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a b s t r a c t
Column selection often centers on the identiﬁcation of a stationary phase that increases resolution for a
certain class of compounds. While gains in resolution are most affected by selectivity of the stationary
phase or modiﬁcations of the mobile phase, enhancements can still be made with an intentional selection
of the packing material’s microstructure. Unrestricted mass transfer into the particle’s porous structure
minimizes band broadening associated with hindered access to stationary phase. Increased eﬃciency, especially when operating above the optimal ﬂow rates, can be gained if the pore size is signiﬁcantly larger
than the solvated analyte. Less studied are the effects of reduced access to pores due to physical hindrance and its impact on retention. This article explores the relationship between pore size and reversed
phase retention, and speciﬁcally looks at a series of particle architectures with reversed phase and size
exclusion modes to study retention associated with access to stationary phase surface area.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
Method development in chromatography focuses on the desire
to achieve optimal performance under a given set of experimental
and instrumental conditions. One of the most important aspects of
this process is column selection, including considerations for both
the stationary phase that interacts with analytes and the architecture of support structures for the phase [1]. Improved chromatographic performance is often observed in idealized column structures, which include open tubes, ordered nonporous pillar arrays,
and packed beds of nonporous spheres [2]. In these cases, very
high performance has been demonstrated, but a lack of surface
area prevents adequate sample (mass) load on a column for reliable detection post separation [3]. To increase surface area and ensure suﬃcient sample loadability, particles comprising chromatographic beds are typically highly porous [4].
When selecting a column support material for a given separation, a general requirement is that particle pore size should ensure analytes avoid restricted diffusion which results in poor chromatographic eﬃciency [5]. There are many “rules of thumb” for the
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minimum pore diameter-to-analyte diameter ratio, ranging from 4
to 10 [5,6]. However, a deﬁnitive guideline is diﬃcult to establish
as variables including the bonded phase and analyte size can be
affected by separation conditions such as mobile phase and temperature [5,7,8].
The particles’ porosity and mechanism of analyte diffusion into
the porous surface is critical to the chromatographic process and
largely the focus of chromatographic support study [9,10]. Larger
pores reduce the obstruction of the analytes’ movement thereby
maintaining the analytes ability to diffuse eﬃciently. Too small,
and the pores obstruct movement and cause lower chromatographic eﬃciency due to higher resistance to mass transfer. Theoretically, it would make sense to operate in the realm of very large
pores, or even no pores, but these options reduce stationary phase
surface area which can ultimately cause sample overloading [11].
For this reason, there is a direct compromise between eﬃciency
and surface area. To address this compromise, and meet the analytical need for separation solutions of small and large molecules,
various pore sizes are manufactured [12].
Although most research related to pore size in chromatographic
particles focuses on eﬃciency, a less explored aspect of pore size
is available retentive surface [13–16]. One recent comparison was
made for very large molecules, myosin and the SigmaMab, on 10 0 0
Å superﬁcially porous particles (SPP) and 300 Å fully porous particles [17]. As the majority of the surface area of many chromato-
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graphic supports is buried deep within the particle, it stands to
reason that limited access due to the size of analyte relative to
pore size will reduce retention. In this communication, we explore
this ﬁnding of restricted access to surface across highly similar superﬁcially porous particle (SPP) architectures that differ in pore
size and surface area, but have similar particle size and shell thickness. We demonstrate this phenomenon by tracking retention as a
function of molecular weight in reversed phase modes and correlate it to the results of size exclusion experiments.
2. Experimental Conditions
2.1. Chemicals used
All solvents were HPLC grade or higher. Acetonitrile, triﬂuoroacetic acid, lorazepam, bombesin, insulin chain B oxidized, insulin and ribonuclease A were sourced from MilliporeSigma (St.
Louis, MO). Trastuzumab was sourced as the injectable formulation (Herceptin, Roche), from a pharmaceutical supplier. The
trastuzumab was reconstituted as recommended in the accompanying instructions, and stored as frozen concentrates that were
thawed before use, then buffer exchanged by size exclusion into 50
mM ammonium bicarbonate buffer (pH 8.3). For SEC experiments,
THF (unstabilized) was obtained from VWR Chemical (Radnor, PA)
and toluene was from Pharmco-Aaper (Brookﬁeld, CT). Polystyrene
size standards between 1.9 kDa and 27.1 kDa were from Agilent
Technologies (Wilmington, DE), between 50 kDa and 1.8 MDa were
from Supelco (Bellefonte, PA), and the 2.8 MDa polystyrene standard was from Waters Corporation (Milford, MA).

