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LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY

TECHNICAL FIELD

This description relates to method and system for liquid chromatography-mass

spectrometry (LC/MS) analyses of biological analytes such as proteins and/or peptides, and

more particularly to data dependent nano-LC/MS acquisitions.

BACKGROUND

Liquid chromatography (LC) is a well-established analytical technique for separating

components of a fluidic mixture for subsequent analysis and/or identification, in which a

column, micro fluidic chip-based channel, or tube is packed with a stationary phase material

that typically is a finely divided solid or gel such as small particles with diameter of a few

microns. 'Hie small particle size provides a large surface area that can be modified with various

chemistries creating a stationary phase. A liquid elucnt is pumped through the liquid

chromatographic column ("LC column") at a desired flow rate based on the column dimensions

and particle size. This liquid elucnt is sometimes referred to as the mobile phase. The sample

to be analyzed is introduced (e.g., injected) in a small volume into the stream of the mobile

phase prior to the LC column. The analytes in the sample are retarded by specific chemical

and/or physical interactions with the stationary phase as they traverse the length of the column.

The amount of retardation depends on the nature of the analytc, stationary phase and mobile

phase composition. The time at which a specific analyte elutes or comes out of the end of the

column is called the retention time or elution time and can be a reasonably identifying

characteristic of a given analytc especially when combined with other analyzing characteristics

such as the accurate mass of a given analyte. Or in other words, the analytes interact with the

stationary phase based on the partition coefficients for each of the analytes. The partition

coefficient is defined as the ratio of the time an analyte spends interacting with the stationary

phase to the time spent interacting with the mobile phase. The longer an analyte interacts with

the stationary phase, the higher the partition coefficient and the longer the analytc is retained on



the LC column. An isocratic flow in LC describes a mobile phase of a constant composition.

In contrast to this is the so called "gradient clution", which is a separation where the mobile

phase composition changes during a separation process. For example, a 20-minutc gradient

starts from 10% MeOH and ends up with 30% McOH within 20 minutes.

Detection ofanalytcs separated on an LC or nanoLC column can be accomplished by

use of a variety of different detectors. Spectroscopic detectors rely on a change in refractive

index, ultraviolet and/or visible light absorption, or fluorescence after excitation with a suitable

wavelength to detect the separated components. Additionally, the separated components may

be passed from the liquid chromatographic column into other types of analytical instruments

for further analysis, e.g., liquid chromatography-mass spectrometry (LC/MS or LC-MS)

separates compounds chromatographically before they arc introduced to the ion source of a

mass spectrometer.

The purpose of the LC column is to separate analytes such that a unique response (e.g.,

a UV absorption peak) for each analyte from a chosen detector can be acquired for a

quantitative or qualitative measurement. The ability of a LC column to generate a separation is

determined by the dimensions of the column and the particle size supporting the stationary

phase. The retention time of an analyte can be adjusted by varying the mobile phase

composition and the partition coefficient for an analyte. Increases in chromatographic

separation can be achieved via a reduction in the LC column diameter, increasing LC column

length and/or a reduction of stationary phase particle dimensions.

Mass spectrometry ("MS" or "mass-spec") is an analytical technique used to measure

the mass-to-charge ratio of gas phase ions. This is achieved by ionizing the sample and

separating ions of differing masses and recording their relative abundance by measuring

intensities of ion flux. A typical mass spectrometer comprises three parts: an ion source, a mass

analyzer, and a detector system. The ion source is the part of the mass spectrometer that

ionizes the substance under analysis (the analyte). The ions arc then transported by magnetic or

electric fields to the mass analyzer that separates the ions according to their mass-to-charge

ratio (m/∑) . Many mass spectrometers use two or more mass analyzers for tandem mass

spectrometry (MS/MS). The detector records the charge induced or current produced when an

ion passes by or hits a surface. A mass spectrum is the result of measuring the signal produced

in the detector when scanning m/z ions with a mass analyzer.



Mass spectrometry has rapidly developed as an important emerging method for the

characterization of proteins. The two primary methods for ionization of whole proteins arc

elcctrospray ionization (ESl) and matrix-assisted laser desorption/ionization (MALDI). In

keeping with the performance and mass range of available mass spectrometers, two approaches

are used for characterizing proteins. In the first, intact proteins are ionized by either of the two

techniques described above, and then introduced to a mass analyzer. In the second, proteins arc

cnzymatically digested into smaller peptides using an agent such as trypsin or pepsin. The

collection of peptide products are then introduced to the mass analyzer. The latter is often

referred to as the "bottom-up" approach of protein analysis.

Proteins and/or peptides υf interest to biological researchers are usually part of a very

complex mixture of other proteins and molecules that co-exist in the biological medium. The

high complexity of biological mixtures often makes coupling a separation technique, such as

high performance liquid chromatography (HPLC), highly desirable or even required after

enzymatic digestion. In addition, HPLC on-line connected to ESI-MS offers the possibility for

pre-conccntration of dilute samples, desalting and removal of detergents. In many applications,

and especially where relatively small volumes of sample arc under analysis, improving

detection sensitivity can become especially important. Improvement of detection sensitivity

using concentration sensitive detectors such as UV/Vis absorbance and ESI mass spectrometers

can be achieved by employing HPLC columns with smaller internal diameters (i.d.). For

example, increased sensitivity during peptide analysis can result from using nano-LC (e.g.,

column i.d. of 50-100 µm) and capillary LC (e.g., column i.d. of 320 µm). Flow rate of the

mobile phase through such columns is from several nanoliters per minute (nL/min), to several

microliters per minute (µL/min), and the mobile phase can be sprayed directly without post-

column splitting. The process of elcctrospray ionization at flow rates on the order of nanoliters

("nL") per minute has been referred to as "nanoclectrospray ionization" (nanoESI).

Elcctrospray ionization (ESI) or nanoESI is a commonly applied ionization technique

when dealing with biomolccules such as peptides and proteins. The electrospray process

creates highly-charged droplets that, under evaporation, create ions representative of the species

contained in the solution. An ion-sampling orifice of a mass spectrometer may be used to

sample these gas phase ions for mass analysis. When an electric potential or field is applied to

the outlet of a conducting needle (often referred to as a sprayer or emitter) relative to an



extracting electrode, such as one provided at the ion-sampling orifice of a mass spectrometer,

the electric field generated on the needle causes the separation of positively and negatively

charged ions in solution and pushes ions of one polarity (e.g., positively charged or negatively

charged) to the solution surface. The higher the electric field is the greater the surface charge

repulsion force that counteracts the fluid surface tension is. When the repulsion force of the

solvated ions exceeds the surface tension of the fluid being electrosprayed, a volume of the

fluid is pulled into the shape of a cone, known as a Taylor cone, which extends from the tip of

the needle. A liquid jet extends from the tip of the Taylor cone and becomes unstable and

generates charged-droplcts. These small charged droplets are drawn toward the extracting

electrode, e.g., the sampling electrode of a mass spectrometer. The small droplets are highly-

charged and solvent evaporation from the droplets results in the excess charge in the droplet

residing on the analyte molecules in the electrosprayed fluid. The charged molecules or ions

are drawn through the ion-sampling orifice of the mass spectrometer for mass analysis. The

potential voltage ("V") required to initiate an elcctrospray is dependent on the size of the

sprayer, the surface tension of the solution, and the electric field can be on the order of

approximately IO6 V/m. The physical si/.e of the needle and the fluid surface tension

determines the density of electric field lines necessary to initiate electrospray.

