


application of electrospray voltage without using an external

junction.25

Most devices, utilizing capillary electrospray tips, have been

fabricated from glass. However, polymer based microchips are

attracting attention for microchip-ESI-MS application for

several reasons: reduced cost, simplified manufacturing proce-

dures, and availability of a wide range of plastics with different

properties. Solvent resistance of the polymeric substrate is one

of the critical issues for polymer microchip-ESI-MS applica-

tions. If the polymer is not stable or is soluble in organic ESI

solvents, the device can swell thus distorting the microchannels.

In addition, leached materials can cause chemical noise.

Examples of polymer substrates used for microchip-ESI-MS

applications include poly(dimethylsiloxane) (PDMS),21 poly-

carbonate (PC),27 poly(ethylene terephthalate) (PET),28 poly-

methylmethacrylate (PMMA).29 Limbach et al. have shown

that a PMMA microfabricated device could be integrated with

a capillary nanoelectrospray tip through a 20 cm transfer

capillary, teflon tube and stainless steel capillary and then

coupled to a Fourier transform ion cyclotron resonance mass

spectrometer (FTICR-MS).22 Solvent resistant cyclo-olefin

polymer substrates, which are widely used in the manufacture

of compact discs and digital video discs, have been proven to be

suitable for ESI-MS applications.10,30–33

Since the first introduction of porous rigid monolithic

materials prepared in situ in the early 1990s, these materials

have been proven useful in the high performance liquid

chromatography (HPLC) and capillary electrochromatogra-

phy (CEC) of small molecules, chiral compounds, proteins,

peptides, and nucleic acids.34,35 There is growing interest in

preparing porous monolithic materials in the channels of

microfluidic devices by in situ UV-initiated polymerization36

for preconcentration,31,37,38 separation39,40 and mixing.41

More research is necessary especially on integrating on-chip

sample preparation by monolithic materials prepared in

polymer microchip with ESI-MS.

In this report, we present a simple and reliable method for

fabricating a cyclo-olefin polymer based microchip integrated

with a sheathless electrospray emitter. After the device was

fabricated by hot embossing and thermal bonding, an

annealing step was used to increase the operating pressure of

the microchip. Better sealing between the two polymer

substrates was confirmed by SEM imaging of a cross section

of the microchannel on microchips with and without the

annealing step. A side channel was included in the microchip

for pumping make-up solution so that the electrospray

solution can be maintained relatively constant for analytes in

different solutions. This device includes a microfabricated on-

chip gold microelectrode for applying electrospray voltage that

permits the use of uncoated electrospray emitters and thus

eliminates instability problems associated with the coated tips.

Fused silica capillaries, which were directly bound to the

microchip during the fabrication step, were used to pump

sample solutions to the microchip. Thus no sample reservoir

was used in this microchip. The capillary electrospray tip can

be easily integrated into this polymer-based microchip during

the device fabrication steps with very low dead volume. To the

best of our knowledge, this is the first polymer-based

microchip directly integrated with an electrospray emitter

and an internal gold electrode. The MS analysis of imipramine

using this device showed very good electrospray stability and

also suggested the potential of this device for quantification.

The alkylacrylate-based monolith for on-line sample pretreat-

ment was polymerized into the microchip and its compatibility

with the ESI-MS was also tested.

Experimental section

Chemicals and materials

Imipramine hydrochloride, imipramine-d3 hydrochloride,

ammonium acetate, methyl methacrylate (MMA), ethylene

dimethacrylate (EDMA), butyl methacrylate (BMA), 2,2-

dimethoxy-2-phenylacetophenone (DPA) and benzophenone

were acquired from Sigma-Aldrich (St. Louis, MO). Ethanol,

methanol, and acetonitrile were from JT Baker (Phillipsburg,

NJ). Formic acid was from EM science (Gibbstown, NJ). All

aqueous solutions were prepared using dI water purified by

Nanopure1 Infinity UV/UF system (Barnstead Thermolyne,

Dubuque, IA). Stock solutions of imipramine (4 mg ml21) and

imipramine-d3 (2.5 mg ml21) were prepared in methanol and

stored in a refrigerator.

