
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization

International Bureau
(10) International Publication Number

(43) International Publication Date WO 2013/003795 Al
3 January 2013 (03.01.2013) P O P C T

(51) International Patent Classification: (US). YANG, Peidong [CN/US]; 229 Trinity Avenue,
B05B 5/00 (2006.01) Kensington, CA 94708 (US).

(21) International Application Number: (74) Agents: CHIANG, Robin, C. et al.; Lawrence Berkeley
PCT/US20 12/045082 National Laboratory, Technology Transfer & Intellectual

Property Mgmt, One Cyclotron Road, MS 56A-0120,
(22) International Filing Date: Berkeley, CA 94720-8127 (US).

29 June 2012 (29.06.2012)
(81) Designated States (unless otherwise indicated, for every

(25) Filing Language: English kind of national protection available): AE, AG, AL, AM,

(26) Publication Language: English AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,

(30) Priority Data: DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
61/502,762 29 June 201 1 (29.06.201 1) US HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,

(71) Applicant (for all designated States except US): THE RE¬ KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,

GENTS OF THE UNIVERSITY OF CALIFORNIA MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,

[US/US]; 1111 Franklin Street, 12th Floor, Oakland, CA OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,

94607-5200 (US). SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(72) Inventors; and
(75) Inventors/Applicants (for US only): WANG, Daojing (84) Designated States (unless otherwise indicated, for every

[US/US]; 48 Woodford Drive, Moraga, CA 94556 (US). kind of regional protection available): ARIPO (BW, GH,

MAO, Pan [CN/US]; 48968 Lady Fern Common, Fre GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,

mont, CA 94539 (US). WANG, Hung-Ta [—/US]; 1761 UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

Commons North Loop, Unit 9303, Tuscaloosa, AL 35406 TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, ΓΓ , LT, LU, LV,

[Continued on nextpage]

(54) Title: MULTINOZZLE EMITTER ARRAYS FOR ULTRAHIGH-THROUGHPUT NANOELECTROSPRAY MASS SPEC
TROMETRY

(57) Abstract: The present invention provides for a
structure comprising a plurality of emitters, wherein
a first nozzle of a first emitter and a second nozzle of
a second emitter emit in two directions that are not or
essentially not in the same direction; wherein the
walls of the nozzles and. the emitters form a mono
lithic whole. The present invention also provides for
a structure comprising an emitter with a sharpened
end from which the emitter emits; wherein the emit

" " ¾¾¾ ters forms a monolithic whole, 'The present invention
also provides for a fully integrated separation of pro
teins and. small molecules on a silicon chip before
the electrospray mass spectrometry analysis.



w o 2013/003795 A i II 11 II I 1 Illlll III II llll HUM III II I II

MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, Published:
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,

— with international search report (Art. 21(3))
GW, ML, MR, NE, SN, TD, TG).



Multinozzle Emitter Arrays for Ultrahigh-Throughput Nanoelectrospray Mass

Spectrometry

Inventors: Baojing Wang, Pan Mao, Hung-Ta Wang, Peidong Yang

RELATED PATENT APPLICATIONS
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61/502,762, filed June 29, 201 , which is herein incorporated by reference in its entirety.
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[0002] The invention was made with government support under Contract Nos. DE-AC02-

05C 23 awarded by the U.S. Department of Energy and Grant R21GM077870 awarded

by the National institutes of Health. The government has certain rights in the invention.

FIELD OF THE INVENTION

[0003] The present invention is in the field of electrospray ionization emitters and emitter

arrays for mass spectrometry.

BACKGROUND OF THE INVENTION

[0004] Single Cell Ornics unifies biology and technology and has become a new frontier. For

mass spectrometry (MS)-based single cell proteomics and metaboiomics, proof- o -principle

experiments have been performed to characterize peptides and metabolites usin matrix-

assisted laser desorption ionization (MALDI)-MS and electrospray ionization (ESI)-MS.

However, samples were processed individually offline an d coverage of proteome and

metabolome was limited in these studies. Key challenges still remain. First, further

improvement in detection sensitivity ; Second, extremely-efficient processing of minute

amount of samples, down to a single cell; Third, high-throughput analysis in a cost-effective

manner so tha a large number of individual cells can be analyzed to achieve statistical

significance. Since ESI-MS, particularly nano-ESI-MS, is the dominant soft ionization

method for analyzing peptides and proteins, a fully-integrated microfluidic front-end system

interfaced with nano-ESI-MS may serve as a unified platform to address the above-

mentioned challenges. Microfluidics enables efficient sample manipulation and processing

down to the picoliter even femtoliter range. Furthermore, the robustness and adaptability of



microfabfication processes enables production of massively -parallel functional modules on a

single chip for high-throughput analysis.

[0005] In fact, one of the actively-pursued areas in MS has been to implement the high-

quality interface between microchips and mass spectrometers. Emitters based on polymeric

materials glass, and silicon using out-of-plane processes had been fabricated. However,

hydrophobic polymers have inherently undesirable properties for electrospray, such as a

strong affinity to proteins and peptides and incompatibility with certain organic solvents;

glass substrates are difficult to fabricate for complex structures; and out-of-plane strategy is

critically limited in producing monolithieally-mtegrated devices. Efforts in the field have led

to two commercial MS-chips: Agilent's HPLC-chip made of polyimide and Waters'

"nanoTile" chip made of ceramic. However, these devices have been developed for routine

liquid chromatography (3_C)-MS/MS applications and lack high-throughput capabilities.

Their wide adoption by the research community remains to be seen because of their high

costs and requirements for vendor-designated mass spectrometers.

[0006] Performing high-throughput ESI-MS remains a challenge because MS itself has a

high capital and operational cost, limiting its scalability. Furthermore, MS is a serial detection

system typically capable of analyzing one sample at a time. Hence, there is a tremendous

demand in developing high-throughput MS front-end systems. One approach is to implement

multiple LC systems in parallel that are coupled to a single MS detector. This reduces MS

down time during sample injection and loading, and hence improves MS usage efficiency.

Although in its infancy, the multiple-sprayer platform has been recognized as a potential

high-quality interface for high-sensitivity and high-throughput ESI-MS. "Simultaneous

multiple electrosprays" had been achieved with a bundle of fused silica capillaries and

photonic fibers to improve MS sensitivity . However, the former has a size in the range of

millimeters to centimeters and is not suitable for conventional mass spectrometers.

Furthermore, neither of them is amenable for monolithic integration on a microchip.

"Sequential multiple electrosprays" using multichannel, multitrack, out-of-plane multiple

nozzles, and gated multi-inlets, had been implemented for high-throughput MS. In this

approach, each sample is processed by a different front-end system (e.g., LC or CE)

connected to an individual sprayer. This eliminates sample cross-contamination and allows

efficient coupling between various components to reduce the dead volume/time. However,

these devices also have intrinsic limitations in monolithic integration.



[0007] U.S. Patent Application Pub. No. 2010/0075428 discloses an electrospray emitter

comprising: a first silica nozzle extending out from a larger silica base tube; wherein the

walls of the nozzle an the base tube form a monolithic whole (hereby incorporated by

reference).

SUMMARY OF THE INVENTION

[0008] The present invention provides for a structure comprising a plurality of emitters,

wherein a first nozzle of a first emitter and a second nozzle of a second emitter emit in two

directions that are not or essentially not in the same direction; wherein the walls of the

nozzles and the emitters form a monolithic who3e.

[0009] The present invention provides for an electrospray emitter comprising: a first nozzle

and a second nozzle extending out from a larger base tube; wherein the walls of the nozzles

and the base tube form a monolithic whole, wherein the first nozzle and the second nozzle

emit in two directions that are not or essentially not in the same direction.

O O The present invention provides for a structure comprising: a base tube having a first

end and a second end; and a plurality of smaller tubules, each tubule having a first end and a

second end, the first ends of the tubules seamlessly connected to the second end of the base

tube and the tubules extending out from the base tube; wherein the structure is monolithic and

defines sealed, continuous fluid paths from the first end of the base tube to the second ends of

the tubules, wherein at least the second end of a first tubule and the second end of a second

tubule are oriented in two different or essentially different directions.

[0011] The present invention provides for a structure comprising an emitter with a sharpened

end from which the emitter emits; wherein the emitters forms a monolithic whole.

[0012] The present invention provides for an electrospray emitter comprising: a first nozzle

extending out from a larger base tube; wherein the walls of the nozzle and the base tube form

a monolithic whole, wherein the nozzle has a sharpened end from which the nozzle emits.

[0013] The present invention provides for a structure comprising: a base tube having a first

end and a second end; and. a plurality of smaller tubules, each tubule having a first end and a

second end, the first ends of the tubules seamlessly connected to the second end of the base

tube and the tubules extending out from the base tube; wherein the stmcture is monolithic and



defines sealed continuous fluid paths from the first end of the base tube to the second ends of

the tubules, wherein the second ends of the tubules are sharpened.

[00 ] The present invention provides for a method for making a multinozzle emitter array

comprising: (a) providing a first silicon substrate having a first surface, (b) etching a first

trench into the first surface of the first substrate, (c) fusing a second silicon substrate onto the

first surface of the first silicon substrate to form one or more channels, (d) oxidizing the

exposed surfaces of the first an second silicon substrates to form a thermal oxidation layer

over the exposed surfaces of the fist and second silicon substrates, (e) cutting one or more

ends of the first and second silicon substrates to form one or more nozzles from the one or

more channels, optionally ( ) sharpening the end of one or more nozzles, and optionally (g)

etching the end of one or more sharpened nozzles to form an emitter nozzle that protrudes

from the first and second silicon substrates.

001 ] The present invention provides for a method of improving sensitivity in mass

spectrometry comprising integrating the electrospray nozzle of the present invention into the

ion source of a mass spectrometer.

[0016] The present invention provides for a method of performing a variety of experiments

on a protein sample, comprising integrating the electrospray nozzle of the present invention

into a lab-on-a-chip.

[0017] The present invention provides for a method of studying ionization mechanisms in

mass spectrometry comprising successively integrating each of a plurality of emitters of the

present invention into an ion source of a mass spectrometer, each of the emitters having

different inner cross section areas and different nozzle densities.

[0018] The present invention has one or more of the following advantages: The device

minimize sample cross-contamination as each sample is analyzed by a separate individual

emitter. The device improves reproducibility for parallel analysis because the emitters are

highly reproducible and are identical or essentially identical to each other. Due the

robustness and inert nature of the Si/Si0 2 material, the device can wor under various

conditions and can be reused many times by cleaning with harsh chemicals or heating to

extreme temperatures. The throughput can be further improved by up-scaling the wafer size.

The emitters can be seamlessly integrated with upstream complex components for biosample

injection, separation and/or processing.



[0019] The present invention provides for a fully integrated separation of proteins and small

molecules on a silicon chip before the electrospray mass spectrometry analysis, through

either the monolithic column comprising of microfabricated micropillar arrays, or bead-

packed columns, on chip

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] The foregoing aspects and others will be readily appreciated by the skilled artisan

from the following description of illustrative embodiments when read in conjunction with the

accompanying drawings.

[0021] Figure 1 shows a multinozzle emitter array chip (a) A plan view of a 96-emitter array

chip. The green circles represent through-holes for sample injection. The red lines represent

microfluidic channels of 400 µη in width and 10 µηι in depth, which can be embedded with

ordered micropillar arrays. The blue curves represent the sharpened features of the

multinozzle emitters (b) High-definition photograph of a 3-inch MEA chip fabricated from

4-inch silicon wafers. The device is connected to 96 silica capillaries via the PTFE tubing

(c), (d) SEM images of 10-nozzle emitters with different magnifications. Each emitter

consists of a linear 10-nozzle array, with a conduit length of around 00 µ an a cross-

section of 10 µηι x 10 µ , protruding out from a hollow silicon sliver. The inter-nozzle

spacing is 40 µιη. (e) SEM images of micropillar-arrays within a main channel. The pillars

are 10 deep with a diameter of 4.5 µ and spaced by 5 5 µ . They are arranged

according to an equilateral triangular grid. Boxes i (a) indicate the corresponding zoom-in

regions for (c) and (e), respectively

[0022] Figure 2 shows simulated electric fields on ME chips. Three-dimensional

electrostatic modeling for representative flat- end (a), two-side sharpened-end (b), and four-

side sharpened-end (c) emitters, is shown. Every emitter contains 10 nozzles each with a

cross-section of 10 µηι x 10 µ . The 3D slice plots of electric fields on the three types of

emitters (i), their relative position to the ion cone (is), and the close-up views on the central

emitters designated by the white arrows (iii), are shown. The voltage for the mass

spectrometer ion cone and MEA chip is set to be 40 V and 3000 V, respectively. The

maximum magnitude of the electric fields (V/'m) at the nozzle tip of each type of emitters is

highlighted on the scale bars individually (iii).