In so-called nanoelectrospray, the sample is sprayed from a needle with a tip diameter

less than about 5 µm, using a sample flow rate between 5 nL/min and 50 nL/min, for example.

Charged droplets with diameters less than 1 micron can be formed at flow rates less than 40

nL/min. These small, highly-charged droplets can provide more efficient ionization of analytes

contained within the droplets due to higher surface-to-volumc ratios and smaller radii through

which analytes need to diffuse to reach the charged surface of the droplets compared to

conventional ESl. NanoESl-MS can thus be used for analyzing small amounts of sample with

low sample concentrations (e.g., fcmtomolc/microlitcr). Moreover, with nanoESI, the ion

response for analytes contained in a sample solution is proportional to its concentration instead

of its total amount. What this means is that if a solution is being sprayed at 200 nL/min or 50

nL/min or 20 nL/min the signal intensity as measured using mass spectrometry would be the

same. Thus reducing a flow rate by a factor of 5 roughly increases mass spectrometry scans to

be acquired for the same amount of sample by a factor of 5 . As a result, signal averaging from



the increased number of scans improves signal-to-noisc ratios and ion statistics which enable

multiple MS/MS experiments on the analytes and high accuracy in identifying analytcs.

Tandem mass spectrometry (MS/MS) is a popular experimental method for identifying

biomolecules such as proteins. Tandem MS involves multiple steps of mass selection or

analysis, usually separated by some form of fragmentation. A tandem mass spectrometer is

capable of multiple stages of mass spectrometry. For example, one mass analyzer can isolate

one peptide from many others entering a mass spectrometer. A second mass analyzer then

stabilizes the peptide ions while they collide with a gas, causing them to fragment by collision-

induced dissociation (CID). A third mass analyzer then characterizes the fragments produced

from the peptides. Tandem MS can also be done in a single mass analyzer over time as in a

quadrup υle iυn trap. There arc various methods for fragmenting molecules for tandem MS,

including collision-induced dissociation (CID), electron capture dissociation (ECD), electron

transfer dissociation (ETD), infrared multiphoton dissociation (IRMPD) and blackbody infrared

radiative dissociation (BIRD).

Characterization of total digests (peptides) of complex protein mixtures using

HPLC/MS is also called shotgun proteomics. Shotgun analysis involves direct digestion of

protein mixtures to complex peptide mixtures, followed by the automated identification of the

peptides by liquid chromatography combined with tandem mass spectrometry (LC-MS/MS).

The development of shotgun proteomics today couples nano-LC for peptide analysis,

automated MS to MS/MS data acquisition software and hardware on modern tandem mass

spectrometers, along with data searching software of modern search engines. Modern mass

spectrometers with data dependent scanning software are capable of acquiring MS and MS/MS

data from many hundreds of peptides per hour.

The principle of shotgun analysis is to first "spread out" peptides in complex mixtures

by multidimensional chromatographic separation. Tandem MS instruments then acquire

peptide MS/MS spectra, which encode the peptide sequences. This acquisition can be done in a

data-dependent way, whereby the instrument relics on a preliminary scan, performed as the

peptides enter the instrument, to select peptides for fragmentation and generation o f MS/MS

spectra.



SUMMARY

In one aspect, in general, a liquid chromatography system includes: a chromatographic

column through which an effluent passes, wherein the effluent comprises a plurality of analytcs

that correspond to a plurality of chromatographic peaks and an eluent; a post-column splitter

having at least two output ports through which the effluent of the column is split to at least a

first portion and a second portion; a mass spectrometer configured to receive the first portion

from a first of the output ports for analysis; and a tube connected to a second of the output ports

configured to prevent substantial evaporation of the eluent in the second portion until

undergoing mass spectrometry. The second portion has a plurality of separated analytes

corresponding to at least two chromatographic peaks.

Aspects can include one or more of the following features.

The system is configured to direct the second portion to the mass spectrometer after the

first portion is analyzed by the mass spectrometer.

The system further comprises a pump connected to the tube to pump the second portion

to the mass spectrometer after the first portion is analyzed by the mass spectrometer.

Hie system further comprises a second detector configured to receive the second

portion irom the tube after the first portion is analysed by the mass spectrometer.

The second detector comprises a mass spectrometer.

The second detector comprises an infusion nanoESI/MS device.

The tube is configured to substantially reduce the diffusion of the analytes in the

effluent stored in the tube.

The tube is configured to stay at a temperature lower than the room temperature.

The tube comprises an electrolysis electrode to elcctrolyze the eluent to produce a gas

segment between any two eluent segments.

The electrolysis is triggered by an analytical device.

The device is an ultraviolet detector, fluorescence detector, an electrochemical detector,

evaporative light scattering detector, nuclear magnetic resonant spectrometer, charged aerosol

detector, refractive index detector, or a mass spectrometer.

The mass spectrometer comprises an clectrospray sprayer.

The mass spectrometer comprises an ESI/MS device.

The mass spectrometer comprises an infusion nanoESI/MS device.



The infusion nanoESI/MS device comprises a nanoESI sprayer.

The nanoESI sprayer comprises a pulled tip of a fused silica capillary.

The infusion nanoESI/MS device comprises a chip containing an array of

nanoclcctrospray nozzles.

The tube comprises a fused silica capillary.

The tube has a diameter of 250 µm or less.

The tube has a diameter of 100 µm or less.

The tube has a diameter of 75 µm or less.

The tube has a diameter of 50 µm or less.

The tube has a length of about 1 meter or more.

The tube has a length of about 10 meters or less.

The tube has a length of about 6 meters.

The second portion is directed for mass spectrometry at a lower flow rate than the first

portion is.

The splitter comprises a T-shape piece that creates a volume ratio of about 4 :1 to about

1:1of the second portion to the first potion.

The splitter comprises a valve that has at least five ports, a first connector connecting

two of said ports, and a second connector connecting three or more of the rest said ports to split

the effluent.

The valve has at least six ports.

The valve has at least one port connected to a flow controller.

The valve has two ports that arc connected by the tube.

The valve is switchable between at least two configurations, including a first

configuration in which the second connector connects a first set of three ports, and a second

configuration in which the second connector connects a second set of ports different from the

first set.

ITic analytes in the second portion exit the tube in the same order in which the analytcs

exit the chromatographic column.

The analytes in the second portion exit the tube in a reversed order in which the analytes

exit the chromatographic column.



The second portion is mixed with a stream of liquid before the portion undergoes mass

spectrometry.

The second portion has a plurality of separated analytes corresponding to at least half of

the plurality of chromatographic peaks corresponding to the analytes that pass through the

chromatographic column.

The second portion has a plurality of separated analytes corresponding to at least 90%

of the plurality of chromatographic peaks corresponding to the analytes that pass through the

chromatographic column.

The system further comprises a second chromatographic column, wherein the inner

diameter of the second column is smaller than that of the first column.

