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MICROFLUIDIC DEVICES FOR LIQUID CHROMATOGRAPHY-MASS

SPECTROMETRY AND MICROSCOPIC IMAGING

Inventors: Daojing Wang, Pan Mao, Rafael Gomez-Sjoberg, Hung-Ta Wang, and Peidong

Yang

RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Patent Application No.

61/735,833, filed December 11, 2012, which is herein incorporated by reference. This

application is related to U.S. Patent No. 8,022,361 and to International Application No.

PCT/US 12/45082, both of which are herein incorporated by reference.

STATEMENT OF GOVERNMENT SUPPORT

[0002] This invention was made with government support under Contract No. DE-AC02-

05CHI 1231 awarded by the U.S. Department of Energy. The government has certain rights

in this invention.

TECHNICAL FIELD

[0003] This disclosure is related to microfluidic devices, and more particularly to

microfluidic devices for liquid chromatography-mass spectrometry and microscopic imaging.

BACKGROUND

[0004] Given that the proteome reflects the physiological and pathological states of a

patient, proteomics is a powerful tool for early diagnostics of diseases and monitoring of

therapeutic responses. The majority of current protein assays in clinical settings are based on

enzyme-linked immunosorbent assay (ELISA) immunoassays, which require high-quality

antibodies and are hard to achieve with high multiplexing (e.g., greater than 10) due to the

cross-reactivity of antibodies. Mass spectrometry (MS) measures the mass-to-charge ratio of

charged species, and has become an enabling technology for proteomics. Aside from de novo

identification of target proteins, MS has advantages over ELISA for detecting protein

mutations, modification, truncations, and adductations, for example. Once combined with the

liquid chromatography (LC), LC-MS enables separation, identification, characterization, and

quantitation of complex mixtures of proteins and peptides. However, the penetration of MS

into the in vitro diagnostics market, particularly for clinical proteomics, has remained low.

Key challenges remain for an MS-based platform to achieve robustness, sensitivity, and



throughput comparable to those of ELISA for analysis of small-volume biospecimens such as

blood and urine.

SUMMARY

[0005] High-throughput multiplexed proteomics of small-volume biospecimens may

generate new opportunities in theranostics. Achieving parallel top-down and bottom-up mass

spectrometry analyses of target proteins using a unified apparatus may improve proteome

characterization. A novel silicon-based microfluidic device, a multinozzle emitter array chip

(MEA chip), to be used as a new platform for small-volume proteomics using liquid

chromatography-nanoelectrospray ionization mass spectrometry (LC-nanoESI-MS), is

disclosed herein. Parallel, on-chip, and on-line LC-MS analysis of hemoglobin and its tryptic

digests directly from microliters of blood, achieving a detection limit of less than 5 red blood

cells, has been demonstrated. The MEA chip may enable clinical proteomics of small-volume

samples.

[0006] In one aspect, a 24-plex multinozzle emitter array chip (MEA chip) includes 24

substantially identical units/channels on a two-layer 4-inch silicon substrate. Each

unit/channel contains a sample input hole for sample injection, a LC channel for sample

separation, and a multinozzle emitter for MS. The MEA chip may include through-holes

designed for filling hardware (e.g., screws) during assembly. Media (e.g., beads) coated with

a desired chemistry may be packed in the LC channel (approximate dimensions, length x

width x depth: 5 cm x 200 microns x 200 microns). Frits may be used to retain the media

inside the LC channel. All LC channels and emitters may be disposed between the two silicon

substrates.

[0007] In another aspect, an imaging-mass spectrometry (iMS) chip may include a three-

layer silicon-silicon-glass structure that monolithically integrates several components on a

single chip. Multinozzle emitters are disposed between two silicon layers. All the other

components including a cell trap chamber, enrichment and separation channels, and

reservoirs for fluidic controls are disposed between the silicon and glass layers. The glass

layer or cover plate provides a transparent window for imaging cell capture, manipulation,

and processing.

[0008] In another aspect, an apparatus includes a first wafer, a second wafer, and an

emitter. The first wafer defines a sample input hole. The first wafer and the second wafer

define a first channel. The first channel includes a first end and a second end, the first end of

the first channel proximate the sample input hole. The first channel is configured to contain



separation media. The emitter is disposed between the first wafer and the second wafer, the

second end of the first channel proximate the emitter.

[0009] In some embodiments, the first wafer and the second wafer both include silicon

wafers. In some embodiments, the second end of the first channel includes a frit configured to

retain separation media in the first channel. In some embodiments, the apparatus further

includes separation media disposed in the first channel, with the separation media including a

coating configured for separation of a sample into specific molecules. In some embodiments,

the apparatus further includes separation media disposed in the first channel, with the

separation media including beads, the beads being substantially spherical and having a

diameter of about 1 micron to 50 microns.

[0010] In some embodiments, the apparatus further includes one or more channels, in

addition to the first channel, forming a plurality of channels. In some embodiments, the first

wafer and the second wafer are each substantially circular, with the plurality of channels

being arranged about an axis of the first wafer and the second wafer. In some embodiments,

the one or more channels are substantially identical to the first channel.

[0011] In some embodiments, the first channel has a cross-section of about 100 microns

to 300 microns by about 100 microns to 300 microns. In some embodiments, the first channel

has a length of about 3 centimeters to 15 centimeters.

[0012] In some embodiments, the emitter includes a first silica nozzle extending from a

larger silica base tube, and with the first silica nozzle being a first nanotube or a first

microtube. In some embodiments, walls of the first silica nozzle and the larger silica base

tube form a monolithic whole. In some embodiments, the emitter further includes a second

silica nozzle extending from the larger silica base tube, with the second silica nozzle being a

second nanotube.

[0013] In some embodiments, the first wafer and the second wafer include through vias

configured to allow fastening hardware to pass through the first wafer and the second wafer.

In some embodiments, the sample input hole has dimensions of about 500 microns to 1.5

millimeters. In some embodiments, in the sample input hole is a through via in the first wafer.

[0014] In another aspect, a system includes a first wafer, a second wafer, an emitter, a

wire, a metal plate, a polymer plate, and fastening hardware. The first wafer defines a sample

input hole. The first wafer and the second wafer define a first channel. The first channel

includes a first end and a second end, the first end of the first channel proximate the sample

input hole. The first channel is configured to contain separation media. The emitter is

disposed between the first wafer and the second wafer, the second end of the first channel



proximate the emitter. The wire is in electrical contact with the first wafer, and the wire is

configured to transmit a high voltage. The second wafer is in contact with the metal plate.