[0023] Figure 3 shows electrospray modes on MEA chips (a) Comparison between

electrostatic simulation and electrospray on a MEA chip (a-i) representative values of the

simulated electric fields at the center of each nozzle, on a four-side sharpened-end 10-nozzle

MEA emitter. The voltages and the relative geometry for the ion cone and the MEA chip are

the same as in Figure 2c. (a-ii) corresponding electrospray images for the 10-nozzle MEA

emitter. Electrospray was performed using 50% methanol/H 2O+0. % formic acid at a flow

rate of 3.0 µ /η η. (b) Electrospray images of 1-nozzle MEA emitters at the flow rate of 0.6

µΙ ηίη, showing the (b-i) pulsating (2.3 kV), (b-ii) cone-jet (2.7 kV), and (b-iii) multi-jet

(3 3 kV) modes (c) Electrospray images of 10-nozzle ME emitters at the flow rate of 1.0

µ ,/min, showing the (c-i) pulsating, (c-ii) cone-jet, and (c-iii) "multi-jet" modes at indicated

voltages. The images were taken using the setup for electrospray current measurements. The

solvent was 50% methanol/H 20 + 1% acetic acid. All nozzles have a cross-section of 10 µη χ

10 µ η . Scale bars in - are 500 µ η.

|0024] Figure 4 shows electrospray currents of MEA emitters (a) Representative curves of

total electrospray currents for 1- and 10-nozzle MEA emitters, as a function of applied

voltages at the total flow rate of 0.6 µ ,/rnin. The plateau regions of both curves designated

by the dashed box indicate the cone-jet mode regimes for electrospray at this flow rate (b)

Comparison of total electrospray currents between 1- and 10-nozzle MEA emitters, spraying

in the cone-jet mode regimes at different total flow rates. 'The values were fitted by a power-

law function with the constant of 0.4726 and 0.4832 for 1- and 10-nozzle emitters,

respectively. The inset shows the relative ratios between 10- and -nozzle MEA emitters as a

function of total flow rates. All nozzles have a cross-section of 10 µη x 10 µηι. The solvent

was 50% methanol/H 20 +1% acetic acid. Error bars: s.d., calculated for 3-5 individual

emitters. The error bars for 1-nozzle MEA emitters were too small to display.

[0025] Figure 5 shows high-throughput mass spectrometry using MEA emitters (a)

Comparison of MS sensitivity between different types of emitters. All GFP counts were

obtained for 0.1 ρη οΙ /µ GFP in 50/50 acetonitrile/EbO+0. 1% formic acid with a flow rate

of 0.6 µΕ/ηηη The optimal voltages to achieve the stable cone-jet mode spray are designated

for each emitter. The insert shows a representative electrospray image for a 10-nozzle MEA

emitter and its position relative to the ion cone (left). Error bars: s.d. (n>10). (b) Comparison

of stability between Picotips and MEA emitters for 0 1 and 1 pmole/uL GFP, respectively.

Error bars: s.d. (n>10). (c) Reproducibility of MEA emitters. The base peak intensity (BPI)



chromatograms show HPLC gradient elution separation of 100 finole tryptic digests of

bovine serum albumin (BSA) with MS detection for 7 individual 10-nozzle MEA emitters

and a Picotip emitter. The tested MEA emitters were randomly chosen from the 96 emitters

on a MEA chip.

|0026] Figure 6 shows schematics of the fabrication processes for MEA chips (a) Cleaning

of 4-inch silicon wafers with a piranha solution (b) Standard photolithography to define

fluidic channels, mieropillars, and emitters (c) Deep reactive ion etching (DRIE) to create

trenches with the desired depth (d) Photolithography, followed by DRIE, to create through-

wafer access holes (e) Thermal fusion after cleaning of the wafer, contacting to another clean

wafer, and annealing to form covalent Si-Si fusion bonding (f) Growth of thermal oxide on

all surfaces (g) Photolithography and through-wafer DRIE to sharpen the left and right sides

of emitters and release the MEA chip from the wafer (h) Polishing and sharpening of the top

and bottom sides of emitters by the sand paper (i) XeF 2 etching to protrude the nozzles.

[0027] Figure 7 shows SEM images of sharpened-end multinozzle emitters (a) -nozzle

emitter w h a cross-section of 0 µη x 10 µη . (b) 20-nozzie emitter with a cross-section of

5 Ltm 5 µηι. (c) 40-nozzle emitter with a cross-section of 2 µη x 2.5 µη . The zoom-out and

close-up views of each emitter are shown in the panels (i) and (ii), respectively.

[0028] Figure 8 shows schematics of the experimental setup used for eiectrospray current

measurements. Spray tips were placed on a translational stage with their protruding nozzles

perpendicular to a stainless steel disk as the counter electrode. The disk was connected to a

picoammeter, which shared the electric ground with the DC high voltage power supply

connected to the spray tips. A syringe pump provided direct sample infusion into the spray

tips.

[0029] Figure 9 shows nanoelectrospray mass spectrometry with free-standing multinozzle

emitters (a) Voltage dependency of MS sensitivity for sharpened-end single-nozzle M

emitters. The mass spectra and GFP counts were obtained for 1 µΜ GFP B in 50/50

acetonitrile/H 2O+0. % formic acid with a flow rate of 0.6 µ /ηηη , and under three different

voltages of 1.2 kV, 1.8 kV, and 3.0 kV, respectively (b) Corresponding plot showing the

dependence of GFP counts on applied voltages. Three different spray modes were observed

and classified as pulsating (red), cone-jet (green), an multi-jet modes (blue) (c) Comparison

of MS sensitivity between a f at-end an d a four-side sharpened-end 20-nozzle M '' emitter.



Corresponding optical images of electrospray are shown in the insert s ( ) Dependence of MS

sensitivity on the number of nozzles for sharpened-end M3 emitters. The optimal voltages to

achieve the stable cone-jet mode spray are designated for each corresponding number of

nozzles. All nozzles have a cross-section of 10 µηι 10 µ η . Standard deviation (s.d.) was

calculated for a 10-minute scan under indicated optimal voltages. Error bar: s.d. (n>10).

[0030] Figure 0 shows electrostatic modeling for MJ emitters (a) 3D electric field models

for simulated flat-end, an d (b) sharpen ed-end M3 emitters. Scale bar for the electric field is

color-coded and shown on the right. Corresponding 2D top views are shown in (c) and (d),

respectively. The insets in (c) and (d) are optical images of flat-end and sharpened-end

single-nozzle M emitter, with the circle in each inset indicating the single protruding nozzle.

[0031] Figure shows optical and SEM images of sharpened M emitters (a) optical

images of a 20-nozzle emitter; (b) SEM image of the nozzles highlighted in (a); (c) SEM

image of the nozzle highlighted in (b); (d), (e), and (f) are corresponding images for a 40-

nozzle emitter. Scale bars show 400 µ η (a, d), 20 µ τ (b, e), and 5 µη (c, f), respectively.

[0032] Figure 12 shows voltage-dependent mass spectrometry sensitivity of sharpened

single-nozzle emitter (a) mass spectra of 1 µΜ GFP B obtained from a sharpened single-

nozzle emitter biased a 1.2 k V, l 8 kV, and 3 0 kV, respectively. The inserts show

corresponding optical images of electrospray (center) relative to the sample cone (upper left)

(b) dependence of total ion counts of 1 µΜ GFP B (m/z === 785.8} on voltages applied at the

emitters. Standard deviation was calculated for a 10-minute scan under each voltage. Scale

bar show s lmm.

[0033] Figure 3 shows nozzle number-dependent mass spectrometry sensitivity of

sharpened M emitters (a) mass spectrum of 1 µΜ GFP B for a flat-end 20-nozzle emitter

biased at 4.8 kV. (b) mass spectrum of 1 µΜ GFP B for a sharpened-end 20-nozzle emitter

biased at 3.5 kV. The inserts show corresponding optical images of electrospray. Scale bar

shows lmm. (c) mass spectrometry sensitivity of sharpened emitters with 1, 5, 10, 20

nozzles, as compared to that for a flat single-nozzle emitter and a conventional emitter.

Standard deviation was calculated for a 10-minute scan under indicated optimal voltages.

[0034] Figure 4 shows protein identification using sharpened emitters (a) representative

LC-MS/MS spectra of 100 fmole tryptic digests of bovine serum albumin (BSA), showing

total ion counts (TIC) and base peak intensity (BPI) for TOF MS, and TIC for TOF MS/MS



(one trace out of three for data-dependent acquisition) over a 1-hour LC run. (b) identification

of BSA through Mascot search of the MS/MS data in (a). Peptides sequenced are shown in

red (SEQ ID NOT).

DETAILED DESCRIPTION OF THE INVENTION

|0035] Before the invention is described in detail, it is to be understood that unless otherwise

indicated this invention is not limited to particular sequences, expression vectors, enzy es

host microorganisms, or processes, as such may van'. It is also to be understood that the

terminology used herein is for purposes of describing particular embodiments only, and is not

intended to be limiting.

[0036] As used in the specification and the appended claims the singular forms "a," "an,"

and "the" include plural referents unless the context clearly dictates otherwise. Thus, for

example, reference to "nozzle" includes a single nozzle as well as a plurality of nozzles,

either the same (e.g., the same molecule) or different.

|0037] In this specification and in the claims that follow reference will be made to a number

of terms that shall be defined to have the following meanings:

[0038] The terms "optional" or "optionally" as used herein mean that the subsequently

described feature or structure may or may not be present, or that the subsequently described

event or circumstance may or may not occur, and that the description includes instances

where a particular feature or structure is present and instances where the feature or structure

is absent, or instances where the event or circumstance occurs and instances where it does

not.

[0039] The terms "nozzle," "capillar}' ," and "tubule" are used interchangeably in this

disclosure to mean a very thin tabe out of which an analyte solution can flow and form small

droplets. The term "emitter" is used to mean the assembly that includes both the nozzle(s)

and a base chamber or tube that supplies an analy te solution to the nozzle(s). In the case of a

single nozzle, the terms "emitter" and "nozzle" can refer to the same structure as there is a

one-to-one correspondence between the nozzle and its base chamber; the base chamber can

be thought of as a simple extension of the nozzle. The term "trench" is used to mean a

groove or ditch in a surface. The term "channel" is used to mean a trench tha has been

enclosed to form a hollow elongated structure, such as a cylinder. A channel can have a



circular, square, rectangular, triangular, or any polygonal or closed curve cross section. The

term "monolithic" is used to mean consisting of one piece, solid and unbroken. In a

monolithic structure there are no joints or seams. The terms nanospray and nanoelectrospray

are used interchangeably to mean electrospray at nanoliter/min flow rates. The term

"femtoelectrospray" is used to describe electrospray at femtoliter/min flow rate.

[0040] The embodiments of the invention are illustrated in the context of nanoelectrospray

emitters for mass spectrometry. The skilled artisan will readily appreciate, however, that the

materials and methods disclosed herein will have application in a number of other contexts

where very small droplet size and very slow fluid flow rates are desirable.

[0041] Electrospray ionization (ESI) is a technique used in mass spectrometry to produce

ions using a nozzle, capillary, or tubule. ESI is especially useful in producing ions from

macromolecules because it overcomes the propensity of these molecules to fragment when

ionized. One important variation on the basic electrospray technique, which generally offers

better sensitivity, is nanospray ionization, in which the flow rate of the analyte solution is

microliters/minute (pXv'min) or nanoliters/minute (nL/min).

[0042] Silica (Si0 2) nanotubes can be especially useful as ESI emitters because of their ease

of formation and possibilities for surface functionalization. In addition, their hydrophilic

properties make silica electrospray emitters intrinsically more compatible with a wide variety

of biomolecules than electrospray emitters made from hydrophobic polymers. Studies in

nanofluidics have shown that biomolecules can indeed be transported through hydrophilic

silica nanotubes.

[0043] In some embodiments of the invention, the structure, emitter, and nozzle comprise Si

and/or Si0 2 (silica). In some embodiments of the invention, the structure and emitter are

fabricated from a silicon substrate, such as a silicon wafer. In some embodiments of the

invention, the silicon wafer can be any size, such as a four-inch, six-inch or eight-inch silicon

wafer. The same strategy can be applied to glass substrates.