Device fabrication procedure

The microchip, containing two sets of independent micro-

fluidic channels integrated with capillary electrospray tips, was

fabricated from a cyclo-olefin polymer substrate. The micro-

channel was fabricated by a hot embossing technique as

described previously30 with some modifications. A zeonor

polymer plate (ZEONOR1020R, 2 6 100 6 150 mm, Zeon

Chemicals, Louisville, KY) was cut into 3.3 cm square

substrate, which was then embossed against a premade silicon

master for 5 min with heat (138 uC) and force (667 Newton)

using an MTP Press (Tetrahedron, San Diego, CA). The

channels were 150 mm wide and 150 mm deep. A gold electrode

with a width of 500 mm was fabricated onto another zeonor

substrate by standard photolithography and lift-off techniques

as described previously.33 Gold film with a thickness of 80 nm

was deposited onto the surface using a thermal evaporator

under 2 6 1026 Torr. A hole was drilled through the other

substrate which contained the microfluidic channels for gold

electrode access. The two chips were then cut into the desired

size. Two commercial uncoated electrospray tips (150 mm OD,

50 mm ID, 50 mm tip, New Objective Inc., Woburn, MA) were

inserted into the microchannel at one end and four fused silica

capillaries (150 mm OD, 50 mm ID, 30 cm length, Polymicro

Technologies, Phoenix, AZ) were inserted into the channels at

the other end and both sides of the microchip. The plate

containing the gold electrode and the plate having the

microfluidic channels with integrated fused silica capillaries

and electrospray tips were bound together by applying heat

(107 uC) and force (448 Newton) for 10 min (Fig. 1). The

thermal bonding temperature has been optimized. Because

some force is necessary for the thermal bonding step, the

temperature used in this step has to be around the glass

transition temperature of zeonor substrate (105 uC for

ZEONOR 1020R). If the thermal bonding temperature is

higher than the glass transition temperature, the microchannel
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will be closed due to the melting of the substrate under the

applied force. After hot embossing and thermal bonding, the

microchip was annealed at 115 uC for 10 min using the same

instrument. The force was set to 0 so that a temperature higher

than the glass transition temperature can be used. A copper

screw was glued with silver paint into the hole to make contact

with the electrode. The microchips with and without the

annealing step were cut perpendicular to the microchannels

with a saw and the edges were cleaned with a sharp knife. SEM

imaging of the microchannel cross sections was done using a

Leo 982 SEM (Leo, Thornwood, NY) after coating the surface

with gold/platinum for 60 s using a SCD 500 Balzers sputter

coater (Boeckeler Instruments Inc., Tuscon, AZ).

Polymerization of monolith in microchannels

The monomers and porogenic solvents used here were similar

to those previously used.35 A typical polymerization mixture

consists of 75% porogenic solvents and 25% monomers. The

porogenic solvent used was a mixture of methanol and ethanol

with a ratio of 2 to 1. A mixture of BMA and EDMA with a

ratio of 6 to 4 was used as monomers. Prior to mixing with

porogenic solvent, EDMA and BMA were mixed with fresh

basic alumina powder (mesh 60–325, Fisher, Pittsburgh, PA)

to remove the inhibitor, followed by centrifugation at 1000 g

for 5 min. The typical solution of monomer and porogen

mixture was prepared as follows: to a vial containing 2.5 mg of

Fig. 1 Microchip fabrication. (A) Hot embossing using a microfabricated silicon master. (B) Gold electrode deposition by lift-off technique. (C)

Thermal bonding of the device.
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DPA, 250 mL of methanol, 125 mL of ethanol, 75 mL of BMA,

and 50 mL of EDMA were added sequentially. After purging

with nitrogen for 3 min, the mixture was ready for pumping

into microchannel and the subsequent polymerization.

