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a b s t r a c t 

LC-MS is an important tool for metabolomics due its high sensitivity and broad metabolite coverage. The 

goal of improving resolution and decreasing analysis time in HPLC has led to the use of 5 – 15 cm long 

columns packed with 1.7 – 1.9 μm particles requiring pressures of 8 – 12 kpsi. We report on the poten- 

tial for capillary LC-MS based metabolomics utilizing porous C18 particles down to 1.1 μm diameter and 

columns up to 50 cm long with an operating pressure of 35 kpsi. Our experiments show that it is possi- 

ble to pack columns with 1.1 μm porous particles to provide predicted improvements in separation time 

and efficiency. Using kinetic plots to guide the choice of column length and particle size, we packed 50 

cm long columns with 1.7 μm particles and 20 cm long columns with 1.1 μm particles, which should pro- 

duce equivalent performance in shorter times. Columns were tested by performing isocratic and gradient 

LC-MS analyses of small molecule metabolites and extracts from plasma. These columns provided approx- 

imately 10 0,0 0 0 theoretical plates for metabolite standards and peak capacities over 50 0 in 10 0 min for 

a complex plasma extract with robust interfacing to MS. To generate a given peak capacity, the 1.1 μm 

particles in 20 cm columns required roughly 75% of the time as 1.7 μm particles in 50 cm columns with 

both operated at 35 kpsi. The 1.1 μm particle packed columns generated a given peak capacity nearly 3 

times faster than 1.7 μm particles in 15 cm columns operated at ~10 kpsi. This latter condition represents 

commercial state of the art for capillary LC. To consider practical benefits for metabolomics, the effect of 

different LC-MS variables on mass spectral feature detection was evaluated. Lower flow rates (down to 

700 nL/min) and larger injection volumes (up to 1 μL) increased the features detected with modest loss 

in separation performance. The results demonstrate the potential for fast and high resolution separations 

for metabolomics using 1.1 μm particles operated at 35 kpsi for capillary LC-MS. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

Metabolomics utilizes measurements of a large number of 

etabolites from biological, environmental, or industrial sources 

1 , 2] . Metabolomics has been applied in many areas, including 

ood science, plant biology, biofuels, environmental studies, and 

iomarker and drug discovery for animal and human health [3–

] . Liquid chromatography-mass spectrometry (LC-MS) is a pow- 

rful tool for metabolomics due to its sensitivity and amenability 

owards different sample types and a broad range of compounds 

7] . The current state of the art in LC-MS based metabolomics 

tilizes 1.7 μm particle diameter (d p ) stationary phase particles 

acked into analytical scale columns (e.g., 1 – 2.1 mm inner 
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iameter (i.d.)) of 5 to 15 cm length [7–10] . Such columns pro- 

ide peak capacities of ~100 – 200 in 5 – 20 min gradients at flow 

ates amenable to electrospray ionization (ESI) for fairly sensitive 

nd information-rich analysis. The complexity and dynamic range 

f the metabolome however still exceeds the current state of the 

rt, where typically thousands of compounds are present in a given 

ample. One single analytical technique is not yet sufficient to ana- 

yze an entire metabolome [2 , 7 , 8 , 11] . In this work, we evaluate use

f both smaller d p and longer capillary-scale columns for LC-MS 

ased metabolomics. 

Improvements in separation can often lead to better 

etabolomics data. For example, changing from columns packed 

ith 3.5 μm to 1.7 μm stationary phase particles and utilizing a 

igher pressure system resulted in faster and more sensitive urine 

etabolomics analysis, cleaner mass spectra, and more confident 

ultivariate metabolic profiling [12] . Further work involving re- 

uction of the column i.d. from 2.1 to 1 mm allowed for better 

https://doi.org/10.1016/j.chroma.2020.461706
http://www.ScienceDirect.com
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2020.461706&domain=pdf
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ensitivity due to lower flow rates while maintaining high linear 

elocities, enabling confident discrimination between two dose 

roups with less than 5 min analysis times per assay [13 , 14] . 

In principle, further improvements in separation efficiency or 

nalysis time can be gained by employing even smaller station- 

ry phase particles (e.g. ~1 μm). Widespread use of such particles 

as not been realized due to difficulties in synthesizing and effi- 

iently packing small porous particles, the difficulty in maintaining 

eparation efficiency while robustly interfacing to MS, and the in- 

reased pressure demand on instrument hardware [15] . Custom- 

uilt LC instrumentation capable of higher pressure (e.g. > 20 

psi) has been developed by several research groups suggesting 

he potential to overcome the pressure limitations of working with 

maller particles [16] . These systems have primarily been used 

ith 30 – 200 cm long columns packed with 1.7 – 3 μm parti- 

les operated with long gradients of 400 – 2000 min. Such con- 

itions yield high efficiency and peak capacity at the expense of 

nalysis time. They have also mostly been demonstrated for pep- 

ide separations, and recently lipids and intact proteins [16–22] . 

 few reports have used ~1 μm porous particle packed columns 

ith mixed results compared with larger particles [19 , 23] . These 

pplications and demonstrations have only been limited to pep- 

ides [19 , 24 , 25] . Preparation and use of nonporous particle packed

olumns has been fairly successful; however, their relatively low 

oading capacity has limited their use for complex mixture analy- 

is [26–31] . 

