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a b s t r a c t
A wide-pore silica-based superﬁcially porous material with a high coverage phenyl bonding was evaluated for the analysis of monoclonal antibodies and antibody-drug conjugates. This new material is based
on 2.7 m particles having a shell thickness of 0.40 m and average pore size of approximately 450 Å.
Various important features of this reversed phase column technology were explored, including kinetic
performance for large biomolecules (i.e. speed of analysis, efﬁciency and peak capacity), recovery of
proteins, selectivity for resolving modiﬁcations, and the possibility to reduce the amount of triﬂuoroacetic
acid in the mobile phase. A systematic comparison was also performed with other existing modern
wide-pore phases possessing differences in structure/morphology and chemistry.
If all these ﬁgures of merit are considered, it is clear that this phenyl bonded wide-pore superﬁcially
porous stationary phase is one of the most promising materials to have been developed in recent years.
Indeed, it offers kinetic performance comparable to the most efﬁcient wide-pore SPP column on the
market. In terms of protein recovery, this new phase was found to be superior to silica-based and silicahybrid C4 bonded materials, particularly with separations performed at sub-80 ◦ C temperature. Under
such conditions, it in fact shows recoveries that are quite similar to a divinyl benzene (DVB) polymerbased material. More importantly, due to its unique, high coverage phenyl bonding, it offers additional
steric effects and potentially even - interactions that yield advantageous selectivity for mAb subunit peaks and ADC species as compared to commonly used C4 or C18 bonded phases. Last but not
least, mobile phases consisting of only 0.02–0.05% triﬂuoroacetic acid can be successfully used with this
column, without signiﬁcant loss in recovery and peak capacity.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
During the last decade, there have been several innovations in
column technology and instrumentation to improve the separation
power in reversed-phase liquid chromatography (RPLC) of proteins.
The aim of these developments has been to achieve higher efﬁciency and faster analysis for large molecules that possess slow
diffusivity and tend to adsorb strongly and heterogeneously to stationary phases and system surfaces (tubing, injector).
Superﬁcially porous particle (SPP) structure is still one of the
most advantageous stationary phase morphologies for macromolecule separations, as the solute diffusion distance inside the
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particles plays probably the most important role in the mass transfer process for slowly diffusing solutes [1–8]. The capability of
columns packed with SPPs, manifest as unusually high efﬁciency
at modest operating pressure, quickly resulted in the commercial
introduction and success of products branded as being based on
so-called porous shell, core–shell or fused-core particles [9–11].
Indeed, the efﬁciency of columns packed with SPPs increases as
the porous shell thickness decreases. However, the optimum shell
thickness in reality is a compromise between efﬁciency, sample
loading capacity and analyte retention [12]. It appears that the
structure of the latest generation of SPPs is very close to the optimum and a balance between column efﬁciency and loadability. A
160 Å 2.7 m packing with a shell thickness of 0.5 m was introduced in 2010 under the brand names of HALO Peptide ES-C18 and
Ascentis Express Peptide ES-C18, respectively [13,14]. An average
pore size of ∼160 Å allowed the unrestricted access of molecules
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up to approximately 15 kDa, depending on their molecular conformation [15]. Kirkland et al. systematically compared the efﬁciency
of the 160 Å HALO Peptide ES-C18 column to the original 90 Å
HALO-C18 column for mixtures of peptides and small proteins [14].
In 2012, a larger (3.6 m) SPP wide-pore material (0.2 m shell
thickness) was launched under the name of Aeris Widepore, and
seemed to be very promising for large protein separations including
monoclonal antibody (mAb) fragments [16,17]. Its relatively large
particle diameter afforded low column pressures, which help to
minimize on-column degradation of pressure sensitive proteins by
way of avoiding high shear forces and to minimize pressure induced
increases in hydrophobic retention that can broaden peaks. To analyse intact large proteins and their sub-units, the particle size and
shell thickness were further optimized [18]. Theory and previous
studies indicated that a thin shell should be used to compensate
for the low diffusion coefﬁcients and resulting poor mass transfer
of large molecules. To ﬁnd the optimum, three different batches of
3.4 m particles with 400 Å pores were compared with 0.15, 0.20 or
0.25 m-thick shells (these particles had surface areas of 10, 15 and
18 m2 /g) in an experimental study [18]. It was found that a 0.20 m
thick shell (400 Å) provided the most preferred chromatographic
performance for proteins. This material is now commercially available under the brand name of HALO Protein.
Recently a one-step coating coacervation method was developed for the synthesis of a series of wide pore SPPs of different
particle sizes, pore sizes, and shell thicknesses [1]. The effects of
pore size (300 Å vs. 450 Å), shell thickness (0.25 m vs. 0.50 m),
and particle size (2.7 m and 3.5 m) on the separation of large
proteins, intact and fragmented mAbs were systematically studied with this recent one-step coating method. It was found that
the larger pore size actually had more impact on the kinetic performance achieved with mAbs, than the particle size and shell
thickness. The SPPs with larger 3.5 m particle size and larger
(450 Å) pore size showed the highest resolution for mAbs [1]. The
results led to the optimal particle design with a particle size of
3.5 m, a thin shell of 0.25 m and pore size of 450 Å. This material
is now commercialized as AdvanceBio RP-mAb.
SPPs with 1000 Å pores designed speciﬁcally for separating large
biomolecules and industrial polymers have been described [19].
Separations of large biomolecules conﬁrmed the advantages of particles with very large pores in minimizing mass transport effects for
improved resolution. Studies with known DNA fragments indicated
that the 1000 Å particles separate 1000 base pairs DNA (approximately 660 kDa) with minimal effects of restricted diffusion [19].
The so called sphere-on-sphere (SOS) particle structure is quite
close to SPP morphology. This approach provides a simple and fast
one-pot synthesis in which the thickness, porosity and chemical
substituents of the shell can be controlled by using the appropriate reagents and conditions [20]. These SOS columns were found
to be particularly well suited for the analysis of large biomolecules,
since each particle is composed of a relatively large solid inner core
surrounded by a signiﬁcant number of small spheres of silica [21].
Thanks to the special particle morphology, the surface area seems
to be sufﬁcient to achieve reasonable loading capacity and retention. This prototype SOS material was successfully applied for the
separation of model proteins, mAbs and antibody-drug conjugate
(ADC) [21].
By using the latest generation wide-pore SPPs, superior efﬁciency can be achieved for proteins RP separations, but there are
still some remaining issues, namely: (1) the strong adsorption of
large proteins on silica-based materials and (2) the lack of selectivity between closely related protein species [22,23]. To this end,
interesting insights have been gleaned to better appreciate the
appeal of phenyl surface chemistries over the alkyl bonded phases
that have near invariably been used for protein RPLC separations.
Amgen scientists have published multiple times on the utility of

