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bstract

Electrospray from a channel exit at the edge of a fluorocarbon coated cycloolefin copolymer microfluidic device has been investigated. The
uorocarbon coating facilitated generation of a stable electrospray, thereby enhancing the detectability of electrospray ionization (ESI) mass
pectrometry (MS). A microfluidic device of integrated ESI emitters and monolithic liquid chromatography columns has been fabricated on
cycloolefin copolymer chip. The monolithic columns were polymerized in situ using UV irradiation with a photomask to confine the porous
olymer monolith to the desired regions of the channels. The monolithic stationary phase was homogenous and well bonded to the channel surfaces,
hich had been functionalized by graft polymerization. The ESI potential was applied within the channel via a carbon ink line. The performance
f this microfluidic device was demonstrated by analysis of a tryptic digest of bovine serum albumin on an ion trap MS instrument.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Improving the efficiency of various sampling techniques for
eptide and protein analysis by mass spectrometry and tandem
ass spectrometry has had a vital role in the expansion of

he field of proteomics. A primary problem in proteomics is
he detection of low abundance proteins in a complex matrix.
nterfacing high-resolution separation and ion introduction
echniques to mass spectrometry is key to meeting this require-

ent. Electrospray ionization is one of the major methods
or generating charged ions of proteins and peptides for mass
pectrometric analysis. Robust, low flow rate, and highly
fficient ESI emitters have shown advantages in performing
roteomic studies using mass spectrometry for detecting low
bsolute amounts of analytes in biological samples [1–3].

Sheathless ESI is easily interfaced to low flow rate infusion

r low flow rate separation techniques such as capillary elec-
rophoresis, capillary electrochromatography, and nanoliquid
hromatography [4]. For this kind of ESI emitter, two important
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microfluidic device

roperties are a low liquid flow rate and the sharpness of the
mitter. A low flow rate results in an high ionization efficiency
nd a sharp emitter leads to high electric field strength, which in
urn means that lower voltages can be used at equal ionization
fficiencies [5]. These characteristics of ESI have led to
ncreasing interest in the manufacture of microfluidic devices
ith ESI emitters [6].
Inserting a capillary emitter into a chip channel is a commonly

sed method to fabricate a chip-based ESI emitter. However,
t involves manual work and is therefore not convenient for
atch production [7]. Many novel microfabrication techniques
ave been applied to develop state-of-the-art electrospray and
anospray emitters. Xie et al. [8,9] integrated a Parylene free-
tanding sharp ESI nozzle to an on-chip dispensing system by
sophisticated multi-layer deposition, releasing, and etching

rocedure. The performance characteristics of the needle-like
olymer structures are very similar to conventional pulled fused
ilica or glass capillaries. Stable ion emission can be achieved
t low nanoliters per minute flow rates, with applied potentials

etween 1 and 2 kV, over a period of a few hours [10]. An on-
hip micro-nib device has also been developed as a nanospray
mitter. With minimized slot width of the nib, the high voltage
eeded for generating a stable ESI was significantly reduced.

mailto:knappdr@musc.edu
dx.doi.org/10.1016/j.ijms.2006.08.017
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he reliability and the robustness are comparable to the standard
eedle sources [11,12]. Yang et al. sandwiched parylene electro-
pray tips between the cycloolefin polymer plates of microfluidic
hannels with a gold electrode. The triangle-shaped hydrophilic
arylene electrospray tips were fabricated by photolithography
nd reactive ion etching methods. This microfabricated system
howed a stable electrospray performance [13,14].

Electrospray has also been demonstrated from the end of open
hannels in a PMMA wafer that exit at points on the periphery
f the wafer [15]. Electrospray from channel exits with differ-
nt point angles (30◦, 60◦, 90◦, 120◦) showed no significant
ifference in the ion signal stability or the onset voltage of the
lectrospray. It appeared that the width of the channel exit deter-
ined the size of the Taylor cone, and that the sharpness of the

ip had no significant influence on the electrospray. This report
ould suggest that emitters that generate electrospray from the

