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In Brief

FlashPack is a fast and simple
protocol for capillary column
packing. It is developed for the
classical 100 bars pressure
bomb setup and ultrahigh sor-
bent concentrations. It provides
a 100-fold increase in packing
rate and reduces packing time
with sub-2 um sorbents to a few
minutes for HPLC columns and
to less than an hour for 50 cm
UHPLC columns. Custom-pro-
duced columns offer perform-
ance on par with commercially
available capillary columns.

- 100 bars
Highlights
e Fast and simple capillary column packing protocol.
e Low-pressure packing at <100 bars from ultrahigh sorbent suspension concentration.
e Sorbent particle aggregation leading to blocking of the column entrance is avoided.

e Effective for long capillary UHPLC column packing with a wide range of sorbents.
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Technological Innovation and Resources

FlashPack: Fast and Simple Preparation of
Ultrahigh-performance Capillary Columns for

LC-MS*s

Sergey l. Kovalchuk, ®Ole N. Jensen, and ® Adelina Rogowska-Wrzesinska*

Capillary ultrahigh-pressure liquid chromatography
(cUHPLC) is essential for in-depth characterization of
complex biomolecule mixtures by LC-MS. We developed
a simple and fast method called FlashPack for custom
packing of capillary columns of 50-100 cm length with
sub- 2 um sorbent particles. FlashPack uses high sor-
bent concentrations of 500-1,000 mg/ml for packing at
relatively low pressure of 100 bar. Column blocking by
sorbent aggregation is avoided during the packing by
gentle mechanical tapping of the capillary proximal end
by a slowly rotating magnet bar. Utilizing a standard
100-bar pressure bomb, Flashpack allows for produc-
tion of 15-25 cm cUHPLC columns within a few minutes
and of 50 cm cUHPLC columns in less than an hour.
Columns exhibit excellent reproducibility of back-pres-
sure, retention time, and resolution (CV 8.7%). Flash-
Pack cUHPLC columns are inexpensive, robust and de-
liver performance comparable to commercially available
cUHPLC columns. The FlashPack method is versatile
and enables production of cUHPLC columns using a
variety of sorbent materials. Molecular & Cellular Pro-
teomics 18: 383-390, 2019. DOI: 10.1074/mcp.
TIR118.000953.

Capillary liquid chromatography (LC) is the central analyti-
cal separation technique for liquid chromatography-mass
spectrometry (LC-MS)-based functional proteomics in biol-
ogy, biomedicine, and clinical medicine. Combined with op-
timized and often multidimensional sample prefractionation,
the LC-MS approach allows very detailed characterization of
the human proteome. However, prefractionation comes at the
cost of extended analysis time due to the need for LC-MS
processing of each individual fraction (1). The effectiveness of
LC-MS itself can be improved by the application of ultrahigh-
performance capillary chromatography (cUHPLC)'. For exam-
ple, analyte separation using a 50 cm length capillary column
packed with 2 um sorbent particles allowed profiling of the
yeast proteome (~5,000 proteins) in just about 1 h (2). Further
development of ultrahigh-performance and high-sensitivity

LC separations is very important (3) but is hampered by the
fact that only few types of commercial cUHPLC columns are
available, the choices of sorbents are limited, and commercial
capillary columns come at high costs. A method for efficient,
fast, and simple custom preparation of 50-100 cm capillary
columns for robust and reproducible cUHPLC applications
could change this situation.

The most popular setup for capillary column packing today
consists of a container (a 2 ml vial) with a stirred sorbent
suspension placed into a special pressure bomb, which is
connected to a nitrogen gas tank (Fig. 1A) (4). Upon pressur-
ization, the sorbent suspension is squeezed into the capillary
open end dipped into the suspension. The sorbent is trapped
and retained by a frit in the distal capillary end, i.e. a glass frit
(5) or a self-assembling sorbent frit in a tapered column end
(6).