The first wafer is in contact with the polymer plate. The first wafer and the second wafer

further include through vias configured to allow the fastening hardware to pass through the

first wafer and the second wafer. The fastening hardware is configured to connect the

polymer plate to the metal plate with the first wafer and the second wafer disposed between

the polymer plate and the metal plate and to apply a force to hold the first wafer against the

second wafer.

[0015] In some embodiments, the metal plate includes a steel plate. In some

embodiments, the polymer plate includes a polyether ether ketone (PEEK) plate.

[0016] In another aspect, an apparatus includes an emitter, a first wafer, a second wafer,

and a transparent wafer. The first wafer and the second wafer define a sample input hole and

a first exit channel having a first end and a second end. The emitter is disposed between the

first wafer and the second wafer, the second end of the first exit channel proximate the

emitter. The second wafer and the transparent wafer define a first channel having a first end

and a second end, the first end of the first channel proximate the sample input hole, the

second end of the first channel proximate the first end of the first exit channel. The first

channel is configured to contain separation media.

[0017] In some embodiments, the transparent wafer includes a glass wafer. In some

embodiments, the first wafer and the second wafer both include silicon wafers.

[0018] In some embodiments, the apparatus further includes separation media disposed in

the first channel, with the separation media including a coating configured for separation of a

sample into specific molecules. In some embodiments, the apparatus further include

separation media disposed in the first channel, with the separation media including beads, the

beads being substantially spherical and having a diameter of about 1 micron to 50 microns.

[0019] In some embodiments, the apparatus further includes one or more channels and

exit channels, in addition to the first channel and first exit channel, forming a plurality of

channels and exit channels. In some embodiments, the first wafer, the second wafer, and the

transparent wafer are each substantially circular, with the plurality of channels and exit

channels being arranged about an axis of the first wafer, the second wafer, and the transparent

wafer. In some embodiments, the one or more additional channels and exit channels are

substantially identical to the first channel and the first exit channel.

[0020] In some embodiments, the first channel includes a first section and a second

section, the first section having a different cross-section than the second section.



[0021] In some embodiments, the emitter includes a first silica nozzle extending from a

larger silica base tube, the first silica nozzle being a first nanotube or a first microtube. In

some embodiments, walls of the first silica nozzle and the larger silica base tube form a

monolithic whole. In some embodiments, the emitter further includes a second silica nozzle

extending from the larger silica base tube, the second silica nozzle being a second nanotube.

[0022] Details of embodiments of the subject matter described in this specification are set

forth in the accompanying drawings and the description below. Note that the relative

dimensions of the following figures may not be drawn to scale.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] Figures 1A-ID show examples of schematic illustrations and a photograph of a

multinozzle emitter array (MEA) chip and a MEA chip assembly.

[0024] Figures 2A-2H show the results of proof-of-principle experiments using a 24-plex

MEA chip.

[0025] Figures 3A and 3B shows an example of a schematic illustration of a system

configured for use of a 24-plex MEA chip.

[0026] Figures 4A-4H show examples of schematic illustrations and photographs of an

imaging-mass spectrometry (iMS) chip.

[0027] Figures 5A and 5B show examples of photographs of a series of micropillar arrays

with varying inter-pillar sizes ranging from 10 microns to 2 microns configured to capture

cells based on their sizes.

[0028] Figures 6A-6J show examples of cross-sectional schematic illustrations of an iMS

chip during different stages in a fabrication process for the iMS chip.

DETAILED DESCRIPTION

[0029] Reference will now be made in detail to some specific examples of the invention

including the best modes contemplated by the inventors for carrying out the invention.

Examples of these specific embodiments are illustrated in the accompanying drawings. While

the invention is described in conjunction with these specific embodiments, it will be

understood that it is not intended to limit the invention to the described embodiments. On the

contrary, it is intended to cover alternatives, modifications, and equivalents as may be

included within the spirit and scope of the invention as defined by the appended claims.

[0030] In the following description, numerous specific details are set forth in order to

provide a thorough understanding of the present invention. Particular example embodiments



of the present invention may be implemented without some or all of these specific details. In

other instances, well known process operations have not been described in detail in order not

to unnecessarily obscure the present invention.

[0031] Various techniques and mechanisms of the present invention will sometimes be

described in singular form for clarity. However, it should be noted that some embodiments

include multiple iterations of a technique or multiple instantiations of a mechanism unless

noted otherwise.

INTRODUCTION

[0032] The design, fabrication, and applications of MEA chips (e.g., a 24-plex MEA

chip) for on-chip and on-line LC-nanoESI-MS analysis of low-volume samples (e.g., whole

blood samples) is described herein. The MEA chip is built on advances in developing the

silicon-based microfabricated monolithic multinozzle emitters (M emitters) and MEA chips

for nanoelectrospray MS. These devices collectively offer a solution to the longstanding issue

of the efficient coupling between silicon microfluidic chips and ESI-MS, and pave the way

for large-scale integration on microfluidic chips for MS-based proteomics. Previous MEA

chips, which are described in International Application No. PCT/US 12/45082, achieved both

high-sensitivity (e.g., via multinozzle emitters) and high-throughput (e.g., via multiple

channels) MS on a single silicon microfluidic chip. However, proteins and peptides were

separated by off-chip LC columns, and the fluidic interface was not robust enough for

automatic control of high-throughput multiplexed proteomics. The new MEA chip described

herein addresses these issues.

MEA CHIP CONFIGURED FOR LIQUID CHROMATOGRAPHY-MASS

SPECTROMETRY

[0033] Figures 1A and IB show examples of schematic illustrations of a MEA chip.

Figure 1A shows an example of a top-down schematic illustration of the MEA chip, and

Figure IB shows an example of a cross-sectional schematic illustration of a channel of the

MEA chip.

[0034] As shown in Figures 1A and IB, a MEA chip 100 includes a plurality of channels.

