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Mass spectrometry is the enabling technology for proteomics. To fully realize the
enormous potential of lab-on-a-chip in proteomics, major advance in interfacing
microfluidics with mass spectrometry is needed. Here, we report the first
demonstration of monolithic integration of multinozzle electrospray emitters with a
microfluidic channel via a novel silicon microfabrication process. These
microfabricated monolithic multinozzle emitters (M3 emitters) can be readily mass-
produced from silicon wafers. Each emitter consists of a parallel silica nozzle array
protruding out from a hollow silicon sliver stem with the conduit size of 100 x 10 um.
The dimension and number of freestanding nozzles can be systematically and
precisely controlled during the fabrication process. Once integrated with a mass
spectrometer, M’ emitters achieved sensitivity and stability in peptide and protein

detection comparable to those of commercial silica-based capillary nanoelectrospray



tips. These M’ emitters may play a role as a critical component in a fully integrated
silicon/silica-based micro total analysis system (WTAS) for proteomics.

Mass spectrometry (MS) remains the central tool for proteomics'?. Technological
developments in MS have been a multifaceted and open-ended endeavor. Two current
focuses are: 1) continuing improvement in detection sensitivity, resolution, and mass
accuracy; and 2) miniaturization of both front-end sample preparation and back-end mass
detection. For example, a hybrid linear ion trap/orbitrap mass spectrometer has recently
been shown to provide a mass accuracy of up to 2 ppm and a resolving power exceeding
100,000 (FWHM)’. Microfluidic liquid chromatography-mass spectrometry (LC-MS)
platforms based on polymer parylene* or polyimide films’ have been demonstrated. A
handheld rectilinear ion-trap mass spectrometer has recently been built’. However,
proteome-on-a-chip still remains a challenge due to the lack of technology for high
quality interface between microfluidic channels and mass spectrometers’.

Despite recent development of new ionization sources such as desorption electrospray
ionization (DEI)S, matrix-assisted laser desorption ionization (MALDI) and electrospray
ionization (ESI) remain the dominant soft-ionization methods for peptides and proteins.
Since Fenn et al. first demonstrated the utility of ESI mass spectrometry in analyzing
high-molecular-weight biomolecules’, extensive scientific and engineering efforts have
been made to understand the mechanism of electrospray ionization process and to
improve the performance of ESI-MS. One of the most significant steps along this line is
the theoretical description and experimental demonstration of nanoelectrospray ionization
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(nano-ESD' and its applications in protein analysis''. However, the fundamental

difference between conventional ESI and nano-ESI has not yet been fully elucidated ',



Microfabricated monolithic nano-ESI emitters have the potential to contribute to both
technological developments and theoretical understanding of nanoelectrospray mass
spectrometry. First, they can be mass-produced by microfabrication technology and
readily interfaced with microfluidic channels in a lab-on-a-chip proteomic system.
Second, they provide a means to systematically alter the size, shape, and density of
electrospray nozzles so that fundamental mechanisms underlying the electrospray
ionization process can be studied. There have been efforts to fabricate ESI emitters using
either polymeric materials or silicon-based materials. The former includes nozzles made
of paryleneB’M, poly(dimethylsiloxane) (PDMS)", poly(methylmethacrylate) (PMMA)'®,
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and a negative photoresist, SU- . The latter includes nozzles made of silicon nitride
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using in-plane fabrication'® and of silicon/silica 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

: : 22,23
certain organic solvents™

. In-plane fabrication was not pursued further apparently due
to the intrinsic clogging problem arising from the etching of sacrificing layer of
phosphosilicate glass between two layers of silicon nitride". 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. More recent efforts to generate nanoelectrospray from nanofluidic
capillary slot** and micromachined ultrasonic ejector au’raly25 faced similar challenges.
Here, we report a novel silicon/silica-based microfabrication process that is

straightforward and flexible for the monolithic fabrication of biocompatible M® emitters.

Our fabrication process requires only one mask and consists of five major steps (Fig. 1).



A photolithographic patterning step defines the size and the shape of the microfluidic
channels (Fig. 1a). Deep reactive ion etching combined with silicon fusion bonding
encloses the microfluidic channels (Fig. 1b,c). Oxidation and XeF, etching generates
protruding nanoelectrospray nozzles made of SiO, (Fig. 1d,e). The process is

significantly simplified compared to the previous examples' ™'

and generates
biocompatible monolithic microfluidic channels connected with multinozzles. A
distinctive advantage of our process is its versatility and its amenability for large-scale
production. The nanoelectrospray emitters with various size and number of protruding

nozzles were monolithically fabricated with unprecedentedly high array density (line

density = 100 nozzles/mm).