In another aspect, in general, a method of characterizing an analyte in a sample

includes: passing an effluent comprising a plurality of analytes and an eluent through a

chromatographic column, the analytes corresponding to a plurality of chromatographic peaks;

splitting at least a first portion and a second portion of the effluent from respective output ports

of a post-column splitter, the first portion being directed from a first of the output ports to a

mass spectrometer for analysis; and receiving the second portion having a plurality of separated

analytes corresponding to at least two chromatographic peaks in a tube connected to a second

of the output ports to prevent substantial evaporation of the eluent before undergoing mass

spectrometry.

The method further comprises directing the second portion irom the tube to the mass

spectrometer after the first portion is analyzed by the mass spectrometer.

The method further comprises directing the second portion from the tube to a second

mass spectrometer after the first portion is analyzed by the mass spectrometer.

The method further comprises analyzing a first analyte from the stored second portion

after a second analyte from the first portion has been analyzed by the mass spectrometer,

wherein the first analyte passed out of the chromatographic column before the second analyte

passed out of the chromatographic column.

The method further comprises analyzing a first analyte from the stored second portion

after a second analyte from the second stored portion has been analyzed by the mass

spectrometer, wherein the first analyte passed out of the chromatographic column before the

second analyte passed out of the chromatographic column.



The method further comprises analyzing a first analyte from the stored second portion

before a second analyte from the second stored portion has been analyzed by the mass

spectrometer, wherein the first analyte passed out of the chromatographic column before the

second analyte passed out of the chromatographic column.

The method further comprises cooling the second portion to substantially reduce

diffusion of the analytcs in the elucnt captured in the tube.

The method further comprises segmenting the stored second portion into a least two

segments in the tube by a gas bubble wherein the gas bubble creates a diffusion boundary to the

analytcs in the portion.

The gas bubble is formed by electrolysis of the eluent of the second portion.

The method further comprises recording the segment positions in the tube by counting

gas bubbles.

The method further comprises segmenting the stored second portion into at least two

segments in the tube by a non-mixing liquid segment wherein the non-mixing liquid segment

creates a diffusion boundary to the analytes in the portion.

The method further comprises directing the stored second portion in the rube to the

mass spectrometer at a calibrated ilow rate controlled by a pump connected to the tube.

The calibrated flow rate is less than 5,000 nL/min.

The calibrated flow rate is less than 1,000 nL/min.

The calibrated flow rate is less than 200 nL/min.

The second portion has a plurality of separated analytcs corresponding to at least half of

the plurality of chromatographic peaks corresponding to the analytes that pass through the

chromatographic column.

The second portion has a plurality of separated analytcs corresponding to at least 90%

of the plurality of chromatographic peaks corresponding to the analytes that pass through the

chromatographic column.

The method further comprises directing the effluent into a second chromatographic

column.

The directing is performed by controlling back pressures of the splitter by connecting a

pump to a port of the splitter.

Aspects may include one or more of the following advantages.



A post-column splitter can divide a liquid chromatographic effluent such that a first

fraction of the effluent is subjected to immediate nanoclectrospray mass spectrometry analysis

while a second fraction is captured and stored in a tube, e.g., a capillary tube with i.d. of about

a few tens of microns. The splitter can be a T-shapc piece, or chip-based channels, or a multi-

port valve that can divide the effluent. The splitter can also be configured to divide the effluent

to more than two fractions thus allow more than one fractions to be captured and stored in

individual tubes for later usage. The dimension of the capture tube is selected to control

diffusion of analytcs molecules so that the degree of remixing of the separated analytcs can be

controlled or minimized. Gas segments can be introduced to the captured fraction to further

limit diffusion of LC-separated analytes to confined regions and thus greatly increase storing

time of the faction. Moreover, using a tube to store a fraction of the LC effluent allows the

analytc molecules maintained in a solution, e.g., to prevent decomposition of the analyte upon

drying or to prevent loss of precious sample by drying and redissolving it in a solvent. The

second fraction collected in the tube can be redirected to a nanoESl sprayer to enable additional

MS data to be acquired from the same sample injection based on the initial MS analysis of the

first fraction, e.g., at a lower flow rate to the sprayer for targeted analytes or skipping analysis

oiTcss interesting analytcs in the fraction to save time. The captured fraction can also be

modified or treated before MS analysis by, e.g., adding another solvent, or undergoing another

LC analysis, e.g., ion exchange chromatography.

The details of one or more embodiments of the invention are set forth in the

accompanying drawings and the description below. Other features, objects, and advantages of

the invention will be apparent from the description and drawings, and from the claims.

DESCRIPTION OF DRAWINGS

FIG IA is a simplified cross-sectional schematic of a LC/MS system.

FIG. IB is a cross-sectional schematic of an embodiment.

FIGS. 2A and 2B are schematics of a LC/MS system.

FIGS. 3A-G arc schematics of another embodiment.

FIG. 4 is a cross-sectional view of an embodiment of a capture tube.

FIGS. 5A and 5B are schematics of still another embodiment.

FIGS. 6A-C arc schematics of yet another embodiment.

FIGS. 7A-C arc schematics of embodiments with a capture capillary.



DETAILED DESCRIPTION

Liquid chromatography (LC) with columns of small internal diameters, e.g., capillary

LC and nano-LC columns, can be coupled with nanoESI to combine the benefits of sample

separation and/or concentration in columns of small diameters and improved ionization

efficiencies with nanoESl. For good LC separation resolution, peak widths should be narrow,

but narrow peaks limit the acquisition time for mass spectral data. Preferably, an analytical

system should enable separation of all compounds within an HPLC system (narrow peaks and

high peak capacity), while enabling essentially unlimited time to acquire mass spectrometric

data for each separated compound. For example, peak width at half height of compounds

cluting from capillary- or nano-LC columns is generally in the range of 5 seconds to 30

seconds. During this period, the peptide needs to be sequenccd, which may require multiple

stages of MS detection. Sequencing of the peptides is performed by compa π ng measured and

calculated fragment spectra. These scan cycles take approximately a few hundred milliseconds

to a few seconds, which allows the experiment to perform only limited numbers of cycles

during the clution of a chromatographic peak.

Some nano-LC/nanoESI-MS techniques spray the entire effluent exiting the nano-LC

column with a nanoESI sprayer. As discussed above, each analytc cluting from a column

occurs as a transient with a time profile of seconds. When samples become complex and

contain multiple analytcs that are co-eluting, data-dependent scanning or other methods of

MS/MS such as ECD or ETD may not be able to acquire spectra fast enough to identify all the

analytes, e.g., peptides, as they enter the MS instrument, thus many analyte identifications can

be missed. Often times it is only possible to collect MS/MS data on components of highest

intensities in the initial MS scanning, thus restricting dynamic range for component

identification.