[0044] In some embodiments of the invention, the emitter comprises a base tube or base

channel in fluid communication with the nozzles, wherein the walls of the nozzles and the

base channel form a monolithic whole. In some embodiments of the invention, the base

channel is a base tube or a microfluidic channel.



[0045] in some embodiments of the invention, the first nozzle and/or the second nozzle are

sharpened. In some embodiments of the invention, all of the nozzles of the emitter are

sharpened.

[0046] I some embodiments of the invention, the nozzle is a ano ube. A plurality of the

nozzles can form a nanotube array.

[0047] In some embodiments of the invention, a first emitter is oriented such that the first

emitter points in a direction directly or essentially opposite to the direction pointed by a

second emitter. In some embodiments of the invention, the emitters are oriented such that the

emitters point out in radial configuration.

[0048] In some embodiments of the invention, the end of an emitter can comprise a flat-end,

two-side sharpened-end, or four-side sharpened-end.

[0049] In some embodiments of the invention, each structure comprises equal to or more than

about 10 emitters. In some embodiments of the invention, each structure comprises equal to

or more than about 20 emitters. In some embodiments of the invention, each structure

comprises equal to or more than about 30 emitters. In some embodiments of the invention,

each structure comprises equal to or more than about 40 emitters. I some embodiments of

the invention, each structure comprises equal to or more than about 50 emitters. In some

embodiments of the invention, each structure comprises equal to or more than about 90

emitters. In some embodiments of the invention, each structure comprises equal to or more

than about 100 emitters.

[0050] I some embodiments of the invention, each emitter comprises equa to or more than

about 0 nozzles. In some embodiments of the invention, each emitter comprises equal to or

more than about 20 nozzles. In some embodiments of the invention, each emitter comprises

equal to or more than about 30 nozzles. In some embodiments of the invention, each emitter

comprises equal to or more than about 40 nozzles. I some embodiments of the invention,

each emitter comprises equal to or more than about 50 nozzles. In some embodiments of the

invention, each emitter comprises equal to or more than about 100 nozzles.

[0051] Each nozzle has a first end seamlessly connected with the emitter, and a second end

comprises an aperture or opening. In some embodiments of the invention, the aperture or

opening of each nozzle has a cross-section that is a square or essentially square shape. In



some embodiments of the invention, the length of each side of the square or essentially

square shape is equal to or ess than about 20 µ η , 15 µ τ , 10 µη , 5 µηι , 3 µ τ , 2 µη , or 1 µ η .

[0052] In some embodiments of the invention, the aperture or opening of each nozzle has a

cross-section that is a circular or essentially circular shape. In some embodiments of the

invention, the diameter of the circular or essentially circular shape is equal to or less than

about 20 µηι , 5 µηι , 10 µ , 5 µ , 3 µη , 2 urn, or 1 µη . The cross-section of the aperture

or opening of the nozzles can be square, rectangular, circular, or triangular in shape.

[0053] n some embodiments of the invention, the aperture or opening of each nozzle has a

cross- section with a longest linear dimension equal to or less than about 20 µ , 5 µ . 0

µηι , 5 µη , 3 µηι , 2 µιη , or 1 µη .

[0054] In some embodiments of the invention, the emitter is a one- to 40-nozzle emitter

wherein each nozzle comprises a cross-section of about 2 µ τ to about 0 µ η x about 2 µ to

about 10 .urn. In some embodiments of the invention, the emitter is a one-nozzle emitter

wherein the nozzle comprises a cross-section of about 10 µη about 10 µη . In some

embodiments of the invention, the emitter is a 20-nozzle emitter wherein each nozzle

comprises a cross-section of about 5 µ x about 5 µ η . In some embodiments of the

invention, the emitter is a 40-nozzle emitter wherein each nozzle comprises a cross-section of

about 2 m χ about 2.5 µη

[0055] In some embodiments of the invention, the emitter is a sharpened -end multinozzle

emitters.

[0056] The present invention also provides for a silicon chip comprising the structure or

emitter of the present invention.

[0057] I some embodiments of the invention, the chip, structure or emitter of the present

invention is suitable for high-sensitivity and high-throughput mass spectrometry. In some

embodiments of the invention, the chip, structure or emitter of the present invention are

suitable for single ce l analysis. In some embodiments of the invention, the chip, structure or

emitter of the present invention are suitable for single cell analysis i a ultrahigh- throughput

manner.

[0058] Each of the emitter or nozzle is in fluid communication with a base tube or channel.



In some embodiments of the invention, the base tube or channel is a microiluidic channel in

some embodiments of the invention, the chip, structure or emitter can further comprise a

through-hole which is in fluid communication with the base tube or channel In some

embodiments of the invention, the through-hole is at an angle, such as perpendicular relative

to the base tube or channel. In some embodiments of the invention, the chip, structure or

emitter further comprises a tubing in fluid communication to each through-hole. The tubing

can comprise a flexible or rigid material. The tubing can comprise a polymer, such as

polytetrafluoroethylene (PTFE).

[0059] In some embodiments of the invention, the structure comprises a multinozzle emitter

array (MEA) chip. In some embodiments of the invention, the structure comprises a 96-

emitter array chip. Each emitter is in fluid communication with a through-hole of the chip for

sample injection. Each through-hole is in fluid communication with a microiluidic channel

of about 400 µη in width and 10 µιη in depth, which can be embedded with ordered

micropillar arrays. The micronozzle emitters comprise sharpened features. The structure can

be a 3-inch MEA chip fabricated from a 4-inch silicon wafer. The structure can be farther

connected to 96 silica capillaries via PTFE tubing.

[0060] In some embodiments of the invention, the structure comprises one or more emitter,

wherein each emitter comprises about 0-nozz es Each nozzle comprises a conduit length of

around 100 µιη and a cross-section of about 0 µη x about 10 µιη, protruding out from a

hollow silicon sliver. The inter-nozzle spacing can be about 40 µη .

[0061] In some embodiments of the invention, the structure comprises a micropillar-array

within a main channel. The pillars can be about 10 µιη deep with a diameter of about 4.5 µη

and spaced by about 5.5 µη . They can be arranged according to an equilateral triangular

grid. The parameters of the micropillar array, including but not limited to the diameter and

shape of the pillars and interpillar spacing can be varied. In addition, instead of having a

micropillar array, a main channel can be packed with functional beads for bioseparation, such

as 5 C S beads.

[0062] In some embodiments of the invention, the structure is a MEA chip provided in a

mass spectrometer ion cone and the MEA chip is set to be 40 V and 3000 V, respectively. In

some embodiments of the invention, the maximum magnitude of an electric field (V/m) at the

nozzle tip of an emitter ranges from about 2.0 to about 5.0 kV. In some embodiments of the



invention, the maximum magnitude of an electric field (V/m) at the nozzle tip of an emitter

ranges from about 2.3 to about 4.5 kV. In one embodiment of the invention, the maximum

magnitude of an electric field (V/m) at the nozzle tip of a four-side sharpened-end -nozzle

MEA emitter, wherein the nozzle has a cross-section of about 0 µ η κ about 10 µη , ranges

from about 2 3 to about 3.3 kV. In one embodiment of the invention, the maximum

magnitude of an electric field (V/m) at the nozzle tip of a four-side sharpened-end 10-nozzle

MEA emitter, wherein each nozzle has a cross-section of about 0 µη about 0 µη , ranges

from about 3 0 to about 4.5 kV.

[0063] In some embodiments of the invention, the emitter is capable of a total flow rate of

from more than 0 LiL/min to about 6.0 µ / η. In some embodiments of the invention the

emitter is capable of a total flow rate of from about 0.2 uL/min to about 6.0 µΐ ν' τ η In some

embodiments of the invention, the emitter is capable of a total flow rate of equal to or more

than .4 uL/min. In some embodiments of the invention, the emitter is capable of a total flow

rate of equal to or more than 6.0 µ / η. In some embodiments of the invention the emitter

is capable of a total flow rate of about 0.6 µ /η ΐη.

[0064] In some embodiments of the invention, the method of the present invention further

comprises the step of cleaning, such as piranha cleaning, the first surface of the first silicon

substrate prior to the (b) etching step. In some embodiments of the invention, the (b) etching

step comprises usin photolithography to define the areas on the first surface of the first

substrate where the trench is to be etched. In some embodiments of the invention, the (b)

etching step comprises deep reactive ion etching (DRIB;). In some embodiments of the

invention, the method further comprises a second etching step subsequent to the (b) etching

step to form channels through the first silicon substrate, such as through wafer access holes.

In some embodiments of the invention, the method further comprises a second etching step

comprises using photolithography to define the areas on the first surface of the first substrate

where the channels through the first silicon substrate is to be etched. In some embodiments

of the invention, the second etching step comprises deep reactive ion etching (DRIE). In

some embodiments of the invention, the (e) cutting step comprises DRIE. In some

embodiments of the invention, the (f) sharpening step comprises using a sand paper to

sharpen and/or polish the end of the one or more sharpened nozzles. In some embodiments

of the invention, the (g) etching step comprises using XeF2 etching.



[0065] n some embodiments of the invention, the method comprises performing

photolithography and deep reactive ion etching (DRIE) to pattern and produce channels (with

micropillar arrays if needed) and emitters on a 4-inch silicon wafer, performing a second-

layer photolithography and DRIE to define and create access holes with a second film mask,

performing thermal fission bonding between the patterned wafer and another clean wafer, wet

oxidizing to grow a thick oxide of about 1 µηι on a l silicon surfaces including the sealed

channels/emitters, performing another photolithography and through-wafer etching steps to

sharpen the emitters (left and right), releasing the chip from the wafer, sharpening the other

two sides (top an d bottom) of the emitters by mechanically polishing the emitter stem w h

the sand paper, and etching away silicon at the sharpened en d of the emitters by selective

XeF etching. This method produces an emitter comprising one or more protruding nozzles

made of Si0 2.

[0066] It is to be understood that, while the invention has been described in conjunction with

the preferred specific embodiments thereof, the foregoing description is intended to illustrate

and not limit the scope of the invention. Other aspects, advantages, and modifications within

the scope of the invention will be apparent to those skilled in the art to which the invention

pertains.

[0067] All patents, patent applications, and publications mentioned herein are hereby

incorporated by reference in their entireties.

[0068] The invention having been described, the following examples are offered to illustrate

the subject invention by way of illustration, not by way of limitation.

EXAMPLE 1

Mu nozz e Emitter Arrays for Naiioelectrospray Mass Spectrometry

[0069] Mass spectrometry (MS) is the enabling technology for proteomics and

metabolomics. However, dramatic improvements in both sensitivity and throughput are still

required to achie ve routine MS-based single cell proteomics and metabolomics. Here, we

report the silicon-based monolithic multinozzle emitter array (MEA), and demonstrate its



proof-of-principle applications in high-sensitivity and high-throughput nanoelectrospray mass

spectrometry. Our MEA consists of 96 identical 10-nozzle emitters in a circular array on a 3-

inch silicon chip. The eon rv and configuration of the emitters, the dimension and number

of the nozzles, and the micropillar arrays embedded in the main channel, can be

systematically and precisely controlled during the microfabrication process. Combining

electrostatic simulation and experimental testing, we demonstrated that sharpened-end

geometry at the stem of the individual multinozzie emitter significantly enhanced the electric

fields at its protruding nozzle tips, enabling sequential nanoelectrospray for the high-density

emitter array. We showed that electrospray current of the multinozzie emitter at a given total

flow rate was approximately proportional to the square root of the number of its spraying-

nozzles, suggesting the capability of high MS sensitivity for multinozzie emitters. Using a

conventional Z-spray mass spectrometer, we demonstrated reproducible MS detection of

peptides and proteins for serial MEA emitters, achieving sensitivity and stability comparable

to the commercial capillary emitters. Our robust silicon-based MEA chip opens up the

possibility of a folly-integrated microfluidic system for ultrahigh-sensitivity and ultrahigh-

throughput proteomics and metabolomics.

[0070] Single Cell Ornics unifies biology and technology and has become a new frontier.