xit of a channel on a flat edge could give good performance
omparable to traditional pointed ESI emitters. Rohner et al. [16]
eveloped a microspray emitter consisting of a channel open-
ng on the edge of the device fabricated by photoablation of
ydrophobic PET substrates. This emitter provided a highly sta-
le and durable spray ionization. However, wetting of the edge
ed to an expanded Taylor cone. As a result, a wide-based Taylor
one formed on the unmodified flat edge away from the channel
xit, which required a high voltage of 7–8 kV to obtain the best
tability and the highest intensity of the base peak. Lozano et al.
17] demonstrated that ESI can be generated from flat edge. They
howed that if the emitter material has low dielectric constant
hen the local electric field near the emission site is enhanced in a
ery similar way as with sharp metallic needles. Combining the
onwetting property of the material and the sharp corner formed
n the hole–surface interface effectively anchors the Taylor cone
o the edge of the hole, thus simplifying the process of emitter

anufacturing.
Porous polymer monolith (PPM) assisted electrospray ion-

zation has been interfaced to mass spectrometry [18]. In this
onfiguration, a PPM is formed at the flat end of a capillary to
erform electrospray ionization mass spectrometry presumably
rom multiple channel openings in the monolith. Stable electro-
prays are obtained at a variety of flow rates ranging from a few
anoliters to 1 �L/min for protein solutions at low concentra-
ions. Mass spectra were obtained from as little a few femtomoles
f material with good signal-to-noise ratio. An additional advan-
age of the PPM-filled capillary is that it is very robust and shows
ittle loss in performance with use over extended periods of time.

Coating the edge surface of the microchip with a hydrophobic
eagent helps reduce wetting of the chip edge to generate a stable
lectrospray and reduces potential cross contamination among
he channels [19]. Applying fluorocarbon material to the surface
round emitter exit is a well-accepted strategy to enhance the
ydrophobicity and reduce the electrospray degradation by sol-
ent wetting effect. Wang et al. [20] confined electrospray from
he flat edges of planar microfluidic chips by bonding hydropho-

ic PTFE membranes to the exit surfaces. The PTFE membrane
onsistently achieved well-defined and stable Taylor cone with
o lateral spreading on PC substrates. Tang et al. [21] treated
he surface of the microchip with a CF4 RF plasma after the

i
a
T
p

ss Spectrometry 259 (2007) 65–72

pray emitter array was fabricated. The increased hydrophobic-
ty of the treated polycarbonate surface prevented the sample
olution from spreading over the edge of the emitter well and
fforded stable electrosprays from each emitter. Schilling et al.
22] fabricated a polymer nozzle for ESI-MS using a CNC jig-
illing machine on a PMMA chip. The nozzle was modified

y painting a solution of amorphous fluorine polymer to form
more hydrophobic surface. A well-formed Taylor cone on
fluoropolymer treated nozzle was obtained. However, insta-

ility and the degradation of the fluoropolymer coating was
bserved resulting in deterioration of the electrospray efficiency
nd the lifetime of emitters. More recently, Jeyaprakash et al.
23] reported a novel surface modification method by covalently
nchoring fluorinated polymer nanofilms onto micronozzle sur-
aces through a simple photochemical process. The modified
urface eliminates fluctuations in the dispensed volume and
llows delivery of nanoliters droplets, even of low surface ten-
ion liquids, in a highly reproducible manner. In summary,
everal reports indicate that treating the surface around the
pen-exit on a flat edge to make it hydrophobic improves elec-
rospray performances and preserves the efficiency of separation
y reducing the wetting of the chip edge. However, there remains
he potential for stability of the coating being affected by elec-
rical discharge [6].

Applying the high electrospray voltage through a conduc-
or near the emitter nozzle requires careful consideration of
lectrochemical properties, conductivities, and durability of the
onductor material. Comparing different conductive materials,
hronoamperometric results indicated that the graphite coated
anospray emitter showed better electrochemical stabilities than
he corresponding noble metal coated emitters [24]. The graphite
oated emitter tip designed by Dahlin et al. [25] showed excellent
lectrochemical stability and durability allowing electrospray
or more than 180 h. This suggests that carbon-based electrodes
re optimal for connecting the ESI potential.