Each channel includes a sample input hole 105, a liquid chromatography channel 110, and an

emitter 115. In some embodiments, the liquid chromatography channel 110 includes portions

of the channel that are not the sample input hole 105 or the emitter 115. A first end of the

liquid chromatography channel 110 is proximate and in fluid communication with the sample

input hole 105. A second end of the liquid chromatography channel 110 is proximate and in

fluid communication with the emitter 115. By the elements of the channel being in fluid



communication or connected with one another, a sample (e.g., a liquid sample) may be

introduced into the channel through the sample input hole 105, flow though the liquid

chromatography channel 110, and exit the MEA chip 100 though the emitter 115. In some

embodiments, each channel of the plurality of channels is substantially identical.

[0035] The MEA chip 100 is fabricated from two wafers, a first wafer 152 and a second

wafer 154. In some embodiments, the emitter 115 may be disposed between the two wafers

152 and 154. In some embodiments, the first wafer 152 and the second wafer 154 may

include silicon wafers. In some embodiments, the first wafer 152 and the second wafer 154

may include semiconductor wafers or other materials capable of conducting electricity. The

first wafer 152 and the second wafer 154 define a plurality of channels. The channels shown

in Figure 1A include curves, but the channel shown in Figure IB is linear, for ease of

depiction. The channel shown in Figure IB includes the sample input hole 105 and the

emitter 115. As further shown in Figure IB, the channel includes separation media 120 and a

frit 125.

[0036] In some embodiments, the sample input hole 105 may have dimensions of about

500 microns to 1.5 millimeters (mm), or about 1 mm. For example, when the sample input

hole 105 is circular, the sample input hole 105 may have a diameter of about 500 microns to

1.5 mm, or about 1 mm. In some embodiments, a channel may have a substantially square

cross section, a substantially rectangular cross section, a substantially circular cross section,

an oval cross section, or another shaped cross section. In some embodiments, when a channel

has a substantially square cross section, the dimensions of the cross section may be about 100

microns to 300 microns by about 100 microns to 300 microns, or about 200 microns by about

200 microns. A channel may have a length of about 3 centimeters (cm) to 15 cm, about 3 cm

to 7 cm, or about 5 cm. A channel having a short length will allow a fluid to flow through the

channel more quickly. A channel having a longer length may allow for better separation of

molecules or chemical compounds in the liquid chromatography channel 110.

[0037] The separation media 120 may include solid particles (e.g., silica, polymers, or

sorbents) configured to separate a sample into molecular and/or chemical constituents when

the sample is forced through the channel under high pressure. In some embodiments, the

separation media 120 may include beads, with the beads including a coating configured for

separation of the sample into specific molecules or chemical compounds. In some

embodiments, the beads may be substantially spherical and have a diameter of about 1

micron to 50 microns, about 3 microns to 7 microns, or about 5 microns. In some

embodiments, the liquid chromatography channel 110 proximate the sample input hole 105



may include separation media 120 configured for protein enrichment and digestion, and the

liquid chromatography channel 110 proximate the emitter 115 may include separation media

120 configured for peptide separation, protein separation, and small molecule (e.g.,

metabolites) separation.

[0038] The frit 125 is configured to keep the separation media 125 from flowing into the

emitter 115. Thus, the opening in the frit 125 is smaller than the sizes of the constituents of

the separation media 120. In some embodiment, the frit 125 may include features fabricated

in the first wafer 152, the second wafer 154, or both the first and the second wafers to reduce

the size of the liquid chromatography channel 110 so that the separation media 125 cannot

flow through or past the frit 125. Dimensions of an opening of the frit 125 (e.g., a diameter of

the opening of the frit) may be about 1 micron to 3 microns, or about 2 microns.

[0039] In some embodiments, the emitter 115 may include a first silica nozzle (not

shown) extending out from a larger silica base tube (not shown). In some embodiments, the

first silica nozzle may be a first nanotube. In some embodiments, the first silica nozzle may

be a first microtube. In some embodiments, the walls of the first silica nozzle and the larger

silica base tube may form a monolithic whole. In some embodiments, the emitter may further

include a second silica nozzle extending out from the larger silica base tube, and the second

silica nozzle may be a second nanotube. The silica nozzle(s) may be used for

nanoelectrospray MS identification and quantitation of proteins and peptides. When more

than one silica nozzle is included in the emitter, the silica nozzles may form a multinozzle

emitter. The number of silica nozzles included in the emitter may be 1 nozzle, 4 nozzles, 10

nozzles, or 50 nozzles, for example.

[0040] In some embodiments, nozzles associated with the emitter 115 may have a cross-

sectional area of about 10 microns x 10 microns, a length of about 150 microns, and wall

thickness of about 0.5 microns. In some embodiments, the protruding end of an emitter may

be sharpened, leaving it with an angle of about 20°; that is, material of the emitter may be

removed to form a tip ending with a nozzle or nozzles. This may enhance the electric fields at

the nozzle end. Emitters and associated nozzles are further described in U.S. Patent No.

8,022,361, which was previously incorporated by reference.

[0041] Figure 1C shows a photograph of a 24 channel MEA chip with a United States

quarter for size comparison. While the MEA chip 100 shown in Figures 1A and 1C includes

24 channels (i.e., sample input holes, liquid chromatography channels, and emitters), a MEA

chip may include any number of channels. For example, a MEA chip may include 1 channel,

2 channels, 24 channels, 96 channels, or 384 channels. Further, the MEA chip 100 is shown



in Figures 1A and 1C as being substantially circular (i.e., the first wafer 152 and the second

wafer 154 are each substantially circular), which the plurality of channels being arranged

about an axis of the first wafer 152 and the second wafer 154. Other configurations of an

MEA chip are possible, however.

[0042] In some embodiments, the MEA chip 100 may not include the separation media

120 and the frit 125 disposed in the liquid chromatography channel 110. Such embodiments

may be used for direct infusion of a sample into a mass spectrometer. In some embodiments,

some channels of a MEA chip may not include the separation media and the frit disposed in

the liquid chromatography channels, and other channels of the MEA chip may include the

separation media and the frit disposed in the liquid chromatography channels. Different

configurations of a MEA chip are possible, and the configuration may be tailored to the

analyses desired to be performed.

[0043] The MEA chip 100 may be mounted in a system (e.g., a fluidic manifold

assembly) for use of the MEA chip. In some embodiments, to incorporate the MEA chip 100

into an experimental system, the first wafer 152 and the second wafer 154 of the MEA chip

100 may include through vias 130 configured to allow fastening hardware to pass through the

first wafer and the second wafer. In some embodiments, such fastening hardware may include

screws, bolts, and alignment pins to incorporate the MEA chip 100 into an experimental

system. For example, four alignment pins may be implemented, each on a quarter of the

assembly.