In principle, columns packed with micron-sized particles would 

enefit metabolomics assays where many complex samples must 

e analyzed and throughput is important. In this work, we used 

 custom-built gradient LC-MS system capable of 35 kpsi oper- 

ting pressure with 1.1 μm particles packed in to 20 cm long 

apillaries and 1.7 μm particles packed in to 50 cm long cap- 

llaries for relatively fast (8 – 110 min, compared to prior re- 

orts of > 10 0 0 min [17 , 19 , 20 , 32] ) and high resolution (peak ca-

acity 150 – 500) separations. These experiments used capillary 

cale columns (75 – 150 μm i.d.) because of the ease of pack- 

ng, compatibility with the ultrahigh pressure system, ease of mak- 

ng longer columns, and reduction of heating due to viscous fric- 

ion [33] . Capillary LC columns can also provide better MS sensi- 

ivity with reduced ion suppression because of lower flow rates 

34] , utility for sample-limited analysis, and economical use of mo- 

ile and stationary phases [35] . Capillary columns are routinely 

sed in proteomics but have not yet been widely implemented in 

etabolomics [36 , 37] . Benzoyl chloride (BzCl) derivatization was 

sed to improve retention of polar metabolites on reversed phase 

olumns, as such labeling strategies have shown to be useful for 

oth targeted and untargeted workflows [38–40] . Finally, the ef- 

ect of different LC-MS variables on MS feature detection was 

tudied. 

. Materials and Methods 

.1. Chemicals and materials 

All chemicals and reagents were purchased from Sigma Aldrich 

St. Louis, MO) unless specified otherwise. HPLC grade water, ace- 

one, methanol, and acetonitrile were purchased from VWR (Rad- 

or, PA). Potassium silicate (Kasil 2130) was purchased from PQ 

orporation (Valley Forge, IA). Particle size characterization was 

one using a Zeiss LEO 1455VP Scanning Electron Microscope 

SEM) (Jena, Germany) for imaging and ImageJ software (NIH, 

ethesda, MD) for d p measurements. Pneumatic amplifier pump 

Haskel, Burbank, CA) DSHF-300 was used for column packing and 

SXHF-903 was used for column flushing and LC operation. 
2 
.2. Standards and BzCl derivatization 

A standard amino acid test mixture consisting of 10 μM acetyl- 

holine and BzCl labeled proline, valine, tyrosine, and tryptophan 

as used for column evaluation. Each compound was dissolved in 

ater and combined to make a 100 μM stock solution. The stock 

olution was derivatized by sequential addition of 100 mM sodium 

arbonate, 2% (v/v) BzCl in acetonitrile, and 1% (v/v) sulfuric acid 

n 20% (v/v) acetonitrile in water in a 2:1:1:1 ratio as previously 

escribed [38] . The BzCl derivatized standard mixture was diluted 

o a final concentration of 10 μM using water. 

.3. Human plasma extraction 

Metabolites were extracted from pooled human plasma using 

 mixture of ice-cold methanol/acetone/acetonitrile (v/v/v 1:1:1) 

s the extraction solvent. To 100 μL of plasma, 400 μL of extrac- 

ion solvent was added, vortexed, and centrifuged at 12,100 x g at 

 °C for 10 min. The supernatant was removed to a glass HPLC vial, 

vaporated with nitrogen, and reconstituted with 100 μL of 90/10 

v/v) water/acetonitrile. The supernatant was then derivatized in 

he same manner described above. 

.4. Column packing 

Polyimide-coated fused-silica capillaries with varying inner di- 

meters and outer diameter of 360 μm were purchased from 

olymicro Technologies, Inc. (Phoenix, AZ). Both the 1.7 μm and 

.1 μm particles were bridged ethyl hybrid (BEH) silica with C18 

onding (Waters Co; Milford, MA). Column frits were prepared by 

potting an equal amount of potassium silicate and formamide on 

 glass microfiber filter paper (Reeve Angel; Clifton, NJ) and dab- 

ing the end of the capillary ~ 5 times, and placed in a ~60 °C oven

vernight [41] . For isocratic separations, a pre-fritted, embedded 

pray tip (30 μm i.d.) (New Objective; Woburn, MA) was used in- 

tead of an outlet frit to limit post column dead volume. Acetone 

as used as the slurry solvent for all columns [18 , 42] . Slurry con-

entration for each particle size and the application of sonication 

hile packing was chosen based on previous studies [23 , 43–45] . 

