon was observed, with a relatively large peak eluted at the col-
umn dead volume (corresponding to 2.4 and 1.8-fold the peak of interest
for injection solvent ratios of 1:1 or 1:2, respectively), and a symmetrical
peak of limited intensity retained on the column. When the ratio was
increased to 1:4, a classical breakthrough was observed, with no more
peaks eluted at the column dead volume, but the appearance of two
peaks eluted at 1.68 and 1.82 min. In this case, the two peaks have a
comparable intensity. Finally, the best separation was obtained when
the ratio was increased to 1:10, corresponding to a pre-plug of 10 pL for
an injection volume of 1 pL. Under these conditions, the separation was
perfectly acceptable, and the sensitivity was significantly improved
compared to the other three conditions (peak area was increased by
about 3-fold, compared to the cases where the injection solvent ratios
were equal to 1:1 or 1:2). These results confirm the interest of applying
sequenced injection by loading an ACN pre-plug. However, it is impor-
tant to mention that peak width at half-height was increased by 40 %
when increasing the injection solvent ratio from 1:1 to 1:10. As the in-
jection volume was very low in this case (1 pL only), this behaviour
cannot be attributed to column overloading, and it is clear that the
special injection sequence employed could contribute to peak broad-
ening, when a significant injection solvent ratio is employed.

Exactly the same behaviour was observed for anakinra (Fig. 4(B)),
but the total breakthrough peak observed for a weak vs. strong injection
solvent ratio of 1:1 or 1:2 was even higher (breakthrough peak corre-
sponds to 6 and 4-fold the peak of interest, respectively). In addition, the
peak width at half-height was increased by only 20 % when increasing
the injection solvent ratio from 1:1 to 1:10. This means that more ben-
efits of the injection sequence were observed with anakinra than with
insulin, and again the 1:10 ratio was found to give the best performance
(symmetrical peaks and high sensitivity).

For the reduced rituximab sample (Fig. 4(C)), the interpretation of
the breakthrough was more difficult because dithiothreitol (DTT) was
used to reduce rituximab and the excess DTT eluted at the column dead
time. It is therefore difficult to interpret whether or not there is a
complete breakthrough. However, the peak intensity at column dead
time decreases by a factor 2, when pre-plug with a ratio of 1:10 is
applied, and the peak areas of the LC and HC peaks also increased
significantly, by about 4-fold. The occurrence of a total breakthrough
phenomenon can be confirmed as the same reduced rituximab sample
was injected to obtain the four chromatograms shown in Fig. 4(C), and
only the weak vs. strong injection solvent ratio changed. On the other
hand, no partial breakthrough was observed in Fig. 4(C). For the rit-
uximab sample, it appears that the peak widths at half height remains
constant for the HC peak, whatever the weak vs. strong injection solvent
ratio. This behaviour can be attributed to the fact that HC has a larger
size compared to insulin and anakinra. Indeed, it seems that the impact
of sequenced injection on peak widths decreases with solute size,
probably due to the “on-off” like retention mechanism and a stronger
band focusing effect at the column inlet with larger proteins. For the LC
peak, the peak widths were decreased by about 20 % at 1:10 vs. 1:1
injection solvent ratio. This result is quite different from the ones pre-
viously obtained. It could be attributed to the fact that LC peak is eluting
much earlier (t, = 0.75 min) than insulin, anakinra and HC of rituximab
(t; comprised between 1.8 and 2.2 min) and is therefore differently
affected by the injection conditions. Based on these observations, it
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appears that the 1:10 ratio, corresponding to a 10 pL pre-plug, was again
the most appropriate solution to utilize the full performance (suitable
peak shapes and high sensitivity) of the very short HILIC column.

We were interested in further investigating the effect of injection
conditions (different combinations of sample volumes and ACN plug
ratios) and mobile phase flow rate on breakthrough phenomenon.
Therefore, various sample volumes were set (0.5, 1.0, 2.0 and 5 L) and
pre-plug volumes were adjusted to 1, 2, 4 and 10-times the sample plug
volume. Two flow rates were tested (F = 0.3 and 0.6 mL/min). Fig. 5
shows a representative contour plot (anakinra at F = 0.3 mL/min)
showing the representation of the peak distortion including overall
breakthrough (in %) as a function of the pre-plug solvent (ACN) to
sample plug volume ratio and also the sample volume. As expected, the
lower the sample volume, and the larger the solvent plug volume, the
lower the breakthrough is (dark green areas on Fig. 5). At a sample
volume of 1 uL, a 10-fold solvent pre-plug injection appears to be safe
enough to avoid breakthrough. If the sample volume is reduced to 0.5,
0.2 and 0.1 pL, then the ratio of solvent pre-plug volume to sample
volume can be set to lower values such as 9, 8 and 2, respectively, to
limit breakthrough. In other words, a smaller injection volume requires
arelatively smaller solvent pre-plug volume. Interestingly, as the sample
volume is increased beyond 1 pL, the required ACN pre-plug volume
ratio does not necessarily increase, suggesting a sort of convergence
towards a 10:1 ratio even at 2 pL sample volume. The same trends were
observed for all protein samples and at both flow rates (data not shown).