[0044] Figure ID shows a schematic illustration of a MEA chip assembly. In some

embodiments, a MEA chip assembly 170 may include two clamping plates. The two

clamping plates may include a metal plate 172 in contact with the second wafer and a

polymer plate 174 in contact with the first wafer of the MEA chip 100. In some

embodiments, the metal plate 172 may include a steel plate. In some embodiments, the

polymer plate 174 may include a polyether ether ketone (PEEK) plate. In some embodiments,

the MEA chip assembly 170 may include a gasket (not shown) between the MEA chip and a

clamping plate or plates to aid in preventing fluid leakage. In some embodiments, the face of

the metal plate 172 in contract with the MEA chip 100 may be covered with a polyimide film

(e.g., Kapton tape) for electrical insulation.

[0045] Fastening hardware 176 may be used to connect the polymer plate 174 to the

metal plate 172 with the MEA chip 100 disposed between the polymer plate and the metal

plate. The metal plate and the polymer plate may apply a force holding the first wafer against

the second wafer when the MEA chip 100 is in operation. In some embodiments, another



polymer plate 178 may be in contact with the metal plate 172. The polymer plate 178 may

provide an interface or an attachments point to a motorized rotation stage (described further

with respect to Figures 3A and 3B, below). In some embodiments, the polymer plate 178 may

be a PEEK plate or an acrylic plate.

[0046] Further, the MEA chip assembly 170 may include a wire/cable 180 in electrical

contact with the first wafer. The wire may be configured to transmit a high voltage to the

MEA chip 100 for electrospray. In some embodiments, the wire may be a palladium wire.

Capillary tubing 182 and associated fittings 184 also may be associated with the MEA chip

assembly. For example, the polymer plate 174 may include threaded ports (e.g., 24 threaded

ports) for fittings 184 (e.g., Upchurch fittings) configured to provide leak-free connections

with the capillary tubing 182 for delivering solvent gradients from a nanoflow source to

channels of a MEA chip. Further description of a MEA chip assembly in a system configured

for use of a MEA chip is given with respect to Figures 3A and 3B, below.

[0047] The MEA chips may be designed using a software package. The fabrication

process for a MEA chip may be similar to what has described in Mao, P.; Wang, H. T.; Yang,

P.; Wang, D. Anal Chem. 2011, 83, 6082-6089, which is herein incorporated by reference, for

the first-generation MEA chips. As shown in Figure IB, all channels on the chip may be

created between the two silicon wafers. A 2 micron frit may be implemented at the end of

channels to retain the separation media (e.g., beads). The separation media may include, for

example, Zorbax SB-C18 5 micron beads (pore size of 80 A, from Agilent Technologies, of

Santa Clara, CA).

[0048] When the separation media include beads, the beads may be placed in a channel

by first suspending them in an alcohol (e.g., 2-propanol) and sonicating this mixture to form a

slurry of mono-dispersed particles. Then, the slurry of particles may be forced into a channel

of the MEA chip through a sample input hole by a pressurized gas (e.g., greater than about

500 psi helium). The pressure may be removed after about 20 minutes and the system may be

slowly depressurized for about one hour before switching to atmospheric pressure. The

quality and reproducibility of bead packing using such a process was confirmed by

monitoring the backpressure of an LC channel under a constant flow rate (e.g., 1 µΕ/min),

and the efficiency of LC separation in the LC channel was validated by the LC-MS analysis

of GFP and BSA tryptic digests.

EXPERIMENTS USING A MEA CHIP



[0049] The following description of experiments using a MEA chip are intended to be

examples of the embodiments disclosed herein, and are not intended to be limiting. The

performance of emitters was validated for MS analysis of standard proteins and peptides.

Electrosprays from emitters with varying numbers of nozzles were demonstrated, and

confirmed that the MS sensitivity using emitters was approximately proportional to the

square root of the number of the spraying nozzles. Figures 2A-2H show the results of proof-

of-principle experiments using a 24-plex MEA chip.

[0050] Figures 2A and 2B show the dependence of ESI-MS sensitivity on the nozzle

number of emitters. Figure 2A shows representative images for electrospray of 1-, 4-, and 10-

nozzle emitters, scale bars are 500 microns. Figure 2B shows the sensitivity dependence on

nozzle numbers of emitters. A Picotip (New Objective, Inc., of Woburn, MA) emitter was

used as a comparison. MS sensitivity of emitters using GFP (100 fmole/µΕ) illustrates a

power-law relation to spraying nozzle numbers (1-6) with a power constant of 0.39. 10-

nozzle data were excluded for curve fitting because of inefficient ion collection due to the

existing MS ion cone.

[0051] The multinozzle emitters achieved sensitivity significantly higher than that of the

commercial Picotip emitters. The 10-nozzle emitter, however, was an outlier. Without being

bound to any theory, this was probably due to two factors. First, the maximum voltage (5 kV)

provided by the mass spectrometer used in these experiments might not generate electric

fields high enough to produce cone-jet mode spray for all 10 nozzles of the emitter uniformly.

Second, ion collection and transmission by the Z-spray sample cone of the mass spectrometer

was much less efficient for 10-nozzle emitters, because electrosprays were spread out

significantly, resulting in a plume much larger in size than the MS cone inlet. Future

implementation of a funnel-shaped sample cone for more efficient ion collection may further

increase MS sensitivity for multinozzle emitters.

[0052] The performance of 24-plex MEA chips as a unified platform for parallel analysis

of standard proteins and their tryptic peptides was validated. One unpacked channel for direct

infusion MS analysis of full-length proteins was used, and another channel packed with C18

beads for LC-MS analysis of their tryptic digests. The reproducibility of on-chip LC-MS

analysis using GFP was confirmed. The separation efficiency and detection sensitivity using

BSA and its tryptic digests was tested (Figures 2C-2E). Figure 2C shows a representative

mass spectrum of 24 fmole BSA. High-sensitivity detection of full-length BSA (-24 fmole)

using direct infusion MS analysis, and a limit of detection (LOD, signal-to-noise ratio S/N=3)



of -400 attomole (i.e., 10 mole) BSA tryptic digest for the mJz 722.8 ion

(YICDNQDTISSK) using LC-MS/MS was achieved. A linear correlation between the LC-

MS peak area and BSA digest concentration was observed (Figures 2D and 2E). The MS

sensitivity of the MEA chips can be further improved by interfacing them with the latest mass

spectrometers, which have the sensitivity for peptide detection and quantitation in the low

attomole range.