or 15 cm/1.7 μm columns representing commercial columns, pack- 

ng was achieved using a 100 mg/mL slurry with a low-pressure 

acking apparatus at ~10 0 0 psi and subsequently flushed at 15,0 0 0 

si in 50/50 (v/v) water/acetonitrile. For the 50 cm/1.7 μm columns 

nd 20 cm/1.1 μm columns, slurry concentrations of 200 mg/mL 

nd 30 mg/mL, respectively, were used. Low pressure (~10 0 0 psi) 

as applied to form ~2 cm of packed bed, followed by immediate 

pplication of 30 kpsi while the column was submerged in a soni- 

ation bath as previously described [43] . The columns were subse- 

uently flushed at 50 kpsi for 1 h. All columns were depressurized 

or 1 h, cut to the desired length, and an inlet frit was made as

escribed above. 

.5. LC-MS operation 

For isocratic separations, a split-flow injection system was em- 

loyed as previously described with 50/50 (v/v) water/acetonitrile 

ith 10 mM ammonium formate and 0.1 % formic acid [46 , 47] .

 Thermo Finnigan LCQ Deca XP Plus (Thermo Fisher Scientific, 

an Jose, CA) using a nanospray ion source in positive ion mode 

as used for detection. A scheduled MRM method was employed 

sing the following transitions: Acetylcholine (146-87), Bz-proline 

220-174), Bz-valine (222-176), Bz-tryptophan (309-263), and Bz- 

yrosine (390-240). The capillary voltage was 2 kV. Retention fac- 

ors (k’) were calculated by k’ = (t r – t 0 )/t 0. 

For all gradient separations, a modified UHPLC system capable 

f 35 kpsi operating pressure was used as previously described 
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Fig. 1. (A) Kinetic plot illustrating theoretical improvements when moving from 1.7 

μm to 1.1 μm particles with 35 or 10 kpsi instrument pressure. The two dots repre- 

sent the column length that would produce ~10 0,0 0 0 plates with each particle size 

and the set pressure limit of 35 kpsi. Diagonal dashed lines representing column 

dead times of 100 s and 10 0 0 s are shown for clarity. EICs for the isocratic separa- 

tions using (B) a ~40 cm x 75 μm i.d., 1.7 μm d p column and (C) ~20 cm x 150 μm 

i.d., 1.1 μm d p column of the standard amino acid mixture with acetylcholine (Ach) 

as a dead time marker. Faster separation with the 1.1 μm particle packed column 

shows approximate agreement with theoretical expectations. Similar peak shapes 

and retention factors (k’) for BzCl labeled metabolites were obtained with both par- 

ticle types. Mobile phase was 50/50 (v/v) water/acetonitrile with 10 mM ammo- 

nium formate and 0.1% formic acid. 

t

r

s

m

f  

μ

l

f

i

19 , 21] . Average flow rates at 35 kpsi were 2.5 μL/min and 1.8

L/min on the 20 cm x 150 μm, 1.1 μm d p and 50 cm x 100 μm, 1.7

m dp p columns, respectively. For the 15 cm columns represent- 

ng commercial limits, a Waters NanoAcquity was used directly at 

 μL/min (~10 kpsi). Mobile phase A was water with 0.1 % formic 

cid. Mobile phase B was acetonitrile with 0.1 % formic acid. All in- 

ections were performed in partial loop mode on the NanoAcquity. 

eak capacity was calculated by dividing the elution window by 

he average peak width (4 σ – calculated by measuring W 1/2 and 

ultiplying by 1.7) of metabolites and lipids eluting throughout 

he separation window. Column volume was calculated assuming 

 total column porosity of 0.8. The column oven was 60 °C. Efflu- 

nt from the column was connected to a Micromass Q-ToF Premier 

Waters Co; Milford, MA) using a stainless-steel union and a fused 

ilica spray needle with a 75 μm i.d. tapered to 30 μm tip (New

bjective; Woburn, MA). The capillary voltage was 2.5 kV. The scan 

ate was set to 0.3 s with a 0.1 s inter-delay. The MS was operated

n full scan, positive ion mode with a mass window of 150-10 0 0

/z . 

.6. Feature detection 

For the gradient separations with Q-TOF detection, mass spec- 

ra from 30 s ( ≤45 min analysis times) or 60 s ( > 45 min anal-

sis times) windows of each chromatogram were extracted, base- 

ine subtracted, and centered in Mass Lynx. A feature was defined 

s any signal with a unique m/z and retention time and above the 

verage background signal from each separation. 

