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Abstract

This paper presents the microfabrication and performance of a three-dimensional electrospray
ionization (ESI) emitter tip made from glass, which achieves stable current signals important

for chemical analysis. Our novel microfabrication process and custom-built signal conditioning
hardware provides the advantage of providing accurate features and steady signals. The fabrication
process relies on standard microfabrication techniques (i.e., deposition, photolithography, and wet
etching). This fabrication method involves the novel application of two layers of positive and
negative photoresists in addition to Parafilm® wax tape. Open edge and tiered depth details were
successfully created from a multilayer planar mask. This is a benefit for integrated miniaturized
and microfluidic systems that often require micro features for their functionality but relatively
large millimeter size features for their physical periphery. We demonstrate the fundamental
performance of electrospray with this microfluidic chip. The emitter tip was fixed on a linear

axis stage with high resolution (10 um) to finely control the tip distance from a metal counter
electrode plate. A custom printed circuit board system was built to safely control four voltages
applied to the microchip ports from a single high voltage power supply. To readily form the
electrospray, non-aqueous solvents were used for their low viscosity and a constant voltage of
+2.7 kV was applied to the sheath electrospray microchannel. The liquid being sprayed was 80/20
(v/v) methanol/acetonitrile with 0.1% acetic acid in the sheath microchannel and with ammonium
acetate (10-40 mM) in its remaining microchannels. The electrospray signal was measured in
response to varying the distance (1.4 to 1.6 mm) between the electrospray emitter tip and a metal
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counter electrode plate in addition to the varying concentration of the background electrolyte,
ammonium acetate. Stable and repeatable electrospray signal showed linear relationships with
emitter tip distance and concentration (r2=0.95).
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1. Introduction

Electrospray lonization (ESI) is a prevalent technique for liquid chemical detection in
analytical chemistry.! ESI generates a fine liquid aerosol through electrostatic charging. A
high electric potential (typically + 2-5 kV) is applied between the end of a capillary and

a counter electrode installed in proximity (typically 1-2 mm). Tiny micro—droplets tear
away from the surface of a liquid Taylor cone searching for a surface to land. Due to

liquid solvent evaporation and charge preservation, an emitted droplet undergoes a series of
Coulomb explosions to reduce its electric repulsion between charges and achieves a charge
limit corresponding to that of an ion.2 In this way, ions contained in a liquid phase sample
are transferred into a gas phase. These ions land on a counter electrode plate which can then
be detected amperometrically. ESI operations are best performed in the stable cone jet mode
when ESI current is most reproducible. The ability to achieve stable and effective spray
depends on the applied voltage, the distance between the spray tip to the counter electrode,
and the viscosity.3 Electrospray is stable when a cone can be observed with a steady stream
of droplets issued from it and when there is steady current in the external electrical circuit.

This paper presents the microfabrication and performance of a novel three-dimensional
electrospray ionization (ESI) emitter tip made from glass. Only recently have three
approaches been proposed for the fabrication of monolithically integrated ESI microfluidic
chips from glass.#-6 Hoffmann et al. integrated a manually pulled ESI tip onto a
commercial microchip. Another approach, by Mellors et al., created an ESI tip by sawing
a corner at the end of a microchannel with a dicing saw. Sainiemi et al. present parallel
microfabrication of three-dimensional ESI glass emitters that are also monolithically
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integrated with microfluidic channels. This approach can replace commercial electrospray
needles by providing equally robust emitter tip performance. Further studies have since
implemented these three techniques.’~14 From one of these studies, a commercial chip
system was developed by a startup company, 908 Devices.12 In addition to the work
presented by Sainiemi et al., our fabrication process only relies on standard microfabrication
techniques (i.e., deposition, photolithography, and wet etching). We address the needs of
integration of an electrospray emitter tip by considering the combination of meso- and
micro-features, open edged features, and the possibility of microfabrication on a wafer
scale. Our fabrication method involves the novel application of two layers of positive and
negative photoresists in addition to Parafilm® wax tape. We also use isotropic wet etching
of glass in hydrofluoric acid (HF) solution and chromium (Cr) deposition. This approach
provides the advantage of creating a three-dimensional ESI tip with accurate and high
quality small-scaled geometric features. This allows for higher charge densities leading

to increased ionization efficiency for better signal stability and repeatability. Open edge
and tiered depth details were successfully created from a multilayer planar mask. This

is a benefit for integrated microfluidic systems that often require micro features for their
functionality but large millimeter size features for their physical periphery. Dimensional
control during isotropic etching is susceptible to undercutting although the etching process
is beneficial when fabricating three-dimensional structures. As glass under the emitter tip is
removed, a sharpened curved profile is formed with a 20 um inner diameter.