The present disclosure includes description of techniques that are able to solve these

problems. For example, the strengths of nano liquid chromatography/mass spectrometry

(nanoLC/MS) and infusion nanoelectrospray mass spectrometry (nanoESI/MS) can be

combined with a post-column splitter that divides die LC effluent such that a first portion or

fraction of the effluent is subjected to nanoelectrospray mass spectrometry analysis

immediately after chromatographic separation and a second portion or fraction is captured and

stored in a tube, e.g., a capillary tube with i.d. of about 20 - 50 µm . After a short time, e.g.,



following completion of the LC separation of the entire or partial sample injection, and/or

completion of an initial MS analysis of the first portion of the effluent, the second portion

collected in the tube can be redirected to a nanoESl sprayer to enable additional MS data to be

acquired from the same sample injection based on the initial MS analysis to allow more signal

averaging and improve accuracy of sample identification or protcome coverage in a shotgun

experiment, for instance.

Referring to FlG 1A, an LC/MS system 10 includes a liquid chromatographic column

12, e.g., a nano-LC column, which provides on-line separation capabilities to mass spectral

analysis of the effluent 20 containing a plurality of separated analytes (illustrated as squares,

circles, crosses, and triangles). A portion 24 of the effluent 20 is directed via some tubing 19

(e.g., a capillary tube) to mass spectrometer or MS device 18, e.g., a nanoESI/MS device.

Another portion 22 of the effluent 20 is simultaneously captured and stored in a tube 16 which

is configured to control (e.g., to reduce) the diffusion of the analytes in the effluent inside the

tube 16 and substantially preserve the chromatographic separation of analytes from the column

12. 'ITic effluent 20 is split by a post-column splitter 14 to at least two portions 22 and 24.

While the portion 24 is undergoing mass spectral analysis in the MS device 18, the portion 22

of the effluent can, in some cases, keep entering tube 16 and keep moving along in tube 16. Or1

in other cases in which it may be desirable to store the portion 22 for longer periods of time,

the portion 22 can be kept substantially stationary in tube 16 for a period of time that is long

enough for the MS device 18 to further analyze the portion 24. Usually after the scanning of

the portion 24 has been completed, the portion 22 can be redirected through the tube 16 and the

splitter 14 to the MS device 18 (or redirected to a different MS device) for a second round of

analysis, e.g., tandem MS. In some embodiments, tubing 19, splitter 14, and/or the tube 16 and

can be integrated into a microfluidic chip, e.g., a chip containing a splitter connected to a long

channel (e.g., a microfluidic channel) functioning as tubing 19 and/or tube 16.

In some embodiments, column 12 can be an HPLC column with an internal diameter in

the micrometer scale, e.g., a nano-LC column of 75 µm i.d., and the flow rate can be controlled

by a nano-LC pump to range between about 10 nL/min to 1000 nL/min, e.g., about 200 nL/min

to 300 nL/inin.

The post-column splitter 14 can be a T-shape piece ("Tee") as shown in FlG 1B.

Referring particularly to FlG 1B, the T-shape piece includes an input port 11 which can be



connected to an outlet of the nano-LC column, two output ports 13 and 15 which divides the

LC effluent 20 entering the Tee into two portions (shown as portion 24 to MS device and

portion 22 to capture tube), and an air tight fitting 17 which holds the three ports together and

allows fluid communication between the ports. Each of the two output ports can be an integral

part of the tubing or tube that the two split portions enter respectively, e.g., port 13 can be the

proximal end of tubing 19 (in FlG IA) and port 15 can be the proximal end of tube 16 (in FIG

IA) with respect to the flow direction. The split ratio, usually the flow rate ratio of the two

portions 24 and 22, e.g., portion to be analyzed vs. portion to be stored, can be adjustable from

1:100 to 10:1 , e.g., from 1:10 to 5:1, from 1:3 to 4:1, from 1: 1 to 3:1, according to different

experimental needs. For example, if flow rate of portion 24 is required to be 50-100 nL/min,

when the flow rate o f the LC effluent is 200 nL/min, the flow rate ratio would be selected to be

1:3 to 1: 1 .

The flow rate ratio can be adjusted by controlling the back pressures of the output ports

of the splitter. There are several factors that influence back pressure, such as the inner

diameters and lengths of the output ports and tubes connected to them. In some embodiments,

the inner diameters of the output ports and/or the tubes connected to them can be about 5 µm to

750 µm, e.g., 10 to 500 µm , 20 to 200 µm, or 50 to 100 µm. For example, in a particular

embodiment, port 13 can have 15 µm i.d. with 15 centimeters of total tubing length while port

15 has 50 µm i.d. with 600 cm of total tube length to achieve a flow rate ratio of 1:3. Back

pressure can also be affected by applying external pressure to the split portions via, e.g., a spit

adjustor, more detail of which follows.

Referring particularly to FIGS. 2A and 2B, an LC/MS system 10 can further include an

autosamplcr 30 upstream of the LC column 12 . The mobile phase or the eluent for LC is driven

by a pump 40 which can also adjust the flow rate of mobile phase on the order o f nL/min. The

arrows in FIGS. 2A and 2B indicate flow directions o f the mobile phase. The system 10 can

switch between a first "online LC/MS plus splitting" mode (FlG 2A) and a second "no-

splitting infusion" mode (FlG 2B) via use of a multiple port valve, e.g., a micro switching

valve 60 having six ports labeled 1 through 6 with every port conncctable to either one of the

two neighboring ports through a connector such as a groove or channel (not shown but

connection is illustrated by arrows or lines between each two ports) in the valve. For example,



for system 10 to be in the first mode as shown in FlG. 2A, ports 5 and 6 of valve 60 arc in fluid

communication so that the pump 40 can drive the mobile phase to carry the sample from the

autosampler through the LC column 12 then through post-column splitter 14. As discussed

above, a first portion of the effluent of column 12 is directly driven to the mass spectrometer 18

while a second portion is captured by a tube 16. A device 50 is connected to port 3 of the valve

60. In some cases, the device 50 can be a waste or a split adjustor for, e.g., controlling the flow

rate of the captured portion in tube 16. In other cases, the device 50 can be a second mass

spectrometer, e.g., a nanoESI/MS device to analyze the captured portion based on the analysis

results from the first portion.

For system I O to be in the second mode as shown in FlG 2B, ports 5 and 4 of valve 60

arc in fluid communication so that the pump 40 can drive the captured portion of LC effluent

back to the splitter 14 then to MS device 18 where the order of analytcs in the captured portion

entering the MS device is reversed due to this set up configuration, i.e., the first into the tube

will be the last out for MS analysis. In this mode, since port 1 is blocked with a plug or the

like, the back pressure of column 12 can prevent the captured portion flowing back to the LC

column. In some embodiments, a closing valve might be used between column 12 and splitter

14 to prevent the back flow to column 12. The selection between the two modes can either be

manually or automatically controlled. The timing of switching from one mode to another can

be experiment specific. For example, one can switch system 10 from the first mode to the

second only after all components of the sample has been LC separated and elutcd; or one can

do so intermittently by pausing the LC separation when it is necessary. In some embodiments,

the captured effluent portion may be directed to another analytical device or another mass

spectrometer, e.g., another nanoESI/MS.