Fig. 1. Plate height vs. velocity plots for insulin (black) and lorazepam (red). Circles
represent the results on the 90 Å material and squares are results from the 160 Å
material.

2.8 MDa were conducted at 0.5 mL/min at ambient temperature
with THF as the mobile phase.
3. Results and Discussion
Each of the HALO 90 Å, 160 Å and 10 0 0 Å silica supports are
physically similar with a 2.7 μm particle diameter, a 1.7 μm nonporous core and a 0.5 μm shell [17–20]. They differ in that each is
synthesized to a unique shell porosity. With increasing shell porosity, the materials show reduced total surface area of 135, 90, and
25 m2 /gram, respectively. The following experiments control surface interaction as a variable by using HALO Phenyl-Hexyl bonding
for reversed phase experiments and bare silica for size exclusion
experiments.
Plate height was measured at varied ﬂow rates by van Deemter
type analysis of analytes on the 90 Å and 160 Å supports. Expected
differences in performance as a function of molecular weight and
pore size are shown in Fig. 1. For the small molecule lorazepam,
321 Da, the two columns perform nearly identically. This result
eliminates column loading as a confounding variable. Comparison
of insulin, 5777 Da, and lorazepam shows C-term increases due to
the reduced diffusion coeﬃcient of the larger molecule for both
columns. Restricted access to the pores of the 90 Å material compared to the 160 Å material provided additional contribution to
larger C-terms for the peptide hormone. This result is well understood and described in greater detail elsewhere [21–23].
The relative retention for these columns is consistent with
trends observed in 300 – 10 0 0 Å pore materials that were previously described by Wagner et. al. [17]. Plotted in Fig. 2A is a selection of chromatograms run at 0.5 mL/min, near the optimum ﬂow
rate for these SPP materials and column internal diameters. Notably, the retention order ﬂips as the molecular weight of the analyte increases. For the smallest molecule, greater retention is seen
on the 90 Å material as it can freely access the full intraparticle
surface area in particles with both pore sizes. At 3496 Da, insulin
chain B oxidized, the two peaks elute at nearly identical times, indicating similar access to the surface area in both columns and the
beginning of restricted access to the intraparticle stationary phase,
especially in the 90 Å column. Finally, insulin exhibits signiﬁcantly
greater retention on the 160 Å support as it has more access to intraparticle stationary phase surface area than in the 90 Å column.
Complete exclusion from the particles’ porosity should return
the ratio of retention factors to 1. As both materials have identical particle diameters, fully excluded analytes will experience the
same total surface area of the packed spheres, speciﬁcally the sta-

2.2. Reversed phase experiments
Reversed phase LC experiments were conducted on a Shimadzu
Nexera HPLC instrument with UV diode array detection (Columbia,
MD). Detection wavelengths were 254 nm for small molecules
and 210 nm for peptides and proteins. Chromatograms were processed with LabSolutions software (Shimadzu). Three 2.1 × 50
mm columns, a HALO 90 Å Phenyl-Hexyl, 2.7 μm, a HALO 160 Å
Phenyl-Hexyl, 2.7 μm and a prototype phenyl-hexyl bonding on
the HALO 10 0 0 Å support, were used for reversed phase experiments (Advanced Materials Technology, Inc. Wilmington, DE). For
van Deemter analysis, mobile phases compositions were proportioned by mass, premixed, and delivered to the column through a
single pump at ﬂow rates from 0.05 mL/min to 1.75 mL/min. Mobile phase compositions were determined experimentally to yield a
retention factor (k’) of 2 or greater for each individual analyte. Speciﬁc mobile phase percentages of acetonitrile in water (with 0.1%
TFA) were as follows: lorazepam 30%, bombesin 21%, insulin chain
B oxidized 28%, insulin 30% and ribonuclease A 22%. Experiments
were conducted at 60 °C. For gradient experiments mobile phase
A was water +0.1% TFA and mobile phase B was acetonitrile +0.1%
TFA.
2.3. Size exclusion experiments
SEC experiments on HALO 90 Å HILIC (bare silica), HALO 160
Å bare silica column, and HALO 10 0 0 Å bare silica columns (all
4.6 × 100 mm) were conducted on a HPLC system consisting of
a Waters 600E Multisolvent Delivery System (Milford, MA), a Valco
two-position, six-port injector (Houston, TX), and a Shimadzu SPD10A UV/Vis detector (Columbia, MD) operated at 254 nm. Data
was acquired at 20 Hz using a USB-6008 DAQ and in-house written LabView software (National Instruments, Austin, TX). All experiments to measure elution volume (calculated based on elution
time) of toluene and polystyrene standards between 1.9 kDa and
2
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vs φ (volume fraction of organic solvent in the mobile phase) plot
[5]:

log k = log kw − Sφ

(1)