. Results and discussion 

.1. Kinetic plots for choice of particle size and column length 

In this work, we investigated the potential of capillary LC- 

S using 1.1 and 1.7 μm particles and ultrahigh pressure instru- 

entation for untargeted metabolomics separations. Kinetic plots 

48] were used to find column lengths that could yield high ef- 

ciency while maintaining analysis times typical of metabolomics 

ssays (e.g. ~5 – 30 min). For this kinetic analysis, columns are as- 

umed to be equally well-packed, with the following reduced van 

eemter coefficients: a = 0.4, b = 1.9, c = 0.18 [18] . Flow resis-

ance and column dead times were estimated using the Kozeny- 

arman equation, provided in more detail in the literature [33 , 48] .

s shown in Fig. 1 A, a 50 cm column with 1.7 μm particles at 35

psi should produce ~10 0,0 0 0 plates with a dead time just over 

00 s. A 20 cm column with 1.1 μm particles should produce the 

ame efficiency in approximately half the time. In contrast, if using 

urrent commercial capillary LC systems with 10 kpsi and 15 cm 

olumn length, only ~ 30,0 0 0 plates is achieved in a dead time of 

0 s. 

.2. Isocratic column evaluation using amino acid standards 

The limited reports on use of 1.1 μm porous particles is likely 

ue to their low availability, high pressure requirement, and dif- 

culties in packing [16 , 19 , 23] . We verified particle size and par-

icle size distribution (PSD) of these particles using SEM (Figure 

1). The average particle size was 1.3 μm, slightly larger than the 

.1 μm listing by the manufacturer. Similar discrepancies for 1.7 

m particles, which often appear as ~ 2 μm by SEM, have been 

hown [22 , 43] . (For consistency, we use the particle size listed by 

he manufacturer when referencing all particles.) The PSD for the 

.1 μm particles was 12% (120 particles counted), in good agree- 

ent with other porous particles indicating well-controlled sizing 

49] . 
3 
Initial chromatographic experiments were directed towards de- 

ermining if the packing conditions and UHPLC system used here 

esulted in good performance for capillary columns. Fig. 1 B & C 

hows results from isocratic separations of the standard amino acid 

ixture, along with acetylcholine (Ach) as the dead time marker, 

or 1.7 μm particles packed into ~40 cm long x 75 μm i.d. and 1.1

m particles packed into ~20 cm x 150 μm i.d. columns. (We found 

ittle difference in column performance with i.d.’s of 75 – 150 μm 

or the isocratic conditions studied here, similar to recent stud- 

es using the same packing protocol employed here [21 , 22] ). The 
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Fig. 2. Gradient separations of (A and B) a 0.2 μL injection of the standard amino acid mixture and (C and D) a 1 μL injection of a complex plasma extract. Black traces (A 

and C) are separations on a 20 cm x 150 μm i.d., 1.1 μm d p column and blue traces (B and D) are on a 50 cm x 100 μm i.d., 1.7 μm d p column. Other conditions: 20 – 100 

%B gradient with a gradient volume of 10X column volume (8 % �B/column volume); 35 kpsi operating pressure; 60 °C column oven. Mobile phase A was water with 0.1% 

formic acid and mobile phase B was acetonitrile with 0.1% formic acid. 
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horter length of 40 cm compared to the expected 50 cm from 

he kinetic plot was due to the limited length of the embedded 

pray tip capillary at the time. The dead time for the 1.1 μm col- 

mn was ~50% faster as expected from the kinetic plot, and similar 

etention factors were achieved between the two columns for each 

mino acid. The 20 cm column with 1.1 μm particles generated 

0,0 0 0 plates and the 50 cm column with 1.7 μm particles gener-

ted 85,0 0 0 plates, measured for Bz-valine (k’ ~ 0.5) Additionally, 

hese results showed that coupling to MS while maintaining chro- 

atographic performance is possible, whereas many reports have 

hown deteriorated performance when coupling with MS com- 

ared to UV detection [50] . Peak shape was, however, slightly af- 

ected by MS scan rate for these separations due to the slow acqui- 

ition speed of the MS used, which could marginally affect plate 

ount measurements (Figure S2). 