After the microchip fabrication, the channels were washed

extensively with methanol by connecting both the main

channels and the side channels to syringe pumps. The prepared

mixture was pumped to fill the microchannel through the

connected fused silica capillary. A union with a stop nut at one

end is used to close the end of the capillaries. The location of

the polymer bed was controlled by a low-resolution mask with

desired length of open window made from aluminum foil

attached to a 4 inch glass wafer. A portable 365-nm lamp

(Model UVGL-55, Upland, CA) was used to shine UV light

from the bottom through the mask to the microchip. The

distance between the light and the device was 5 cm. After

polymerization for 10 min, the solution was kept in the

channel for 5 min to reduce the number of unreacted free

radicals. The fused silica capillaries were then connected to a

syringe pump (Harvard Apparatus, Holliston, MA), and the

polymer bed was washed for 30 min using methanol at

3.0 mL min21. The whole view of the polymer bed in the

microchannel was taken with a Nikon SMZ-1500 stereozoom

fluorescence microscope (Rochester, NY) attached with a

SPOT Insight1 charge-coupled device camera (Diagnostic

instruments, Inc., Sterling Heights, MI). Some of the mono-

lithic polymer beds were prepared in a microchip fabricated

without the annealing step in order to separate the top zeonor

substrate from the bottom zeonor substrate for SEM imaging

using a Hitachi S4700 FE SEM after gold/platinum coating.

Coupling the microchip to mass spectrometry

A LCQ Deca ion trap mass spectrometer (Thermo Finnigan,

USA) was used to collect all the MS data. The experimental

configuration for interfacing the microchip to the mass

spectrometer is shown in Fig. 2. A commercial PicoView

system (New Objective Inc., Woburn, MA) was used with

some modifications. A plastic plate was put on top of the X, Y,

Z stage to aid alignment of the tip on the microchip to the MS

orifice. The electrospray tip on the microchip was visualized by

the camera and video monitor through a mirror taped to the

MS interface plate. The microchip was placed onto the plastic

plate on the X, Y, Z stage. The distance between the

electrospray tip and the MS orifice was y7 mm. Each chip

contained two sets of channels integrated with their respective

integrated electrospray tips, but only one tip was used at a

time. Two 50 mL syringes (Fisher Scientific, Hampton, NH)

were connected to silica capillary tubing through a union and

sleeves (Upchurch Scientific, Oak Harbor, WA), and two

syringe infusion pumps were used to generate the desired flow

rates of the samples. A high voltage was applied between the

MS orifice and the gold microelectrode, using an external

power supply (Bertan, Franklin Park, IL). The MS heated inlet

capillary was maintained at 180 uC and the ESI-MS was

performed in the positive ion mode. The maximum injection

time was 200ms for full range scan. For MS/MS experiments,

the collision energy used in the MS/MS mode was 30%, using

argon as the collision gas, and the maximum injection time was

400ms. Other scan parameters can be found in the caption to

each figure.

Safety considerations

Because a high voltage was required in the experiments,

shielding and proper insulation should be used along with

normal precautions to ensure that the high voltage supply is

sufficiently current limited so as not to be lethal in case of

accidental contact. Because potentially toxic or flammable

materials were used or sprayed in this study, proper ventilation

and vapor removal should be provided. Normal safety

practices for proper handling of laboratory chemicals and

biological samples should always be followed.

Results and discussions

Fabricated device

The microchip was fabricated as described in the Experimental

section. Although the hot embossing time used in our previous

work10,30,33 was 10 min, we recently found a 5 min hot

embossing time gave the same results. Because the dimensions

of the microchannel (150 mm 6 150 mm) after hot embossing

are the same as the outside diameter of the fused silica

Fig. 2 Experimental setup for coupling a microchip to a LCQ Deca

ion trap mass spectrometer. (A) Schematic drawing of the setup. (B)