EXPERIMENTAL SECTION

Microfabrication of nanoelectrospray emitters. A layout of microfluidic channels
(~ 6 cm long) were photolithographically patterned on a (100) p-type silicon wafer of 4-
inch diameter (p = 15 ~ 30 Q cm). After the development of the exposed photoresist, the
area for the channels was etched down via deep reactive ion etching (DRIE) process
using the advanced silicon etching (ASE) system of surface technology systems (STS).
The depths of the channels were measured using a surface profiler. After the removal of
the photoresist, the wafer was cleaned in piranha solution at 120 °C and thoroughly
rinsed with deionized (DI) water (~ 18 MQ) and spun dry. Immediately after the cleaning
and drying step, the patterned wafer was gently pressed with a clean plane wafer under a

sink equipped with high efficiency particulate air (HEPA) filters. These pre-bonded wafer



pair were then annealed in the stream of N, flow at 1050 °C for 1 hour for silicon-silicon
fusion bonding, which generates covalent boding between the two wafers.

After the aforementioned channel etching and the wafer bonding steps, the
microfluidic channels were enclosed inside the bonded wafer. To open up each side of
the channels, both sides of the wafer were cut using an automatic wafer saw. After that,
Si0, was thermally grown on the wafer including the surface of the open channel inside
the wafer. The wet oxidation process at 1050 °C for 10 hours yielded the oxide with a
thickness of ~ 1.9 um. Around 2 ~ 3 mm of nozzle side of the wafer were cut off to
remove SiO, capping layer and expose silicon at this end of the wafer. After the wafer
was cut into individual electrospray tips, the exposed silicon at the ends of the tips was
selectively etched away against SiO, using XeF, as the etching gas. This selective silicon
etching step leaves behind protruding nozzles made of SiO; (length ~ 200 wm). The tips
went through 200 to 250 cycles of XeF, etching and N, purging. Each etching step was
carried out for 60 seconds under the pressure of 4 torr of XeF, and 2 torr of N,.

Connection of the spray emitters. An analyte solution was infused through a 500 pl
syringe. A syringe pump was used to maintain the constant flow rate. A capillary tube (i.d.
~ 75 um) from the syringe was connected to the fabricated electrospray emitters via
Teflon tubes. Epoxy adhesive was applied to seal the connection and cured overnight at
room temperature before use.

Nanoelectrospray mass spectrometry. Glu-Fibrinopeptide B (GFP B) was
purchased from Sigma and dissolved in a solvent of 30 % acetonitrile and 0.1% formic
acid in deionized water. Bovine serum albumin and Myoglobin are purchased from

Amersham biosciences and Sigma, respectively, and prepared in the same way as the



GFP B solution. All analyte solutions were at 1 UM concentration. All electrospray
ionization mass spectrometry experiments were performed on a Q-TOF API US mass
spectrometer of Waters Corp. The instrument was calibrated and optimized with standard
compounds as suggested by the manufacturer. Except for the electrospray voltages
applied, identical instrument conditions were utilized for fabricated emitters and

commercial tips during the comparison.

Results and Discussion

Microfabrication of M’ Emitters. We have incorporated Micro-Electro-Mechanical
System (MEMS) techniques in the fabrication process. For example, the channels were
etched and enclosed between two wafers by the combination of deep reactive ion etching
and silicon fusion bonding techniques. This combination is a versatile tool and has been
demonstrated to fabricate various micromechanical devices”. In the etching step, silicon
channels are etched down via time-multiplexed SF etching and C,4Fs passivation cycles”'.
In the bonding step, two piranha cleaned wafers are first held together via hydrogen
bonding between the silanol groups of the surfaces of each wafer. Subsequent high
temperature annealing of the pre-bonded wafers enables the formation of the Si-O-Si
covalent bonds at the interface of the wafers. The bond strength of these wafers is on the
order of the yield strength of single-crystal silicon (~ 1 GPa)®. This feature makes our
microfluidic structures practically monolithic and imparts high bonding quality against
leakage and rupture. No physical gap at the interface was observed under scanning
electron microscopy (SEM) and no fluid leakage was detected during the operation of

electrospray mass spectrometry. Since hydrophilicity of the channel was very important



for the capillary action to occur, all channels were treated with piranha solution before
use. Owing to the hydrophilic properties of SiO, our electrospray emitters are
intrinsically more compatible with various biomolecules than hydrophobic polymer based
electrospray emitters.