.3. Gradient column evaluation using amino acid standards 

The isocratic analysis confirmed relatively good packing condi- 

ions; however, automated gradient separations are of interest for 

etabolomics due to the need to analyze many samples and sepa- 

ate a large range of compounds. Fig. 2 A & B shows 35 kpsi gradi-

nt separations from a 0.2 μL injection of the standard amino acid 

ixture on a 20 cm x 150 μm i.d., 1.1 μm d p and a 50 cm x 100

m i.d., 1.7 μm d p column, achieving a peak capacity of 118 ± 5 

n = 3 injections) and 153 ± 4 (n = 3 injections) in 8 and 15 min,

espectively. A gradient of 10X the column volume (8 % �B/column 

olume) was used in both separations. These separations demon- 

trate that automated gradient formation with a commercial au- 

osampler is possible while operating at 35 kpsi and maintaining 

he good performance of these columns. Importantly, the 1.1 μm 

article packed column (20 cm x 150 μm i.d.) exhibited approxi- 

ately similar peak capacity – 120 versus 150 – in about half the 

ime compared to the 1.7 μm d p column (50 cm x 100 μm i.d.).
4 
nterestingly, mixed results have previously been reported on the 

erformance of such small particles (e.g. 0.8 – 1.3 μm) for peptide 

eparations. In some instances, high peak capacities were achieved 

~10 0 – 40 0) in 10 – 40 min. In other cases, longer columns packed 

ith larger particles (e.g. 50 – 100 cm with 1.9 μm particles) 

rovided higher peak capacity in the same amount of time than 

he shorter columns with smaller particles [19 , 24 , 25] . This dispar-

ty could be due to the difficulty in packing such small particles. 

dditionally, steeper gradients on longer columns could be more 

eneficial for peptides compared to shallower gradients on shorter 

olumns due to the large solvent strength ‘S’ parameter of peptides 

51 , 52] . 

.4. Separations of complex plasma extract 

.4.1. Practical considerations for high efficiency capillary LC-MS 

etabolomics 

Our studies with metabolite standards suggest agreement with 

he kinetic plots for both isocratic and gradient separations; how- 

ver, practical constraints including injection volume and injection 

olvent can adversely affect separation performance and therefore 

egate the potential gains for practical metabolomics measure- 

ents. We chose to evaluate our columns with an extract of hu- 

an plasma as an example of complex metabolomics samples [6] . 

e used BzCl derivatization to improve retention of polar metabo- 

ites on reversed phase columns; however, underivatized lipids and 

ther metabolites were present and detected as well. Although an 

njection solvent of 100% mobile phase A provided the best peak 

hape and peak width for the standards ( Fig. 2 A & B), this sol-

ent was not practical with the complex plasma extract as pre- 

ipitation and loss of signal of the more nonpolar metabolites was 

bserved. An injection solvent of ~70/30 H 2 O/ACN provided better 

ignal intensity for late eluting peaks. Moreover, injecting larger 

olumes (e.g., 0.5 and 1 μL compared to 0.2 μL for standards) 
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Fig. 3. Peak capacity plotted as a function of analysis time for various columns investigated in this work. Dashed lines represent separations from a 0.2 μL injection and 

solid lines represent a 1 μL injection. The 20 cm and 50 cm columns were operated at 35 kpsi, and the 15 cm column operated at ~10 kpsi (1 μL/min), all with varying 

gradient times. Other conditions are the same as in figure 2 . 
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rovided better signal for most metabolites and a higher number 

f features detected (see section 3.5 ). Example base peak inten- 

ity (BPI) chromatograms of a 1 μL injection of the plasma extract 

n a 20 cm x 150 μm i.d., 1.1 μm d p and 50 cm x 100 μm i.d.,

.7 μm d p column using a gradient volume of 10X column vol- 

me (8 % �B/column volume) at 35 kpsi show good signal response 

cross the separation space and similar peak shapes compared to 

he standards ( Fig. 2 C & D). The changes in solvent and injection

olume discussed above led to ~32%, ~12%, and ~0% increase in 

eak width for early, middle, and late eluting compounds, respec- 

ively, for a 13 min separation on the 20 cm x 150 μm i.d., 1.1 μm

 p column (Figure S3). 

.4.2. Potential for fast separations using 1.1 μm particles 

We evaluated the peak capacity from separations of the plasma 

xtract at different analysis times and injection volumes for 1.7 μm 

 p columns (15 and 50 cm long x 100 μm i.d.) and the 1.1 μm d p 

olumn (20 cm x 150 μm i.d.) ( Fig. 3 ). The 15 cm column packed

ith 1.7 μm particles was operated at ~10 kpsi (constant 1 μL/min), 

epresenting current state-of-the-art capillary UHPLC. The 1.1 μm 

article packed column consistently outperformed both the 50 cm 

nd 15 cm x 100 μm i.d. columns with 1.7 μm particles in terms 

f peak capacity per analysis time. 