Picture of the experimental set-up modified from a PicoView1 system.
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capillary (150 mm) and the electrospray tip (150 mm), the latter

can be easily inserted into the microchannel before thermal

bonding of the microchip. The fused silica capillary was used

for sample introduction. Compared to our previous sample

introduction method using a fused silica capillary connected to

a nanoport which is attached to a drilled opening, this method

avoided the relatively large sample reservoirs and thus

eliminated the problems associated with large sample reser-

voirs for pressure driven flow, such as unstable flow rate and

bubble generation. The extended length of the electrospray tip

was around 1 cm. Since no liquid junction or transfer capillary

was used to integrate the electrospray tip, the dead volume

associated with this device was very small. The low dead

volume feature of the device makes it very attractive for

applications in coupling on-chip separation with ESI-MS.

We found the device fabricated by previously described hot

embossing and thermal bonding steps was susceptible to

leaking, especially after incorporating the monolithic poly-

meric bed. This is probably because the pressure drop

associated with the fused silica capillary was not buffered by

a big sample reservoir as in previous devices. An annealing step

after the thermal bonding step was found very effective for the

device to withstand a higher flow pressure. Fig. 3A and B show

SEM images of the cross-section of the microchannel without

annealing treatment at different magnification. As can be seen

in Fig. 3A, there is a separation line between the top zeonor

substrate and the bottom one and also the shape of the channel

is deformed (Fig. 3B). After treating the device at the

temperature (115 uC) above zeonor’s glass transition tempera-

ture (105 uC) but with no pressure for 10 min, the top zeonor

substrate and the bottom zeonor substrate formed one piece

around the microchannel (Fig. 3C) and the shape of the

microchannel is smoother (Fig. 3D). This final device can

stand a flow rate as high as 10 mL min21, which allows very

fast device washing before and after polymerization of the

monolith.

Fig. 3E and F show cross sections of the fused silica

capillary inside the microchannel on microchips with and

without the annealing treatment. The debris on the surface was

from breaking of the fused silica capillary coating during

the device cutting. The separation line was also found on the

microchip without the annealing step but not present on the

annealed microchip. The gaps between the zeonor substrate

and the fused silica capillary can be seen on both microchips,

which is due to the shape difference between the rectangular

microchannel and the circular fused silica capillary tubing.

This was originally a concern for possible device leakage, but

was not found to be a problem in later experiments. On the

final device, the dimension of the microchannel around the

fused silica capillary remained 150 mm 6 150 mm due to

the support provided by the capillary, while the dimension of

the microchannel part without an inserted capillary decreases

to around 100 mm 6 100 mm during the bonding step. As can

be seen in the insert of Fig. 4, the size of the microchannel

decreased at the junction with the fused silica capillary. Most

likely, the zeonor substrate is tightly surrounding the fused

silica capillary at the junction and thus there is no leaking

problem associated with the device.

Fig. 3 SEM images of the microchannel cross section with and

without annealing treatment step. (A) Without treatment, 1006
magnification: 1, top zeonor substrate; 2, bottom zeonor substrate; 3,

separation line. (B) Without treatment, 5006 magnification. (C) With

treatment, 1006 magnification. (D) With treatment, 5006 magnifica-

tion. (E) Without treatment, 3506 magnification, fused silica capillary

inside microchannel: 1, fused silica; 2, zeonor; 3, polyimide coating;

4, separation line between top and bottom zeonor substrates. (F)

With Treatment, 3506 magnification, fused silica capillary inside

microchannel.

Fig. 4 A microfabricated device with inserted microscope images

showing the electrospray tip and junction between the capillary and

microchannel. 1, main channel; 2, side channel; 3, metal screw for

applying electrospray voltage; 4, fused silica capillary; 5, gold

electrode.
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The complete microchip is shown in Fig. 4. The finished

microchip dimension was around 3 cm 6 3 cm 6 4 mm. A

microscope image of the electrospray tip is shown in the insert.

An electrospray tip with a 50 mm ID was chosen here to satisfy

the flow rate required by our ongoing research regarding

coupling on-chip reversed-phase chromatography to ESI-MS.

It is obvious that a capillary electrospray tip with a smaller ID

can be integrated to the microchip with the same approach.