[0053] The performance of MEA chips for small-volume proteomic analysis of pooled

human blood samples was also evaluated. The experiments started with less than 10 µΐ of

whole blood. By direct infusion MS of the blood lysate, the heme group and several multiply-

charged species of hemoglobin (Hb) a and β subunits from as little as 5 red blood cells

(RBCs) were confidently detected (Figure 2F). A LOD (S/N=3) of Hb tryptic digests from

-90 RBCs for the m z 657.8 ion (VNNDEVGGEALGR) using LC-MS/MS was achieved

(Figures 2G and 2H). A linear correlation between the LC-MS peak area and the number of

lysed RBCs was observed (Figures 2G and 2H). Therefore, one of the immediate clinical

applications of the MEA chips may be low-cost and high-throughput detection of Hb variants

using a pinprick of blood in newborn screening. With both top-down and bottom-up MS

analyses of Hb using extremely-small volumes of blood on a single device, the MEA chip

platform is expected to have advantages in accuracy, resolution, and throughput for Hb

analysis over the existing methods, including matrix-assisted laser desorption/ionization time-

of-flight (MALDI-TOF) MS and direct infusion electrospray MS.

[0054] Preparation of blood cell lysate and trypsin digestion.

[0055] A 10 Ε aliquot of whole blood obtained from healthy donors (Innovative

Research, Inc., of Novi, MI) was diluted in l x PBS buffer to make cell suspensions of l x 106

cells per mL, as validated by Coulter Counter (Beckman Coulter, of Brea, CA). 100 Ε of

cell suspension (lx 105 cells in total) was spun down in a centrifuge at a speed of 5,000 rpm.

Supernatant was removed and precipitated cells at the bottom were lysed by freeze/thaw

cycles using dry ice. For direct infusion MS analysis of proteins using unpacked channels on

MEA chips, blood cell lysate was suspended in 50/50 acetonitrile/H2O+0.1% formic acid and

spun down in a centrifuge to precipitate cell lysate debris. The supernatant was collected and

analyzed. The final concentration corresponded to proteins from a lysate of -200 cells per

Ε .

[0056] For LC-MS analysis of tryptic peptides using channels packed with C18 beads,

blood cell lysate was suspended in 25 mM ammonium bicarbonate and spun down to



precipitate cell debris. The supernatant was collected and digested by sequencing grade

modified porcine trypsin (Promega, of Santa Clara, CA) at a trypsin:protein ratio of 1:50

(w/w). The mixture was incubated at 37°C overnight and afterwards 0.6 of 10 % formic

acid was added to stop digestion. The final sample concentration corresponded to proteins

from lysate of -2000 cells per µ . The sample was aliquoted and stored at -20°C until further

analysis.

[0057] On-chip LC-MS/MS analysis.

[0058] A capillary liquid chromatography system (CapLC) (Waters Corp., of Milford,

MI) was used to deliver nanoflow for LC separation on the MEA chip. Peptide separation

was performed at a flow rate of 300 nL/min using the same LC gradients as described in

Mao, P.; Wang, H. T.; Yang, P.; Wang, D. Anal Chem. 2011, 83, 6082-6089, which is herein

incorporated by reference. The sample was injected through an autosampler and LC-MS/MS

was performed using on-chip LC channels. The most abundant peptide ions for each target

protein were used for quantification. Extracted ion chromatograms were acquired to obtain

peak areas for selected peptide ions. Peak areas were plotted against the concentrations of

protein digests. BSA tryptic digests MS standard (Michrom Bioresources, Inc., of Auburn,

CA) was used to validate the performance of on-chip LC-MS/MS analysis. The peptide ion

YICDNQDTISSK (m/z 722.8) was selected for calibration and quantitation. The tryptic

digests of hemoglobin (both a and β subunits) from RBCs in whole blood were analyzed by

LC-MS/MS. The most abundant tryptic peptide ion VNNDEVGGEALGR (m/z 657.8) was

from the hemoglobin β subunit, and selected for quantifying the number of RBCs. The limit-

of-detection (LOD) was defined as the lowest concentration point of target proteins at which

the signal-to-noise ratio (S/N) of surrogate peptides was at least 3. S/N was calculated by the

peak apex intensity over the average background noise in a retention time region of ±5 min

for target peptides.

[0059] Nanoelectrospray mass spectrometry.

[0060] All MS experiments were performed using a hybrid quadrupole/orthogonal Q-

TOF API US mass spectrometer (Waters Corp., of Milford, MI). The MEA chip assembly

was mounted on a rotation stage with an automatic motorized control, which was further

attached to a XYZ translational stage (see Figures 3A and 3B, discussed below). The solvent

was delivered to the on-chip channels from a nanoflow source through connecting tubing. An

individual MEA chip emitter was positioned in front of the MS ion cone for nanoelectrospray

in the Z spray geometry. A high voltage cable was connected to the center region of the



silicon-based MEA chip via a metal wire, and provided up to 5 kV for electrospray. This

connection strategy reduced tangling between the cable and capillary tubing and eliminated

electric arcing during operation (including rotation) of the MEA chip assembly. The

electrospray process was visualized and monitored using a Waters nanoflow camera kit

equipped with a MLH-10 Zoom lenses (Computar, of Commack, NY). Protein samples (BSA

or hemoglobin from red blood cells) were analyzed using emitters by direct infusion using

unpacked channels at a flow rate of 600 nL/min.

SYSTEM CONFIGURED TO USE A MEA CHIP

[0061] To establish a robust and high-quality fluidic connection to sustain high pressure

for on-chip LC separation, a manifold to mechanically assemble the MEA chip with capillary

tubing that are connected to the outside nanoflow source may be used. Figure 3A shows an

example of a schematic illustration of a system configured for use of a 24-plex MEA chip.

The system 300 includes a nanoflow source 305 configured to provide the solvent gradient

flow into the MEA chip through tubing connections, a MEA chip assembly 170, a motorized

rotation stage 315 (e.g., from Thorlabs, of Newton, NJ), and a XYZ translation stage 320

configured to finely tune the position of a particular emitter towards a MS cone 325, a

wire/cable 180 configured for high voltage supply, and a camera 335 configured to image the

position and electrospray process of emitters. The MEA chip assembly 170 may be mounted

to the motorized rotation stage 315 using the polymer plate 178 (described with respect to

Figure ID) of the MEA chip assembly 170 (e.g., using a screw in a center hole).