We further examined the results from Fig. 3 in two ways: po- 

ential for fast separations and potential for high resolution separa- 

ions. Choosing a relatively short analysis time of 13 min, we com- 

ared peak capacities of the shorter columns due to their smaller 

oid times amenable for fast separations. The 1.1 μm d p column 

20 cm x 150 μm i.d.) generated a peak capacity of 153 ± 3 (n = 2

njections) and 183 ± 9 (n = 3 injections) for a 1 μL and 0.2 μL

njection, respectively. These values were noticeably higher than 

he 1.7 μm d p column (15 cm x 100 μm i.d. at 10 kpsi, represent-

ng commercial limits), which were 59 ± 5 (n = 3 injections) and 

3 ± 6 (n = 3 injections) for a 1 μL and 0.2 μL injection, respec-

ively. The good peak capacity in short times should be of bene- 

t for metabolomics studies that require many samples to be ana- 

yzed. Our results for the larger particles appear to be reasonable 

s similar peak capacities, ~60 in 15 min, were recently reported 

ith commercial capillary columns (15 cm with 1.7 μm particles) 

or small molecule separations with UV detection and comparable 

ow rates to those studied here [53] . 

BPI chromatograms of a 1 μL injection for the 13 min gradi- 

nt separation of the complex plasma extract on the 1.1 μm d p 

20 cm x 150 μm i.d.) and 1.7 μm d p (15 cm x 100 μm i.d. at 10

psi) columns show the enhanced peak shape and peak capacity 
5 
f the 1.1 μm column for relatively fast separations ( Fig. 4 ). Ex- 

racted ion chromatograms (EICs) of m/z 222 (Bz-valine) and m/z 

96 (lysophosphatidyl choline (LPC) 16:0 (sn-1 and sn-2 isomer)) 

llustrate the improved peak width and resolution of the 1.1 μm d p 

 20 cm column (35 kpsi) compared to the 1.7 μm d p x 15 cm col-

mn (10 kpsi). Early eluting peaks such as valine were particularly 

road on the 15 cm x 100 μm i.d., 1.7 μm d p column compared

o the 20 cm x 150 μm, 1.1 μm d p column for this 1 μL injection.

his disparity could be due to the larger column volume of the 20 

m x 150 μm i.d. (~2.8 μL) vs. the 15 cm x 100 μm i.d. (~0.94 μL);

owever, decreasing the injection volume to 0.2 μL resulted in lit- 

le improvement on the 15 cm x 100 μm i.d., 1.7 μm d p column at

3 min (dashed vs. solid green lines (square symbols) in Fig. 3 ). We

riginally chose 150 μm i.d. for the short (20 cm) 1.1 μm particle 

acked column to approximately match the column volume of the 

0 cm x 100 μm, 1.7 μm columns. To further investigate the col- 

mn volume difference and better compare with the 15 cm x 100 

m i.d., 1.7 μm d p column, we packed 20 cm x 100 μm i.d. capil-

aries with the 1.1 μm particles (column volume ~1.3 μL) and found 

nly a slight decrease in peak capacity by ~18 % for a 0.2 μL injec-

ion relative to the 20 cm x 150 μm i.d., 1.1 μm d p column (Figure

4). This change is a marginal decrease in peak capacity compared 

o the 60% lower peak capacity with the 15 cm x 100 μm i.d., 1.7

m d p column in Figs. 3 and 4 . The improvement in peak capac-

ty with the smaller particles is therefore likely a combination of 

ncreased efficiency, larger column volume, higher packing pres- 

ure [54] , and higher operating pressure, as higher pressure has 

een shown to increase retention of small molecules [46 , 55] . Fur- 

her studies should be focused on individually assessing the impact 

f these variables on injection volume for metabolite separations. 

.4.3. Potential for high resolution separations 

Our second examination of Fig. 3 investigated the potential for 

chieving higher peak capacity using 1.1 μm particles. As shown in 

ig. 3 , for a 1 μL injection, a target peak capacity of ~350 can be

chieved in 45 min with the 1.1 μm d p column (20 cm x 150 μm

.d.), compared to 60 min and 120 min for the 1.7 μm d p columns

50 cm and 15 cm/10 kpsi x 100 μm i.d., respectively). BPI chro- 

atograms of these three separations are shown in Fig. 5 , with 

ICs of m/z 496 (LPC 16:0) and m/z 391 displayed to compare peak 

hape and resolution between the three columns. The 1.1 μm par- 

icles can thus be used for relatively quick yet high peak capacity 

eparations relative to the other columns if 35 kpsi is available. 