SEM was used to examine the microfabricated structures (Figure 2b-g). A schematic
view of the M® emitters is shown in Figure 2a. The final product is a bonded chip of
silicon sliver stem with an embedded microfluidic channel that is 100-um wide and 10-
um deep, and monolithically integrated silica multinozzles. The nozzles protrude about
150 to 250 um from the end of silicon stem. These protruding nozzles are made of SiO,
and are the result of the selective etching of surrounding Si by XeF, The selectivity of Si
etching against Si0, was roughly 400 to 1. The oxide thickness of the nozzle tips was ~ 1
um after the etching step.

Our process is straightforward but not limited in fabricating complicated structures.
For example, multiple nozzles were fabricated at the end of electrospray emitters (Fig.
2d-g). Figure 2e,f show five 10 um x 12 um (W x D) nozzles branching out of the main
channel which has a cross sectional area that is 100-um wide and 12-um deep. Inter-
nozzle space in this case is about 10 um. Figure 2g shows an array of ten protruding
nozzles (2 um x 8 m) in the cross sectional area of 100 um x 8 wm of a main channel. It
approximately corresponds to an area density of ~ 10* nozzles/mm? and linear density of
100 nozzles/mm. This is an unprecedentedly high nozzle density. For comparison, a
nozzle array with density of 2.5 nozzles/mm® was recently fabricated via out-of-plane
approach29. Using the same process and by only changing the layout, complex built-in

structures can be monolithically fabricated at the main channel side as well’. With further



optimization, it is also possible to fabricate M? emitters down to submicron in nozzle size
and up to 10° nozzles/mm? in density. A total of 55 emitters with various numbers and
sizes of the nozzles were fabricated on a bonded wafer, and this number can be easily
increased by several factors by optimizing the dimensions and layout of the emitters.

Nanoelectrospray Mass Spectrometry using M® Emitters. We first tested the
viability of these novel M? emitters using organic solvents. The solvents were delivered
to the inlet of the sliver stem that had a rectangular opening of 100-um width and 10-um
depth (Figure 2a). The solution then passed through the slab-like hollow channel and
sprayed off from the nozzles (10 wm x 10 wm) at the other side of the stem. The length,
width, and height of the whole chip were approximately 5.5 cm, 600 um, and 1 mm,
respectively. These dimensions were made similar to those of pulled-out capillary
nanoelectrospray tips (purchased from New Objective, Inc.) used for comparison in this
study (length ~ 7.5 cm, outer diameter of the capillary ~ 360 wm, and inner diameter of
orifice ~ 10 um). We observed that the protrusion of the nozzles was critical for
generating electrospray ionization. It isolated initial liquid droplets at the tips of nozzles
from the surface of the silicon stem and prevented the droplets from wetting the surface.
When the length of the nozzles was below tens of microns, no electrospray was observed
due to the wetting problem, similar to the case of flat edge tips. The difficulty of the
electrospray generation from flat edge tips due to the surface tension was reported
previously™.

We then tested the performance of the M’ emitters for potential proteomic
applications. We used M° emitters containing a single nozzle (10 pm x 8 um) and did a

head-to-head comparison with commercially available, pulled fused-silica capillary



nanoelectrospray tips with an orifice inner diameter of ~ 10 um (SilicaTips'™, New
Objective, Inc). The M’ emitters were integrated with a Q-TOF mass spectrometer
(Waters Inc.). Since the emitters were made of conductive silicon, they were used without
additional metal coatings. In contrast, most of the commercial silica-based ESI tips need
to be coated with Pt or Au. First, a standard peptide, [Glu']-Fibrinopeptide B (GFP B,
M.W. = 1570.57) was tested. The GFP B solution (1 uM) was delivered to the nozzle at a
flow rate of 600 nl/min, as described in the method section. Figure 3a and b show the
mass spectra obtained from the fabricated emitter and the commercial tip, respectively.
The isotopic distributions of doubly-charged ions of GFP B were clearly observed and
similar magnitudes of base peak intensity (BPI) of about 1,000 per scan were obtained in
both cases. This indicates that the resolution and the sensitivity of our fabricated emitters
are comparable to those of commercial tips. However, higher voltage (4.5 kV ~ 4.8 kV)
was needed for the fabricated emitters than for the commercial tips (2.1 kV ~ 2.4 kV).
We conjecture that depositing metal on the tips or using more conductive silicon wafers
may lower the required voltage. Since we were using a platform that was already
optimized for the commercial tips, detailed optimization on any electrical and mechanical
connections of the fabricated emitters may lower the voltage as well.