Capillary column packing is usually accomplished by low-
pressure packing using a 100 bar pressure bomb and low
sorbent concentration (2.5-25 mg/ml) (7-9). The approach is
very popular due to its simplicity and is widely used in pro-
teomics LC-MS laboratories. However, the low-pressure/low-
concentration method is extremely time consuming and
practically unsuitable for packing of very long (50-100 cm)
capillary UHPLC columns (supplemental Fig. S1). Efficient
and very fast cUHPLC column packing can be achieved at
high pressures of 1,000—-4,100 bar with high sorbent concen-
trations (100-250 mg/ml). However, this approach is techni-
cally more demanding due to the ultrahigh-pressure condi-
tions (10-12).

We hypothesized that a simple and fast packing method
can be developed using the low-pressure/high sorbent con-
centration combination provided that clogging and blocking
of the column entrance by sorbent aggregation can be
avoided during the packing process (supplemental Fig.
S1A). We developed an optimized FlashPack approach,
which uses a standard pressure bomb at 100 bar to achieve
~100 times higher column packing rates than before and
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approaches the efficiency of ultrahigh-pressure packing
protocols. The FlashPack protocol is versatile and simple to
implement, and the produced cUHPLC columns exhibit per-
formance comparable to that of similar commercially avail-
able columns.

EXPERIMENTAL PROCEDURES

Materials—All chemicals and solvents were of LC gradient or
LC-MS grade (Sigma); polyimide-coated fused silica capillary (360
um outer diameter, 30—200 um ID) was from PostNova. Chromato-
graphic sorbent Inertsil ODS3 2 um (GLSciences) was used in all
LC-MS experiments shown here; other tested chromatography resins
included Inertsil ODS3 3 um (GLSciences), Reprosil Pur C18AQ 1.9,
3, and 5 um (Dr. Maisch); BEH C18 1.7 um (Waters); Aeris Peptide 2.6
pwm and 1.7 pwm; Luna 2 C18 3 um; Luna Omega C18 1.6 um
(Phenomenex); Zorbax SB-C18 1.8 um (Agilent); Triart C18 1.9 um
(YMC); PolyHYDROXYETHYL A 3 um; and polyCAT A 2 um (polyLC,
Inc.). The EASY-Spray™ PepMap RSLC C18 2 um (50 cm X 75 um)
column was obtained from Thermo Scientific. The pressure bomb
was from Proxeon, Denmark. Similar pressure bomb devices (pres-
sure injection cell, capillary packing unit) are also available from Next
Advance and Nanobaume.

Pulled-emitter (Taper-tip) and Fritted Capillary Preparation— Precut
and polished fused silica capillaries were flushed with methanol and
dried with N, flow. Emitters for taper-tip columns were pulled with a
P2000 laser puller (Sutter) according to the manufacturer’s instruc-
tions. ESI emitters were visually inspected under a microscope. ESI
needle tip diameter for 75 um ID/360 mm outer diameter fused silica
capillary was ~5 um (proportionally smaller and larger for other
capillary IDs). Integrated frits for fritted capillary columns were made
using glass-paper (GF/C, Whatman) soaked in Kasil-formamide mix-
ture (13).

Capillary Column Packing (General Procedure)—Columns were
packed into prepared fused silica fritted/tapered capillaries in a pack-
ing bomb pressurized to 100 bar with N,. Sorbent suspension was
prepared in methanol in a 2 ml flat-bottom glass vial (VWR Cat. No.
66020-950). The required quantity of the sorbent (see below) was
added to the vial and mixed with methanol using a vortexer. Sorbent
was left to swell for 30 min and then vortexed and sonicated in an
ultrasonication bath for 60 s. The sorbent suspension vial was placed
inside the pressure bomb. The capillary (fritted or tapered) was
mounted with its open end (proximal end) dipped into the vial, and
fixed with a top nut. The pressure bomb system was pressurized to
100 bars by N, gas. The capillary column was packed to a length that
was 5 to 10 cm longer than the desired final column length. After
packing, the pressure was slowly released over a 10 min period to
avoid bubbling inside the column. The freshly packed capillary col-
umn was connected to and run on an LC system with 95% acetonitrile
at 150 nl/min flow rate (75 um ID; for other IDs recalculate the flow
rate proportionally to the capillary cross section) for 30 min to com-
press the sorbent bed. The column was then cut to the desired length.
Capillary columns were stored fully immersed in 10% aqueous
ethanol.