Even higher resolution separations are of interest for isomers 

r isobaric compounds and for providing broader metabolome 
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Fig. 4. Comparison of (A) a 20 cm x 150 μm i.d., 1.1 μm d p column at 35 kpsi and (B) a 15 cm x 100 μm i.d., 1.7 μm d p at 10 kpsi (commercial limitations for capillary LC) 

for a relatively fast 13 min gradient. BPI chromatograms of BzCl labeled plasma extract for a 13 min gradient are shown for a 1 μL injection of a BzCl labeled metabolite 

extract. Representative EICs of an early eluting compound, Bz-valine ( m/z 222), and a late eluting compound, lysophosphatidyl choline (LPC) 16:0 ( m/z 496), are shown for 

comparison of peak shape and peak widths. The resolution (R s ) of LPC 16:0 sn-1 and sn-2 isomers is shown. 
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overage. High resolution separations of small molecules and 

etabolites have been demonstrated with peak capacities rang- 

ng from 1500 – 1800 using long (e.g. > 100 cm) columns and ~33 

 analysis times [17 , 32] . Such long separation times are useful in

ome conditions, but many metabolomics studies require numer- 

us samples and such times can become prohibitive. The potential 

or high resolution separations in relatively short analysis times is 

n attractive feature of sub-2 μm columns operated at 35 kpsi. For 

 0.2 μL injection, a peak capacity of ~400 is achieved with a 40 

in separation on the 20 cm x 150 μm i.d., 1.1 μm d p column, and

 peak capacity of ~550 was achieved on the 50 cm x 100 μm i.d.,

.7 μm d p column in 110 min ( Fig. 3 ). Smaller injection volumes

han those studied here could lead to even higher peak capacities 

n the same time; however, MS sensitivity and identification of low 

evel metabolites could suffer (discussed more in section 3.5 ). Fur- 

hermore, higher peak capacities or shorter analysis times could 

e attained with moving to even smaller particles and/or longer 

olumns with higher instrument pressures. 

.5. Feature detection in human plasma 

The previous sections discussed preparation and use of capillary 

olumns that can provide higher separation efficiency and peak ca- 

acities than current commercially available particle sizes and col- 

mn lengths in shorter analysis times. Real metabolomics assays 

owever rely on confident and in-depth metabolome coverage and 

nnotation. While higher peak capacity separations have provided 

roader metabolome and proteome coverage [12 , 17 , 56] , a number 

f LC-MS variables can affect MS response and metabolomics met- 

ics. For example, steeper gradients have shown to provide higher 
6 
S signal due to the narrower peaks compared to shallower gra- 

ients [57] . Furthermore, while higher flow rates have shown to 

rovide higher peak capacities for the same analysis time [58] , the 

onization may suffer and hinder metabolite coverage. We there- 

ore evaluated several variables using full-scan (MS1) feature de- 

ection as a proxy for the information content possible from the 

etabolomics assay ( Fig. 6 ). A feature was defined as any signal 

ith a unique m/z and retention time and above the average back- 

round signal from each separation. 

Increasing the injection volume from 0.2 to 1 μL consistently 

rovided a much higher number of features detected from BzCl- 

abeled plasma extracts across the three column types investigated 

n this work ( Fig. 6 A), despite the slight losses in peak capac-

ty that were observed with these larger injection volumes (see 

ig. 3 and section 3.4.1 ). The effect of increasing peak capacity by 

arying the gradient time (e.g. Fig. 3 ) on feature detection was 

lso investigated ( Fig. 6 B). For each column type, a general in- 

rease in the number of features detected was seen as the peak 

apacity increased. This trend is likely due to resolution of iso- 

aric compounds and alleviation of ionization suppression from co- 

luting species compared with shorter and lower resolution sep- 

rations [56 , 59] . Higher feature counts at longer analysis times 

ould be over-inflated, however, as feature count is often biased 

ompared to high confidence metabolite annotation and identifi- 

ation [60] . Interestingly, the lowest efficiency column – the 15 

m/1.7 μm at 10 kpsi – provided higher feature counts than the 

onger columns at higher pressure for the same peak capacity (al- 

eit at longer analysis times to achieve the same peak capac- 

ty). This observation is likely due to the lower flow rate on the 

5 cm x 100 μm i.d., 1.7 μm d p column at 10 kpsi (1 μL/min
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Fig. 5. Example BPI chromatograms from a 1 μL injection of BzCl labeled plasma extract illustrating the time required to achieve a peak capacity of ~350 with the different 

columns, particle sizes, and pressure limits investigated in this work. EICs of m/z 496 (LPC 16:0) and 391 are displayed, with the resolution (R s ) of LPC 16:0 isomers shown. 

v

fl

s

m

t

h

e

d

a  

v  

s

E

h

r

r

t

fl

a

e

e

i

r

i

w

fl

i

s

o

w

i

b

s

f

t

o

t

F

ersus ~1.8 – 2.5 μL/min on the columns run at 35 kpsi). Lower 

ow rates can provide increased ionization efficiency due to 

maller initial droplet sizes and easier desolvation; this improve- 

ent in ionization can lead to less ionization suppression and in- 

erference from matrix effects [34 , 61] . To further investigate this 

ypothesis and attempt to provide similar results with the higher 

fficiency columns, we operated the 20 cm x 150 μm i.d., 1.1 μm 

 p column at lower flow rates (by operating the pneumatic pump 

t 10 and 15 kpsi) with the same gradient slope of 8 % �B/column

olume ( Fig. 6 C). Reducing the flow rate down to 700 nL/min re-

ulted in over double the number of features detected. Selected 

ICs of Bz-Trp and Bz-Tyr detected from the plasma extract showed 

igher peak intensities and larger peak areas with the lower flow 

ate separations (Figure S5). These data corroborate that lower flow 

ates indeed give higher MS response and thus more features de- 

ected for the conditions studied here. 