Since the first report by Yates’ group of multidimensional pro-
ein identification technology for shotgun proteomics [26,27],

ultiple separation techniques have been combined and inter-
aced to mass spectrometry to achieve high resolution and
etectability. To reduce interface dead volume, Yang et al. [28]
ealed two commercial uncoated New Objective electrospray
ips into the microchannels to integrate with an in situ polymer-
zed monolithic bed and coupled to an ion trap mass spectrome-
er. Le Gac et al. [29] integrated a planar nib-like emitter with a

onolithic column to perform separation and electrospray ion-
zation. A compact and versatile modular nanoLC–chip system
as been reported by Yin et al. [30] and is now available as a com-
ercial product (Agilent HPLC–chip-MS). A polyimide film is

aser-ablated to form microfluidic channels, ports, chambers,
nd columns. A gold layer is electrodeposited near the electro-
pray tip for contacts to the fluid flow channel prior to lamination
f a cover layer to form closed channels. The integration of
he precolumn, analytical column, and nanoelectrospray emitter

n a compact format minimizes transfer lines and connections
nd reduces postcolumn peak broadening and dead volumes.
his system provided good reproducibility of retention time and
eak intensity. The modular concept of the microfluidic systems
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lso facilitated the integration of two-dimensional chromatogra-
hy (strong cation exchange/C18) thereby increasing the sample
oading and selectivity of the nanoLC–chip-MS system.

With increasing interest in plastic microfluidic devices for
roteomic analysis, there is need for methods of low cost micro-
abrication of disposable plastic microfluidic analytical devices
o integrate ESI emitters and chromatographic columns. Here
e report the fabrication of an ESI emitter for spraying from a

hannel opening on the edge of the device and the integration of
his microfluidic emitter with a monolithic column on a chip for
chieving high sensitivity MS detection while maintaining the
esolution of liquid chromatography.

. Experimental

.1. Materials and chemicals

The cycloolefin copolymer (COC), Zeonor® 1020R (Zoen
hemicals L.P., Louisville, KY), was used as chip substrate
aterial. Epoxy-based conductive carbon ink (C-100, Con-

uctive Compounds, Inc., Londonderry, NH) was purchased
rom manufacturer. Glassy carbon spherical powder (type 2,
.4–12 �m, Alfa Aesar, MA) was used to prepare in-house
ade conductive carbon ink. Fused-silica capillary (50 �m i.d.,

50 �m o.d.) with polyimide coating was from Polymicro-
echnologies (Phoenix, AZ). Perfluoroalkyl ether (Krytox 1625)
as from Dupont (Wilmington, DE). Pico Tip® nanospray emit-

ers (FS360-50-8-CE; 8 �m orifice) were purchased from New
bjective (Woburn, MA).
Dithiothreitol, trypsin (proteomics grade), and bovine serum

lbumin (BSA) were purchased from Sigma (St. Louis,
O, USA). Trimethylolpropane triacrylate (TMPTA), ethy-

ene diacrylate (EDA), benzophenone, ethylhexyl methacry-
ate (EHMA), ethylene glycol dimethacrylate (EDMA), 1-
ecanol, 2,2-dimethoxy-2-phenylacetophenone (DPA), dithio-
hreitol (DTT), iodoacetamide, and methylcyclohexane were
urchased from Aldrich (Milwaukee, WI). Double distilled
ater was used. Trifluoroacetic acid (TFA), trichloroacetic acid

TCA), acetonitrile, acetone, methanol, ammonium bicarbon-
te and basic alumina were obtained from Fisher Scientific
Pittsburgh, PA). EHMA and EDMA were prepared by pass-
ng through basic alumina to remove the inhibitors. The other

aterials were used without further purification. The in house
onstructed UV irradiation chamber used in this work con-
isted of an array of five 8-W UV tubes (F8T5-BLB, 365 nm,
.7 mW/cm2) and a Peltier device substrate cooling platform.