In other embodiments, splitter 14 can be a multiple-port micro switching valve with at

least one groove or channel that connects three or more ports simultaneously so that the valve

can not only exhibit the same function as a T-shape splitter but also have additional functional

features. As an example, a 6-port valve is shown in FIGS. 3A through 3F. Arrows in these

figures indicate flow directions of the analytes. Referring particularly to FIG 3A, valve 14 is in

the 'splitting and capture' mode, and unlike in a conventional switching valve, port 6 is

connected to both of its two neighboring ports (ports 1 and 5) through a groove or channel of

the valve as well as connected to an outlet of the LC column 12 simultaneously so that the



effluent from column 12 can be split into two portions with one flowing to the MS device 18

while the other flowing into a capture tube 16 connecting ports 5 and 2. Ports 2 and 3 are

connected through another groove or channel of the valve in this mode. Port 3 is also

connected to a split adjuster 50 to adjust the nanoLC split ratio, e.g., the flow rate ratio of port 1

to port 5, while port 4 is isolated from the other ports. The split adjuster can either be a

pressurized vessel or a pump, which is used to adjust the back pressure of the tube 16 in order

to control the split ratio, as discussed above. Referring particularly to FIG 3B, valve 14 is

switched to the 'infusion' mode. The groove that connected port 6 to ports 1 and 5 in the

'splitting and capture' mode now rotates counterclockwise so that port 5 is connected to both of

its neighboring ports (ports 4 and 6) simultaneously while the groove that connected ports 2

and 3 now connects ports 1 and 2. The resulting configuration is then port 6 connected to the

pump 40 through column 12 and port 2 connected to port 1 so that the captured portion of

separated analytes in tube 16 between ports 5 and 2 can be driven by the mobile phase of

column 12 into the MS device 18 through port 1. The flow rate of the mobile phase is

controlled by pump 40. Optionally, port 4 can connect to a split adjuster 50 to adjust the flow

rate of the captured portion entering MS device 18 without having to decrease the flow rate of

the mobile phase in LC column 12. For example, the flow rate in LC column can be kept at

200 nL/min while the flow rate in tube 16 can be adjusted to 50 nL/min by bifurcating the

mobile phase exiting the LC column at port 5 with about three fourths of the mobile phase

flowing to port 4 with the assistance of the split adjuster 50. In some embodiments, the

captured effluent portion may be directed to another analytical device or another mass

spectrometer, e.g., another nanoESI/MS. In some embodiments, in this 'infusion' mode, the

flow for infusion nanoESI/MS of the captured chromatogram can be driven by the column

wash in the column regeneration steps thereby enabling simultaneous infusion experiment and

column preparation for the next injection which leads to an improvement in speed and

efficiency of the analytical process, for example. In embodiments, the grooves in the valve

connecting neighboring ports have a width of about 10-150 µm and a depth of about 5-75 µm.

Compared to the set up configuration with a T-shape splitter discussed above, the valve

structure of splitter 14 enables the order of the analytes in the captured portion entering the MS

device to be the same order of exiting the LC column, i.e., the first into the capture tube will be

the first out for MS analysis. One potential benefit of using this valve configuration is that the



analytes or components captured into the tube each go in one end and out the other, thereby

traversing the same length and arc subjected to a similar degree of diffusion so that the

chromatographic peaks have similar degree of broadening.

In some embodiments, composition modification or treatment of the captured portion of

the separated analytes in tube 16 may be desired, e.g., adding a different mobile phase to

increase ionization of the analytes for mass spectrometry experiment. The modification of the

captured portion may achieve, e.g., changes in ionization, electrochemical modification of

captured components, enzyme degradation of intact proteins or peptides, mass tagging, or

enzymatic de-phosphorylation of peptides or proteins, thus providing additional assistance in

sample characterization. Two exemplary approaches of introducing a 'treating' flow of, e.g., a

compound, a rcactant to a given analyte, a salt, and/or a mobile phase, to the captured portion

in tube 16 are illustrated in FIGS. 3C-3D and 3E-3F, namely the 'prc-tubc' and 'post-tube

approaches.

Referring particularly to FlG. 3C, with the 'pre-tube' approach, the 6-port switch valve

has an additional groove that connects ports 4 and 5 compared to the valve in its 'splitting and

capture' mode as illustrated in FlG 3A. Port 4 also connects to an ancillary control device 90

to add the 'treating' flow to the captured portion of the LC effluent at the entrance (i.e. port 5)

of the tube 16. This approach may be selected when longer treatment time is desired. Device

90 may be a stock solution connected to a pump which can control the flow rate of the solution

adding to the captured portion. As discussed above, the split adjuster 50 connected to port 3

can control the split ratio of the LC effluent. Referring to FIG 3D, the valve is in its 'infusion'

mode. The additional groove that connected ports 4 and 5 in FIG 3C rotates counterclockwise

and now connects ports 4 and 3 . Similar to the embodiment in FIG 3B, in the 'infusion' mode,

port 3 can optionally connect to split adjuster 50 to control the flow rate of the captured portion

entering a mass spectrometer.

Referring particularly to FIG 3E, with the 'post-tube' approach, the 6-port switch valve

has an additional groove that connects ports 3 and 4 compared to the valve in its 'splitting and

capture' mode as illustrated in FlG 3A. As discussed above, port 4 also optionally connects to

a split adjuster 50 to control the split ratio of the LC effluent. Referring to FIG 3F, the valve is

in its 'infusion' mode. The additional groove that connected ports 3 and 4 in FlG 3E rotates

counterclockwise and now connects ports 2 and 3 . Port 3 also connects to an ancillary control



device 90 to add the 'treating' flow to the captured portion of the LC effluent at the exit (i.e.

port 2) of the tube 16. This approach may be selected when short treatment time is desired.

Device 90 may be a stock solution connected to a pump which can control the flow rate of the

solution adding to the captured portion. In the 'infusion' mode, port 4 can optionally connect to

split adjuster 50 to control the flow rate of the captured portion entering a mass spectrometer.

In embodiments, the flow rate can be controlled by a feedback loop including a flow

sensor and a split adjuster or a flow controller. As shown is FIG 3G, a flow rate sensor 80

which is connected to a control unitlOO monitors the flow rate in the tube 16 and sends the

information to a split adjuster 50. The split adjuster then adjusts the flow rate accordingly to

reach a predetermined value.

In some embodiments, more other features or devices can be included in the LC/MS

system 10 to further improve the performance of the system. For example, another LC column

(e.g., a nano-LC column) can be placed, e.g., between port 1 and mass spectrometer 18 (e.g., as

in FIG. 3G), to further separate and/or concentrate analytes of first portion of the LC effluent of

column 12. An additional LC column can also be placed, e.g., at the distal end of tube 16

before the second portion (i.e., the captured portion) of the effluent undergoes MS analysis so

that over broadening of chromatographic peaks corresponding to individual analytes due to

molecular diffusion in the tube can be counteracted or corrected, for instance.

As discussed above, splitting an LC (e.g., HPLC) effluent prior to a nanoESI analytical

device and mass spectrometer enables the acquisition of MS data on all of the components or

analytes in the sample, searching the component MS data against a database, then redirecting

the portion captured in the capillary tube to the nanoESI/MS device and conducting the MS

experiments (e.g., MS/MS) based on the database search results. For example, this disclosure

would be useful to analyze a mixture of peptides formed from cnzymatically digesting a

protein(s) using nanoLC/MS while simultaneously capturing the separated peptides into a tube.

At the end of the initial round of nanoLC/MS experiment on the first portion of the sample, the

MS data acquired can be analyzed against a database to propose the most probable proteins.