For mass spectrometry (MS)-based single cell proteomics and metabolomics, proof-of-

principle experiments have been performed to characterize peptides and metabolites using

matrix-assisted laser desorption ionization (MALDI)-MS 4 and electrospray ionization (ESI)-

MS. 5' However, samples were processed individually offline and coverage of proteome and

metabolome was limited in these studies. Key challenges still remain. First, further

improvement in detection sensitivity ; Second, extremely-efficient processing of minute

amount of samples, down to a single cell; Third, high-throughput analysis in a cost-effective

manner so tha a large number of individual cells can be analyzed to achieve statistical

significance. Since ESI-MS,' particularly nano-ESl-MS, 8 is the dominant soft ionization

method for analyzing peptides and proteins, a fully-integrated miero uidi front-end system

interfaced with nano-ESI-MS may serve as a unified platform to address the above-

mentioned challenges. Microfluidics enables efficient sample manipulation and processing

down to the picoliter even femtoliter range.9 Furthermore, the robustness and adaptability of

microfabrication processes enables production of massively-parallel functional modules on a

single chip for high-throughput analysis.



[0071] in fact, one of the actively-pursued areas in MS has been to implement the high-

quality interface between microchips and mass spectrometers 10 Emitters based on polymeric

materials, 15 glass, ' a d silicon using out-of-plane processes,' 8 had been fabricated.

However hydrophobic polymers have inherently undesirable properties for electrospray.

such as a strong affinity to proteins and peptides and incompatibility with certain organic

solvents; glass substrates are difficult to fabricate for complex structures; and out-of-plane

strategy is critically limited in producing monolithically-integrated devices. Efforts in the

field have led to two commercial MS-chips: Agilent's PI.( '-chip made of polyimide and

Waters' "nanoTile" chip made of ceramic. However, these devices have been developed for

routine liquid chromatography (LQ-MS/MS applications and lack hi -throughput

capabilities. Their wide adoption by the research community remains to be seen because of

their high costs and requirements for vendor-designated mass spectrometers.

[0072] Performing high-throughput ESI-MS remains a challenge because MS itself has a

high capital and operational cost, limiting its scalability. Furthermore, MS is a serial detection

system typically capable of analyzing one sample at a time. Hence, there is a tremendous

demand in developing high-throughput MS front-end systems. One approach is to implement

multiple LC systems in parallel that are coupled to a single MS detector. This reduces MS

down time during sample injection and loading, and hence improves MS usage efficiency.

Although in its infancy the multiple- sprayer platform has been recognized as a potential

high-quality interface for high-sensitivity and high-throughput ESI-MS. "Simultaneous

multiple electrosprays" had been achieved with a bundle of fused silica capillaries 0 and

photonic fibers2 to improve MS sensitivity. However, the former has a size in the range of

millimeters to centimeters and is not suitable for conventional mass spectrometers.

Furthermore, neither of them is amenable for monolithic integration on a microchip.

"Sequential multiple electrosprays" using multichannel, multitrack, 24 out-of-plane

multiple nozzles, 18 and gated multi-inlets, 2 1 had been implemented for high-throughput MS.

n this approach, each sample is processed by a different front-end system (e.g., LC or CE)

connected to an individual sprayer. This eliminates sample cross-contamination and allows

efficient coupling between various components to reduce the dead volume/time. However,

these devices also have intrinsic limitations in monolithic integration.

[0073] We had previously developed microfabricated monolithic multinozzle emitters (M

emitters) for nanoelectrospray mass spectrometry/ 6 Our in-plane strategy allows ease and



flexibility in design, integration, and interfacing to MS. However, the high operating voltage

(>4.5 kV) required even for the low-nozzle-number M emitters (up to 5 nozzies) to achieve

stable electrospray remained problematic. This prevented us from implementing high-nozzle-

number M emitters (>1 0 nozzles). Herein, we report a novel approach to create monolithic

multinozzle emitter arrays (MEAs) for nanoelectrospray mass spectrometry. We demonstrate

two key technical breakthroughs in these devices. First, high-density (up to 96) emitters were

constructed in a circular array format on a 3-inch silicon chip (i.e., MEA chip), utilizing the

concept of "sequential multiple electrosprays" and hence enabling high- throughput

applications. Second, sharpened-end emitters with a large number of nozzles (up to 40) per

emitter were engineered on the MEA chip, utilizing the concept of "simultaneous multiple

electrosprays" and hence enabling high-sensitivity MS detections. We further demonstrate

the applicability of our MEA chips for metabolomics and proteomics applications via MS

analyses of peptides and tryptic digests.

EXPERIMENTAL SECTION

Design and fabrication of MEA chips

|0074] MEA chips were designed using the L-Edit software (vT 5, Tanner Research Inc.). The

procedures to fabricate the MEA chips were improved from those for M emitters 26 and

involved 9 major steps (Fig. 6a-i). First, we performed standard photolithography a d deep

reactive ion etching (DRIE) to pattern and produce channels (with micropillar arrays if

needed) and emitters on a 4-inch silicon wafer (a-c). Then, we performed second-layer

photolithography and DRIE to define and create access holes with a second film mask (d).

Next, we performed thermal fusion bonding between the patterned wafer an d a other clean

wafer ( ), followed by wet oxidation to grow a thick oxide of 1 µχη on all silicon surfaces

including the sealed channels/emitters (f). Afterwards, we performed another

photolithography and through-wafer etching steps to sharpen the emitters (left- and right-side,

Fig 1 and Fig. 2) and release the chip from the wafer (g). Subsequently, we sharpened the

other two sides (top and bottom, Fig. 1 a d Fig. 2) of the emitters by mechanically polishing

the emitter stem with the sand paper (h). Finally, we etched away silicon at the sharpened en d

of the emitters by selective e '2 etching (i). This final step ended up with protruding nozzles

made of Si0 2. The fabricated devices were examined by optical microscopy using a Reichert-

Jung Polylite 88 microscope (Reichert Microscope Services), and by scanning electron

microscopy using a JEOL 6340F FEG-SEM (JEOL Ltd.).



Electrostatic simulations of MEA emitters

[0075] The multiphysics modeling and simulation software C MSOL (v4.1, COMSOL Inc.}

was used to simulate electric fields of 10-nozzle MEA emitters with flat-end, two-side

sharpened-end, and four-side sharpened-end features. For simplicity, we did not take into

account the presence of complex dynamic gas/fluid behaviors during the actual electrospray

process, and only considered static electric fields on MEA emitters relative to the Z-spray

sample cone of the Q-TOF API US mass spectrometer (Waters Corp.)- Furthermore, e

simulated a quadrant instead of the whole device to reduce the dimensions of modeling. The

3D geometr was constructed with the parameters similar to the actual experimental setup.

Calculated electric fields were analyzed by 3D slice plots on the central plane (z=0). The

detailed simulation parameters are provided herein.

Electrospray current measurement of MEA emitters

|0076] Total electrospray currents were measured using the Keithlev 6487 Picoammeter with

built-in data acquisition capabilities (Keithlev Instruments}. The experimental setup is shown

in Fig. 8 and similar to what had been described. 2 ' Electrospray images were taken using a

Waters nanoflow camera kit equipped with a MLH-10x microscope (Computer), and using a

digital camera Nikon 3700 (Nikon Inc.) mounted on a 6 6 m ar (Specwell Corp.).

Nanoelectrospray mass spectrometry

[0077] All electrospray MS experiments were performed on a hybrid quadrupole/orthogonal

Q-TOF API US mass spectrometer (Waters Corp.) as described 8 The MEA chip was

mounted on the voltage stand an manually rotated every 3-4 degrees for each adjacent

emitter. MEA chips were connected with fused silica capillaries (o.d. 360 µ η, i.d. 00 µ )

by polytetrafluoroethylene (PTFE) tubing whose outer diameter (o.d.) matches the i.d. of

access holes. Torr Seal epoxy (Agilent Technologies) was applied to permanently seal the

connection which could withstand a pressure of more than 00 psi. An aluminum conductive

tape (3M) provided the direct electric contact between the voltage stand and the conductive

Si-based MEA chip.

Liquid chromatography-MS/MS

[0078] LC-MS/MS analysis was performed using a capillary liquid chromatography system



(CapLC) (Waters Corp.) interfaced with a Q-TOF API US mass spectrometer as described/"

LC runs using the same C 8 column were performed sequentially and independently for

individual multinozzle emitters. Peptides eluted from the column were directed through a

connecting PTFE tubing (i.d ~ 75 µη , o.d. ~ 1.6 mm) to the Picotips or MEA emitters for

nanoelectrospray mass spectrometry. Mass spectra were processed using the MassLynx 4.0

SP4 software. Proteins were identified by Mascot (http://www.matrixscience.com) using the

MS/MS peak lists exported from the MassLynx.

Design and fabrication of MEA chips

|0079] All components and their layout on the MEA chips (Fig. la) were designed using the

L-Edit software (vl5, Tanner Research Inc., Monrovia, CA). The procedures to fabricate the

ME chips were improved from those for M3 emitters and involved 9 major steps (Fig. 6a-

i). First, we performed standard photolithography and deep reactive ion etching (DRIE) to

pattern and produce channels (with mic p lar arrays if needed) and emitters on a 4-inch

silicon wafer (a-c). Then, we performed second-layer photolithography and DRIE to define

and create access holes with a second film mask (d). The through-holes provided the opening

for oxidant species to reach the sealed channel surface in the following steps. Next, we

performed thermal fusion bonding between the patterned wafer and another clean wafer (e).

The wafers were brought into contact to form spontaneous bonding followed by annealing in

the furnace, with flow at 050 C for 1 hour, to generate covalent fusion bonding. Next,

we performed wet oxidation to grow a thick oxide of 1 µη on all silicon surfaces including

the sealed channels/emitters (f). Afterwards, we performed another photolithography and

through- wafer etching steps to sharpen the emitters (left- and right-side, Fig. 1 and Fig. 2)

and release the chip from the wafer (g). The remaining photoresist after etching were

removed by oxygen plasma instead of piranha cleaning. Otherwise, piranha solution tended to

dissolve photoresist and clog the channels. Subsequently, we sharpened the other two sides

(top and bottom, Fig. 1 and Fig. 2) of the emitters by mechanically polishing the emitter

stem w ith the sand paper (h). Finally, we etched away silicon a the sharpened end of the

emitters by selective XeF2 etching (i). This final step ended up with protruding nozzles made

of Si0 2. The nozzle length was controlled by tuning the XeF ?. etching cycles. To fabricate

freestanding sharpened-end M3 emitters, we followed the same procedures as described

previously for M emitters 26 , but introduced an extra polishing step: after the individual

emitters were diced from the silicon wafer, they were sharpened on all four edges at one end



w th the sand paper using a mechanical polishing station, cleaned with a piranha hath,

followed by deionized water rinse and 2 gas blow dry The fabricated devices were

examined by optical microscopy using a Re chert-Jung Polylite 88 microscope (Reichert

Microscope Services, Depew, CA), and by scanning electron microscopy (SEM) using a

JEOL 6340F FEG-SEM (JEOL Ltd., Tokyo, Japan). Safety considerations: All fabrication

procedures were done in the class 100 cleanroom and hence the safety rules and laboratory

protocols such as proper handling of toxic chemicals (particularly piranha and HF) must be

followed at all times.

[0080] The back pressure of the emitters increased with the decrease in nozzle cross sections.

This was due to the dramatic increase of hydrodynamic resistance (R), which is roughly

inversely proportional to the fourth power of the nozzle diameter (D) (using Hagen-

Poiseuille equation for square nozzles: ~]28 µ /π 4, µ is viscosity andL is nozzle

length); as well as the significant increase of pressure barrier ( ∆ ) for liquid leakage in

microfluidic channels, as estimated by AP ------ ~2γ cos · ( + ) , where γ and are

surface tension of the liquid and the contact angle between the liquid and channel walls,

respectively, while h and w are channel height and width, respectively 9 .

Electrostatic simulations of MEA emitters

[0081] The multiphysics modeling and simulation software COMSOL (v4.1, COM SOL Inc.,

Burlington, MA) was used to simulate electric fields of MEA emitters with different

sharpened features (Fig. 2). For simplicity, we did not take into account the presence of

complex dynamic gas/fluid behaviors during the actual electrospray process, and only

considered static electric fields on MEA emitters relative to the Z-spray sample cone of the

Q-TOF API US mass spectrometer (Waters Corp., Milford, MA). Furthermore, we simulated

a quadrant instead of the whole device to reduce the dimensions of modeling. Briefly, the

static electric field, E = - , was calculated by solving the classical Poisson's equation

V i V ) = p , using the 3D electrostatic module, in which ε is the permittivity of free

space, ε is the relatively permittivity, V is electric scalar potential, and p is the space

charge density. The simulation involved five major steps: 1. modeling geometry; 2. setting

boundary conditions and subdomains; 3. generating mesh; 4. computing solutions; and 5.

performing post-processing and visualization. The 3D geometry was constructed with the

parameters similar to the actual experimental setup. The dimensions of the sample cone were



5 mm of base radius, 0.5 mm of top radius, and 5 mm of height. The voltage of the stainless

steel cone was set at 40 V . The MEA chip had a radius of 40 mm and a thickness of 1 mm.