.2. Preparation of microfluidic channels

Microfluidic channels were produced in cycloolefin copoly-
er (COC) wafers by hot embossing with micro-lithographic

atterns of SU-8 photoresist on silicon wafers. Electrical con-
uctors were produced on mating COC wafers by drawing lines

ith conductive carbon ink (Conductive Compounds Inc., type
-100 or in-house made mixture of 0.45 g glassy carbon pow-
er and 0.05 g COC polymer in 0.7 mL methyl cyclohexane and
.3 mL cyclohexane that was sonicated for 30 min until homoge-
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ous) and then hot embossing the dried conductive lines into
he surface with a hot and pressurized glass plate at 112.5 ◦C
nd 120 psi. Those carbon ink conductors are 1 mm wide and
he actual electric resistance ranges from 5 to 6 � and 2.0 to
.5 k�/mm for epoxy-based carbon ink and COC matrix carbon
nk, respectively. The resulting COC wafer with conductors on

planar surface was bonded to the wafer with the embossed
hannels (which was exposed to saturated methyl cyclohexane
apor at room temperature for 1 min) to form a closed channel
ystem having outlets at the edge of the device (40 ◦C, 200 psi,
0 min for bonding). The channels are 50 �m wide and 50 �m
igh for a 3 mm long emitter exit and 100 �m wide and 100 �m
igh for a 55 mm long monolithic column. Fused silica capillar-
es were sealed into the chips to make the connection between
he columns and the HPLC mobile phase pumping system.

.3. Preparation of polymeric monolithic columns

The details of the preparation of the monolithic columns are
escribed by Ro et al. [31] elsewhere. The microfluidic channel
alls were functionalized by photoinitiated graft polymeriza-

ion to promote the bonding of the monolithic column to the
hannel [32,33]. In this work, the graft polymerization solution
as made by mixing 30 �L of trimethylolpropane triacrylate,
0 �L of acetone, and 5 mg of benzophenone. The channels
f the COC microchip were filled with the polymerization
ixture and exposed to 365 nm UV light for 20 min at 25 ◦C.
he functionalized channels were rinsed with acetone and
ried with nitrogen. The channels were then filled with the
onomer mixture to form a polymeric monolithic column in

he channel. Poly-(ethylhexyl methacrylate-co-ethylene glycol
imethacrylate) (EHMA/EDMA) columns were prepared by
olymerization of a monomer mixture consisting of 270 mg
HMA and 180 mg EDMA, porogenic solvent of 550 mg
-decanol, and 3 mg of DPA as an initiator. The polymerization
ixture was mixed ultrasonically into a homogenous solution

nd purged with nitrogen for 3 min. The two channels in the
OC microchip were connected to the syringe using a MicroTee

Upchurch Scientific, Oak Harbor, WA) and filled with the
ixture. Polymerization was initiated by UV irradiation for

0 min at 25 ◦C. There is a 1 mm gap between carbon electrode
nd monolith phase. After the polymerization was done, the
onolithic column was rinsed with methanol for 12 h using
HPLC pump to remove unreacted monomers and porogenic

olvents.

.4. Surface modification

The exit edge of the chip was trimmed with a razor blade and
laced in the vacuum chamber of an RF plasma cleaner (PDC-
2G, Harrick Plasma, Ithaca, NY). The surface was cleaned
n argon plasma for 1 min, and then treated with octafluoro-
yclobutane plasma for 3 min. Perfluoroalky ether (Krytox®
625, Dupont, Wilmington, DE, USA) was applied to the
uorocarbon-coated edge to further enhance the hydrophobicity
nd durability around the edge openings. No effort was made to
rotect the channels from hydrophobic coating.
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.5. Instrument set-up

The carbon conductors are 1 mm wide and the front edge
ocated 1.0 mm away from the exit. Electrospray potential
2.5 kV) was applied to the eluent in the emitter channel via the
onductors in order to form ESI from the edge openings. The
icrofluidic device was mounted on a custom X, Y, Z adjustable

ource platform to optimize the emitter position for ESI. The
pectra and chromatograms were acquired on a Finnigan LCQ
lassic ion trap mass spectrometer. The integrated microchip for
PLC–ESI-MS was connected to the pumping system (Hewlett
ackard 1100) to perform peptide separation and followed
y ESI-MS detection. A PEEK tee (Upchurch Scientific) was
onnected after the HPLC pump and before an injection valve
ith a 1.0 �L sample loop, which typically achieved a 1 to 100