Then an intelligent MS experiment targeting peptides that should be present in the second

portion of the same sample (i.e., the captured chromatogram in the tube) can be produced to

increase the probability o f correctly identifying the protcin(s), especially if the peptides have

very low signal intensities in the initial round of MS. In another example, analysis of intact



proteins, which is traditionally difficult for MS to acquire enough data to identify the protein

during a single LC/MS experiment, can be achieved with improved accuracy and sensitivity by

combining the LC experiment with infusion nanoESI/MS analysis of captured proteins in a

rube which substantially remain separated corresponding to the chromatogτam. The proteins

coming out of the tube may correspond to broader peaks due to diffusion forces, which enables

a second, longer MS experiment to be performed on the same injection of a sample. The

extended time can allow more signal averaging or multiple MS or MS/MS acquisitions than

those using conventional techniques. The diffusion of separated components or analytcs in the

capture tube can be controlled by various means, such as tube inner diameter, tube length, time

in the tube (controlled by length of the nanoLC experiment, for example), or by lowering the

tube temperature or introducing barriers between two components to prevent remixing. More

discussion follows.

The tube 16 is configured to capture and store a portion of the effluent of the column for

a later round of analysis, e.g., with extended analysis time compared to that available for the

initial MS scanning of portion 24. In some embodiments, the tube 16 is a capillary tube and its

dimension (e.g., inner diameter) is chosen to define a desired range of diffusion of analytcs for

a desired outcome. For example, the capillary dimensions can be chosen based on the

chromatographic peak volume exiting the LC column coupled to the capillary. When using 300

nL/min flow rate from a nano-LC column, peaks that are 12 seconds wide correspond to peak

volumes of 60 nL. If a 50 micron inner diameter capillary tube is used as the capture and

storing tube, 60 nL corresponds to a length of about 30 mm of the tube. The length of tube can

therefore be predetermined to capture and store one or more analytc peaks. In a particular

embodiment, the tube can be a fused silica tube with an inner diameter of about 50 µm and a

length of around 600 cm. The diameter of the tube is selected to be on the micrometer scale so

that diffusion of the captured LC- separated analytes can be controlled, e.g., reducing the

likelihood of remixing the separated compounds and losing chromatographic separation.

The techniques described in the present disclosure can take into account characteristics

of molecular diffusion in fluids (e.g., eluents) captured in a tube. Molecules (e.g., peptides or

proteins) in solution can diffuse randomly in all directions. Molecular diffusion e.g., in a

capillary tube, can be predicted based on capillary diaiπcter. size of molecule, bulk solution

properties and temperature. The volume of solution where molecules of a given analytc spread



per unit length of a capillary is proportional to the square radius of the capillary. In other

words, the spreading length of molecules in a solution of fixed volume is inversely proportional

to the square radius of the capillary. In addition, the smaller the surface area (e.g. the square

radius of the capillary) is, the less frequently or less likely diffusion takes place. As a

consequence, reducing or minimizing the change in the volume of a solution of analyte

molecules in a tube caused by molecular diffusion and/or reducing the surface area at the

boundaries of two analyte zones can be accomplished by use of a capillary with reduced

diameter. The effect is to stretch a fixed volume along the length of a capillary. For example, a

typical analyte separated by nano-LC at a flow rate of 200 nL/min exits the column in a volume

of approximately 50 nL The length of a 50 nL volume which is dependent on the capillary

diameter can vary from about I mm to about 2500 mm with capillary diameter changing from

250 µm to 5 µm.

In some embodiments, molecular diffusion in the tube can be controlled for example, by

inserting gas bubbles into the capillary to segment the solution, as illustrated in FIG 4.

Molecules in solution can diffuse to the bubble/liquid interface but not beyond it. Referring to

FlG 4, gas segments or bubbles 221 placed between two liquid segments 220 of effluent

portion 22 in the capture tube 16. An electrolysis electrode 70 can be placed at the entrance of

the tube 16 and programmed to clcctrolyzc the mobile phase to create gas bubbles in a

predetermined pattern, for example, gas segments can be created at a defined intervals, e.g.,

every 5OnL of liquid segment, or gas segments can be created between the elution of two

analytcs, e.g., right after the elution of a first analyte and before the elution of a second analyte.

Further discussion of generating gas segments is disclosed in Khan, ct al., "Microfluidic

Synthesis of Colloidal Silica", Lanymuir, 20, 8604-8611 (2004), and Zheng, et al., "A

Microfluidic Approach for Screening Submicroliter Volumes against Multiple Reagents by

Using Preformed Arrays of Nanolitcr Plugs in a Three-Phasc Liquid/Liquid/Gas Flow", Angcw.

Chcm. Int. Ed., 44, 2520-2523 (2005), the entire contents of each of which are hereby

incorporated by reference herein. In some embodiments, a reader (optical or thermal) that

could detect the bubbles could be used at the exit of tube 16 so that specific liquid segments

captured in the tube could be quickly positioned for analysis, e.g., a targeted analysis.

In some embodiments, diffusion can be reduced by cooling the solution to a temperature

below the room temperature, e.g., about 4°C. In yet some other embodiments, controlled



diffusion (e.g., enhanced diffusion) may be beneficial when the sample is analyzed by infusion

nanoESl/MS since the lime for acquiring analyte signals and for more MS analyzing cycles will

be extended as the analyte diffuses to spread within higher volume which leads to longer time

for the analyte to exit the tube at a fixed flow rate. Different embodiments might be combined

to achieve the best control of diffusion based on specific requirement of the experiments.

Moreover, other potential benefits of using a tube to store a portion of the LC effluent

include keeping the analyte molecules in a solution, e.g., to prevent decomposition of the

analyte upon drying or to prevent loss of precious sample by drying and rcdissolving it in a

solvent.

In some embodiments, temperature can be increased. For example, the system can

capture intact protein separation, heat and digest proteins with the stored mobile phase.

Mass spectrometer or MS device 18 can be used for tandem MS, e.g., an infusion

nanoESI/MS device. The nanoESI sprayer or emitter can be a fused silica capillary with a

pulled tip which has an i.d. of about 1-15 µm, or an ESI Chip® available from Advion

Biosciences, Inc., which is a microfluidics chip containing an array of nanoelectrospray

nozzles, each one-fifth the diameter of a human hair, etched in a silicon wafer for

nanoolceti υspruy.

Many advantages of the techniques described in present disclosure including reserving

or storing a portion of a sample have been apparent from the description of different

embodiments. One exemplary advantage is that storing a portion of a sample allows

subsequent MS experiments to be adjusted to focus on analysis of components or analytcs of

the sample missed by initial nanoLC/MS experiments. For example, previously identified

components of the sample can be excluded from the data dependent acquisition during the

subsequent infusion experiment (from the portion stored in the lube), therefore, infusion

experiments are able to acquire MS/MS data on the lower-intensity components missed during

the initial nanoLC/MS/MS experiment. In some cases, previously identified components of the

sample can be included in data dependent acquisition (and others excluded) during the

subsequent infusion experiment to further analyze those components in more detail.