The MEA emitters were equally spaced radially with an angle of 3.75° between adjacent

ones. Each emitter consisted of 0 protruding Si0 2 nozzles with inter-nozzle distance of 40

µη . The nozzles had a cross-section of 0 µ η x 0 µη and a protruding length of 200 µη .

The electric potential of 3 k V was applied to both the Si device and the Si0 nozzles, because

in real experiments the nozzles were filled with sample solutions and became as conductive

as the silicon material. The sample cone and MEA chip were placed in such a way that their

centra! planes (z=0) matched. Zero surface charge was applied to the outer surfaces of the

cuboid of 55 mm 55 mm 11 mm, which defined the dimension of our modeling. Three

types (flat-end, two-side sharpened-end, and four-side sharpened-end) of MEA emitters were

simulated to compare the sharpening effects on electric fields of emitter nozzles. The

sharpening angles for the left/right side and top/bottom side were 5° and 8°, respectively.

Calculated electric fields were analyzed by 3D slice plots on the central plane (z=0). For

simplicity, the simulation was done for 1 a m ambient air under the room temperature (25°C).

Electrospray current measurement of MEA emitter

[0082] Total electrospray currents were measured using the Keith ley 6487 Picoammeter with

built-in data acquisition capabilities (Keithley Instruments, Cleveland, OH). The schematics

of the experimental setup is shown in Fig. 8 and similar to what was described 27. Spray tips

(Picotips and MEA emitters) were mounted on a translational stage and connected to a dc

high-voltage power supply. A stainless steel disk (3cm in diameter) as the counter electrode

was positioned and fixed at 2.5 mm from the spray tips with the electrospray axis

perpendicular to the disk plane. This disk was directly connected to the picoammeter. A

syringe pump (Harvard Apparatus, Holliston, MA) for direct sample infusion was connected

to the spray tips through capillary fittings. A solvent mixture of 50:50 methanol/water+1 %

acetic acid was infused at different flow rates including 0.1, 0.2, 0.4, 0.6, and 1.0 µ /η η

The voltage applied to the spray tips ranged from .0 kV to 4.8 kV. Each electrospray current

under different flow rates an d voltages was obtained by averaging 200 consecutive

measurements. Standard deviation (s.d.) was calculated for 3-5 individual emitters.

Electrospray images were taken using a Waters nanoflow camera kit equipped with a MLH-

0x microscope (Computar, Commack, NY), and using a digital camera Nikon 3700 (Nikon

Inc., Melville, NY) mounted on a 6x 6 m n (Specwell Corp., Tokyo, Japan). Safety



considerations: High voltages supplies should be handled with caution when in use. Solvents

containing methanol and acetic acid were handled under the fume hood.

Nanoelectrospray mass spectrometry

[0083] All electrospray MS experiments were performed on a hybrid quadrupole/orthogonal

Q-TOF API US mass spects-ometer (Waters Corp., Milford, MA). The mass spectrometer was

operated in a positive ion mode with a source temperatare of 20 °C and a cone voltage of 40

V. A voltage of 1-5 kV was applied to the MEA emitters or Picotip emitters (i.d. - m at

the tip) (New Objectives Inc. Woburn, MA). The MEA chip was mounted on the voltage

stand and manually rotated every 3-4 degrees for each adjacent emitter. TOF analyzer was set

in the V-mode. The instrument was calibrated with a multi-point calibration using selected

fragment io s from the collision-induced dissociation (CID) of Glu-fibrinopeptide B, GFP B

(Sigma, St. Louis. MO}. Electrical contact between the voltage stand and MEA chips was

made via an aluminum conductive tape. MEA chips were connected with fused silica

capillaries (o.d. -360 µ τ , i.d. 00 µ ) by polytetrafluoroethylene (PTFE) tubing whose

outer diameter (o.d.) matches the i.d. of the access holes (Fig. lb). Torr Seal epoxy (Agilent

Technologies, Santa Clara, CA) was applied to permanently seal the connection which could

withstand a pressure of more than 00 psi. To test the sensitivity and stability of the emitters,

GFP B at a concentration of 0.1 or 1 ρη οΙ /µ in a solvent mixture of 50/50

acetonitrile/H 2O+0. 1% formic acid was infused directly with a syringe pump at a flow rate of

0.6 µΕ / η. Data was acquired at 2.4 seconds per scan with 0.1 second between scans. Safety

considerations: High voltages applied in the mass spectrometer should be exercised with

caution. Solvents containing acetonitrile and formic acid were handled under the fume hood.

Liquid chromatography-MS/MS

[0084] LC-MS/MS analysis was performed using a capillary liquid chromatography system

(CapLC) (Waters Corp.) interfaced with a Q-TOF API US mass spectrometer as described .

Briefly, 100 fmo e of tryptic digests of bovine serum albumin (Michrom Bioresources,

Auburn, CA) were injected into the CapLC system through an auto -sampler, pre -concentrated

in a 300 µ (i.d.) κ 5 mm pre-column packed with PepMap C18 resin (particle diameter of 5

µ η and pore size of 100 A) (Dionex Corp., Sunnyvale, CA), and separated in a 75 µη (i.d.)

15 cm analytical column packed with the same PepMap C18 resin. The column was

equilibrated with solution A containing 3% acetonitrile/97% water/0.1% formic acid, and the



peptide separation was achieved with a gradient from 3% to 40% of solution B (95%

acetonitrile/5% water/0.1% formic acid) over 32 mins (i.e., from 3 min to 35 min) at a flow

rate of -250 nL/min. This flow rate was achieved by splitting of the 8 µ ./min flow from

pumps A and B. Peptides e uted from the column were directed through a connecting FIFE

Teflon tubing (i.d. ~ 75 µ η , o.d. ~ 1.6 mm) to the Picotips or MEA emitters for

nanoelectrospray mass spectrometry.

[0085] MS/MS spectra were obtained in a data-dependent acquisition (DDA) mode in which

the three multiple-charged (+2, +3, +4) peaks with the highest intensity in each MS scan were

chosen for CID. Collision energies were set at 0 eV and 30 eV during the MS scan and

MS/MS scans, respectively. MS survey scan was 1 second per scan with an inter-scan delay

of 0.1 second, while MS/MS scan was .9 seconds per scan with an inter-scan delay of 0.1

second. Mass spectra were processed using the MassLynx 4 0 SP4 software. Proteins were

identified by Mascot (http://www.matrixscience.com) using the MS/MS peak lists exported

from the MassLynx. Protein modifications considered in the search included

carboxymethylation of cysteine, N-terminal acetylation, N-terminal Gin to pyroGlu,

oxidation of methionine, and phosphorylation of serine, threonine, and tyrosine.

RESULTS AND DISCUSSIONS

Multinozzle emitter arrays

0086] We developed MEAs consisting of 96 identical multinozzle emitters in a circular

array, uniformly distributed on the periphery of a 3-inch silicon chip (Fig. l a and lb). We

designed the array layout and inter-emitter spacing in such a way to achieve the best

electrospray performance possible while maximizing the number of emitters on the device.

Notably, our fabrication processes are amendable for higher-number emitter arrays, e.g., 384

emitters on 6-inch Si wafers.

[0087] We utilized sharpened-end features at the four edges (left, right, top, and bottom) of

each emitter in order to obtain enhanced electric fields (discussed in the next section). Each

emitter was connected to off-chip components via capillaries through its access hole. This is a

straightforward design compatible with majority of the microfJuidic systems. Fig. l b shows a

representative optical image of a MEA chip with 96 emitters individually connected to

capillaries for sample injection. Fig, lc, d, and e show SEM images for three adjacent

emitters, a single 10-nozzle emitter, and the micropillar arrays monolithically imbedded in



the main channel of each emitter, respectively. The micropillar arrays will be utilized in the

future for online digestion (e.g., with trypsin coating) or separation (e.g., with C18 or C4

coating) after surface derivatization using silylation chemistry.

[0088] We fabricated emitters with varied nozzle numbers, cross-sections, and wall-

thickness. Figure 7 shows three representative sharpened-end emitters with a nozzle cross -

section ranging from 0 µιη x 10 µηι to 2 µη x 2.5 µη , and the corresponding nozzle

number per emitter from 1 to 40. We were able to fabricate nozzles with a cross-section down

to 800 nm 800 am (data not shown) but a significant increase of back pressure 29

prevented us from utilizing these small nozzles for ESI-MS. We have mainly examined the

performance of muitmozzi e emitters with a nozzle cross-section of 10 µ x 10 µ in this

work. The potential of using smaller nozzles will be explored in the future.

[0089] We achieved a fabrication yield close to 00% for MEA emitters due to the

significantly-improved microfabrication processes. For our M3 emitters, sealed main

channels were opened up by mechanical sawing, which resulted in serious clogging.2' The

fabrication of MEA emitters did not involve the mechanical dicing step. Instead, main

channels were opened up by deep reactive ion etching, which is a dry etching process that

does not introduce any particles into the main channels. The mechanical polishing step with

the sand paper (Step h) typically generates particles larger than the nozzle sizes (e.g., 10 µ η),

which are removed by piranha cleaning. Therefore, our ne procedures dramatically reduced

channel clogging and improved device yields. Additionally, the connection between the MEA

chip and outside liquid sources ca be improved, by building a custom-made manifold which

mechanically assembles the chip with tubings, O-rings, and/or gaskets. This manifold can

withstand high pressures and be reused, and also minimizes dead volumes.

Electric fields o the multinozzle emitter arrays

[0090] We utilized a 3D electrostatic simulator to examine the effects of sharpened-end

features on the electric fields of emitters. Three types of emitters with the same number of

nozzles (i.e., 10) including those for flat-end (Fig. 2a), two-side sharpened-end (Fig, 2b), and

four-side sharpened-end (Fig. 2c), were compared. The electric fields were much stronger at

the nozzle tips than in the other regions of the emitters for all three cases. But the maximum

of the electric fields at the nozzle tips significantly increased from 3.7* 106 V/m for the flat-

end emitters to 6.6x1 06 V/m for the four-side sharpened-end emitters. For each emitter, we



observed higher electric fields at the tips of the periphery nozzles than those of the interior

ones. In particular, there was a gradual increase from the center to the edge of the linear

nozzle array, with a maximum increase of 48.7% from the center nozzle (3. 06) to the edge

nozzle (5.8xl0 6) for the four-side sharpened-end emitters (Fig. 2c(iii) and Fig, 3a). This was

due to the linear format of the nozzle array, the position of the nozzle array relative to the ion

cone (Z-spray), the nozzle-nozzle interactions (shielding effects), 30 and the interactions

between the emitter stem and the nozzles on the two edges (i.e., the edge effects).

Consistently, we observed even higher electric fields at the corner of the nozzles on two

edges, i.e., 6.6x10° (left corner, not labeled) vs. 5.8 ° (center, labeled) for the leftmost

nozzle; and 6. x 0° (right corner, not labeled) vs. 5.7x10° (center, labeled) for the rightmost

nozzle, respectively (Fig. 3a). We further confirmed the simulated pattern of the electric

fields experimentally. As demonstrated by the electrospray images of a corresponding 10-

nozzle MEA emitter, the spray plumes showed a clear edge effect for the outmost nozzles

while relative homogeneity among the inner nozzles (Fig. 3b).

[0091] Although enhancement of electric fields at sharp tips is a known phenomenon, ours is

one of the first examples showing increased electric fields at the nozzles through sharpening

the emitter stems instead of the nozzles themselves for Si-based devices. The protruding

feature of the nozzles prevented sample wetting on the emitter surface, while the sharpening

of the emitter stems ensured sufficient electric fields for Taylor cone formation. t is expected

that additional improvement could be achieved by optimizing the shape of the nozzle support

(e.g., sharpening angles for four sides), and the 3D layout of the nozzles (e.g., a circular

array). The same modeling strategy is applicable for rational design of micro fluidic modules.