plit of the flow to the column. The mobile-phase flow rate of
he HP 1100 system was set at 30 �L/min to keep the input
ow rate for monolithic column at 300 nL/min. Mobile phase A
as 5% acetonitrile in 0.1% aqueous TFA and mobile phase B
as 70% acetonitrile in 0.1% aqueous TFA. The gradient was

tarted at 0% B for 5 min, and ramped to 70% B in 60 min. One
icroliter of tryptic digested BSA (5 pmol/�L) was injected

rom the injection valve onto monolithic columns. The data of
hromatogram of BSA digest, full scan MS and data dependent
S/MS were processed with the Finnigan Xcalibur Qual
rowser software package and exported to Microsoft Excel for
valuation.

To monitor the ESI processes and record Taylor cone images,
he stainless steel sampling capillary was placed into a cylin-
rical black chamber. A Panasonic CCD camera (WV-BP332)
ttached via a 9.5 mm extension tube to a 4× microscope
bjective was mounted to capture the images through a hole on
he chamber wall. A halogen fiber optic illuminator (MI-150,
olan-Jenner, Lawrence, MA) was used to illuminate the spray.
he microchip channel was coaxial with the MS entrance
apillary with the fiber optic light beam and the optical
xis of video camera perpendicular to this axis and to each
ther.

.6. Protein digestion

BSA (1.0 mg) was dissolved into 1.0 mL NH4HCO3 solution
50 mmol). The BSA was reduced at 56 ◦C for 1 h by the addi-
ion of 460 mg of dithiothreitol (in 0.5 mL NH4HCO3 solution).
he reduced protein was alkylated with 3.1 mg iodoacetamide

n dark conditions at ambient temperature for 45 min. The alky-
ated BSA protein was precipitated in 10% trichloroacetic acid
TCA) water solution at 0 ◦C for 30 min. The precipitant was
entrifuged and the supernatant was removed. The pellet was
ashed twice with double distilled water. The washed pellet
as dissolved in 1.0 mL NH4HCO3 solution (50 mmol). Trypsin

10 mg in 50 mmol NH4HCO3 solution) was added and the
rotein was digested at 37 ◦C overnight. The digestion was

uenched by addition of 10 �L TFA. The digest was diluted
o 5 pmol/�L using double distilled water to examine the over-
ll analytical performances of the integrated chip by ESI-MS
etection.

r
T
e
a

Fig. 1. Schematic diagram of the COC microfluidic device.

. Results and discussion

.1. Electrospray emitter array

The SU-8 photoresist master for hot embossing was produced
n silicon wafers by micro-lithography [34]. To enhance the
urability of SU-8 photoresist master, the microstructure was
abricated on a 30-�m thick planar photoresist film that was
olymerized and covered the entire silicon waver. The master
as annealed at 180 ◦C for 30 min and allowed to cool to room

emperature in the oven to relieve stress and increase the hard-
ess of SU-8 epoxy. During heat treatment, the sharp edges of
he microstructures were smoothed and rounded. However, the
U-8 mold can be used for only five to seven hot embossing pro-
esses due to gradual deformation. The ESI emitter array (shown
n Fig. 1) was fabricated in COC wafers by hot embossing and
olvent bonding. The sealed channel was able to resist more
han 1000-psi pressure without leakage. The high voltage for
lectrospray ionization was applied through the carbon ink line.
he carbon ink electrode (front edge located 1.0 mm away from

he channel exits) is more stable than metals to electrochemi-
al reactions, and significantly reduces resolution deterioration
rising from electrochemical gas generation.