3.5. Applicability of sequenced injection to various mAb products in
HILIC

Finally, to demonstrate the potential and broad applicability of the
weak solvent pre-plug injection strategy, we selected several mAbs with
different physico-chemical properties in terms of isoelectric points (pI)
[22] and hydrophobicity [23]. These different mAb samples were
reduced and then their sub-units were analysed on either the 50 or 20
mm HILIC columns. The gradient times were also adjusted according to
the column length, 10 min and 4 min on the 50 and 20 mm columns,
respectively. For the 50 mm column, the injection volume was set to 2 pL
and a 20 pL injection pre-plug was included in the injection sequence.

overall breakthrough % 10

Bl <9 9
Il <70
[ <50
[1<30 8
B <10
-0

Solvent to sample plug volume ratio

0.2 04 06
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For the shorter column, the injection volume was reduced to 1 pL and the
pre-plug volume to 10 pL to maintain the same weak vs. strong solvent
ratio of 1:10. The corresponding chromatograms are shown in Fig. 6.
Irrespective of the mAb sample, it is clear that most of the peaks
observed for LC and HC fragments were symmetrical. In all cases, several
variants can be separated around the HC peak. These additional species
probably correspond to glycoforms that can be resolved under HILIC
conditions [24,25]. On the other hand, some other hydrophilic variants
can also be resolved in the time window corresponding to the LC peak.
This was for example the case for nivolumab or cemiplimab samples.
When comparing the 20 and 50 mm column length, the average peak
widths at half-height for the LC peaks were equal to 0.067 and 0.078 min
on the 20 and 50 mm long column, respectively. However, since the
gradient time was longer on the 50 mm column, peak capacity was equal
to 60 and 129 on the 20 and 50 mm long column, respectively. So, this is
primarily the gradient time that determines the peak width and not the
column length when analyzing proteins, which agrees with the on-off
like behaviour [26]. Independently on the mAb hydrophobicity and
pl, there is no breakthrough for all these separations, and a suitable
sensitivity was obtained in all cases with a reasonable injection volume,
even on the very short HILIC columns. Here again, these results confirm
the possibility to inject relatively large volumes onto small volume
HILIC columns using a purely aqueous sample diluent, only if an
appropriate (weak) solvent pre-plug injection is applied.

4. Conclusion

This work is dedicated to the analysis of therapeutic proteins using
short HILIC columns. One of the main problems when injecting proteins
on short HILIC columns is related to the mismatch between the sample
diluent (proteins are formulated in aqueous media) and the mobile
phase (mostly composed of acetonitrile). This solvent mismatch is
indeed detrimental to the separation and is responsible for peak defor-
mation and breakthrough phenomena. To evaluate this problem and
propose possible solutions, therapeutic proteins of different sizes (in-
sulin of 6 kDa, anakinra of 17 kDa and rituximab subunits of 25 and 50
kDa) were selected and short HILIC columns of 20-50 mm were used.

Due to the on-off retention mechanism of proteins under HILIC

0.8 1.0 1.2 14 1.6 1.8 2.0

Sample volume (uL)

Fig. 5. Contour plot of overall breakthrough (expressed in %) as function of pre-plug solvent (ACN) to sample plug volume ratio (vertical axis) and of sample volume

(horizontal axis). Sample: anakinra, F = 0.3 mL/min, 20 x 2.1 mm column.
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Fig. 6. Representative chromatograms in HILIC mode of several mAbs (0.5 mg/mL) reduced with DTT: Nivolumab, black trace; Ipilimumab, dark blue trace;
Daratumumab, green trace; Casirivimab, light blue trace; Bevacizumab, pink trace; Ramucirumab, brown trace; and Cemiplimab, red trace, using different column
lengths, (A) L = 50 mm and (B) L = 20 mm. Generic conditions: 20 uL pre-plug column dilution (pre-CD) with ACN followed by 2 pL of sample in L = 50 mm column
and 10 pL pre-CD with ACN followed by 1 pL of sample in L = 20 mm column; flow rate 0.3 mL/min; gradient 72 to 74 % B in 10 min (L = 50 mm) and gradient 74 to
66 % B in 4 min (L = 20 mm); temperature 60 °C; UV detection 280 nm.(For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

conditions, we demonstrated that large molecules lead to an abrupt
transition between the absence of breakthrough and the onset of
breakthrough, which was not necessarily the case for small molecules.
For the selected proteins, ¢pcny ~ 0.65-0.70 (as sample diluent) would
result in no breakthrough and would allow the injection of relatively
large volumes. However, proteins are not soluble in such solvents and
this solution was unsuitable.

Next, we tried to better understand the effect of injection volume in
HILIC of proteins. It appears that a volume of 0.5 pL on a 50 x 2.1 mm
column was still too large, leading to breakthrough and peak splitting. A
volume of 0.1-0.2 uL would certainly be ideal for this type of analysis.
However, using such a very small volume would result in very low
sensitivity and is again not an acceptable solution.

The best solution to avoid the solvent mismatch problem is to modify
the injection program. Automatic injection of a defined volume of weak
solvent with the sample was tested to increase retention factors during
sample loading. In these experiments, ACN solvent plugs were loaded on
the column together with the sample plug in different configurations.
The addition of either a pre-plug, a post-plug or both (bracketed injec-
tion) of ACN was evaluated and the results compared to classical in-
jection. Irrespective of the protein selected, the addition of a pre-plug
solvent is a valuable strategy for injecting relatively large volumes when
analysing proteins in HILIC and for maximising sensitivity. Various
weak to strong solvent ratios of 1:1, 1:2, 1:4 and 1:10 were then tested
and the best compromise was always achieved with the 1:10 ratio. This
means that for a sample volume of 1 pL, a pre-injection of 10 uL. ACN is
required to avoid peak deformation and breakthrough. However, it is
also important to note that the peak width at half height increased by 40
% when the injection solvent ratio was increased from 1:1 to 1:10 due to
the injection sequence.

Finally, the strategy (pre-injection of ACN at a ratio of 1:10) was
successfully applied to the HILIC separation of different mAb sub-units
using 20 and 50 mm long columns. These results confirm the possibil-
ity of injecting relatively large volumes onto small volume HILIC col-
umns using a purely aqueous sample diluent, provided that a suitable
(weak) solvent pre-plug injection is used.
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