Electrospray currents of multinozzle emitter arrays

[0092] We compared the total electrospray currents over a wide range of applied voltages

and flow rates for 1- and 10-iiozzle MEA emitters and Picotips. As shown in Fig. 4a,

electrospray current for -nozzle MEA emitter reached two plateau regions at --2.3 kV and

-2.7 kV, respectively. Concurrently, we observed three electrospray modes including

pulsating (2.3 kV), cone-jet (2.7 kV), and multi-jet (3.3 kV) (Fig. 3b), similar to those

described for capillary and elastomeric emitters. 31, For 10-nozzle MEA emitters, the

constant-current plateau region (cone-jet mode) was observed at higher voltages of -3.6 kV

(Fig. 4b). However, its "multi-jet" mode was harder to observe due to the multi-spray nature

of the multinozzle emitters (Fig. 3c). On the other hand, we observed comparable



electrospray currents for -nozzle MEA emitter and Picotips under same conditions, although

there was no dear plateau region for Picotips (data not shown).

[0093] We next tested whether our multinozzle emitters followed the square root n

relationship, i.e., the total electrospray current from the multi-electrosprays in the cone-jet

mode is proportional to the square root of the number of sprays (nozzles). 27, i 2 We measured

the dependence between total electrospray current and applied voltages for 1- and 10-nozzle

MEA emitters at given total flow rates, shown in Fig. 4a for 0.6 µΙ ,/η . We then determined

the electrospray current for a particular total flow rate at the plateau region corresponding to

the cone-jet mode. As shown in Fig. 4b, the electrospray currents from both 1- and 10-nozzle

MEA emitters fitted a power of the total flow rate, with the power constant of 0.47 and 0.48,

respectively. This was consistent with the square root relationship between spray currents and

total flow rates. Furthermore, at a given total flow rate, the ratio of electrospray currents

between 10- and 1-nozzle MEA emitters was calculated to be 2.65 2 85 for the total flow

rates of 0.2-0.6 µΕ /ηηη (Fig. 4b insert), which was 10-20% less than the predicted

theoretical ratio of 3.16, i.e., the square root of 10 (nozzles). ' 2 The discrepancy migh be

due to the inhomogeneity amon the 0-nozzles as exemplified by their electric field

distribution (Fig. 3a), as well as the much stronger inter-nozzle interactions for 0-nozzle

MEA emitters in comparison to a bundle of multiple capillary emitters . In fact, both the

size (a cross-section of -10 µ τ x 10 , m) and inter-nozzle spacing (-40 µ η) of MEA

emitters were significantly smaller than those of the bundle of fused silica capillaries (i.d. -19

µη and the inter-capillary spacing of -500 µ η , respectively). In addition, there were inter-

emitter interactions on MEA chips. Nevertheless, the significant increase of electrospray

currents in 10-nozzle MEA emitters suggested the feasibility of achieving even higher MS

sensitivity for multinozzle emitters with larger nozzle numbers.

High-throughput mass spectrometry using multinozzle emitter arrays

[0094] We first confirmed that sharpening dramatically reduced operating voltages for ESI-

MS using sharpened-end MJ emitters (Figure 9). Strikingly, optimal operating voltage was

observed at -1.8 kV for single-nozzle emitters, which was similar to those for Picotips ( 1 .5

kV - 2.3 kV), and a dramatic improvement from that for flat-end single-nozzle emitters (4 5

kV - 4.8 kV).2 For a sharpened-end 20-nozzle emitter, the optimal voltage was 3.5 k ,

confirming the aforementioned inter-nozzle interactions. 3 1 We observed that both the optimal

voltage and MS sensitivity increased with nozzle numbers. For example, there was an on



average -2-fold increase in sensitivity for the 20-nozzie relative to the -nozzle emitters. As

mentioned above, electrospray current and therefore MS sensitivity was predicted to be

proportional to the square root of the number of nozzles 2 ' If this holds for our multinozzle

emitters, one would expect about 4.5-fold increase. The difference was probably due to the

suboptimal efficiency of ion collection and transmission by the Z-spray sample cone of our

mass spectrometer, because electrosprays from multinozzle emitters were spread out

significantly. Future implementation of a funnel-shaped sample cone ' may increase MS

sensitivity for multinozzle emitters.

[0095] We next compared the performance of MEA emitters, free-standing sharpened-end

MJ emitters, and Picotips. All three types of emitters achieved comparably high MS

sensitivity for 0 1 µΜ GFP (Fig. 5a,). We observed a slightly (-10%) higher MS sensitivity

for both 10-nozzle MEA andM emitters than Picotips. Importantly, both 10-nozzle MEA

and M emitters achieved higher MS sensitivity than their 1-nozzle counterparts, validating

the value of the multinozzle design. However, the fold change was around 1.5-2.0 and less

than what would be expected from the square root n relationship, i.e., ~3 fold, as shown by

the electrospray current (Fig. 4) As discussed above, future optimization of both the MS ion

optics and the relative position between MEA emitters and the ion cone (Fig. 5a insert) may-

mitigate this limitation. We achieved stable electrosprays at 3.5 and 4.5 kV for 1- and 10-

nozzle MEA emitters, respectively, while at 1.8 and 3.2 kV for i - and 10-nozzle sharpened-

end M emitters, respectively (Fig. 5a). This was presumably due to the emitter-emitter

interactions on the MEA chip, in addition to the nozzle-nozzle interactions within an emitter

encountered by both types of emitters. Therefore, an operating voltage higher than the

maximum of 5.0 kV provided by our current Q-TOF mass spectrometer, is needed to for

MEA emitters with even larger nozzle numbers (e.g., 40). We checked the MS stability for

MEA emitters using 0.1 µΜ and 1.0 µΜ GFP, respectively. The relative standard deviation

(RSD) for either 1- or 10-nozzle MEA emitters was similar to that of Picotips (Fig. 5b).

[0096] We farther demonstrated the proof-of-principle applications of MEA emitters in high-

throughput proteomics. Fig, 5c shows representative LC-MS/MS chromatograms for 00

fmole tr ptic digests of bovine serum albumin (BSA, 67 kDa), with one TOF MS (BPI,

base peak intensity) each for one Picotip and 7 individual MEA emitters chosen randomly out

of the 96 on a MEA chip. There was no significant difference among these chromatograms.

In addition, BSA was confidently identified in a l cases. With MEA emitters, we obtained on



average a Mascot score of 1300 and 43% sequence coverage with 27 peptides sequenced,

while for Pieotip emitters a Mascot score of 1333 and 46% sequence coverage. The small

discrepancy among MEA emitters presumably resulted from the slight difference in the

positioning of each emitter relative to the ion cone of our mass spectrometer. This can be

mitigated in the future through a computer-controlled rotary system optimized for the 3-inch

MEA chip.

[0097] Our results demonstrated tha MEA emitters could be interfaced with LC-MS/MS for

sequential and reproducible high- sensitivity proteomic analyses. t is conceivable that

multiple (up to 96) LC systems can be interfaced with our MEA chip to achieve, either

sequential (if using only one mass spectrometer) or parallel (if using multiple, for example,

miniaturized mass spectrometers"' 4), high- throughput MS analyses. More importantly, our

MEA platform is ready for the high-level integration with additional functional modules, to

achieve "Lab-on-a-chip". For example, the micropiilar arrays embedded in the main channel

can be utilized for digestion and separation. The fully-integrated system wi l dramatically

increase the sensitivity and throughput for mass spectrometry-based metabolomics and

proteomics, through efficient manipulation and processing of an extremely small amount of

samples (such as a single cell), and by diminishing the processing time for cell manipulation,

and protein digestion and separation, etc. Our platform can be farther interfaced with other

technologies such as femtoliter and picoliter-sized droplets for manipulating single cells. 35

Since our MEA chip is made of conductive Si, there is no liquid junction and conductive

coating needed to establish the electric contact between voltage supplies an d the chip. This

added advantage simplifies the fluidic control on integrated MEA chips. Our design can be

extended to MEAs with even higher emitter numbers (e.g., 384), thus enabling "ultrahigh-

throughput' . With further optimization, our MEA emitters will achieve even better

performance in MS sensitivity an d stability, thus enabling "ultrahigh-sensitivity".

CONCLUSIONS

[0098] By taking advantages of the maturity and flexibility of silicon microfabrication

technologies, we demonstrate massively -parallel multinozzle emitters integrated uniformly in

a circular array, enabling high-sensitivity and high-throughput nanoelectrospray mass

spectrometry. Our MEA chip is the first silicon -based, robust, and microfabricated monolithic

multinozzle emitters implemented in a high-throughput array format. Our MEA chip has

multiple advantages. Firstly, it eliminates potential sample carryover because each sample



will be analyzed by a different emitter. Secondly, it improves reproducibility for parallel

analysis because emitters are identically microfabricated. Thirdly, due to the robustness and

inert nature of silicon material, MEA chip can work under various conditions and be reused.

Fourthly, the clogging at the nozzle tips due to salt and debris built-iips, typically encountered

by the commercial Picotips, is significant mitigated due to the niultinozzle design. In

addition, a series of prefilters can be readily fabricated in the main channels to prevent large

debris or particles from entering the nozzles and thereby effectively reduce the clogging.

Fifthly, the throughput can be further improved by increasing the wafer size (e.g., from 4- to

6-inch) and optimizing the overall layout geometry. Lastly, the MS sensitivity can be further

improved if emitters with an even larger number of nozzles are interfaced with optimized ion

optics for efficient ion collection and transmission. In summary we present the first

demonstration of silicon-based monolithic multinozzle emitter arrays (MEAs) for

nanoelectrospray mass spectrometry. Once integrated with other functional modules, our

MEA chips have the potential to serve as a unified platform for future ultrahigh- sensitivity

and ultrahigh-throughput proteomics and metabolomics.
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EXAMPLE 2

High-Density Microfabricated Multinozzle Emitters for Nauoelectrospray Mass

Spectrometry

[00100 We previously developed microfabricated monolithic multinozzle (M )



emitters and demonstrated their applications in nanoelectrospray mass spectrometry .

However the high operating voltage (>4.5 kV) required for electrospray ionization prevented

us from implementing high-density multinozzie emitters for mass spectrometry. Combining

electrostatic simulation and experimental testing, we showed that sharpened-end geometr at

the main channel of the M emitters drama tically reduced the opera ting voltages for the

multinozzles (to - -3. kV) in the cone-jet mode, comparable to that of commercial silica-

based capillary nanoelectrospray tips. This critical improvement enabled us to fabricate and

test MJ emitters with high-density nozzle arrays (e.g., 20, 30, 40 nozzles with a linear density

of 50 100 nozzles/mm). We showed increased mass spectrometry sensitivity of these

emitters, with an average 3-fold increase for sharpened 20-nozzle emitters relative to the

commercial tips. LC-MS/MS experiments using these emitters for protein identification

further demonstrated their applications in proteomics. 'These sharpened multinozzie emitters

constitute a critical step towards future Si/SiCV based systems for proteomies-on-a-chip.

100101] Mass spectrometry (MS) is an enabling technology for proteomics and

metabolomics 2' 3. Electrospray ionization (ESI) mass spectrometry 4, particularly nano-ESI

mass spectrometry, remains the dominant method for analyzing complex mixtures of peptides

and proteins. Rapid developments i mass spectrometers, coupled with label-free and stable-

isotope labeling technologies, have driven the wide applications of mass spectrometry in

qualitative and quantitative proteomics °. The "holy grail" of the field is to profile proteome

and metabolome at the single cell level Revolutionary innovations are needed to ultimately

achieve this goal. Lab-on-a-chip may contribute to this endeavor due to its efficient

manipulation of extremely small amount of samples (e.g., fL to nL) through

micro/nanoflui dies 1 .

[00102] One of the key challenges has been to implement high-quality interface

between microfluidic chips and mass spectrometers , , . The current focus on the chip-

ESI-MS interface has been on fully integrated microfabricated emitters, evolving from earlier

and less robust off-the-edge spraying or inserted fused-silica capillary emitters. Both

polymeric materials and silicon/silica-based emitters have been fabricated. 'The former

included nozzles made of parylene ' poly(dimethylsiloxane) , poly(methyl

methacrylate) , and a negative photoresist SU-8 18 . The latter includes nozzles made of

silicon using out-of-plane processes . However, hydrophobic polymers have inherently

undesirable properties for the electrospray application, such as strong affinity to proteins and



incompatibility with certain organic solvents ¾ ' Out-of-plane fabrication is critically

limited in terms of the flexibility to produce monolithically integrated built-in structures, and

requires additional assembly steps to attach nozzles to the end of a microfluidic channel.