The hydrophobicity of the native COC surface is not high
nough to maintain a stable electrospray ionization from
he channel opening on the edge of the chip. RF plasma
ssisted chemical vapor deposition (RFCVD) with octaflu-
rocyclobutane (C4F8) was tried first to modify the surface
round the channel exit. A visible fluorocarbon polymer layer
omogeneously coated the exit edge of emitter chip. During
lectrospray ionization, the hydrophobic surface surrounding
he openings of the emitter chip restricts the Taylor cone bottom
o the dimensions of the channel exit without accumulation
f a resolution degrading droplet. This small Taylor cone
mproves the electrospray performance, thereby enhancing the
etectability of ESI/MS. However, this thin fluorocarbon layer
as damaged by occasional corona discharge leaving a visible
ing of damage around the exit. As a result, the shape of the
aylor cone changed and the ESI performance (stability and
fficiency) deteriorated. This problem was solved by adding
thin layer of perfluoroalkyl ether over the RFCVD coated
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Fig. 2. Flow rate effects on the ESI ion intensity. The electrospray was generated at the voltage of 2.5 kV. Angiotensin I standard solution 100 fmol/�L in
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little influence on the mass spectrometric signal intensity (see
Fig. 3). If the voltage between the emitter conductor and MS
sampling capillary is lower than 2.0 kV, the emitter cannot
sustain stable ESI. When the ESI voltage is higher than 2.9 kV,
eOH/H2O/HAc (48:48:4, v/v/v) was infused by syringe pump. The distanc
ntensities and the standard deviations were from 120 scans at m/z 433. The ES
0 �m.

uorocarbon surfaces. The fluorocarbon covalently bonded to
he COC surface serves as an anchor for the perfluoroalkyl ether,
nd the perfluoroalkyl ether becomes the sacrificial hydrophobic
ayer. This flexible layer has the ability to repair arcing damage
nd keep a complete hydrophobic surface around the edge exit.
ifetime of the resulting microfluidic emitter was over 20 h.

.2. Flow rate effects on Taylor cone geometry and signal
ntensity

The design of the microfluidic ESI emitter array was aimed
t integrating with multiple monolithic liquid chromatography
olumns on a single COC plastic chip for mass spectrometry
nalysis. The key factors in integrating the LC columns and ESI
mitters are eluent flow rate and its influence on the Taylor cone
eometry, that is critical to generating a stable and efficient
lectrospray. The eluent flow rate influence on ESI MS signal
ntensity was examined by infusing 100 fmol/�L Angiotensin I
tandard solution to the emitter array using a syringe pump. The
mitter (without monolith phase) was able to generate stable
lectrospray in a wide range of flow rate (Fig. 2). At a low flow
ate of 50–100 nL/min, the low signal intensity was apparently
ue to insufficient fluid supply. The Taylor cone base at this
ow rate was narrower than the width of emitter exit. As the
ow rate increased from 200 to 500 nL/min, the signal intensity
f Angiotensin I significantly increased. However, there were
o remarkable differences among those signal intensities.
omparing the ESI images, it can be seen that the Taylor
ones were confined to the exit and the widths of Taylor cone
ottom were equal to the width of emitter exit. The Taylor cone
ength increased with the flow rate. Further increases in the
ow rate beyond 500 nL/min led to the Taylor cone expansion.

hen flow rate changed from 0.5 to 3.0 �L/min, the signal

ntensity increased linearly. The ESI signal intensity reached
maximum at 5 �L/min and decreased at 10 �L/min. The ESI

ignal intensity was proportional to the width of Taylor cone

F
a
w
f

the emitter edge to the MS inlet capillary was 1.5 mm. The average signal
ges correspond to the different flow rates. The scale bar in the images equals

ase when the flow rate was lower than 5 �L/min. This ESI
mitter array can be operated over the range of 50 nL/min to
0 �L/min. The most stable electrospray was achieved with
he flow rate from 200 to 500 nL/min, which is suitable for

onolithic or packed capillary column LC–MS analysis. It
hould be noted that the triply charged Angiotensin ions were
he dominant ion species in the spectrum. This pattern did not
hange with the flow rate increasing from 0.050 to 10 �L/min.