Standard Packing (Low Sorbent Concentration)—A volume of 400
wul low-concentration sorbent suspension (2-50 mg/ml) in methanol

" The abbreviations used are: cUHPLC, capillary ultrahigh-per-
formance liquid chromatography; EIC, extracted ion current chro-
matogram; ESI, electrospray ionization; FWHM, full width at half
maximum; ID, internal diameter; LC, liquid chromatography; LC-
MS, liquid chromatography-mass spectrometry; TIC, total ion cur-
rent chromatogram.

was prepared as described above. A magnet bar (2 X 3 mm) was put
into the vial and rotated at 1,000-1,500 rpm to keep the sorbent
evenly suspended during the packing process. The capillary was
mounted in a pressure bomb with the open proximal end positioned
4-5 mm above the bottom of the vial with the sorbent suspension,
without touching the rotating magnet. The rest of the protocol is as
described above.

FlashPack Packing (High Sorbent Concentration)

Sorbent Suspension Preparation—50-100 mg of sorbent (a 2-3
mm layer of dry sorbent in a flat-bottomed vial) was resuspended
in 1 ml of methanol. The sorbent was left to settle by gravity for
20-30 min. The final settled sorbent particle layer on the bottom
of the vial must be at least 5 mm deep. The vortex—sonication—
settling cycle must be repeated if the sorbent suspension was not
in use for more than 12 h. A small magnet stirring bar (2 X 3 mm)
was placed in the sorbent vial and set to rotate at a low speed
(400-500 rpm).

Capillary Positioning—An empty capillary (no solvent inside) was
mounted in the packing bomb so that it reached more than 2 mm
below the surface of the settled sorbent layer and 1-2 mm above
the bottom of the vial. To achieve that, the capillary was pushed all
the way to the bottom of the vial then retracted 1-2 mm and fixed
with a nut. The capillary and the magnet bar must contact each
other for the whole packing time, so the rotating magnet bar pro-
vides continuous mechanical tapping of the open proximal capillary
end. The bomb was pressurized immediately after mounting the
capillary in order to avoid passive filling of the capillary with the
solvent.

The packing process was visually controlled. If the mechanical
tapping of the proximal capillary end (cupola destabilization) was not
effective, there was no appearance of opaque sorbent slurry being
transferred into the capillary column—the capillary remained filled
with the solvent and was fully transparent. In this case, the magnet
bar rotation speed was temporarily (3-4 s) increased to 1,000 rpm. If
the packing did not proceed, the pressure bomb was vented, and the
capillary end repositioned. The remainder of the packing procedure
was as described in the General Procedure above.

Protein Digestion—Hela cell pellet or differentiating human myo-
blasts (—80 °C) were thawed at +4 °C in solubilization buffer contain-
ing 50 mwm triethylammonium bicarbonate, 1% sodium deoxycholate,
10 mm tris(2-carboxyethyl)phosphine, 40 mm 2-chloroacetamide,
pH 8.5, supplemented with a cOmplete™ Protease Inhibitor Mixture
(Roche). Cells were lysed using an ultrasonic homogenizer
Bioruptor® in ice-water slurry. Protein concentration was measured
by Tryptophane fluorescence (14) and adjusted to 1 mg/ml with
solubilization buffer. Samples were aliquoted into portions (100 ug of
protein) and heated at 80 °C for 10 min. Nine volumes of acetone
(—20 °C) were added, and the samples were incubated overnight at
—20 °C and centrifuged at 15,000 g. The pellet was washed twice
with acetone (—20 °C) and air dried for 10 min. 100 ul of 1% sodium
deoxycholate in 50 mm triethylammonium bicarbonate buffer, pH 8.5,
were added, and the sample was heated for 5 min at 80 °C to
resolubilize the proteins. Protein digestion was carried out using 1 ug
of trypsin per 100 pg of protein for 5 h at 37 °C; subsequently an
additional portion of trypsin (1 ng per 100 ng of protein) was added,
and the sample was incubated overnight at 37 °C. The reaction was
stopped using 10 ul of 10% TFA (final concentration ~1%). Precip-
itated sodium deoxycholate was removed by ethyl-acetate extraction
(15, 16). Peptide concentration was measured using Trp fluorescence
(14). Samples were stored frozen at —20 °C. Prior to LC-MS analysis,
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peptide samples were thawed and sonicated for 1 min and centri-
fuged for 15 min at 15,000 g.