columns based on a so-called diphenyl bonding [24,25]. In this
study, we have systematically characterized the performance of a
new wide-pore silica-based SPP material with even higher phenyl
coverage. This new material exhibits a novel surface chemistry
that is synthesized using a multistep silanization process to yield
a phenyl-based bonded phase which is both inordinately high in
coverage (at 6 mol phenyl moiety/m2 ) and comprised of rigidly
constrained carbons. This material is believed to limit silanol interactions by extensively masking the base particle, to facilitate more
discrete desorption by minimizing the conformational heterogeneity of protein adsorption, and to improve resolving power by being
highly retentive. In addition, it is believed to afford advantageous
selectivity through possible - interactions and steric effects that
are not present in common silica-based materials (butyl, octyl or
octadecyl phases). Column efﬁciency, recovery, selectivity and the
possibility to use mass spectrometry (MS) compatible mobile phase
have been evaluated for this column against other recently developed wide-pore RPLC technologies as applied to detailed analyses
of mAbs and ADCs.
2. Experimental
2.1. Chemicals and samples
Acetonitrile and water were purchased from Fisher Scientiﬁc
(Reinach, Switzerland). Triﬂuoroacetic acid (TFA), formic acid (FA),
dithiothreitol (DTT) and tris(hydroxymethyl)aminomethane (TRIS)
were purchased from Sigma-Aldrich (Buchs, Switzerland). IdeS
®
(FabRICATOR ) was purchased from Genovis AB (Lund, Sweden).
FDA and EMA approved monoclonal antibody (palivizumab,
ofatumumab and panitumumab) and antibody-drug conjugate
(brentuximab vedotin) samples were kindly provided by the Center of Immunology Pierre Fabre (Saint-Julien-en-Genevois, France).
NIST mAb (NIST Reference Material 8671) was obtained from the
National Institute of Standards and Technology (Gaithersburg, MD,
USA). Reduced, IdeS digested NIST mAb was obtained from Waters
(mAb Subunit Standard, Milford, MA, USA).
2.2. Chromatographic system and columns
Measurements were performed on a Waters Acquity UPLC
I-Class system equipped with a binary solvent delivery pump,
an autosampler, UV and ﬂuorescence (FL) detector. The system
includes a ﬂow through needle (FTN) injection system with 15 L
needle and a 0.5 L UV and 2 L FL ﬂow-cell. Data acquisition and
instrument control were performed by Empower Pro 3 software
(Waters).
The high coverage phenyl bonded wide-pore superﬁcially
porous particle reversed phase column (150 mm × 2.1 mm, BioResolve RP mAb Polyphenyl, 2.7 m, 450 Å) was provided by Waters
(Milford, MA, USA). The other reference columns employed in
this study for comparison purpose were the Aeris Widepore XBC18 (150 mm × 2.1 mm, 3.6 m, 300 Å), MabPac RP (100 mm × 2.1
mm, 4 m, 1500 Å), HALO Protein C4 (150 mm × 2.1 mm, 3.4 m,
400 Å), Protein BEH 300 C4 (150 mm × 2.1 mm, 1.7 m, 300 Å)
and AdvanceBio RP-mAb C4 (150 mm × 2.1 mm, 3.5 m, 450 Å),
purchased from Phenomenex (Torrance, CA, USA), Thermo Fisher
Scientiﬁc (Waltham, MA, USA), Advanced Materials Technology
(Wilmington, DE, USA), Waters (Milford, MA, USA) and Agilent
(Santa Clara, CA, USA), respectively.
2.3. Sample and mobile phase preparation
To evaluate and compare the kinetic efﬁciency, recovery and
selectivity of the columns, mAbs and ADC samples were analyzed at
intact and sub-unit levels. Intact therapeutic proteins were diluted
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to 1 mg/mL with water and injected without further preparation.
Preparation of protein sub-units was performed using the 1 mg/mL
solutions of intact proteins. MAb samples were reduced by adding
10 L of freshly prepared 1 M DTT to 90 L 1 mg/mL protein (to
have 100 mM DTT in the ﬁnal solution) and incubating the solution at 45 ◦ C for 30 min. The ADC sample was reduced by adding
10 L of freshly prepared 100 mM DTT to 90 L 1 mg/mL protein
(to have 10 mM DTT in the ﬁnal solution) and incubating the solution at 30 ◦ C for 60 min. After reduction, samples were kept at 4 ◦ C.
For the evaluation of selectivity, NIST mAb was digested by IdeS
enzyme and then reduced by DTT. IdeS cleaves a mAb under its
inter-chain disulﬁdes of the hinge region resulting in Fc/2 (or single
chain Fc, sFC) and F(ab’)2 fragments. The resulting F(ab’)2 fragment
can be further deconstructed to light chain (LC) and Fd’ sub-units, by
chemical reduction [26]. After this combined sample preparation of
IdeS digestion and reduction, the sample contains Fc/2, LC and Fd’
fragments. The resulting pool of these ∼25 kDa fragments is favorable for chromatographic and mass spectrometric characterization
[27].
100 U lyophilized IdeS enzyme (one well of a 96 well plate format) was reconstituted in 40 L TRIS (pH 7.5). 20 L of this IdeS
solution (50 U) was added to 50 L 1 mg/mL mAb solution. Samples were incubated and mixed at 45 ◦ C for 30 min. After digestion,
samples were reduced by adding 8 L of freshly prepared 1 M DTT
solution (to have approximately 100 mM DTT concentration in the
sample). Reduction was performed at 45 ◦ C for 30 min. After sample
preparation, samples were kept at 4 ◦ C.
Mobile phase A was 0.1% TFA (v/v) in water, mobile phase B was
0.1% TFA (v/v) in acetonitrile, unless indicated otherwise. A volume
of 1 L was injected using linear gradients and various gradient
conditions (see detailed information at the corresponding sections). Temperature varied between 60 and 90 ◦ C, and ﬂow rate was
set to 0.3 mL/min and 0.6 mL/min, respectively. Data were acquired
using 280 nm excitation and 360 nm emission wavelengths with
20 Hz sampling rate. Data were processed using Excel and Drylab
(4.2) software.
2.4. Apparatus and methodology
2.4.1. Column efﬁciency, peak capacity, separation impedance
For studying and comparing column performance, intact and
reduced NIST mAb were injected and the peak widths of the native,
heavy chain and light chain peaks were measured.
The column efﬁciency in gradient elution mode is generally
described by the peak capacity [28,29]. For the comparison of column efﬁciency in gradient elution mode, several theoretical and
experimental expressions can be found in the literature [30–34].
To have comparable results with the studied columns (different dimensions, porosity, phase ratio) at different ﬂow rates, the
rules of LSS theory and geometrical method transfer were applied
[35,36]. The next formula was used to calculate the gradient steepness (s) for the given conditions:


s = (e − 0 ) ·

L
tg − t0


· u = ˇ · L · u0

u0 =

L
4F
=
t0
εT dc2 

Where F is the ﬂow rate and dc is the column diameter. For the
peak capacity measurements, the solvent strength was varied linearly with gradient times. On 150 mm long columns, tg was varied
between 5 and 40 min, while on the 100 mm long column it was set
between 3.5 and 30 min in 5 min steps. Two ﬂow rates were applied
(F1 = 0.3 mL/min and F2 = 0.6 mL/min). Peak capacities were experimentally determined on the basis of gradient time, column dead
time and the average peak widths measured at 50% height (w50% ).
The following equation was used to estimate the peak capacity
based on peak widths at 4, corresponding to a resolution of Rs = 1
between consecutive peaks:
nc = 1 +



nc ,M = nc

(3)

100
L

(4)

During the experiments ˚e -˚0 was kept constant (15%) for all
columns. But for maintaining similar apparent retention on the different stationary phases, ˚0 was set at 30%B on most columns,
except on the AdvanceBio RP MAb C4 column, where ˚0 was set at
25%B.
When studying the efﬁciency, peak capacity vs. gradient time
plots (nc − tg ) and peak capacity per meter versus gradient span
(expressed in time/column length dimension such as min/meter)
plots (nc,M − Sg ) were compared. The gradient span (Sg ) in this case
was calculated as:
Sg = tg

 100 
L

(5)

The column performance also depends on column permeability (Kv ) and retention time, the latter being related to column dead
time and/or gradient time. Therefore, peak capacity plots do not
give information about the overall quality of the separation (e.g.
achievable separation time), but only about the reachable peak
widths. By analogy to Knox’s separation impedance concept [37],
similar representation of kinetic performance can be constructed
by calculating the peak capacity per unit time and per unit pressure
values, according to the next formula [16,38,39]:
PPT =

nc
tg · P

(6)

where PPT is the peak capacity per unit time and per unit pressure
value and P is the column pressure drop (the maximum pressure
measured during the gradient program, corrected for extra-column
pressure drop). Plots of PPT as a function of gradient steepness
were constructed and compared for two sets of linear velocity. Column permeability (Kv ) was experimentally determined, using the
following relationship:
KV =

(2)

tg − t0
1.699 · w50%

The experimentally observed peak capacity (nC ) values are
not directly comparable, since peak capacity depends on column
length. Therefore, the peak capacities extrapolated to 1 m column
length (nC.M ) were considered in this comparison. When maintaining constant the gradient steepness, the following formula can be
written:

(1)

where ˚0 is the initial mobile phase composition and ˚e is the ﬁnal
mobile phase composition, L is the column length, tg and t0 are the
gradient time and column dead time, u0 is the linear velocity and
ˇ is the so-called time steepness of the linear gradient.
Linear velocity and column total porosity (εT ) were determined
by injecting uracil as t0 indicator; and the next formula was used:
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u0 ·  · L
P