.3. ESI voltage influences on signal intensity

The ESI voltage applied to the emitter array ranged from 2.0
o 2.9 kV, which is lower than commonly used ESI potentials.
n this range, the distribution of three charged species and the
ignal-to-noise ratio were rather stable, and the voltage has
ig. 3. Voltage effects on the ESI ion intensity. The electrospray was operated
t the flow rate of 300 nL/min. The distance from the emitter tip to the capillary
as 1.5 mm. The average signal intensities and the standard deviations were

rom 120 scans at m/z 433.
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Fig. 4. The mass spectrum obtained with carbon ink conductor emitter.
Angiotensin I standard solution 100 fmol/�L in MeOH/H2O/HAc (48:48:4,
v
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Fig. 5. Comparison of the signal sensitivity and stability of the electro-
spray ionization between plastic emitter (upper trace) and the commercial
nanospray emitter (lower trace). Angiotensin I standard solution 100 fmol/�L in
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compared to a commercial New Objective nano-emitter (FS360-

F
1
e

/v/v) was infused through the emitters at the flow rate of 300 nL/min. The ESI
oltage was 2.5 kV. Two hundred scans were accumulated for this spectrum.

ischarge occurs between MS sampling capillary and carbon
nk conductor. This arcing quickly damages the carbon ink
onductor and the hydrophobic fluorocarbon layer around the
mitter exit resulting in degradation of the ESI performance of
he emitter. Low electrical resistance of the epoxy-based carbon
nk conductor appeared to facilitate the direct discharge between

S sampling capillary and emitter conductor. This suggested
hat increasing the electrical resistance of carbon ink conductor
ould reduce this discharge. The average electrical resistance
f the in-house made carbon ink was 400 times higher than the
ommercial carbon ink. Use of this ink for the carbon electrode
llowed stable operation in the potential range between 1.8 and
.0 kV without significant corona or arcing. Bubble generation
round the conductor was also effectively inhibited. Therefore,

oping glassy carbon spherical powder into COC wafer is a
avorable method to produce the electric conductor. It not only
as the same COC surface as chip substrate, but also provides

5
t
e

ig. 6. Comparison of the detection sensitivity of the plastic emitter and a convention
0 fmol/�L and infused with syringe pump at the flow rate of 300 nL/min. The ESI v
mitter (1.4 kV) was optimized for each emitter. Two hundred scans were averaged to
eOH/H2O/HAc (48:48:4, v/v/v) was infused through the emitters at the flow
ate of 300 nL/min. The ESI voltage was 2.5 kV (plastic emitter) and 1.9 kV
New Objective nanospray emitter).

table electrospray ionization. In the experiments described
elow, the ESI voltage was set at 2.5 kV.

.4. Performance of the microfluidic emitter array

Spectrum background, detectability, and signal stability are
he most important factors to evaluate the performances of the
SI microfluidic emitter device. The carbon ink conductor did
ot appear to introduce any impurity into the mass spectrum.
he distribution of three charged species were rather stable. In
omparing the plastic emitter and the conventional nano-emitter,
oth gave a very clean background (see Fig. 4).

The detectability and stability of the emitter array have been
0-8-CE) at a flow rate of 300 nL/min. The electrospray ioniza-
ion was carried out under the optimized conditions for each
mitter. The long-term stability of two kinds of emitters is com-

al nano-emitter at low peptide concentration. Angiotensin I concentration was
oltage applied to (a) plastic emitter (2.5 kV) and (b) New Objective nanospray
collect these spectra.
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ig. 7. (a) Image of a stable ESI process, (b) SEM micrograph showing the cr
onding between monolith stationary phase and the microchannel.

arable. However, the plastic emitter gave nearly 5 times more
ignal and 2.5 times higher signal to background ratio than the
onventional nano-emitter in this comparison (see Fig. 5). After
he concentration of Angiotensin I was gradually diluted down
o 10 fmol/�L, the signal intensity achieved using plastic emit-
er was still five times higher than nano-emitter with the similar
ignal to background ratio (see Fig. 6).

The glassy carbon/COC carbon ink conductor is durable. If
perated properly, each emitter of this array can be used for
ore than 20 h. Arcing between carbon ink conductor and the

ampling capillary of MS is the main reason for degradation. The
ong lifetime makes this emitter design amenable to interfacing
C and MS for collecting reliable MS and MS/MS data. In our
xperiments, one microfluidic chip run 4 days and 7 h per day
ere normal.