LC-MS—LC-MS analysis was carried out using an Ultimate 3000
RSLCnano HPLC system connected to a Fusion Lumos mass spec-
trometer (ThermoFisher Scientific). Capillary columns were condi-
tioned using a BSA tryptic digest (50 fmol) in a 15 min LC gradient.
Samples were loaded on PepMap 100 C18 5 um 0.3 X 5 mm Trap
Cartridge (ThermoScientific) in loading solvent (2% acetonitrile, 98%
H,0, 0.1% TFA) at 10 ul/min flow and separated with a linear gradient
of 99.9% acetonitrile, 0.1% formic acid (buffer B) in 99.9% H,0, 0.1%
formic acid (solvent A) from 4 to 32% of solvent B in 2 h (for HelLa
samples or myoblast samples) or from 2 to 25% B in 15 min (for BSA
samples) at 0.25 pl/min flow. Separation was carried out either with a
FlashPack column packed with Inertsil sorbent or with a commercially
available EasySpray 75 um X 50 cm PepMap 100 2 um column
(ThermoFisher Scientific). Both the precolumn and the column were
thermostated at 45 °C (for 50 cm columns) or at 55 °C (for 70 cm
columns). An in-house developed microcolumn oven was used for
FlashPack columns.

Mass spectrometry (MS) data were collected in Data Dependent
Acquisition mode with 2 s cycle time. MS1 scans were collected in an
Orbitrap mass analyzer and MS2 scans were collected in a linear ion
trap. MS1 parameters were as follows: 120K resolution, 375-1,500
scan range, max injection time 50 ms, Automatic Gain Control target
4 X 10°, Radio Frequency Lens 30%. lons were isolated with 1.6 m/z
window, targeting the highest intensity peaks of +2 to +7 charge and
of 5 X 10% minimum intensity. Dynamic exclusion was set to 30 s.
MS2 fragmentation was carried out in CID mode with 35% Collision
Energy. lons were accumulated for max 300 ms with target AGC 3 X
10°. Inject ions for all parallelizable time was on. MS2 spectra were
recorded in rapid scan rate and saved in centroid datatype. ESI
voltage was 2 kV for EasySpray columns and 2.5 kV for 50 cm and 2.9
kV for 70 cm FlashPack columns, respectively.

Data Analysis—Raw spectra were processed using SkyLine (Mac-
CosslLab) (17) and FreeStyle (ThermoScientific). Peptide and protein
identification was carried out using MaxQuant 1.5.7.0 (18) and PEAKS
8.5 (Bioinformatics Solutions, Inc.) (19). In both programs, the data
were searched against Swiss-Prot Homo Sapiens database (Septem-
ber 29, 2016; 20,211 entries).

MaxQuant was used for detailed LC peak analysis (retention time,
peak width, and FWHM) and for protein quantitation. Search was
performed using the default MaxQuant parameters, including tryp-
sin/p protease specificity, max two missed cleavages, Met oxidation
and protein N-term acetylation as variable modifications, 4.5 and 20
ppm match tolerance for MS1 and MS2 spectra correspondingly, 1%
Peptide Spectrum Match and protein false discovery rate. The follow-
ing options were turned on: second peptide, maxLFQ, match be-
tween runs, and calculate peak properties. All runs were analyzed as
independent experiments. Reported identification numbers include
only identified by MS/MS (i.e. not by matching). Retention time values
(before alignment) and peak width (full peak width and FWHM) are
derived from the result file allPeptides.txt.

PEAKS software was used for peptide peak area analysis using
default PEAKS parameters and contaminant database (cCRAP data-
base, The Global Proteome Machine). Precursor mass tolerance
was set to 5 ppm and fragment ion tolerance to 0.2 Da. The
following parameters were used: trypsin [D P]; max two missed
cleavages; fixed Cys carbamidomethylation; default variable mod-
ifications: deamidation (NQ), N-term acetylation, and Met oxidation,
with max three modification per peptide allowed. 1% protein false
discovery rate calculation was carried out using the decoy-fusion
method. Label-free quantitation was performed only for protein
database identifications (no de novo) with mass-error tolerance

20 ppm, retention time shift tolerance 6 min and using total ion
current chromatogram-based normalization. All runs were marked
as independent experiments. Peptides were selected with quality
filter 2 and charge between 2 and 5. Protein filters were turned to
minimum.