(7)

where  is the mobile phase viscosity, P is the experimentally
observed column pressure drop.
2.4.2. Recovery and the effect of mobile phase temperature
On-column adsorption of intact mAbs and their heavy chain
and light chain sub-units was evaluated in a systematic way. Short
gradient runs (5 min) were carried out on four different types of
stationary phases (including silica-, polymer- and hybrid-based
materials) at a series of temperature as T = 60, 65, 70, 75, 80, 85
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and 90 ◦ C. The ﬂow rate was set to 0.6 mL/min, a volume of 1 L
was injected and FL detection (excitation at 280 nm, emission at
360 nm, 20 Hz) was used. The gradient was set as 30–45% B on all
columns, except on the MAbPac RP column (29–44% B). This way, all
the species eluted with appropriate retention at all temperatures
and on each column.
To compare the adsorption of proteins on the different stationary phases, the recovery of intact, heavy- and light chain sub-units
of NIST mAb, palivizumab, ofatumumab and panitumumab were
determined. NIST mAb was selected because it is standard reference material that can be easily obtained. Panitumumab is one of
the worst case mAbs, while ofatumumab represents an average
mAb and palivizumab is the best case mAb, in terms of on-column
adsorption [23].
The relative peak areas (expressed as recovery percentage)
related to the values observed at the highest temperature on the
prototype column were plotted as a function of temperature. Since
the largest peak areas were observed at the highest temperature,
the relative recovery can be determined and its temperature dependence can be shown.
2.4.3. Selectivity, method optimization
To study the selectivity of the prototype column, the chromatograms obtained for NIST mAb and brentuximab vedotin
sub-units were compared to other columns when operating all of
them under their individual optimal conditions. The optimal conditions were determined on the basis of resolution models built
from 4 initial experiments (tg -T model) [40]. For the NIST mAb
sample, gradient times were set as tg1 = 5 and tg2 = 15 min, while
for the brentuximab vedotin tg1 = 10 and tg2 = 20 min were chosen. Temperature was set at two levels in both cases as T1 = 70 and
T2 = 90 ◦ C. Flow rate was set to F = 0.6 mL/min and 1 L sample was
injected. Based on the critical resolution maps, the optimum working points (WP) were found and experiments were run under the
WP conditions.
2.4.4. Mobile phase additives
Residual silanols are known to contribute in a non-negligible
way to the overall selectivity of the stationary phase in RPLC [41].
On the other hand, acidic silanols can result in pronounced adsorption due to strong (presumably ionic) interactions even under
highly acidic conditions. Indeed, cation exchange activity of RPLC
materials was even observed when using 0.1% TFA in the mobile
phase (pH around 2) [16,17]. TFA is a frequently used ion-pairing
additive for the RPLC of proteins as it protonates basic residues
and forms ion pairs with the protein [12]. This ion-pair reduces
unwanted interactions with the stationary phase and possesses
desirable chromatographic properties. However, the formation of
stable ion-pairs should be avoided when MS detection is applied.
Indeed, ion-pairing additives, such as TFA suppress ionization in
the source, leading to sensitivity loss up to an order of magnitude
or more, depending on the sample and the MS conditions [12]. Thus,
the possibility to −even partially- replace TFA with other additives

which do not form stable ion-pairs, such as FA would be welcomed.
The effect of partial replacement of TFA with FA in the mobile phase
on the kinetic efﬁciency and recovery was evaluated and compared
to what can be observed on the HALO C4 silica based SPP material.
For this comparison reduced, IdeS digested NIST mAb and reduced
brentuximab vedotin were used. 0.1% TFA, 0.05% TFA + 0.05% FA,
0.02% TFA + 0.08% FA and 0.01% TFA + 0.09% FA (v/v) were used as
mobile phase additives. Linear gradients were run from 26 to 49%B
in 18.4 min for the ADC fragments and from 25 to 42%B in 17 min
for the mAb fragments. The recovery of the most critical, highly
hydrophobic triply loaded heavy chain (H3) of the ADC was evaluated. Average peak capacity calculated from the widths of the six
major ADC peaks were also compared when using different mobile
phase additives on the HALO Protein C4 column versus the high
coverage phenyl bonded wide-pore SPP column.
3. Results and discussion
3.1. Peak capacity and separation impedance
A systematic study was carried out to determine the peak capacity and gradient separation impedance (PPT) of various wide-pore
SPP materials. Table 1 summarizes the physical properties of the
columns used in this comparison. In practice, proteins are generally
separated in gradient elution mode at elevated temperature. Elevated temperature is beneﬁcial, because it decreases the strength
of secondary ionic interactions between residual silanols and positively charged biomolecules [22,23]. Moreover, the use of high
temperature strongly enhances analyte diffusion. Furthermore,
an ion-pairing reagent, namely TFA, was systematically added to
the mobile phase to improve peak shape in the case of protein
separation. To best emulate typical use conditions, a column temperature of 80 ◦ C was employed, 0.1% TFA was added to the mobile
phase and gradient spans were varied from between Sg = 23 and
267 min/meter, which are fairly common in the current practice.
(For better understanding, this Sg range corresponds to gradient
times ranging between 5 and 40 min for a 150 × 2.1 mm column
at 0.3–0.6 mL/min ﬂow rate). The chromatography of several test
compounds, including intact NIST mab (∼150 kDa) and its heavy(∼50 kDa) and light chain (∼25 kDa), was investigated as a function of gradient steepness and linear velocity. These experimental
variables are directly related to the mobile phase ﬂow-rate and the
gradient time duration which are often used to optimize a separation in practical work. The former has a direct inﬂuence on the
peak width, while gradient duration plays an important role on
the resolution as it affects the retention factor of the solute in the
mobile phase composition upon elution. It should be stressed that
these conditions are not meant to maximize the peak capacity for
any particular column or compound, since higher peak capacity
can sometimes be achieved by choosing longer gradient times or
lower ﬂow rates. Instead, we merely wanted to identify a set of conditions to allow a fair comparison within a practically acceptable
time frame.