A number of embodiments of the invention have been described. Nevertheless, it will

be understood that various modifications may be made without departing from the spirit and

scope of the invention. For example, the ancillary control device 90 in FIG 3C can be a



pressurized vessel or a pump to introduec gas segments or non-mixing liquid segments into the

eaptured portion to provide diffusion barriers and limit diffusion of analytcs. The gas and non-

mixing liquid arc immiscible with the mobile phase of the LC effluent.

In some embodiments, the split ratio of the LC effluent can be fixed or varied during the

division process, e.g., according to the different abundances of analytes, by adjusting the

backpressure of the output ports. For example, if analytc A is 10 times as much as analyte B in

the sample, when they are separated in the LC column, split ratio of effluent with analyte A

may be set to 1:10 while split ratio of effluent with analyte B may be set to 1: 1.

In some embodiments, LC effluent directed to the capture capillary could be segmented

and fraction collected into individual tubes (e.g., capillaries) with a tapered end on which a

nanoESl sprayer could be formed. For example, each of N capillary tube can be connected to a

port of a 1:N splitter.

In some embodiments, LC effluent can be divided to more than two portions and at least

two portions are captured and stored in individual tubes (e.g., capillaries). For example, as

shown in FIGS. 5A and 5B, the splitter 14 can be a ten-port valve. Arrows in these figures

indicate flow directions of the analytes. In its 'splitting and capture' mode, as illustrated in FlG

5A, the valve first splits the LC effluent from column 12 to two flows at port 10 with a first

flow to port 1 then the mass spectrometer 18 and a second flow to port 9 which splits the flow

again so that one portion of the second ilow is captured in tube 16A while the other portion of

the second flow is directed to port 8 and captured in tube 16B. The split adjuster 50 controls

the split ratio of the first and second flow. In the 'infusion' mode, as illustrated in FIG 5B, the

captured portions in tubes 16A and 16B are driven to pass out of the tubes for analysis by the

mobile phase of the column 12 connected to the pump 40. Or in another example, the splitter

14 can be a valve assembly that includes a ten-port valve 14A and a six-port valve 14B

connected by two capture tubes 16A and 16B, as illustrated in FIGS. 6A-6C. Arrows in these

figures indicate flow directions of the analytes. Compared to a single multi-port valve, this

valve assembly configuration enables individual controls over the flow rates of the individual

captured portions thus enables control over both the split ratio of the initial LC effluent and the

split ratio of the primary captured portion that is further split into at least two subsidiary

captured portions. Referring particularly to FlG 6A, as in the 'splitting and capture' mode, the

ten-port valve 14A first splits the LC effluent from column 12 to two flows at port 10 with a



first flow to port 1 then the mass spectrometer 18 and a second flow to port 9 which splits the

flow again so that one portion of the second flow is captured in tube 16A while the other

portion of the second flow is directed to port 8 and captured in tube 16B. Two split adjusters

50a and 50b that are in fluid communication with individual captured portions control the

backpressures thus the flow rates in the capture tubes. The flow rate ratio of captured portions

in tube 16A and 16B can be selected by controlling split adjusters 50a and 50b with respect to

each other while the split ratio of the LC effluent (split to first and second flows) can be

adjusted by controlling cither or both of two split adjusters. Referring to FIGS. 6B and 6C, as

in the 'infusion' mode, cilher the captured portion in tube 16A or the portion in tube 16B may

be redirected to a mass spectrometer for analysis while the other captured portion can be kept in

the tube for later analysis.

In some embodiments, one portion of the effluent of a nanoLC column is driven to the mass

spectrometer while another portion is captured by a capillary tube. Referring to FIG 7A, the

effluent passes from the autosamplcr 30 into the LC column 12 and into the splitter 14. A first

portion of the effluent passes into a second, smaller ID column 70 and then passes through a

coupling device 80a that connects to a nanospray chip I I O with multiple channels. A second

portion of the effluent progresses from the splitter 14 through a capture capillary 80b. The

capture capillary 80b consists of a long capillary with a second chip coupling device at its end,

which can be coupled to the chip 110 (but is not coupled in FIG 7A). After the nanoLC run has

ended, the capture capillary 80b couples to the channel of the micro chip 110 through the

coupling mechanism.

The effluent can be directed into column 70 or into capillary tube 80b by controlling the

back pressures of the output ports of the splitter. Factors that influence back pressure include

the inner diameters and the lengths of the output ports as well as the tubes connected to them.

In some embodiments, the inner diameters of the output ports and/or the tubes connected to

them can be about 5 microns to 750 microns, e.g., 10 to 500 microns, 20 to 200 microns, or 50

to 100 microns. For example, in a particular embodiment, the port leading to column 70 can

have an i.d. of 15 microns and 15 centimeters of total tubing length while the capillary 80b can

have an i.d. of 50 microns and 15 centimeters of total tube length to achieve a flow rate ratio of

1:3. Back pressure can also be affected by applying an external pressure to the split portions

via, e.g., a spit adjustor.



Referring to FlG 7B, in some embodiments, the second portion passes from splitter 14

through capillary 80c and into the 6 port valve 60, where it flows through two connected

channels (e.g., channels 1 and 6) into the capillary 80b. The flow of the second portion can be

controlled by using a pressure bomb 120 that is connected, e.g., to channel 5 . The pressure

bomb 120 is a chamber that can be equipped with a small gas cylinder, a high pressure gauge,

and a thick-walled metal chamber. The pressure bomb can drive the captured portion of LC

effluent to the MS device 18. The flow rate can also depend on the tubing i.d. and length.

Referring to FlG 7C, attcr the nanoLC run has ended, the valve 60 switches to a second

mode that connects the two ports with the pressure bomb 120 and the capture capillary. At the

same time, the capture capillary 80b couples to the channel of the micro chip 110 through the

coupling mechanism.

A person of skill in the art will appreciate that the additional techniques of temperature

control and diffusion control, described earlier in the application, can be combined with the

embodiments involving an effluent that is separated into multiple portions.

All publications, patent applications, patents, and other references mentioned herein

including the appendix, arc incorporated by reference herein in their entirety.

Still other embodiments are within the following claims.



WHAT IS CLAIMED IS:

1. A liquid chromatography system, comprising:

u chromatographic column through which an effluent passes, wherein the effluent

comprises a plurality of analytcs that correspond to a plurality o f

chromatographic peaks and an elucnt;

a post-column splitter having at least two output ports through which the effluent of the

column i split to ut lcust a first portion and a second portion;

a mass spectrometer configured to receive the first portion from a first of the output

ports for analysis; and

a tube connected to a second of the output ports configured to prevent substantial

evaporation of the cluent in the second portion, having a plurality of separated

analytes corresponding to at least two chromatographic peaks, until undergoing

mass spectrometry'.

2 . The system of claim 1, configured to direct the second portion to the mass spectrometer

after the first portion is analyzed by the mass spectrometer.

3. The system of claim 1, further comprising a pump connected to the tube to pump the

second portion to the mass spectrometer after the first portion is analyzed by the mass

spectrometer.

4 . The system of claim 1, further comprising a second detector configured to receive the

second portion from the tube after the first portion is analyzed by the mass spectrometer.

5 . The system of claim 4, wherein the second detector comprises a mass spectrometer.

6 . The system of claim 4, wherein the second detector comprises an infusion nanoESl/MS

device.