Sample peak capacity, p., was calculated using the following
formula:

t t
DC—1+W—1+O.589XW (1)
where t = full gradient time and W = average peak width at 40 (13.5%
peak height). Because there is no available proteomics software
capable of direct W calculation for complex peptide samples with
thousands of features, we used full width at half peak height (FWHM)
instead, which is roughly equivalent to 2.356 X o.

Chromatographic peak shape characteristics (tailing factor, T, and
asymmetry factor, A;) were analyzed by manual EIC processing in
a graphical software (Adobe PS) after EIC generation in FreeStyle
(ThermoScientific). A normal distribution graph was generated in Ex-
cel and manually superimposed over EIC. T; and A, were calculated
as

WO0.05h
Ti=—% (&)
b
As = @)

where W, o5, = full peak width at 5% of peak height, f = peak width
at 5% of peak height to the left from peak apex time, and a and b are
peak widths to the left and to the right of the peak apex time respec-
tively, measured at 10% of peak height.

Column quality and reproducibility assessments were performed
based on the following parameters: overview of TIC/BPC profiles;
retention time distribution; peak width (full peak width and FHWM);
peak shape; and number of identified peptides, number of identi-
fied proteins, reproducibility of peptide, and protein quantitative
measurements.

RESULTS AND DISCUSSION

Column Entrance Blocking in Low-pressure/high Concen-
tration Packing—The goal of this study was to develop a
technically simple, low-pressure protocol for fast packing of
long UHPLC capillary columns. To achieve this, it was nec-
essary to overcome capillary entrance blocking by sorbent
clogging during column packing at high sorbent concentra-
tions (supplemental Fig. S1A).

We rationalized that the blocking must be dynamic rather
than static: Instead of a large lump of sorbent aggregate
blocking the entrance like a cork, there must be a dynamic
self-assembling structure, probably resembling that of a brick
cupola or dome in architecture (20) and not dissimilar to a
self-assembling frit in a pulled emitter (6) (supplemental Fig.
S2A-S2C). The sorbent cupola-like structure will be stabilized
by sorbent particle aggregation and solvent flow in the way
mortar and gravity, respectively, stabilize a brick dome. Such
self-assembling block/cupola is permeable for solvents, but it
prevents additional sorbent material from entering into the
capillary, effectively stopping column packing (Fig. 1B). Be-
cause the solvent flow is essential for the structure stability,
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Fic. 1. Capillary chromatography column packing using the FlashPack protocol at low pressure and high sorbent concentration. (4)
Schematic illustration of capillary column packing method using a pressure bomb. (B) Low sorbent concentration allows only very slow packing
rates. High sorbent concentration presumably leads to sorbent aggregation and blocking of the capillary column entrance that disrupts column
packing. (C) The FlashPack method uses mechanical destabilization of the sorbent cupola at the proximal capillary end and allows for very fast
packing of capillary columns at ultrahigh sorbent suspension concentration and low pressure (100 bars). Mechanical destabilization is carried
out by a rotating magnet bar in contact with the silica capillary inside the sorbent vial. (D) Column packing time increases exponentially with
column length. The FlashPack method reduced packing time dramatically so that a capillary column of 50 cm length can be packed in less than

an hour (E).

the self-assembling cupola at the capillary entrance cannot be
produced or kept outside the pressure bomb and thus cannot
be directly visualized. However, a very similar blocking proc-
ess takes place between two capillaries of diminishing IDs:
while the larger ID capillary is being packed, the smaller ID
capillary is closed to the sorbent by a self-assembling block-
ing structure (supplemental Fig. S2D). We hypothesized that

continuous destabilization of the cupola will allow packing at
very high sorbent concentrations independently of system
pressure.