Since detecting masses of full length proteins is equally important as detecting those
of proteolytic peptides in proteomics, we further compared the performance of our M?
emitters with commercial tips for detecting high molecular weight proteins. Similar
results were obtained as shown in the mass spectra of bovine serum albumin (BSA, ~ 67
kDa) that were accumulated for 10 min (Fig. 4a,b). Charge state distribution and base

peak intensity were similar in both cases. They showed 38 or more charge states of the



protein with the highest peak at around 1,340, which corresponds to about 50 positive
charges. Figure 4c,d show that the stability of our emitters (relative standard deviation,
RSD ~ 4.5 %) is comparable to that of commercial tip (RSD ~ 4.2 %).

Finally, our unique microfabrication process enables direct performance comparison
between a multinozzle emitter (10 pum x 12 wm) and a single-nozzle emitter (10 pm x 12
um). Since the flow rate at the silicon sliver stem was kept constant at 600 nl/min, the
flow rate at each nozzle on average was 120 nl/min for the 5-nozzle emitter. Mass spectra
of myoglobin (~17 kD) obtained from a single- and a five-nozzle emitters are shown in
Figure Sa,b. Electrospray was observed from each of the five nozzles. However, two
outer nozzles generated bigger droplets similarly to those observed and described in a
large scale multinozzle spray previously”. In general, multinozzle emitters showed
similar performance yet slightly higher sensitivity than that of the single nozzle emitters.
Multinozzle emitters are expected to ease back pressure and clogging problem that single
nozzle emitters have to cope with, especially as the channel downsizes to submicron scale.
In addition, high-density multinozzle emitters provide a valuable means to study

ionization process since extremely low flow rate can be achieved at each single nozzle.

CONCLUSIONS

In summary, we presented a novel and significantly simplified procedure for the
microfabrication of fully integrated nanoelectrospray emitters. It consists of an etching
and silicon fusion bonding step for the formation of enclosed channel, and an oxidation
and XeF, etching step for the formation of protruding multinozzles. These

microfabricated monolithic multinozzle emitters (M® emitters) showed comparable



performance to that of the commercial tips in terms of stability and sensitivity for a
standard peptide and high molecular weight proteins. With further device optimization,
additional performance enhancement is expected. Our process is straightforward, yet
fully capable of producing complicated structures such as high density array of
overhanging nozzles that are monolithically integrated with a microfluidic channel. The
simplicity and the versatility of our process may be potentially utilized to fabricate other

complex bio-analytical tools.
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Figure Captions

Figure 1. Microfabrication process of multinozzle nanoelectrospray emitters a)
photolithographic patterning of microfluidic channels, b) development of photoresist and
deep reactive ion etching of the channels, c) silicon fusion bonding with a plane wafer
and opening the channels on both side of the wafer, d) thermal oxidation and water
cutting to expose silicon on nozzle side, and e) selective silicon etching against SiO, by

Xer .

Figure 2. a) A schematic view of a nanoelectrospray emitter with two protruding nozzles.
L=5.5cm, W=0.6 mm, H=1mm. The length of the protruding part of the nozzles is ~
200 um (not to scale). b) Scanning electron microscopy (SEM) image of a protruding
single-nozzle spray emitter. ¢) A magnified image of the nozzle that is 10-um wide and
12-um deep. d) A double-nozzle emitter (10 x 12 wum). e) A five-nozzle emitter. f) Zoom-
in image of e) (10 x 12 wm nozzle). g) A ten-nozzle emitter (2 um wide and 8 um deep

nozzle).

Figure 3. Mass spectra of 1 uM GFP B obtained from a) a single-nozzle emitter (10 um
x 8 um) and b) a commercial capillary tip (i.d. ~ 10 um). 4.5 kV and 2.1 kV were applied
to the fabricated emitters and the commercial tips, respectively. The flow rate was 0.6

pl/min for all tips.



Figure 4. Mass spectra of 1 pM BSA obtained from a) a single-nozzle emitter and b) a
commercial tip. Total ion counts of 1 uM BSA over time obtained from c) the single-

nozzle emitter and d) the commercial tip.

Figure 5. Mass spectra of 1 UM myoglobin obtained from a) a single-nozzle emitter and

b) a five-nozzle emitter.
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Figure 5.
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