[0062] Figure 3B shows the Z spray geometry of the emitters on the MEA chip assembly

170 relative to the MS cone 325 of a mass spectrometer (e.g., a Waters Q-TOF API US,

Waters Corporation of Milford, MA).

[0063] No fluid leakage was observed for liquid flow under a pressure of up to about

1000 psi using the MEA chip assembly 170 as shown in Figures ID and 3A.

iMS CHIP CONFIGURED FOR IMAGING AND LIQUID CHROMATOGRAPHY-MASS

SPECTROMETRY

[0064] As noted above, mass spectrometry (MS) is the enabling technology for

proteomics and metabolomics, and is typically used to measure biochemical compositions

and metabolic states of a large population of cells. Single cell analysis, however, currently

relies predominantly on microscopy -based bioimaging through optical and/or fluorescence

signals that require in vivo or in vitro labeling. Recent developments in imaging mass

spectrometry using MS signals, including secondary ion mass spectrometry (SIMS) imaging,

matrix-assisted laser desorption ionization (MALDI) imaging, desorption electrospray



ionization (DESI) imaging, and laser ablation electrospray ionization (LAESI) imaging, make

single cell MS imaging possible. However, MS is a destructive technique and cannot be

performed on live cells. The ability to directly image live cells (e.g., with and without

stimulation), and perform mass spectrometry in situ for a small number of cells (e.g., down to

a single cell), on a unified platform (e.g., an integrated microfluidic system), may open up

new areas of biomedical research. Furthermore, this technique, i.e., imaging-mass

spectrometry (iMS), can take advantage of new developments in both bioimaging (e.g.,

single-molecule and single-cell microscopy) and mass spectrometry (e.g., a multinozzle

emitter array (MEA) chip), and can be realized in a high-throughput format with a lab-on-a-

chip system.

[0065] Infrared light, for example, may be used for imaging with a MEA chip (i.e., a

MEA chip including silicon or other semiconductor wafers). In some other embodiments, a

MEA chip may include a glass wafer. With a MEA chip including a glass wafer, imaging

may be performed with visible light or a shorter wavelength light (e.g., for fluorescent

imaging), for example. Coupling bioimaging with mass spectrometry may enable single cell

analysis at both cellular and molecular levels and thereby open up new areas of research.

[0066] For example, in some embodiments, an imaging mass spectrometry chip (iMS

chip) may include an emitter, a first wafer, a second wafer, and transparent wafer. The first

wafer may define a sample input hole. The first wafer and the second wafer may define an

exit channel having a first end and a second end. The emitter may be disposed between the

first wafer and the second wafer. The second end of the exit channel may be proximate and in

fluid communication with the emitter. The second wafer and the transparent wafer may

define a chromatography channel having a first end and a second end. The first end of the

chromatography channel may be proximate and in fluid communication with the sample input

hole, and the second end of the chromatography channel may be proximate and in fluid

communication with the exit channel. The chromatography channel may be configured to

contain media (e.g., separation media). In some embodiments, the transparent wafer may

include a glass wafer. In some embodiments, the first wafer and the second wafer may both

include silicon wafers. Additional features defined by the second wafer and the transparent

wafer may allow for imaging of a sample.

[0067] Figures 4A-4H show examples of schematic illustrations and photographs of an

iMS chip. Figure 4A shows an example of a top-down schematic illustration of the iMS chip.

Figure 4B shows an example of a cross-sectional schematic illustration of a channel of the

iMS chip. In some embodiments, features of an iMS chip may be similar to features of a



channel in an MEA chip, described above. For example, an iMS chip may include a sample

input hole, a channel configured to contain media, and an emitter, which may be similar to

the same features of a channel of a MEA chip. Additional features and capabilities of an iMS

chip are described below.

[0068] As shown in Figures 4A and 4B, an iMS chip 400 includes a channel. The channel

includes a plurality of sample input holes 402, 404, 406, and 408, a processing channel 415,

an exit channel 416, and an emitter 420. A first end of the processing channel 415 is

proximate and in fluid communication with the sample input holes 402, 404, 406, and 408.

The input holes are used to inject individual samples onto the iMS chip for separation and

analysis. A second end of the processing channel 415 is proximate and in fluid

communication with a first end of the exit channel 416. A second end of the exit channel 416

is proximate and in fluid communication with the emitter 420. By the elements of the channel

being in fluid communication or connected with one another, a liquid sample may be

introduced into the channel through a sample input hole, flow through the processing channel

415 and the exit channel 416, and exit the iMS chip 400 though the emitter 420. The emitter

420 may be used for nanoelectrospray MS identification and quantitation of proteins and

peptides, for example.

[0069] The iMS chip 400 is fabricated from three wafers, a first wafer 452, a second

wafer 454, and a transparent wafer 456. In some embodiments, the first wafer 452 and the

second wafer 454 may include silicon wafers. In some embodiments, the first wafer 452 and

the second wafer 454 may include semiconductor wafers or other materials capable of

conducting electricity. In some embodiments, the emitter 420 may be disposed between the

first wafer 452 and the second wafer 454. In some embodiments, the transparent wafer 456

may include a glass wafer or a portion of a sheet of glass. The transparent wafer 456 may

provide an imaging window that allows for real-time monitoring of cell manipulation and

processing.

[0070] In some embodiments, the processing channel 415 includes an enrichment channel

417 and a liquid chromatography channel 419. The enrichment channel 417 and the liquid

chromatography channel 419 are configured to contain media (e.g., ZORBAX SB-CI 8 5

micron beads). In some embodiments, the media may be used for protein enrichment and

digestion, followed by peptide separation through on-chip liquid chromatography (LC).

[0071] In some embodiments, the channel also may be connected to an access hole 410.

The access hole 410 may be used to fill the channel with media. For example, when the

media includes particles of beads, the media may be mixed with a liquid (e.g., an alcohol,



such as 2-propanol) and then forced into the channel though the access hole 410 using a

pressurized gas (e.g., pressurized helium at about 250 psi).