cUHPLC Column Packing by FlashPack Method—Our
FlashPack method combines mechanical block/cupola desta-
bilization with column packing from ultrahigh sorbent suspen-
sion concentration. Continuous cupola destabilization is con-
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Fic. 2. Comparison of commercial (50 cm) and FlashPack columns (50 and 70 cm) performance in a 2 h LC-MS analysis of a HelLa
cell tryptic digest. (A) Alignment of base peak chromatograms of a commercial column (black trace), 50 cm FlashPack column (green trace)
and 70 cm FlashPack column (red trace) show close similarity in peak features and separation efficiency between commercial and FlashPack
columns. (B) Baseline peak width distribution for all unique identified peptides is almost identical between 50 cm commercial (black) and
FlashPack (green) columns (see supplemental Fig. S5 for more details). A 70 cm FlashPack column (red) provides improved chromatographic
resolution. (C) Performance of the 50 cm FlashPack column is very similar to the commercial column of identical dimensions (single LC-MS run
data are shown). The longer 70 cm FlashPack column gives sharper chromatographic peaks and more peptide and protein identifications in
the same analysis time (an average result for five independently packed columns).

veyed by mechanical disturbance of the proximal capillary
end by a small magnet bar. The capillary must be positioned
deep enough in the sorbent slurry vial that the open end of the
capillary touches the rotating magnet bar, which will contin-
uously hit and tap it, thus destabilizing and breaking any
block/cupola of sorbent that interferes with the column pack-
ing (Fig. 1C, supplemental Fig. S3A and S3B). Alternative
destabilization approaches are also possible in the FlashPack
method (supplemental materials, Appendix A). The column
packing rate is proportional to the sorbent suspension con-
centration. The highest concentration can be achieved in the
form of a gravity settled sorbent layer, where the concentra-
tion can go as high as 500-1,000 mg/ml (supplemental ma-
terials, Appendix B).

The scheme of the packing process is shown on supple-
mental Fig. S4. The capillary is mounted inside the vial with
the preliminarily settled sorbent layer (step 1). Upon system
pressurization the capillary gets filled with the concentrated
sorbent slurry (step 2), while magnet bar rotation prevents
block/cupola formation and stabilization and allows for unhin-
dered continuous packing to the desired column length (step
3). The rotational speed of the magnet is kept to a minimum
speed that is sufficient for cupola destabilization (400-500
rpm). High rotation speed leads to excessive sorbent grinding
by a magnet bar (21) and resuspends the settled sorbent

layer, reducing the effective concentration and packing rate.
When the destabilization works properly, the concentrated
sorbent suspension moving inside the column can be fol-
lowed with the naked eye as dense regions occasionally
interrupted by transparent gaps (see supplemental Fig. S4,
step 3).

An empty capillary will get filled with a concentrated sor-
bent suspension even without intentional mechanical desta-
bilization (supplemental Fig. S4, step 2). We suggest that the
very high flow rate can destabilize the cupola by itself in a way
resembling a brick dome breaking under higher gravity. The
effect might explain why column entrance blocking was never
reported for high-pressure packing, which goes at proportion-
ally higher flow rates than the low-pressure packing. How-
ever, as the capillary gets filled with the liquid and the resin
begins to get packed at the distal end of the column, the
backpressure goes up, the flow rate drops, and the cupola
stabilizes. If no deliberate destabilization procedure is ap-
plied, no new sorbent can enter, and the solvent flow packs
up the sorbent already inside the column capillary (supple-
mental Fig. S4, step 4). In effect, a short cHPLC column can
be produced in a very short time with no additional mechan-
ical destabilization needed. The amount of the sorbent getting
inside the capillary during the filling step is proportional to the
capillary length, so we recommend that the initial capillary
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Fic. 3. The FlashPack method produces columns with stable separation properties over several runs and between independently
prepared columns. (A) Comparison of three repeat LC-MS runs using a 50 cm FlashPack column, human myocyte proteome sample, and 2 h
gradient shows high correlation of retention time (brown trace) and quantitative peptide measurement (red trace); (B) Comparison of three
independently prepared 70 cm FlashPack columns tested using Hel a cells extract and 2-h LC-MS analysis; (dark green trace)—retention time;
(light green trace)—peptide quantitation. The complete analysis is provided in supplemental Fig. S6 and S7.

length exceeds the desired column length by 50-100%. For
example, a 50 cm capillary is recommended for packing
15-25 cm columns, and 80 cm capillaries for packing 50 cm
columns using the FlashPack method.