.5. Monolithic column LC–MS performance

In polymerizing the monolithic columns in this microfluidic
evice, commercial epoxy-based carbon ink cannot be used as
he electrical conductor because it is soluble in acetone, one of
he solvents used for the monolithic column preparation. The
n-house made COC-based carbon ink is resistant to polar sol-
ents such as acetone, methanol, and isopropyl alcohol. Another
dvantage is that the chemical properties of the COC plate and
he surface of COC-based carbon ink are very similar. When sol-
ent enhanced thermal pressure bonding took place between bot-
om plate and cover plate, the carbon ink conductors were com-
letely sealed, which avoided any gaps or leakages that can occur
etween COC wafers and epoxy-based carbon ink conductors.

In this microfluidic device, the reverse phase liquid chro-
atography is directly followed by ESI generation reducing

ost-column diffusion which could degrade resolution.
he UV transparency of COC enables UV-initiated photo-
olymerization of the monolithic columns. In this work, the
nd of the monolithic stationary phase was 1 mm from the
arbon ink conductor line. The (50 �m × 50 �m) channel
ength from the end of the monolith to the exit was 3 mm long
iving a post-column volume (dead volume) of about 7.5 nL.

ith a mobile phase flow rate of 300 nL/min, the eluent will

e electrosprayed 1.5 s after the LC separation. This short
ime, plus the laminar flow conditions in the 50 �m × 50 �m
hannel minimizes post-column resolution degradation of the
onolithic column LC separation.

Fig. 8. Chromatogram (a) and extracted peptide ion chromatograms (b) from
the monolithic column microchip LCQ–ESI-MS analysis of tryptic digested
BSA (5 pmol). SEQUEST database searching shows the amino acid sequence
coverage was 70%.
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The COC microfluidic device was sealed by a solvent-
nhanced thermal pressure bonding method yielding a device
hat can withstand over 1000 psi pressure without leaking. After
unctionalization of the channel walls by graft polymerization,
he porous polymer monolithic columns were polymerized in
itu using UV irradiation with a photomask to confine the porous
olymer monolith to the desired regions of the channels. The
onolithic stationary phase was homogenous and well bonded

o the COC channel surfaces. An image of the stable ESI pro-
ess and SEM micrographs of emitter exit cross section and the
ovalent bonding between monolith stationary phase and the
icrochannel wall are shown in Fig. 7.
After the preparation of monolithic column, the exit edge of

he chip was trimmed with a razor blade. The fresh COC surface
as treated in octafluorocyclobutane plasma for 3 min. Then,

he fluorocarbon-coated edge was painted with perfluoroalkyl
ther to enhance the hydrophobicity around the edge openings.
he performance of the device was demonstrated by analy-
is of a tryptic digest of bovine serum albumin on a Finnigan
CQ ion trap MS instrument using a gradient mobile phase for

he peptide separation. Extremely stable electrospray ionization
as achieved throughout the chromatographic separation. The

eparation efficiency of the monolithic column is shown in the
hromatogram and in the extracted peptide ion chromatograms
n Fig. 8. The Half peak width ranged from 0.44 to 2.25 min.

. Conclusion

This work demonstrates that stable and sensitive ESI can be
chieved with an emitter consisting of a simple channel opening
t the edge of a plastic microfluidic device. Treatment of the
urface surrounding the channel opening with a fluorocarbon
lm confines the Taylor cone to the channel opening, which
estricts the liquid effluent from spreading out over the device
dge. The use of high resistance carbon ink, which can be
asily printed and hot embossed, as an electric conductor gave
uperior performance compared to conventional carbon ink
r noble metal electrodes in terms of resistance to electrical
ischarge. No detectable impurities were observed in the
pectrum background from the electrodes. This plastic emitter
ffers a sensitive, stable, and long lasting ESI-MS enabling
ractical coupling to a monolithic column as an integrated
icrofluidic device for reversed phase LC separation directly

ollowed by ESI-MS analysis. The flow rate operating range of
he emitter fully met the requirement of the chromatography.
he dead volume of the emitter exit was negligible, minimizing
ost-column resolution degradation. The performance of this
icrofluidic device in analysis of a tryptic digest mixture

ndicated the design was adequate for further work in which the
olumn/ESI emitter array will be expanded to larger numbers
nd integrated with a first dimension ion exchange separation
olumn to produce a 2D LC–ESI-MS device.
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