The distance between two microchannels is 4.5 mm for

compatibility with the gap between wells on typical 384 well

plates. It has been found in experiments that the two tips

perform equally.

Electrospray voltage characterization

The relationship between the total ion current and the applied

voltage was measured for the device at four different flow rates

(0.25, 0.5, 0.75, 1 mL min21). Both main channel and side

channel were used to pump the same solution at the same flow

rates (0.125, 0.25. 0.375, 0.5 mL min21). The distance between

the tip and the MS orifice was maintained at 7 mm for all the

flow rates. The sample used was 500 ng ml21 imipramine-d3 in

50% methanol, 50% water containing 0.5% formic acid. For

each flow rate, the minimum voltage required to start the

electrospray was determined first and then the voltage was

increased at a step size of 0.5 kV. A full range MS scan (m/z

200–350) was collected for 1 min at a scan speed of 0.5 scan s21

at each applied voltage. The averaged total ion current at each

voltage was plotted against the applied electrospray voltage.

As shown in Fig. 5, the higher the flow rate, the higher the

required initiation electrospray voltage, which corresponds to

the left most data point on each curve. For the lowest flow rate

(0.25 mL min21), it was very hard to get a stable electrospray

and the total ion current was very low. A smaller spacing

between the electrospray tip and the MS orifice was probably

required to get a stable electrospray. For all the other flow

rates, the total ion current increased as the electrospray voltage

increased and a plateau was reached at a certain point.

Increasing the electrospray voltage too much can lead to a

sudden decrease in total ion current. For the flow rate of

0.5 mL min21, the total ion current passed one maximum

before reaching the plateau. The plateau value of the total ion

current increases as the flow rate increases. When we plotted

the averaged base peak (m/z 5 284.3) intensity rather than

total ion current against the applied electrospray voltage at

different flow rate, we observed the same trends (data not

shown).

Microchip-ESI-MS performance

The performance of the device was characterized by the

stability of the total ion current (TIC) from MS/MS analysis of

imipraime-d3 over a period of 50 min (Fig. 6A). A solution of

5 ng mL21 imipraime-d3 in 10 mM ammonium acetate buffer

(pH 5 9.3) was pumped into the main channel at a flow rate of

0.15 mL min21. The make-up solution consists of 50%

methanol, 50% water and 0.5% formic acid was infused into

the side channel at a flow rate of 0.6 ml min21 at the same time.

Satisfactory electrospray stability with a relative standard

deviation (RSD) of 10% was obtained. Some bubbles were

formed around the gold electrode due to the electrochemical

reaction, but the bubbles were pushed out of the electrospray

tip immediately after they are generated, which may be the

cause of the small spikes on the total ion current curve. The

stable electrospray also suggested that there was enough

mixing of the two streams from the main channel and the side

channel before they reached the electrospray tip. The mass

spectrum from an average of five scans is shown in Fig 6B. The

gold electrode was found to erode a little bit after being used

several hours due to electrochemical reaction, but this never

Fig. 5 (A) Measured total ion current as a function of electrospray

voltages at different flow rates. Full range mass scan (m/z 200–350) of

0.5 ng mL21 imipramine-d3 in 50% methanol, 50% water containing

0.1% formic acid.

Fig. 6 MS/MS analysis of 5 ng ml21 imipramine in water infused into

the main channel at a flow rate of 0.15 mL min21. A solution of 50%

water, 50% methanol containing 0.5% formic acid was continuously

pumped into the side channel at a flow rate of 0.6 mL min21.

Electrospray voltage, 1.9 kV. (A) Total ion current (TIC). (B) Mass

spectrum (m/z 75 to 100). Parent ion: 284.3 with isolation width 1.

Normalized collision energy: 30%. Scan speed: 0.85 scan s21.
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was an issue because the gold electrode overlapping with the

microchannel was pretty wide (500 mm) and the electrochemi-

cal reaction with gold was relative slow.