[0072] In some embodiments, the iMS chip 400 may further include a plurality of frits

464. The plurality of frits 464 is configured to retain the media in the processing channel 415.

In some embodiments, the iMS chip 400 may further include a cell trap 462. The cell trap

462 may be used for capturing cells of interest with high specificity and sensitivity. A cell

trap may include obstacles with inter-obstacle distances smaller than a cell. For example, a

micropillar array with inter-pillar distance smaller than a cell can be used for a cell trap.

Alternatively, a cell trap may include a filter or filters with open pore sizes smaller than a

cell. Cell traps are further described below with reference to Figures 5A and 5B.

[0073] Figure 4C shows an example of a schematic illustration of an iMS chip, with

enlarged photographs of portions to the iMS chip including the cell trap (Figure 4D), frits for

channel packing with media (Figure 4E), the media-packed processing channel (Figure 4F),

and the emitter (e.g., a multinozzle emitter) (Figures 4G and 4H). The multinozzle emitter

shown in Figures 4G and 4H includes 10 nozzles, each with an inner diameter of about 10

microns, before and during electrospray. Other multinozzle emitter configurations are

possible. The dimensions of the enrichment channel and the separation channel (width x

depth x length) shown in Figure 4C are about 1000 microns x 100 microns x 0.5 cm and

about 200 microns x 100 microns x 4.5 cm, respectively. Dimensions for other components

are specified with scale bars. Other dimensions of the enrichment and separation channels

and other features of an iMS chip are possible.

[0074] In some embodiments, a plurality of iMS chip channels, associated sample input

holes, and associated emitters may be included on an iMS chip. For example, the first wafer,

the second wafer, and the transparent wafer may each be substantially circular, with the

plurality of iMS chip channels being arranged about an axis of the first wafer, the second

wafer, and the transparent wafer. Such an iMS chip including a plurality of iMS chip

channels may be used with a system similar to the system described with respect to Figures

3A and 3B ; the system for use of an iMS chip including a plurality of iMS chip channels may

also include features for imaging, however.

EXPERIMENTS USING AN iMS CHIP

[0075] The following description of experiments using a iMS chip are intended to be

examples of the embodiments disclosed herein, and are not intended to be limiting. The

performance of each component of an iMS chip was tested individually, including the

components for cell capture, single-cell imaging, cell lysis, on-chip liquid chromatography,



and online nanoelectrospray mass spectrometry detection of tryptic peptides. For on-chip cell

capture, imaging, and lysis, human breast cancer cell line MDA-MB-231 were used. Cells

were cultured, harvested after trypsinization, stained with DAPI, and delivered into the cell

trap using a syringe by the hydrodynamic flow with an active pressure control on the

corresponding reservoirs. A series of micropillar arrays with varying inter-pillar sizes ranging

from 10 microns to 2 microns were implemented to capture cells based on their sizes, as

shown in Figures 5A and 5B. MDA-MB-231 cells were trapped in both 10 micron and 5

micron filter regions, but not 2 micron filter regions, consistent with the known size

heterogeneity among cancer cells. Since the iMS chip can provide single-cell capture in real

time, one could envision its potential applications in enumerating cancer cells, for example,

circulating tumor cells, with fluorescence microscopy. It was further shown that the iMS chip

is suitable for processing the captured cells for downstream biochemical analysis (e.g., MS)

of cellular components. Captured MDA-MB-231 cells were completely lysed after on-chip

lysis with detergents. More complex components for size- and/or affinity-based cell

separation may be incorporated into the cell trap for capturing cells of interest with high

specificity and sensitivity. For direct downstream LC-MS/MS applications, different methods

for cell lysis including detergent treatment, laser-induced lysis, mechanical disruption, high

electrical fields, and freezing/thawing may be used.

METHOD OF FABRICATION OF AN iMS CHIP

[0076] Figures 6A-6J show examples of cross-sectional schematic illustrations an iMS

chip during different stages in a fabrication process for the iMS chip. The fabrication

operations for iMS chips are consistent with conventional microfabrication processes and can

be adapted to mass production. The procedures for microfabrication of the iMS chip may

include ten operations, as shown in Figures 6A-6J, and similar to what has been described for

M emitters (see, e.g., U.S. Patent No. 8,022,361) and a MEA chip (see, e.g., International

Application No. PCT/US 12/45082).

[0077] First, the wafers are cleaned with a piranha solution. In some embodiments, the

wafers may include silicon wafers (e.g., 6-inch silicon wafers) (Figure 6A). The use of silicon

wafers or wafers of another semiconductor material may allow the features of the iMS chip to

be more easily fabricated. Then, photolithography is performed to pattern a proteome

processor (i.e., the cell trap, frits, and channels) on one silicon wafer, and the wafer is etched

to produce trenches with a specified depth by deep reactive ion etching (DRIE) (Figure 6B).

Then, another photolithography and DRIE through-wafer etching operation is performed to

create access holes or reservoirs for fluidic connection between the layers and oxidant species



during thermal oxidation (Figure 6C). Next, a photolithography and DRIE operation is

performed to create emitters on another silicon wafer (Figure 6D). Then, the wafer pair is

cleaned, aligned, and brought into contact to form a spontaneous bond. Annealing in a

furnace at about 1050°C for about 1 hour, with nitrogen (N2) flow, is used to create a covalent

(e.g., silicon-silicon) fusion bond (Figure 6E). Next, an oxide is formed on all silicon

surfaces, including the sealed channels/emitters (Figure 6F). In some embodiments, the oxide

may be about 0.5 microns to 1.5 microns thick, or about 1 micron thick. In some

embodiments, the oxide may be formed with a thermal oxidation process or a wet thermal

oxidation process. Afterwards, another photolithography and through-wafer etching (e.g.,

DRIE) operation is performed to create access holes for sample injection/outside tubing

connection and to sharpen the left and right sides of the emitters (Figure 6G). Then, anodic

bonding of the silicon wafer pair with a glass wafer is performed (Figure 6H). After dicing

the bonded wafer, the top and bottom sides of emitters are polished and sharpened on

individual chips (e.g., with sand paper) (Figure 61). Finally, the nozzles were protruded by

selective xenon difluoride (XeF2) silicon etching (Figure 6J).