Taken together, a higher injection volume combined with lower 

ow rates provided the highest number of features detected for 

 given analysis time. Increasing separation peak capacity through 
7 
xtending the gradient time also increased feature counts; how- 

ver, this approach decreased analysis throughput. Further work 

nvolving reduction in column i.d. and flow rate to the low nL/min 

ange may further increase metabolite coverage while maintain- 

ng the chromatographic advantages of combining smaller particles 

ith higher pressure. Reduction of column i.d. and use of nano- 

ow/capillary LC-MS has been heavily utilized in proteomics stud- 

es and has provided large increases in proteome coverage, and in 

ome cases has been extended to metabolomics [37 , 62–64] . Use 

f trap columns may be needed to mitigate the gradient delay 

hen going to such low flow rates and alleviate band broaden- 

ng from injecting on such narrow columns. Thus, in order to com- 

ine the benefits of larger injection volumes and high resolution 

eparations for capillary LC-MS based metabolomics, pre-column 

ocusing strategies likely need to be implemented [65–67] . Given 

he complexity of factors influencing feature count and MS signal, 

ptimization not only in chromatography but of these other fac- 

ors on metabolite identification is worth a more in-depth study. 

uture studies should also employ a more rigorous evaluation of 
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Fig. 6. Effect of different LC-MS variables on MS1 feature detection from BzCl la- 

beled plasma extract. (A) Effect of injection volume on feature count and peak ca- 

pacity for the three columns shown in Figure 3 . All separations used a gradient 

volume of 10X the column volume (8 % �B/column volume). (B) Effect of increasing 

peak capacity through longer gradient times on feature count for a 1 μL injection 

on the same three columns. (C) Effect of flow rate (adjusted by changing inlet pres- 

sure) on feature count for a 1 μL injection on the 20 cm x 150 μm i.d., 1.1 μm d p 
column using a gradient volume of 10X the column volume. Error bars represent 

standard error from duplicate injections. 
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etabolite annotation and the effect of these variables on high 

onfidence identification rather than features [60 , 68 , 69] . 

.6. System robustness and repeatability 

The repeatability of retention times and peak widths of the an- 

lytes are important for routine, long term metabolomics assays. 

e performed column repeatability tests for the 15 cm x 100 μm 

.d., 1.7 μm d p , 20 cm x 150 μm i.d., 1.1 μm d p , and 50 cm x 100 μm

.d., 1.7 μm d p columns discussed above. Average RSDs in retention 

ime and peak width for the amino acid mixture for all columns 

ere below 4% and 8%, respectively (Table S1). Additionally, the 

ong-term use and repeatability of the 20 cm x 150 μm i.d., 1.1 μm 

 p column was assessed over a 5 month period (Table S2). No signs 

f column degradation or clogging were observed, with average re- 

ention time and peak width RSDs of 6% and 11%, respectively, for 

he amino acid mixture. These deviations are similar to previously 

eported packed capillary C18 columns [19 , 21 , 54] . 

. Conclusions 

This study illustrates the feasibility and potential impact of us- 

ng 1.1 μm particles in 20 cm long columns paired with a gradient 

apillary LC system capable of 35 kpsi for metabolomics assays. We 

ave found packing conditions and instrumentation that allow ap- 

roximate agreement with theory for using such columns with ul- 

rahigh pressure instrumentation, while demonstrating routine use 

ith practical considerations for metabolomics samples. The 1.1 
8 
m particle packed columns enable higher peak capacity at rela- 

ively short, and practical, analysis times of 13 min compared to 

olumns packed with larger particles as commonly used currently. 

he columns also allowed relatively high peak capacities (e.g. peak 

apacity 300 – 500) to be reached at a ~30% faster time compared 

o 50 cm x 100 μm i.d., 1.7 μm d p columns, and nearly 3x faster

ime compared with 15 cm x 100 μm i.d., 1.7 μm d p columns at 10

psi. For metabolomics assays, interplaying variables such as flow 

ate, peak capacity, and injection volume can all be manipulated 

o increase the number of features identified in the human plasma 

xtract. 
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