Table 1
Physical properties of the columns used in this study.
Column

base

dimension

pore diameter (Å)a

d (m)

rho

εt

Kv (cm2 )

BioResolve RP mAb Polyphenyl (Waters)
BEH 300 C4 (Waters)
HALO Protein C4 (AMT)
AdvanceBio RP-mAb C4 (Agilent)
MAbPac RP (Thermo)
Aeris WP C18 (Phenomenex)

silica
ethylene-silica hybrid
silica
silica
divinylbenzene polymer
silica

150 × 2.1 mm
150 × 2.1 mm
150 × 2.1 mm
150 × 2.1 mm
100 × 2.1 mm
150 × 2.1 mm

450
300
400
450
1500
200

2.7
1.7
3.4
3.5
4.0
3.6

0.70
0
0.88
0.83
0
0.87

0.65
0.70
0.58
0.56
0.71
0.52

1.4 × 10−10
5.8 × 10−11
2.6 × 10−10
1.8 × 10−10
9.4 × 10−11
2.1 × 10−10

* rho denotes the ratio of the diameter of the core to the diameter of the particle, εt signiﬁes the total porosity and Kv deﬁnes the permeability.
a
Pore diameters have been measured for these materials by several different approaches. Mercury injection porosimetry was used in place of nitrogen BET for BioResolve
RP mAb Polyphenyl particles to ensure accurate measurement of large pores.
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Fig. 1. Peak capacity versus gradient time plots of intact NIST mAb (A) and its heavy- (B) and light chains (C) observed at a ﬂow rate of 0.6 mL/min, temperature of 80 ◦ C and
with ˚ = 0.15.
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Fig. 1 shows the observed peak capacity values vs. applied
gradient time for F = 0.6 mL/min. When the gradient time was
longer than 10 min, the BioResolve RP mAb Polyphenyl column
outperformed all the other columns for the intact NIST mAb
sample (Fig. 1A). Peak capacity between nc = 100 and 175 were
observed. The HALO Protein C4 protein column showed slightly
lower efﬁciency (nc = 100–150), followed by the MabPac RP column
(nc = 100–130). The other three columns (AdvanceBio RP Mab C4,
BEH 300 C4 and Aeris WP C18) performed nc < 120 under these conditions. For the heavy chain of NIST mAb (Fig. 1B), the BioResolve
RP mAb Polyphenyl and HALO Protein C4 protein columns yielded
the highest (and similar) peak capacity (nc = 100–180), while the
Thermo MabPac RP column provided the lowest efﬁciency (nc < 95).
For the smallest fragment (light chain of NIST mAb), it was again
the BioResolve RP mAb Polyphenyl and HALO Protein C4 columns
that showed the highest efﬁciency (nc = 120–300) (Fig. 1C). For
this fragment, the Agilent BioRP Mab C4 column gave the lowest
peak capacity (nc = 95–170). One possible reason for the excellent
efﬁciency of the prototype and the HALO C4 protein columns is
that they possess the largest average pore size (450 Å) among all
the SPP materials. As already discussed, a large pore diameter is
known to be beneﬁcial for large proteins [1,18]. The MabPac RP
column possesses an even larger pore size (1500 Å), but is a fully
porous polymeric-based material with a relatively large particle
size (4 m). Probably, this could be the reason why it shows moderate peak capacity (proteins have longer residence time in the inter
particle volume). However, it should be noted that nominal average
pore diameters deﬁned by various manufacturers should be interpreted with caution as they are based on different methodologies
(e.g. gas adsorption/desorption, mercury intrusion or inverse size
exclusion chromatography). Obviously, weaker secondary interactions (due to the lack of residual silanols) on the MabPac RP column
can also improve the apparent efﬁciency. However the impact of
secondary interactions on efﬁciency is hard to estimate and dissociate from other sources of band-broadening [17]. Very similar
behavior and ranking of columns were observed at 0.3 mL/min,
except that the absolute peak capacity was somewhat lower compared to 0.6 mL/min (data not shown).
Fig. 2 highlights the obtained peak capacity per meter values
as a function of gradient span at 0.6 mL/min for all columns. The
ranking of the columns in this comparison is quite similar to the
previous one, except for the MabPac RP column since this column
is not available in a 150 mm long format (only in a 100 mm length).
When the efﬁciency is calculated for 1 m long columns, the performance of the MabPac RP column was more favorable. In all, the
BioResolve RP mAb Polyphenyl column and the HALO Protein C4
columns produced the highest peak capacity for NIST mAb and its
fragments. A maximum peak capacity per meter of nc ,M ∼ 440, 480
and 760 were observed with the BioResolve column for the intact
NIST mAb, its heavy chain and its light chain, respectively.
Another representation of column capability is shown in Fig. 3.
In this case, separation quality was judged on the basis of peak
capacity, column permeability and analysis time, simultaneously.
Fig. 3A shows the peak capacity per pressure and time unit (PPT)
values as a function of the gradient span at F = 0.6 mL/min, and
80 ◦ C for all columns. In this representation, the higher the PPT
value, the lower the “separation impedance” is. These plots illustrate which columns are most amenable to being used to achieve
faster separations at low pressure and thus their amenability to
being taken advantage of on all types of LC instrumentation. By
this performance metric, the HALO Protein C4 column appears to be
exemplary, because of its high permeability (Kv = 2.6 × 10−10 cm2 )
and peak capacity. The BioResolve column can be ranked as having the next best separation impedance. Indeed, it provides the
highest peak capacity in most cases, but it also exhibits two times
lower permeability compared to the HALO Protein C4 column