[00103] Another current interest is to develop multiple parallel electrosprays for mass

spectrometry, in order to improve sensitivity and/or throughput. For example, higher-

sensitivity multiple sprays were achieved with a bundle of fused silica capillaries Multiple

electrospray has also been shown for an array of metal holes 3, silicon/silica nozzle arrays "* ,

and multi-capillary metal nozzles 5 . But all these fabricated devices have sizes in the range

of millimeters to centimeters and are much bigger than conventional capillary

nanoelectrospray emitters. This renders them unsuitable for potential mass spectrometry

applications with conventional mass spectrometers. Furthermore, there has been no report on

monolithic integration of multiple electrosprays for mass spectrometry on a chip, particularly

for silicon/silica-based chips.

[00104] We have recently designed and produced microfabricated monolithic

multmozzle emitters (MJ emitters) using conventional in-plane silicon/silica fabrication

technologies, and have further demonstrated their applications in nanoelectrospray ionization

mass spectrometry (nano-ESI-MS) However, the relatively high operating voltage

(>4.SkV) required for the low-density M emitters (up to 5 nozzles) remained problematic.

This prevented us from implementing high-density nozzle array emitters (>10 nozzles) for

mass spectrometry. It was show that as the number of nozzles increased for a multi-capillary

nozzle emitter consisting of one metal plate (30 mm in diameter) with capillary nozzles, a

much higher voltage (e.g., 12.5 kV vs. 5.5 kV) was required to obtain a steady cone-jet mode

electrospray (as compared to drip mode and multi-jet mode) because of the inter-nozzle

interactions 5. Therefore, one straightforward way to generate electrospray ionization for our

previous multinozzle emitters is to proportionally increase the operating voltage for emitters

with a larger number of nozzles. Nevertheless, the maximum voltage for the electrospray

source for almost all current commercial mass spectrometers is around 4-5 kV (depe di g on

the manufacturers and models). Furthermore, with higher voltages come with the drawbacks

of unpredictable dissociation and ionization of biomolecuies, and electric arcs between the

emitters and counter electrodes (e.g., sample cones), which ma damage the mass

spectrometers.

[00105 Herein, we report a novel and straightforward approach to achieve the cone-jet



mode electrospray ionization with relatively low voltages for high-density multinozzle

emitters. Combining theoretical modeling with experimental testing, we demonstrated that

the sharpened M3 emitters could be subjected to a much higher electric field than their flat

counterparts if applied with the same operating voltages. We further showed improved

sensitivity for nanoelectrospray mass spectrometry and demonstrated proteomics applications

of these high-density sharpened multinozzle emitters.

EXPERIMENT AL SECTION

[00106] Microfabrication of sharpened M 3 emitters. The procedures to fabricate the

flat-end M3 emitters were essentially the same as we described previously High-density

nozzle arrays were fabricated in the current work. The emitters consist of an array of 1, 5, 10,

20, or 40 spray nozzles (~2 or 0 µ η in width, ~2 or 0 µ τ in depth, and 200 µ η in length)

and a connecting microfluidic channel (-400 µη in width and ~6 cm in length). To fabricate

the sbarpened-end emitters, we introduced an extra polishing step. After the individual tips

were diced from the silicon wafer, they were sharpened on all four edges at one en d using a

mechanical polishing station, and cleaned with a 120°C piranha bath for 0 minutes followed

by deionized water rinse and 2 gas blow dry. Finally, the exposed silicon at the sharpened

end of the tips was selectively etched away against Si0 2 using XeF as the etching gas. This

step left behind protruding nozzles made of Si0 2 (length ~ 200 µ η ) . The resulted M3 emitters

were examined with optical microscopy using a Reichert-Jung Polylite 88 microscope

(Reichert Microscope Services, Depew, CA), and scanning electron microscopy (SEM) using

a JEOL 6340F FEG-SEM (JEOL Ltd., Tokyo, Japan).

[00107] Electrostatic simulation of M 3 emitters. Electric fields at the M3 emitters

relative to the sample cone of the Z-spray of the Q-TOF mass spectrometer (Waters Corp.,

Milford, MA) were simulated using FEMLAB (COMSOL Inc., Burlington, MA). Briefly, the

static electric field, E = - , is calculated by solving the classical Poisson's equation

- V -{£ £ r VV) = p , using the 3D electrostatics application mode, in which ε η is the

permittivity of free space, r is the relatively permittivity, V is electric scalar potential, and

p is the space charge density. The simulation involved five major steps: I . modeling

geometry; 2. setting boundary conditions and subdomains; 3. generating mesh; 4. computing

solutions; 5. post-processing and visualization. The 3D geometry was constructed with

parameters from the actual experimental setup. The dimension of the sample cone used: base



radius: 3 cm, top radius: 0.5 mm, and height: 1.5 cm. The stainless steel cone was set at 40 V

and was at 90 degree angle relative to the M emitters. Flat and sharpened single-nozzle M

emitters, consisting of a Si emitter ( 1 mm x 1 5 mm x 5 mm) with a protruding SiO single

nozzle ( 0 µηι x 10 µη x 200 µη ), were used in the modeling. A 3kV electric potential was

applied to the Si emitter while the continuity condition was applied to the Si0 2 nozzle. Zero

surface charge was applied to the six outer surfaces of the overall system box (2 cm x 2 cm x

2 cm). For simplicity, the simulation was done for 1 a m ambient air under room temperature

(25°C) and did not take into account the presence of complex dynamic gas/fluid behaviors

during the actual electrospray process.

[00108] Nanoeiectrospray m spectrometry and LC-MS/MS. All electrospray

ionization mass spectrometry experiments were performed on a Q-TOF mass spectrometer as

described previously (Waters Corp., Milford, MA) To test the sensitivity and stability of

the M emitters, Glu-Fibrinopeptide B (GFP B) (Sigma, St. Louis, MO) at a concentration of

1 pmole/ µ in 50% actetonitrile /0. 1% formic acid was infused directly with a syringe pump.

The mass spectrometer was operated i a positive ion mode with a source temperature of

120°C and a cone voltage of 40 V . A voltage of 1-5 kV was applied to the M3 emitters. TOF

analyzer was set in the V-mode. The instrument was calibrated with a multi-point calibration

using selected fragment ions from the collision-induced decomposition (CID) of GFP B. Data

was acquired at 2 4 seconds per scan with 0.1 second between scans. Images and videos of

the electrospray process were taken by a digital camera (Nikon 3700, Nikon Inc., Melville,

NY) mounted on a 6x16 Specwell monocular (Specweil Corp., Tokyo, Japan).

[00 09] LC-MS/MS analysis was performed using a capillary liquid chromatography

system (Waters Corp.) interfaced with the Q-TOF mass spectrometer as we described in

detail 6 . Briefly, 100 fmole of tryptic digests of bovine serum albumin (Michrom

Bioresources, Auburn, CA) were injected into the LC system through an auto-sampler, pre-

concentrated on a 300 µη (i.d.) x 5 mm precoiumn packed with PepMap C18 resin (particle

diameter, 5 µ pore size, 00 A) (Dionex Corp., Sunnyvale, CA), and separated on a 75 µη

(i.d.) x 15 cm analytical column packed with the same PepMap C 8 resin. The column was

equilibrated with solution A (3% acetonitrile, 97% water, 0.1% formic acid), and the peptide

separation was achieved with a solution gradient from 3 to 40% of solution B (95%

acetonitrile, 5% water, 0.1% formic acid) over 32 mins (3 min to 35 min) at a fl o rate of

-250 n min. This flow rate through the column was reduced from 8 µ /min from pumps A



and B by flow splitting. The LC eluent from the column was directed through the connecting

PTFE Teflon tubing (i.d. 75 µ , o.d. ~ 1.6 mm} to the M3 emitters for nanoelctrospray mass

spectrometry. Epoxy adhesive was applied to seal the connection and was cured overnight at

room temperature before use.

[00110] MS/MS spectra were obtained in a data-dependent acquisition (DDA) mode in

which the three multiple-charged (+2, +3, +4) peaks with the highest intensity in each MS

scan were chosen for C1D. Collision energies were set at 10 V and 30 V respectively during

the MS scan and MS/MS scans. MS survey scan was 1 second per scan with an inter-scan

delay of 0.1 second, while MS/MS scan was 1.9 seconds per scan with an inter-scan delay of

0 second. Mass spectra were processed using MassLynx 4.0 SP4 software. Proteins were

identified by Mascot (http://www.matrixscience.com) using the MS/MS peak lists exported

from the MassLynx. Protein modifications considered in the search included

carboxymethylation of cysteine, N-terminal acetylation, N-terminal Gin to pyroGlu,

oxidation of methionine, and phosphorylation of serine, threonine, and tyrosine.

RESULTS AND DISCUSSIONS

100111] Electric field simulation for M 3 emitters. We compared the electric field

distribution between fiat and shaipened M emitters. Figure 0a and 0b show 3D views of

simulated flat and sharpened emitters with respective electric fields. Figure 10c and Od show

corresponding plane views with inserts showing actual emitters with a single nozzle. We

observed significant differences in both the strength and distribution of the electric fields.

First, the magnitude of the field at the nozzle tip for shaipened M emitter was about twice of

that for flat emitters if the same voltage was applied, i.e., 2.8 x 10° (V/m) vs. 1.4 x 106 (V/m),

for 3 kV at the emitters. Furthermore, the field was asymmetric for flat emitters, with clear

edge effects at the four corners. By contrast, the field was more concentrated and evenly

distributed at the nozzle region for shaipened emitters an d only minimum edge effect was

observed. Enhancement of electric fields at sharp tips is a known phenomenon for capillary-

based single nozzle tips. However, ours is one of the first examples showing increased

electric fields at the nozzles through sharpening the connecting microfabricated main

channels instead of the nozzles themselves. Our modeling results suggested that a uniform

and higher electric field can be achieved for the same operating voltage by sharpening the

nozzle end of the M3 emitters. It is expected that additional improvement could be achieved

by optimizing the shape of the nozzle support and layout of the nozzles. The same modeling



strategy could be adopted for future rational design of microfabricated ESI emitters and other

components in complex rnicrofluidic systems.

[001 12 } Fabrication of sharpened M3 emitters with high-density nozzle arrays. We

fabricated M * emitters with different numbers of nozzles, inter-nozzle spacing, and inner

diameters of nozzles. Figure sho s two representative sharpened emitters with

multinozzles protruding from a mam channel with a conduit width of 400 µ η . Figure 1l a is

the optical image of a 20-nozz1e emitter. SEM images in Figure i b and its zoom-in in 1 c

demonstrated that the inter-nozzle spacing was - 0 µ and the inner cross section (width x

depth) was 10 µη x 8 µ with a wall thickness of -1.8 um. Correspondingly, Figure 1 d,

e, and 1 f show inter-nozzle spacing of 8 µη , inner cross section of ~ .0 x 1.5 µ τ , and

wall thickness of 0.7 µ for a 40-nozzle emitter. The length of the nozzles (typically ~ 200

µ ) could be varied depending on duration of the Si etching by XeF . We tested the M3

emitters using organic solvents by direct infusion as we described previously As expected,

there was a dramatic increase of back pressure once the cross section of each single nozzle

was reduced from 10 µηι x 8 µη to 1.0 x 1.5 µ η . This was consistent with ~10 times increase

of pressure barrier ( ∆ Ρ ) for liquid leakage in rnicrofluidic channels, as estimated by

∆ Ρ = -2y cos -( h+l/w) ; where γ and Θ are surface tension of the liquid and the contact

angle between the liquid and channel walls, respectively; while h and w are channel height

and width, respectively . Since the goal was to develop high- density M3 emitters for LC-

MS/MS applications in the present work, we tested the performance of M3 emitters with a

cross section of ~ 0 µ x 8 µηι in the following studies.

[00 13] Nasoelectrospray mass spectrometry using sharpened M3 Emitters. We

first confirmed that sharpening of the emitters dramatically reduced the operating voltage for

electrospray ionization using a single-nozzle emitter. Figure a and 2b show voltage-

dependent detection sensitivity of doubly-charged ions of GFP B ( 1 µΜ ), quantified by the

magnitude of the base peak intensity (BPI) for [M+2H] at 785.8 (m/z) per 2.4 second scan.

Strikingly, optimal operating voltage was observed at 1.8 kV, which was even lower than

those for commercial tips (2.1 kV ~ 2.4 kV). This was a dramatic improvement over the flat-

end single-nozzle M3 emitters which required much higher voltage (4.5 kV - 4.8 k ) .