The FlashPack protocol increases the packing speed and
reduces the packing time by 100 fold (a few minutes) for
standard capillary HPLC columns of 10-30 cm length. The
time required to pack a 50 cm FlashPack cUHPLC column
with 2 um of sorbent is less than 1 h (Fig. 1D and 1E).

Versatility of FlashPack Method—The FlashPack packing
procedure was tested with several types of Reverse Phase
sorbent, including classical fully porous silica sorbents (Inert-
sil, Reprosil, Luna 2, Zorbax, Luna Omega) as well as hybrid
(BEH), polymeric (Triart), and core-shell (Aeris) sorbents, and
Hydrophilic interaction liquid chromatography and mixed-
mode IEX-HILIC sorbents (PolyHYDROXYETHYL A and poly-
CAT A) (data not shown). The size of the tested sorbent
particles ranged from 1.6 to 5 um. The FlashPack approach
worked identically for all tested sorbents except for YMC
Triart C18, which required less polar solvents, such as
acetone or methanol/isopropanol mixture, for the sorbent
suspension. Interestingly, initial filling of the capillary with
the sorbent suspension (supplemental Fig. S4 steps 2 and
4) is not affected by the sorbent size because the suspen-
sion displaces the air. Thus, short columns can be filled
with 5 um, 1.6 um, or future sub- 1 um sorbents in almost
similarly short times.

We successfully tested the FlashPack protocol with fused
silica capillaries of different IDs, from 30 to 200 um (data not
shown). FlashPack was effective for both fritted capillary col-
umns and pulled (ESI taper-tip) capillary columns for direct
interfacing to ESI MS. We noted that column packing at high
sorbent slurry concentration improved the efficiency of self-
organizing frit formation in the tapered column end, thereby
reducing the rate of sporadic column blocking immediately
after the bomb pressurization.

FlashPack Columns Perform Similarly to Commercial Col-
umns—The columns produced with the FlashPack approach
demonstrated excellent separation performance, repeat-
ability, and durability. A 50 cm FlashPack reversed-phase
column was used over a two-month period for proteomics
sample analysis for more than 200 sample injections. Com-
parative performance analysis to a commercial column with
similar dimensions and sorbent characteristics was done
before and after experimental samples (supplemental Fig.
S5). During the testing period, the FlashPack column was
regularly disconnected and reconnected to the LC system.
The FlashPack column demonstrated separation quality
comparable to the commercial column both immediately
after the packing and after extensive use without any no-
ticeable degradation (Fig. 2, supplemental Fig. S5). The
column showed excellent run-to-run reproducibility (repeat-
ability) and durability during a proteomics study of muscle
cell (myoblast) differentiation (supplemental Fig. S6). The
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quantitative proteomics data obtained using FlashPack col-
umns were in accordance with previously published results
(22). Our results reconfirmed that column packing from high
sorbent slurry concentrations did not negatively affect chro-
matographic resolution (12, 21, 23).

FlashPack Column Packing is Highly Reproducible—To
demonstrate the reproducibility and analytical performance of
FlashPack column based LC-MS, a Hela cell tryptic digest
was analyzed using five 70 cm long and 75 um ID FlashPack
ESI emitter columns (Fig. 3). The chromatographic resolution
increase between 50 and 70 cm capillary column lengths
corresponded to the expected \ﬁ proportionality (Equation 5,
(24)). The median full peak width was on average improved
from 19 to 16 s, and the number of peptide IDs per LC-MS run
increased from 29,000 unique peptides to > 35,000 peptides
originating from 5,780 proteins (supplemental Fig. S7). The
FWHM standard deviation between the five tested columns
was 8.67%, which was comparable to that reported for ultra-
high-pressure packing protocols (25).

CONCLUSIONS

The FlashPack approach produces high-quality cUHPLC
columns for bioanalytical applications. It enables interested
researchers to pursue experiments with ultrahigh-perform-
ance column chromatography using various sorbents and
column size for applications of cUHPLC and LC-MS in biology
and biomedicine. The FlashPack method uses a standard
pressure bomb that is already present in many LC-MS labo-
ratories and thus can be quickly implemented.
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