Here, kw is the retention factor in 100% water. Practically, a
large S value results in very high retention and increased bandwidth due to longitudinal diffusion under retention conditions
with weak mobile phases. Under higher strength isocratic conditions, retention is quickly eliminated. For this reason, we ran
all isocratic experiments with premixed mobile phases. For the
macromolecule trastuzumab, the S value is so large that we had
to use a gradient for comparison, as shown in Fig. 2B. To interpret this data, we used the relative gradient retention values, kg
,described in Equation 2 [24]:

kg =

tr
−1
t0

(2)

The variables tr and t0 are the retention time and column dead
time, respectively. As expected, trastuzumab yielded nearly identical kg values for the 90 and 160 Å and a gradient retention factor ratio near 1. The peak on the 160 Å column is more tailed,
likely due to some restricted partitioning into the pores that has
been described previously with a “softball” model, which suggests
molecules can access varying degrees of a particle’s porosity and
that this access depends on the molecules’ size [25]. As an additional conﬁrmation of principle, a prototype bonding of the PhenylHexyl phase on our 10 0 0 Å support was run for comparison. This
material has approximately 19% of the total surface area of the 90
Å material and yet has greater retention under these conditions.
Even in this unoptimized gradient for mAb separations, we begin to see features related to minor components, indicating nonexcluded molecules are being separated. These minor components,
thiol variants, have been well resolved under optimized reversed
phase conditions on 10 0 0 Å supports [26].
Fig. 2C plots the retention factor ratios and gradient retention factor ratios for a selection of test probes of varying molecular weights on the 90 Å and 160 Å columns. For this series of
molecules, under denaturing conditions, a clear trend is seen as
the retention factor ratio decreases from 1.5. The limit of 1.5 relates to the ratio of surface area between the 90 Å and 160 Å materials and is physically deﬁned by the ﬁnite surface areas that a
small molecule is able to freely sample. Small molecules behave as
expected with a direct relationship to total available surface area.
Medium size molecules, around 30 0 0 Da, experience similar total
surface area due to partial pore exclusion, or reduced access to
the entirety of the pore size distribution. Molecules approaching
14,0 0 0 Da are mostly excluded from the 90 Å material, but have
near full access to the available surface area on the 160 Å material. Very high molecular weight analytes, 150 kDa, are excluded
from both the 90 Å and 160 Å materials resulting in equal retention on both columns. The true relationship between mass and size
is complicated by experimental conditions [8]. As we do not have
biophysical data for these molecules under these denaturing conditions, we have opted to plot results in terms of molecular weight
instead of hydrodynamic volumes. For reference, models suggest a
3 kDa random coil would have a hydrodynamic radius of 45 Å, a
15 kDa random coil would be 100 Å in diameter, and a 150 kDa
random coil would be 315 Å [5].
Size exclusion experiments were run to get a better understanding of the available pore volume and accessible surface using a
simple model of bare silica and polystyrene standards in THF. Although this model is far from ideal for biomolecules and their reversed phase retention characteristics, it does give some insight
into relative ranges of operation. Plots of log of the radius of gyration for polystyrene in THF as a function of retention volume
are shown in Fig. 3. The useable SEC range for both materials was

Fig. 2. Panel A, example isocratic chromatograms of lorazepam, insulin chain B oxidized, and insulin on 90 Å and 160 Å columns. Each is run at 0.5 mL/min. Panel B,
gradient chromatograms run for trastuzumab. Gradient conditions were 20 to 50%
B in 2.5 minutes at 60 °C and 0.5 mL/min. A plot of retention factor ratio as a function of log molecular weight is shown in Panel C. The dashed line at 1.5 represent
the ratio of surface area between the materials 90 Å/160 Å. The dashed line at 1
represents the point of equal retention. Closed circles represent ratios of isocratic
retention factor while the open circle represents the ratio of gradient retention factors.