(which is logical when considering the particle diameters). Generally, the BEH 300 C4 column provides the highest separation
impedance, due to its low permeability. The same conclusion was
drawn at a lower, 0.3 mL/min ﬂow rate, but obviously the PPT values were higher, due to the lower operating pressure compared to
F = 0.6 mL/min.
3.2. On-column protein adsorption – effect of temperature
Temperature is known to play a crucial role in the RPLC analysis of proteins [22,23]. First of all, it is generally mandatory to
work at elevated temperatures (e.g. 80–90 ◦ C) to attain appropriate recovery, especially when proteins are analyzed at the intact
level. At lower temperatures, proteins may adsorb too strongly or
too heterogeneously onto the stationary phase, resulting in asymmetric, tailed peaks or even incomplete elution. On the other hand,
elevated temperature may increase the risk of on-column protein
degradation, particularly for longer gradients. Indeed, harsh eluent conditions generally used in RPLC (high temperature, strongly
acidic mobile phase and longer residence times) may accelerate the
cleavage of the protein backbone. Consequently, it is important to
critically evaluate the effect of temperature when developing RPLC
methods for proteins. The use of lower temperature could decrease
the risk the on-column degradation and extend column lifetime,
but adsorption has to be kept reasonable.
The adsorption-desorption properties of the high coverage
phenyl bonded silica SPP material (BioResolve RP mAb Polyphenyl)
were compared to commercial reference materials of silica (HALO
Protein C4), hybrid silica (BEH 300 C4) and polymer (MabPac RP)
particles at various temperatures.
At their intact level, all of the tested mAbs – except panitumumab – showed excellent recovery (above 90%) on both columns
within the entire temperature range studied, from 60 to 90 ◦ C (data
not shown). The same was observed for the light and heavy chains of
those mAbs. Adsorption of panitumumab, as being the most problematic mAb, is shown in Figs. 4 and 5. Fig. 4 shows how elution
proﬁles change when decreasing temperature on the prototype and
on the reference silica material, namely the HALO Protein C4 phase.
With the BioResolve column, temperature can be decreased to 80 ◦ C
while still achieving >90% recovery of the intact mAb on the BioResolve column, and it is even possible to work at 70 ◦ C to satisfactorily
recover the heavy chain and 60 ◦ C for the light chain. On the contrary, a temperature of 85–90 ◦ C is systematically required on the
HALO column to achieve reasonable recovery for these different
samples (Fig. 4).
For the analysis of mAbs at their intact level, the column technologies can be ranked in terms of recovery as follows: polymeric
high coverage phenyl bonded silica > C4 bonded hybrid > C4 bonded
silica material (Fig. 5). Note that the BioResolve column is a silicabased material, showing comparable recovery to the polymeric
one, down to 80 ◦ C and clearly outperforming the BEH and HALO
columns. Interestingly, recovery of the panitumumab heavy- and
light chains are very similar on the BioResolve and MAb Pac RP
columns. More than 94% of the light chain is recovered through
the entire temperature range (60–90 ◦ C), and above 90% of the
heavy chains were recovered above 70 ◦ C. Recoveries on the BEH
and HALO materials were signiﬁcantly lower. Thus, at the sub-unit
level, recovery from the materials can be ranked as follows: polymeric ≈ high coverage phenyl bonded silica > C4 bonded hybrid > C4
bonded silica material.
3.3. Selectivity and method optimization for NIST mAb and
brentuximab vedotin
In most forms of RPLC, interactions with the stationary phase
are predominantly mediated through hydrophobic interactions
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Fig. 2. Peak capacity versus gradient steepness plots related to 1 m column length of intact NIST mAb (A) and its heavy- (B) and light chains (C) observed at a ﬂow rate of
0.6 mL/min, temperature of 80 ◦ C and with ˚ = 0.15.
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Fig. 3. Peak capacity per pressure and time unit versus gradient steepness plots of intact NIST mAb (A) and its heavy- (B) and light chain (C) observed at a ﬂow rate of
0.6 mL/min, temperature of 80 ◦ C and with ˚ = 0.15.
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Fig. 4. Chromatograms of panitumumab on the BioResolve RP mAb Polyphenyl (A, C) and the Halo Protein C4 columns (B, D) at various temperatures. Recovery was evaluated
at intact (A, B) and subunit levels (C, D) by reducing the mAb to obtain the heavy- and light chains. Gradient: 25–40%B in 5 min, mobile phase A: 0.1% TFA in water, B: 0.1%
TFA in acetonitrile. Flow rate: 0.6 mL/min, injection volume: 1 L. Detection: FLex : 280 nm, FLem : 360 nm, 20 Hz.

between the nonpolar amino acid residues of proteins and immobilized ligands (typically C4, C8 or C18). Accordingly, solutes tend to
elute in their order of increasing molecular hydrophobicity. Nevertheless, cation-exchange through residual silanols is not negligible
for proteins, even when using 0.1% TFA as additive [16,17]. That is to
say there are a number of factors that contribute to the selectivity
of a protein RPLC column and that the most obvious way to affect
selectivity is to manipulate the surface chemistry of a stationary
phase. As mentioned earlier, the BioResolve RP mAb Polyphenyl stationary phases synthesized by a multistep silanization process that
yields a phenyl-based bonded phase that is both high in coverage
(at 6 mol phenyl moiety/m2 ) and comprised of rigidly constrained
carbons. These attributes are likely to be of signiﬁcant inﬂuence to
the retention and selectivity of proteins due to steric and potentially even - interactions that are otherwise not present with
alkyl bonded phases. These effects are likely to be quite prominent
given that proteins tend to contain a multitude of aromatic amino
acids [42–46]. Moreover, the accessibility to residual silanols are
probably less important, compared to common alkyl ligands, due
to the steric hindrance imposed by this new bonded phase.
The linear solvent strength model (LSS) is a widely accepted
theory which describes analyte retention as a function of the volume fraction (˚) of elution solvent. This model has worked well
to describe the retention of numerous types of analytes, including
large proteins such as mAbs or mAb sub-units [40].
Besides gradient programming, the other most important
method variable for optimizing protein RPLC is mobile phase
temperature. However, with large biomolecules, the effect of temperature on retention becomes more complex. Depending on the
stability of the secondary structure, the molecules unfold to various