7 . The system of claim 1. wherein the tube is configured to substantially reduce the

diffusion of the analytcs in the effluent stored in the tube.

8 . The system of claim I, wherein the tube is configured to stay at a temperature lower than

the room temperature.

9 . The system of claim I. wherein the tube comprises an electrolysis electrode to

clcctrolyze the eluent to produce a gas segment between any two eluent segments.

10. The system of claim 9, wherein the electrolysis is triggered by an analytical device.

11. The system of claim 10, wherein the device is an ultraviolet detector, fluorescence

detector, an electrochemical detector, evaporative light scattering detector, nuclear magnetic

resonant spectrometer, charged aerosol detector, refractive index detector, or a mass

spectrometer.

12. The system of claim 1, wherein the mass spectrometer comprises an electrospray

sprayer.

13. The system of claim 1, wherein the mass spectrometer comprises an ESI/MS device.

14. The system of claim 1, wherein the mass spectrometer comprises an infusion

nanoESI/MS device.

15. The system of claim 14, wherein the infusion nanoESI/MS device comprises a nanoESI

sprayer.

16. The system of claim 15, wherein the nanoESI sprayer comprises a pulled tip of a fused

silica capillary.

17. The system of claim 14, \ herein the infusion nanoESI/MS device comprises a chip

containing an array of nanoelcctrospray nozzles.



18. The system of claim 1, wherein the tube comprises a fused silica capillary.

19. The system of claim 1, wherein the tube has a diameter of 250 µm or less.

20. The system of claim 1, wherein the tube has a diameter of 100 µm or less.

2 1. The system of claim 1, wherein the tube has a diameter of 75 µm or less.

22. The system of claim 1, wherein the tube has a diameter o f 50 µm or less.

23. The system of claim 1, wherein the tube has a length of about I meter or more.

24. The system of claim 1, wherein the tube has a length of about 10 meters or less.

25. The system of claim 1, wherein the tube has a length of about 6 meters.

26. The system of claim 1, wherein the second portion is directed for mass spectrometry at a

lower flow rate than the first portion is.

27. The system of claim 1, wherein the splitter comprises a T-shape piece that creates a

volume ratio of about 4:1 to about 1: 1 of the second portion to the first portion.

28. The system of claim 1, wherein the splitter comprises a valve that has at least five ports,

a first connector connecting two of said ports, and a second connector connecting three or more

of the rest said ports to split the effluent.

29. The system of claim 28, wherein the valve has at least six ports.

.30. The system of claim 28, wherein the valve has at least one port connected to a flow

controller.



31. The system of claim 28, wherein the valve has two ports that are connected by the tube.

32. The system of claim 28. wherein the valve is switchable between at least two

configurations, including a first configuration in hi h the second connector connects J first set

of three ports, and a second configuration in which the second connector connects a second set

of ports different from the first set.

33. The system of claim I, wherein the analytes in the second portion exit the tube in the

same order in which the analytes exit the chromatographic column.

34. The system of claim 1, wherein the analytes in the second portion exit the tube in a

reversed order in which the analytes exit the chromatographic column.

35. The system of claim 1, wherein the second portion is mixed with a stream of liquid

before the portion undergoes mass spectrometry.

36. The system of claim 1, wherein the second portion has a plurality of separated analytes

corresponding to at least half of the plurality of chromatographic peaks corresponding to the

analytes that pass through the chromatographic column.

37. The system of claim 36, wherein the second portion has a plurality of separated analytes

corresponding to at least 90% of the plurality of chromatographic peaks corresponding to the

analytes that pass through the chromatographic column.

38. The system of claim 1, further comprising a second chromatographic column, wherein

the inner diameter o f the second column is smaller than that of the first column.

39. The system of claim 28, further comprising a second chromatographic column, wherein

the inner diameter of the second column is smaller than that of the first column.

40. A method of characterizing an analyte in a sample, the method comprising:



passing an effluent computing a plurality of analytcs and an eluent through d chromatographic

column, the analytes corresponding to a pluiahty of chromatographic peaks,

splitting at lea t a first portion and a second portion of the effluent from lespeetivc output ports

of a post-column splitter, the fiist portion being directed from a first o f the output ports

to a mass spectrometer for analysis; and

receiving the second portion ha\ ing a plurality of separated analytes corresponding to at least

two chromatographic peaks in a tube connected to a second of the output ports to

prevent substantial evaporation of the eluent before undergoing mass spectrometry

4 1. The method of claim 40, further comprising directing the second portion from the tube to

the mass spectrometer after the first portion is analyzed by the mass spectrometer

42. "1he method of claim 40, further compπsing directing the second portion from the tube to

a second mass spectrometer after the first portion is analyzed by the mass spectrometer

43 The method of claim 40, further comprising analyzing a first analyte from the stored

second portion after a second analyte from the first portion has been analyzed by the mass

spectrometer, wherein the first analyte passed out of the chromatographic column before the

second analyte passed out of the chromatographic column.

44 The method of claim 40, further compπsing analyzing a first analyte from the stored

second portion after a second analyte from the second stored portion has been analyzed by the

mass spectrometer, wherein the first analyte passed out of the chromatographic column before

the second analyte passed out of the chromatographic column.

45 The method of claim 40, further comprising analyzing a first analyte from the stored

second portion before a second analyte from the second stored portion has been analyzed by the

mass spectrometer, wherein the first analyte passed out of the chromatographic column before

the second analyte passed out of the chromatographic column

46 The method of claim 40, further comprising cooling the second portion to substantially

reduce diffusion of the analytcs in the eluent captured in the tube



47 The method ot claim 40, further comprising segmenting the stored second portion into a

least two segments m the tube by a gas bubble wherein the gas bubble creates a diffusion

boundary to the analytcs in the portion

48 The method of claim 47, wherein the gas bubble is formed by electrolysis o f the fluent

of the second portion

49 The method of claim 47, further comprising recording the segment positions in the tube

by counting gas bubbles

50 The method ot claim 40, further comprising segmenting the stored second portion into a

least two segments in the tube by a non-mixing liquid segment wherein the non-mixing liquid

segment creates a diffusion boundary to the analytes in the portion

5 1 The method of claim 40, further comprising directing the stored second portion in the

tube to the mass spectrometer at a calibrated flow rate controlled by a pump connected to the

tube

52 The method of claim 5 1, wherein the calibrated flow rate less is than 5,000 nL/min

53 The method of claim 5 1, wherein the calibrated flow rate less is than 1,000 nL/min.

54 The method of claim 5 1, wherein the calibrated flow rate less is than 2nL /min

55 The method of claim 40, wherein the second portion has a pluiahty of separated analytcs

corresponding to at least half of the plurality of chromatographic peaks corresponding to the

analytcs that pass through the chromatographic column

56 The method of claim 55, wherein the second portion has a plurality of separated analytcs

corresponding to at least 90% of the plurality of chromatographic peaks corresponding to the

analytcs that pass through the chromatographic column



57 The method of claim 40, further comprising directing the effluent into a second

ehiumutogruphic column

58 The method of claim 57, wherein the directing is performed by controlling back

pressures of the splitter by connecting J pump to a port of the splitter.
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