tionary phase found on the outer particle surface. To observe this,
we used the monoclonal antibody trastuzumab, 148 kDa, and modiﬁed our experiment to a gradient. Large molecules are diﬃcult to
separate under isocratic conditions due to their very steep S terms
and it has been well documented that this value increases with
the solute’s molecular weight. The S term is the slope of the log k
3
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Fig. 4. Gradient chromatograms for the mix of ribonuclease A (1), lorazepam (2),
insulin chain B oxidized (3) and insulin (4) on the 90 Å and 160 Å columns. Gradient conditions were 5 to 50% B in 5 minutes at 60 °C and 1.5 mL/min.

modeled with a linear ﬁt between regions of full access and exclusion.
In practice, the development of an SEC protein separation begins with the selection of a column with a pore size that positions
the band of interest near the middle of the fractionation range of
the column, where KD = 0.5 [27]. KD , the distribution constant is
deﬁned in Equation 3 [27]:

KD = (VR − Vo )/VP

(3)

Here VR , VO and VP are elution volume, exclusion volume,
and pore volume respectively. Using this rule of thumb for our
columns, the point at which KD = 0.5 for the 90 Å material is
3100 Da, the 160 Å material is 19.9 kDa and the 10 0 0 Å is 48
kDa. These values approximate ranges where we could expect 50%
access to the pore volume and about the same access to surface
area of the particle. However, because the pore size distribution
in these materials is wide and larger molecular weight solutes
are ﬂexible, no hard cut-off of solute molecular weight exists and
eﬃcient separations can be achieved with each of these materials in gradient modes. Examples of this can be seen throughout
the literature for very large pore monoclonal antibody separations
[17,26,28,29].These results do suggest that even more gains in potential retention manipulation, selectivity, and resolution could be
achieved with even larger pores.
Leveraging exclusion-based retention with analyte mixes of signiﬁcantly different molecular weights could be an important tool
for modifying selectivity that is currently underutilized. For example, Fig. 4 shows the gradient elution of a mixture of 4 compounds.
Shifts in retention are related to analyte MW and access to available surface area. Peaks 1 and 4, ribonuclease A and insulin, gain
retention on the 160 Å column. Peak 2, lorazepam, has less retention on the lower surface area 160 Å column. Peak 3, insulin Chain
B oxidized, does not shift and elutes at 2.949 (90 Å) and 2.976 (160
Å) minutes. The pore size difference in the two columns results in

Fig. 3. Size exclusion data for the 90 Å (Panel A) 160 Å (Panel B) and 10 0 0 Å (Panel
C) columns. Dashed lines represent limits of total inclusion and full exclusion. Line
of best ﬁt for the linear region is shown in red.
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a change in elution sequence for lorazepam and insulin chain B
oxidized peaks. In practice, relative retention shifts could be increased by shallower gradients. An example of exploiting this sizeexclusion effect in reversed phase mode was recently described by
Huang et al., in which a method developed to determine chelating agents’ concentrations by excluding the larger mAb from the
already formulated sample in the void volume and reducing the
need for longer sample preparation steps [30]. The results from
Fig. 4 demonstrate that these retention shifts can be more subtle
in the range between completely unrestricted access to intraparticle surface area and complete exclusion from pores, providing an
additional method development parameter for peptide and protein
separations.

opinions expressed in this publication do not reﬂect endorsement
by, or opinions of, the sources of ﬁnancial support of this research.
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4. Conclusions
Although reversed phase retention of small molecules has been
well described, a subtle phenomenon relating reversed phase retention, pore size, analyte size and available surface area has received less attention. Modern particles prepared from sols by a
process that yields highly reproducible porosity could restore interest in the use of pores as a retention variable when sample components vary signiﬁcantly in MW. Retention shifts based on analyte size were identiﬁed using identical bonded phases on highly
similar particle architectures that only differ in pore size and surface area. Our results with current particles suggest pore size could
play a more signiﬁcant role in method development by giving protocols another variable of manipulation. Given the current trend
towards biologics in the pharmaceutical industry, we believe this
phenomenon could be very powerful to manipulate analyte selectivity, especially in samples of diverse molecular weights.
We also present evidence for a continued drive towards even
larger pore materials. As detection schemes and instrumentation
develop to handle even smaller mass loads, the chromatography
column will be given more room to operate in highly eﬃcient, low
surface area conﬁgurations. We expect this could manifest through
increasing pore diameter within the limits of particle stability and
eventually routine application of nonporous particles or open tubular separations. These regimes of operation are however fraught
with experimental challenges that will need to be addressed including sample handling, relative dynamic range of sample concentrations, and sensitive detection schemes. Given that resolution
is strongly a function of surface driven selectivity, a balance will
be required for the successful application of next generation chromatographic materials.
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