To evaluate the potential of this device for quantitative

analysis of analytes in aqueous solution, different concentra-

tions of imipramine (0.05, 0.25, 0.5, 1, and 4 ng mL21) in

10 mM ammonium acetate buffer was directly infused into the

main channel at a flow rate of 0.15 mL min21 for ESI-MS

analysis. A solution containing 50% water, 50% methanol and

0.5% formic acid was infused into the side channel simulta-

neously at a flow rate of 0.6 mL min21. The full range mass

scan data (m/z 250 to m/z 320) was collected for 1 min and the

averaged base peak intensity was plotted against the imi-

pramine concentration. As can be seen in Fig. 7, the linearity is

pretty good (R2 5 0.9977) even without using internal

standard.

Structure and performance of in situ polymerized monolith

With the polymerization procedure described in the

Experimental section, we can control the location and the

length of the polymer bed reproducibly. Fig. 8 shows the SEM

images of the monolith polymerized in a zeonor channel. One

fact that needs to be considered when making the opening on

the mask is that the length of the polymer bed is always longer

than the open window on the mask due to free radical

diffusion during the reaction. The increased length was

typically less than 10% of the total length for a 5 mm-long

polymer bed.

To test the compatibility of the monolithic polymer bed in

the microchannel with the integrated electrospray tip for ESI-

MS application, both full range MS scan and MS/MS analysis

of a mixture of imipramine and imipramine-d3 was done by

direct infusion of 4.5 ng mL21 imipramine and 5 ng mL21

imipramine-d3 in acetonitrile into the main channel at a flow

rate of 0.15 ml min21 while make-up solution containing 50%

water, 50% methanol and 0.5% formic acid was pumped into

the side channel. As can be seen in Fig. 9, good mass spectra

can be obtained with very low noise at a flow rate of

0.6 mL min21. A much lower concentration of each sample

should be detectable based on the signal to noise ratio.

Conclusions

We have demonstrated the integration of a sheathless capillary

electrospray tip with a cyclo-olefin polymer-based microchip

without the use of transfer capillaries or liquid junctions. The

use of an on-chip microfabricated gold electrode for voltage

application allows the use of uncoated electrospray tips, which

eliminated the wearing problem associated with the coated

electrospray tips. The addition of the annealing step in the

fabrication procedure results in a tight seal between the two-

polymer substrates, which will be very important for high

pressure application of the device. The fused silica capillary for

sample introduction was directly bound to the microchip

during the fabrication step and thus eliminated the use of large

sample reservoirs. This microdevice was successfully integrated

with an in situ polymerized monolithic bed and coupled to an

ion trap mass spectrometer. One of the advantageous features

of this interface is its very low dead volume. An investigation

concerning the integration of on-chip sample pretreatment and

separation by the in situ prepared monolithic polymer bed to

ESI-MS is under way.

Fig. 7 Relationship between the concentrations of the directly

infused imipramine sample in 10 mM ammonium acetate buffer (pH

9.3) and the base peak intensity from full range MS scan (m/z 250 to

320).

Fig. 8 In situ polymerized monolith inside microchannel made from

zeonor. (A) SEM image of the monolith and channel walls. The cover

zeonor plate was removed for SEM imaging, 6006 magnification.

(B) SEM image of monolith with a higher magnification, 50006
magnification.
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Fig. 9 Mass spectra of imipramine and imipramine-d3. 4.5 ng mL21

imipramine and 5 ng mL21 imipramine-d3 in acetonitrile was infused

into the main channel filled with monolith (5 ng mL21) at a flow rate of

0.15 mL min21 while 50% methanol, 50% water containing 0.5% formic

acid was continuously pumped into the side channel at 0.6 mL min21.

Spectrum is the average of 5 scans. (A) Full range mass scan (m/z 250–

320) at a scan speed 1.7 scan s21. (B) MS/MS scan (m/z 75 to 100).

Parent ion: m/z 282.8 with isolation width 4. Normalized collision

energy: 30%. Scan speed: 1.4 scan s21.
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