Table 2
Optimal conditions (working points) for selectivity comparison.
NISTmAb

brentuximab
vedotin

Column

tg (min)

T (◦ C)

tg (min)

T (◦ C)

Waters BioResolve RP mAb Polyphenyl
Waters BEH 300 C4
HALO Protein C4
Thermo MAbPac RP
Phenomenex Aeris WP C18

15
15
15
10
15

90
86
86
77
85

20
10.5
20
13.3
14

90
86
90
90
90

extents and hence interact with the stationary phase with various strengths [47]. Due to the different conformation-dependent
responses of proteins at elevated temperatures, the change in
retention can be very different [48,49]. Another issue related to
temperature is the possible thermal degradation of proteins when
working at elevated temperature. It was shown for mAbs that analysis time should be kept below 20 min to avoid degradation at
70–90 ◦ C [22].
All the above discussed points were considered to optimize
separation conditions for resolving components of reduced, IdeS
digested NIST mAb and reduced brentuximab vedotin. A general
approach is to simultaneously model the effect of temperature and
gradient steepness (s) [40]. Optimal conditions were determined
for both samples on ﬁve different columns, and the corresponding
chromatograms are shown in Fig. 6, while the conditions are summarized in Table 2. Please note that in Fig. 6, the chromatograms
are shown as function of apparent retention factor (kapp ) to be comparable (since column length and porosity were not identical). An
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Fig. 5. Relative recovery of intact panitumumab (A) and its heavy chain (B) and light chain (C) as a function of temperature on different stationary phases.

important ﬁnding is, that on the BioResolve column, the selectivity
between the Fc/2 and LC peaks of NIST mAb is signiﬁcantly greater
than on other columns. In turn, the BioResolve column resolves

additional peaks in the separation space between them (Fig. 6A,
red circle). These minor peaks (variants) were not separated on the
other columns, no matter the condition under which they were
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Fig. 6. Chromatograms of reduced, IdeS digested NIST mAb (A) and reduced brentuximab vedotin (B) using optimized conditions on each column. Optimal conditions were
determined using Drylab 4 software and are detailed in section 2.4.3. Red circles highlight the resolution of Fc/2 and LC species of NIST mAb and L1/H0, H2 and H3 species
of brentuximab vedotin on the BioResolve RP mAb Polyphenyl column. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

Fig. 7. Chromatograms of reduced brentuximab vedotin observed with the BioResolve RP mAb Polyphenyl (A) and the HALO Protein C4 (B) columns, and chromatograms
of reduced, IdeS digested NIST mAb with the BioResolve RP mAb Polyphenyl (C) and HALO Protein C4 (D) columns using various TFA/FA concentrations. Gradient: 26–49%B
in 18.4 min for the ADC fragments and 25–42%B in 17 min for the mAb fragments, mobile phase A: water and B: acetonitrile containing various TFA/FA concentrations.
Temperature: 90 ◦ C, ﬂow rate: 0.6 mL/min, injection volume: 1 L. Detection: FLex : 280 nm, FLem : 360 nm, 10 Hz.

used. The least favorable selectivity was observed with the polymeric column (MAbPac RP), and the other columns provided more
or less the same separation quality.
There are two objectives when analysing a cysteine linked ADC
sample, like brentuximab vedotin, by RPLC. The ﬁrst is to sepa-

rate the various payload bearing versus unconjugated species so
that it might be possible to determine the average drug to antibody ratio (DAR), an important quality attribute of an ADC. Among
these species, it is quite critical and often challenging to resolve
the light chain with one payload (L1) from the unconjugated heavy
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Fig. 8. Spidergram representation of the features of the different wide-pore columns based on selectivity, retention window, recovery, efﬁciency (peak capacity) and
separation speed (permeability × operating pressure capability).

chain (H0). The second objective in the RPLC analysis of a cysteine
linked ADC is to separate – if possible – the variants related to the
light- and heavy chain, such as post-translational modiﬁcations and
positional DAR isomers. As can be seen on Fig. 6B, the most favorable selectivity between the L1 and H0 peaks was again observed
with the BioResolve column. The MAbPac RP column also provided
a good separation between these critical peaks. Meanwhile, the
other three columns produced selectivity between these peaks that
was signiﬁcantly lower and in one case notably inadequate (HALO
Protein C4). The following resolutions were achieved between the
L1 and H0 peaks; Rs = 11.30 (BioResolve RP mAb Polyphenyl), 5.14
(MAbPac RP), 2.88 (BEH 300 C4), 2.19 (Aeris WP C18) and 1.35
(HALO Protein C4). The largest number of variants separated from
the main peaks was also obtained on the BioResolve column (see the
shoulder peaks of H0, H2 and H3). These results conﬁrm that the
additional selectivity afforded by a high coverage phenyl bonded
phase (as related to steric and/or - interactions) is important to
discriminate protein species.
3.4. The impact of mobile phase additives
Studies were also performed to investigate the effect of replacing some of the TFA ion pairing additive of the mobile phase with FA.
Elution proﬁles of the reduced brentuximab vedotin and reduced,
IdeS digested NIST mAb were studied on the BioResolve column
and on a reference silica based column, namely the HALO Protein
C4. For the reduced brentuximab vedotin, the elution proﬁle of
loaded and unconjugated ADC fragments slightly changed when
TFA was gradually replaced by FA (Fig. 7A and B). Retention and resolution of the pre- and post-peaks of the major species decreased
on both columns when replacing TFA with FA. Moreover, recovery
of the most critical, highly hydrophobic H3 fragment, decreased
to 72% on the HALO and to 79% on the BioResolve material when
using 0.01% TFA + 0.09% FA in the mobile phase. The average peak