Furthermore, we observed an increased sensitivity of 1,690 counts for sharpened emitters

compared to around 1,000 counts for flat ones and conventional fused-silica capillary

nanoelectrospary tips in the previous study. 'The sensitivity dependence on the voltage



seemed to be dictated by the electrospray process. As shown in the inserts of Figure 12a. a

stream-like spray corresponding to "drip mode' was observed at 1.2 kV. A plume-like spray

corresponding to "cone-jet mode" was clearly observed at 1.8 kV. Further increase of voltage

resulted in "multi-jet mode" as exemplified at 3.0 kV.

|00 4] The fundamental mechanism underlying the electrospray ionization (ESI)

process remains controversial. Two competing models are the "charge residue model"

proposed originally by Dole et a . , an d the "ion evaporation model" proposed by Iribarne

and Thomson . Despite their differences, both models support the notion that electrospray

occurs while charged droplets reach the "Rayleigh limit" (the density of charges on the

droplet surface increases to a critical value) and undergo Coulomb explosion while the

droplets have radii R>10 nm "predominant fission pathways" model was proposed for

nano-ESI , ' . It suggested that nano-ESI produces a higher charge state of smaller initial

droplets that decompose more promptly to offspring droplets from which ions are released.

The process is presumably closer to the "ion-evaporation model" due to the very small

droplets in the nano-ESI. Therefore, voltages applied to initial droplets and the resulting

charge densities are critical in the ESI process. Future studies of our M emitters using

microscopes with high spatial and temporal resolutions will provide more insights into the

dynamics of electrospray processes, and may provide new understanding of the mechanism

underlying the ESI an d nano-ESI.

[00115] We then compared the performance of flat and sharpened 20-nozzle emitters.

As shown in Figure 13a, flat emitters with inter-nozzle spacing of 90 um produced a very

weak GFP B signal (230 counts per scan) at 4.8 kV, corresponding to the "drip mode"

(Figure 13a insert). Decreasing inter-nozzle spacing to 10 µ η resulted in the formation of a

big droplet at the tip, caused by merge of small droplets coming out of each nozzle. This in

term prevented the generation of stable electrospray . By contrast, a sharpened 20-nozzle

emitter w ith inter-nozzle spacing of 0 µ η generated strong a GFP B signal (3 0 counts per

scan) at 3.5 kV, corresponding to the cone-jet mode (Figure 13b insert). The optimal voltage

was 3.5 kV, higher than the 1.8 kV for the single-nozzle emitter (Figure 12), suggesting

aforementioned inter-nozzle interactions 5.

[00116] We next studied the dependence of optimal applied voltage and mass

spectrometry sensitivity on nozzle numbers for sharpened emitters. As shown in Figure 13c,

both the optimal voltage and sensitivity increased with nozzle numbers. We observed a 3-fold



increase on average for sharpened 20-nozzle emitters relative to commercial tips. However,

the sensitivity for the 20-nozzle emitters was on y 2-fold higher than that for sharpened

single-nozzle ones (Figure 12 and 13c). A previous theoretical study of arrays of multiple

capillary emitters (inner diameter ~ 50 µηι, . 1 mm apart) predicted MS sensitivity

improvement by the square root of the number of nozzles . If this holds for our sharpened

multinozzle emitters, we would expect about 4.5-fold increase in this case. The sensitivity

difference might be due to the stronger inter-nozzle interactions for our nozzles because of

their much smaller cross sections and inter-nozzle spacing. Alternatively it might be due to

the sub-optimal ion collecting efficiency resulting from the geometry constraint and inner

diameter of the Z-spray sample cone of our mass spectrometer. Future optimization of nozzle

number, nozzle diameter and inter-nozzle spacing for M emitters and mass spectrometry

using funnel-shaped sample cone 22, may further increase the detection sensitivity for M

emitters with high-density nozzle arrays.

[00117] LC-MS/MS using sharpened M Emitters, We further demonstrated the

applicability of these emitters in protein identification, which is critical for proteomics

applications. Figure 14a shows representative mass spectra of 100 f o e tryptic digests of

bovine serum albumin (BSA, ~ 67 kDa), representing TOF MS (TIC), TOF MS (BPI), and

TOF MS/MS (one trace out of three for DDA) over a I hr LC run. Figure 14b shows the

sequence coverage (in red) of BSA using Mascot search of the MS/MS data for sharpened MJ

emitters. BSA was confidently identified with a Mowse score of 874, and 38% sequence

coverage with 22 peptides sequenced. These results clearly showed that sharpened M3

emitters can be interfaced with LC-MS/MS for proteomics applications. Our next step is to

pack the main channel of the M emitters with chromatography materials for protein and

peptide separations. The resulting M3 emitters can serve as both a mini-column and an ESI

emitter in lieu of a LC system. Furthermore, since these muftinozzle emitters are

microfabricated and monolithic, it is expected that they will serve as an integral component

for Si Si0 2 microti uidic systems to realize future proteomics-on-a-chip.

CONCLUSIONS

[00118] In summary, we presented the first demonstration of high-density

microfabricated monolithic multinozzle emitters (M3 emitters). These sharpened multinozzle

emitters showed reduced operating voltages yet increased detection sensitivity for

nanoelectrospray mass spectrometry. Applications in protein identification demonstrated their



potential as a key component for future Si/8iC½-based systems for proteomics-on-a-chip.
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[00120] Each of the references cited herein are hereby incorporated by reference as

though each is individually incorporated by reference.

[00 2 1] While the present invention has been described with reference to the specific

embodiments thereof, it should be understood by those skilled in the art that various changes

may be made and. equivalents may be substituted without departing from the tme spirit and

scope of the mvention. n addition, many modifications may be made to adapt a particular

situation, material, composition of matter, process, process step or steps, to the objective,

spirit and scope of the present invention. All such modifications are intended to be within the

scope of the claims appended hereto.



What s claimed is:

. A structure comprising a plurality of emitters, wherein a first nozzle of a first emitter

and a second nozzle of a second emitter emit in two directions that are not or

essentially not in the same direction; wherein the walls of the nozzles a d the emitters

form a monolithic whole.

2. An electrospray emitter comprising: a first nozzle and a second nozzle extending out

from a larger base tube; wherein the walls of the nozzles and the base tube form a

monolithic whole, wherein the first nozzle and the second nozzle emit in two

directions that are not or essentially not in the same direction

3. A structure comprising: a base tube having a first end and a second end; and a

plurality of smaller tubules, each tubule having a first end and a second end, the first

ends of the tubules seamlessly connected to the second end of the base tube and the

tubules extending out from the base tube; wherein the structure is monolithic an d

defines sealed, continuous fluid paths from the first end of the base tube to the second

ends of the tubules, wherein at least the second end of a first tubule and the second

end of a second tubule are oriented i two different or essentially different directions.

4. A structure comprising a first emitter with a sharpened end from which the first

emitter emits and optionally a second emitter; wherein the emitter forms a monolithic

whole.

5. An electrospray emitter comprising: a first nozzle extending out from a larger base

tube; wherein the walls of the nozzle and the base tube form a monolithic whole,

wherein the nozzle has a sharpened end from which the nozzle emits.

6 . A structure comprising: a base tube having a first end and a second end; and a

plurality of smaller tubules, each tubule having a first end and a second end, the first

ends of the tubules seamlessly connected to the second end of the base tube and the

tubules extending out from the base tube; wherein the structure is monolithic and

defines sealed, continuous fluid paths from the first end of the base tube to the second

ends of the tubules, wherein the second ends of the tubules are sharpened.

The structure or emitter of claims 1-6, wherein the structure or emitter comprises Si



and/or SiO (silica).

8. The structure or emitter of claim 7, wherein the structure or emitter is fabricated from

a silicon substrate or glass substrate.

9. The structure or emitter of claim 8, wherein the silicon substrate is a silicon wafer.

10. The structure or emitter of claims 1-3, wherein the nozzles or tubules are sharpened.

. The structure or emitter of claims 1-10, wherem each nozzle, tubule or emitter is a

nanotube.

. The structure or emitter of claims 1-11, wherein a/the first nozzle, tubule or emitter is

oriented such that a/the first nozzle, tubule or emitter points in a direction directly or

essentially opposite to the direction pointed by a/the second nozzle, tubule or emitter.

13. The structure or emitter of claims 1-12, wherein the nozzles, tubules or emitters are

oriented such that the nozzles, tubules or emitters point out in radial configuration.

14. The structure or emitter of claims 1-13, wherein the end of at least one or all of the

nozzles, tubules or emitters comprise a flat-end, two-side sharpened-end, or four-side

sharpened-end.

5. The structure or emitter of claims 1-14, wherein the structure comprises equal to or

more than about 10 emitters.

16. The structure or emitter of claims 1-15, wherein each emitter comprises equal to or

more than about 0 nozzles.

7. The structure or emitter of claims 1- , wherein the aperture or opening of each

nozzle, tubule or emitter has a cross-section with a longest linear dimension equal to

or less than about 20 µτη .

18. The structure or emitter of claims 1-17, wherein each nozzle, tubule or emitter is in

fluid communication with a base tube or channel.

19. The structure or emitter of claim 18, wherein the base tube or channel is a

micro fluidic channel.



20. The structure or emitter of claim 19, further comprising a through-hole which is in

fluid communication with each base tube or channel.

21. The structure or emitter of claims 1-20, wherein the structure or emitter is capable of a

total flow rate of from more tha 0 µ ν' η to about 6.0 µ min.

22. The structure or emitter of claims 1-20, wherein the structure or emitter is capable of a

total flow rate of equal to or more than 6.0 µ /ηι .

23. A method for making a multinozzle emitter array comprising:

(a) providing a first silicon substrate having a first surface

(b) etching a first trench into the first surface of the first substrate,

(c) fusing a second silicon substrate onto the first surface of the first silicon substrate

to form one or more channels.

(d) oxidizing the exposed surfaces of the first and second silicon substrates to form a

thermal oxidation layer over the exposed surfaces of the fist and second silicon

substrates,

(e) cutting one or more ends of the first and second silicon substrates to form one or

more nozzles from the one or more channels,

(f) optionally sharpening the end of one or more nozzles, and

(g) optionally etching the end of one or more sharpened nozzles to form an emitter

nozzle that protrudes from the first and second silicon substrates

24. The method of claim 23, further comprises the step of cleaning, such as piranha

cleaning, the first surface of the first silicon substrate prior to the (b) etching step.

25. The method of claim 23, wherein the (b) etching step comprises using

photolithography to define the areas on the first surface of the first substrate where the

trench is to be etched.

26. The method of claim 23, wherein the (b) etching step comprises deep reactive ion

etching (DRIB).



27. The method of claim 23, further comprising a second etching step subsequent to the

(b) etching step to form channels through the first silicon substrate.

28. The method of claim 27, wherein the second etching step comprises using

photolithography to define the areas on the first surface of the first substrate where the

channels through the first silicon substrate is to be etched

29. The method of claim 27, wherein the second etching step comprises deep reactive ion

etching (DRIE).

30. The method of claim 23, wherein the (e) cutting step comprises deep reactive ion

etching (DRIE).

3 . The method of claim 23, wherein the (f) sharpening step comprises using a sandpaper

to sharpen and/or polish the end of the one or more sharpened nozzles.

32. The method of claim 23, wherein the (g) etching step comprises using XeF etching.

33. A method for making a multinozzle emitter array comprising: performing

photolithography and deep reactive ion etching (DRIE) to pattern a produce

channels (with micropillar arrays if needed) and emitters on a 4-inch silicon wafer,

performing a second-layer photolithography and DRIE to define and create access

holes with a second film mask, performing thermal fusion bonding between the

patterned wafer and another clean wafer, wet oxidizing to grow a thick oxide of about

1 µη on all silicon surfaces including the sealed channels/emitters, performing

another photolithography and through-wafer etching steps to shaipen the emitters (left

and right), releasing the chip from the wafer, sharpening the other two sides (top an d

bottom) of the emitters by mechanically polishing the emitter stem with the sand

paper, and etching away silicon at the sharpened end of the emitters by selective XeF

etching.

34. A method to implement a fully integrated separa tion of a mixture of proteins a /or

small molecules on a silicon chip before electrospray mass spectrometry analysis,

comprising: (a) providing the silicon chip comprising the structure or emitter of

claims 1-22 and one or more microfabricated micropillar arrays or bead-packed

columns, (b) separating the proteins and/or small molecules of the mixture through



one or more microiabricated micropiliar arrays or bead-packed columns (c) emitting

the separated proteins and/or small molecules through the structure or emitter, and (d)

analyzing the emitted separated proteins and/or small molecules by e!ectrospray mass

spectrometry analysis.

A method for performing single cell analysis, comprising: (a) providing the structure

or emitter of claims 1-22, and (b) performing a mass spectrometry -based single cell

proteomics and/or metabolomics using the structure or emitter.
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