SUMMARY

[0078] In summary, in some embodiments, a silicon-based, scalable, and integrated MEA

chip has the potential to become an enabling platform for MS-based small-volume

proteomics. On-chip and on-line LC-MS analysis of microliters of human blood was

demonstrated. On MEA chips, multinozzle emitters improve MS sensitivity, and on-chip and

on-line multichannel LCs increase throughput. Detection of full-length proteins and their

tryptic peptides on a unified platform facilitates protein identification, characterization, and

quantitation. A 24-plex MEA chip also opens up the possibility of multiplex analysis of

multi-class analytes in parallel from a single sample on the same platform. For example, by

packing separate LC channels using C4 and C18 beads, the plasma proteome at both protein

and peptide levels can be characterized. Ti0 2 beads for on-chip enrichment of

phosphopeptides and phosphoproteins for phosphoproteomics can also be used. The

throughput of MEA chips can be further increased by integrating more channels (e.g., from

24 to 96) and by optimizing the LC operation to increase the MS duty cycle using a strategy

of staggered parallel separations. If incorporated with cell processing and on-chip protein

digestion, plus automatic fluidic switching among on-chip LCs, and further interfaced with

quantitative proteomics strategies such as multiple reaction monitoring (MRM) and

"sequential window acquisition of all theoretical fragment-ion spectra" (SWATH), the MEA



chip can serve as a low-cost, fully-integrated, high-sensitivity, and high-throughput platform

for multiplexed proteomics of small-volume biospecimens.

[0079] Further, in some embodiments, a silicon-based iMS chip may bridge a gap in the

monolithic coupling between advanced bioimaging and nanoelectrospray mass spectrometry

on a silicon-based microfluidic chip. On-chip single cell capture, imaging, and lysis, LC

separation, and MS identification has been demonstrated using such an iMS chip. The iMS

chip may be incorporated in a fully integrated and high-throughput platform, for example, to

include components for cell culture and stimulation, and to implement massively-parallel

iMS chips (e.g., 96 units on a 6-inch wafer). This may enable real-time monitoring,

processing, and biochemical characterization of a small number of cells down to single cells.

This may further provide new opportunities for biological and pathological studies of stem

cells and cancer through single cell omics.

[0080] The subject matter disclosed herein is also described in the publication Pan Mao,

Rafael Gomez-Sjoberg, and Daojing Wang, "Multinozzle Emitter Array Chips for Small-

Volume Proteomics," Anal Chem. 2013 Jan 15;85(2):816-9, and in the manuscript by Pan

Mao, Hung-Ta Wang, Peidong Yang, and Daojing Wang, "iMS-Chip: Integrating Imaging

and Mass Spectrometry on a Silicon-based Microfluidic Chip," both of which are herein

incorporated by reference.

[0081] In the foregoing specification, the invention has been described with reference to

specific embodiments. However, one of ordinary skill in the art appreciates that various

modifications and changes can be made without departing from the scope of the invention as

set forth in the claims below. Accordingly, the specification and figures are to be regarded in

an illustrative rather than a restrictive sense, and all such modifications are intended to be

included within the scope of invention.



CLAIMS

What is claimed is:

1. An apparatus comprising:

a first wafer, the first wafer defining a sample input hole; and

a second wafer, the first wafer and the second wafer defining a first channel, the first

channel including a first end and a second end, the first end of the first channel proximate the

sample input hole, the first channel configured to contain separation media; and

an emitter, the emitter being disposed between the first wafer and the second wafer,

the second end of the first channel proximate the emitter.

2. The apparatus of claim 1, wherein the first wafer and the second wafer both include silicon

wafers.

3. The apparatus of claim 1, wherein the second end of the first channel includes a frit

configured to retain separation media in the first channel.

4. The apparatus of claim 1, further comprising:

separation media disposed in the first channel, wherein the separation media includes

a coating configured for separation of the sample into specific molecules.

5. The apparatus of claim 1, further comprising:

separation media disposed in the first channel, wherein the separation media includes

beads, and wherein the beads are substantially spherical and have a diameter of about 1

micron to 50 microns.

6. The apparatus of claim 1, further comprising:

one or more channels, in addition to the first channel, forming a plurality of channels.

7. The apparatus of claim 6, wherein the first wafer and the second wafer are each

substantially circular, and wherein the plurality of channels are arranged about an axis of the

first wafer and the second wafer.

8. The apparatus of claim 6, wherein the one or more channels are substantially identical to



the first channel.

9. The apparatus of claim 1, wherein the first channel has a cross-section of about 100

microns to 300 microns by about 100 microns to 300 microns.

10. The apparatus of claim 1, wherein the first channel has a length of about 3 centimeters to

15 centimeters.

11. The apparatus of claim 1, wherein the emitter includes a first silica nozzle extending from

a larger silica base tube, and wherein the first silica nozzle is a first nanotube or a first

microtube.

12. The apparatus of claim 11, wherein walls of the first silica nozzle and the larger silica

base tube form a monolithic whole.

13. The apparatus of claim 11, wherein the emitter further includes a second silica nozzle

extending from the larger silica based tube, and wherein the second silica nozzle is a second

nanotube.

14. The apparatus of claim 1, wherein the first wafer and the second wafer include through

vias configured to allow fastening hardware to pass through the first wafer and the second

wafer.

15. The apparatus of claim 1, wherein the sample input hole has dimensions of about 500

microns to 1.5 millimeters.

16. The apparatus of claim 1, wherein the sample input hole is a through via in the first wafer.

17. An apparatus comprising:

an emitter;

a first wafer;

a second wafer, the first wafer and the second wafer defining a sample input hole, the

first wafer and the second wafer defining a first exit channel having a first end and a second

end, the emitter being disposed between the first wafer and the second wafer, the second end



of the first exit channel proximate the emitter; and

a transparent wafer, the second wafer and the transparent wafer defining a first

channel having a first end and a second end, the first end of the first channel proximate the

sample input hole, the second end of the first channel proximate the first end of the first exit

channel, the first channel being configured to contain separation media.

18. The apparatus of claim 17, further comprising:

one or more channels and exit channels, in addition to the first channel and the first

exit channel, forming a plurality of channels and exit channels.

19. The apparatus of claim 18, wherein the first wafer, the second wafer, and the transparent

wafer are each substantially circular, and wherein the plurality of channels and exit channels

are arranged about an axis of the first wafer, the second wafer, and the transparent wafer.

20. The apparatus of claim 18, wherein the one or more additional channels and exit channels

are substantially identical to the first channel and the first exit channel.
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