capacity of the six major peaks decreased by 42% on the HALO and
23% on the BioResolve column. From this example, 0.1% TFA can
be replaced by 0.05% TFA/0.05% FA without serious peak distortion
and any signiﬁcant loss of efﬁciency on both columns, and above
all on the BioResolve column. Further decreases in TFA may result
in severe peak tailing and compromised resolution but it is sample dependent. Similar behavior was observed for the NIST mAb
fragments (Fig. 7C and D). Indeed, selectivity changed only slightly
when using 0.05% TFA + 0.05% FA, while resolution and recovery of
the major peaks were maintained. Interestingly, the area of the Fd’
pre-peak – which may correspond to an artifactual internal cleavage between D88 -P89 [50,51] – is markedly reduced at low TFA
concentrations compared to other peaks. It is reasonable to suggest that this putative degradation artifact is catalyzed by strongly
acidic conditions, explaining why its abundance is quite high with
0.1% TFA (pH values for 0.1% TFA and 0.01% TFA + 0.09% FA are ∼2.0
and 2.5, respectively). This is corroborated by the fact that the area
of this peak increased signiﬁcantly when longer gradient times and
higher temperatures were explored to optimize selectivity. This
result also demonstrates that it may be pragmatic to reduce TFA
concentrations whenever possible simply to limit the formation of
degradation products. Moreover, partial replacement of TFA with
FA is expected to increase MS sensitivity. The possibilities and limitations of the BioResolve column for use with MS detection will be
systematically evaluated in a forthcoming study.
3.5. Overall comparison of the columns
Numerous parameters should be considered to select the best
column for a given purpose, including selectivity, retentivity, efﬁciency, separation speed and recovery (adsorption). To select the
most appropriate column, all of these ﬁgures of merits have been
combined in the spidergrams of Fig. 8 for four modern wide-pore
RPLC columns (silica-based SPP with a high coverage phenyl bond-
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ing, silica-based SPP C4, polymeric (DVB) FPP and silica-hybrid FPP
C4). Selectivity was ranked on the basis of average selectivity for
NIST mAb and ADC samples under optimal conditions. Retention
windows were determined for both samples based on the difference between the retention of the last and the ﬁrst eluting peaks
(kapp,last –kapp,first ) under generic conditions. Recovery was considered for the worst case sample (intact panitumumab). Finally,
efﬁciency was compared based on the achievable peak capacity
while separation speed was assessed according to column permeability and maximum operating pressure.
If all these features are considered, it appears that the best balance of performance is provided by the BioResolve column. If only
the efﬁciency and separation speed are taken into account, then
the silica-based HALO C4 protein is also a good choice. In contrast,
if the recovery is the most important parameter (e.g. determination
of average DAR) – and efﬁciency and separation speed are not an
issue – then one of the best options is a polymer based FPP material
(like that of the mAb Pac RP column).

4. Conclusion
A new stationary phase based on a high coverage phenyl bonding and a wide-pore silica-based SPP has been characterized and
compared to other recently developed wide-pore RPLC phases.
With this cohort of column technologies, it has been possible to
observe the effects of differences in stationary phase morphology,
composition and surface chemistry on the analysis of various mAbs
and a cysteine linked IgG1 type ADC.
This new SPP material is based on 2.7 m particles with
rho = 0.70 (corresponding to 0.40 m shell thickness) and its average pore size is ∼ 450 Å. Its total porosity is εT = 0.65 and it has a
permeability of Kv = 1.4 × 10−10 cm2 .
The achievable peak capacity for intact mAb and sub-units
was somewhat higher (or equivalent in some cases) to the peak
capacity achievable with one of the most efﬁcient wide-pore SPP
columns that is currently commercially available (the HALO Protein
C4 column). Peak capacity values between nc = 100 and 175 were
observed for intact NIST mAb with a 150 × 2.1 mm column, when
the gradient time was set between 5 and 40 min.
In terms of protein recovery, the new stationary phase was seen
to be superior to silica-based and silica-hybrid materials bonded
with C4 ligands. It shows only slightly lower, almost negligible,
recovery differences compared to a DVB polymer-based material.
For most mAbs, it appears that acceptable recoveries might be
achieved even at 70 ◦ C versus the 80 or 90◦ C temperatures now
being routinely used.
Due to its unique surface chemistry, this new phase exhibits
novel selectivity for mAb sub-unit peaks and ADC DAR species
as compared to commonly used C4 or C18 ligands. Minor peaks
representing variants could be successfully separated between the
Fc/2 and LC sub-units of NIST mAb, something not possible with
the other stationary phases included in this study. Further work is
planned to identify these variants of NIST mAb.
Attempts were made to decrease concentration of TFA ion pairing agent to facilitate improved MS sensitivity. Through which, it
was found that TFA concentration can be decreased without signiﬁcant loss in recovery or peak capacity with this new column. In
addition, it was shown that replacing TFA with FA can also be beneﬁcial to avoid the formation of undesired degradation products
(such as the artifactual internal cleavage between D88 -P89 amino
acids of NIST mAb).
When considering all the important parameters of mAb or ADC
separations (selectivity, retention window, peak capacity, separation speed and recovery), this new column technology, based on a
uniquely high coverage phenyl bonding and wide-pore silica based
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SPP material seems to be most promising. In many ways, it appears
that this column advantageously marries the kinetic properties of
a modern superﬁcially porous particle with the desirable chemical
properties of a polymeric divinyl benzene based stationary phase.
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