Glass is an important material of choice for analytical and medical field applications due to
its excellent material and chemical properties (i.e., mechanical strength, chemical inertness,
optical transparency, and native hydrophilicity). ESI tips can be easily realized with well-
established silicon microfabrication protocols, although silicon is electrically conductive
and thus prevents its integration with chemical separation methods (e.g., chromatography
or capillary electrophoresis) which require high voltages for operation. Polymer
microfabrication also offers monolithic integration of ESI tips (SU-8 photolithography®:16,
PMMAL’ PDMS18, polyimide!?, and thiol-ene.20-21 However, polymers can suffer from
swelling or degradation by organic solvents.22.23

We demonstrate the fundamental performance of electrospray with our glass microfluidic
chip. This device allows efficient ionization without the use of external pressure sources.
The emitter tip was fixed on a linear axis stage with high resolution (10 pm) to finely control
the tip’s distance from a metal counter electrode plate. This simplified engineering testing
platform allows for a more accessible electrospray stability testing procedure without the
use of a mass spectrometer, a resource intensive instrument. There is limited information
available in the literature that provides data on electrospray stability with this approach.24:2
Future work for this setup envisions integration with novel micro-scaled chemical sensors

to allow separation and detection of ionized molecules (e.g., high asymmetric longitudinal
field ion mobility spectrometry).26:27 This setup also has a printed circuit board system

that was custom built to safely control four voltages applied to the microchip’s four ports
from a single high voltage power supply. To readily form the electrospray, non-aqueous
solvents were used for their low viscosity and a constant voltage of +2.7 kV was applied

to the sheath electrospray microchannel. The liquid being sprayed was 80/20 (v/v) methanol/
acetonitrile with 0.1% acetic acid in the sheath microchannel and with ammonium acetate
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(10-40 mM) in its remaining straight cross microchannels. The electrospray signal was
measured in response to varying the distance (1.4 to 1.6 mm) between the electrospray
emitter tip and a metal counter electrode plate in addition to the varying concentration of
the background electrolyte, ammonium acetate. Stable and repeatable electrospray signal
showed linear relationships with emitter tip distance and concentration (r2>0.95). Our

work uniquely provides a combination of high-quality geometric features created by a
novel microfabrication method, a steady electrical circuit generated by signal conditioning
hardware, use of non-aqueous solutions, and fine control of emitter tip distance to a counter
electrode plate. These aspects of our work allow for stable and repeatable electrospray
signals.

2. Chemicals and Reagents

Acetic acid, ammonium acetate, and methanol were purchased from Sigma-Aldrich
(Steinheim, Germany). Acetonitrile was purchased from Fisher Scientific (Pittsburg, PA).
All chemicals and reagents were of analytical or HPLC grade. Water was purified with a
Elga Purelab Classic DI Water System (Woodridge, IL). Before use, all sample and buffer
solutions were filtered (0.22 pm) and degassed by sonication for 5 min.

3. Materials and Methods

The microfluidic glass chip has a monolithically integrated three-dimensional ESI emitter
tip. A schematic and a photograph of the microfluidic chip are presented (Figures 1a, b).
The overall length and width of the microfluidic chip are 34 and 18 mm, respectively. The
buffer microchannel (buffer inlet to ESI tip) has a length of 25 mm, a depth of 100 pm,

and a width of 20 pm. The sample loading microchannel (sample inlet to sample outlet)

has a length of 10 mm, a depth of 100 um, and a width of 20 um. The sheath liquid

inlet microchannel has a length of 10.8 mm, a depth of 100 um, and a width of 200 pm.
Microchannel lengths were designed to maintain electric fields (~300-500 V/cm) that are
compatible with electrospray and electroosmotic flow. The chosen microchannel widths and
depths are typical for microfluidic devices.®19 Microchannel dimensions were selected to
control fluid flow, ensure sufficient chemical analysis, and controlling electric field strength.
Increased microchannel widths and depths allow for higher flow rates and thus faster sample
processing. However, if these dimensions increase too much, the size of droplets generated
during electrospray tend to increase, which leads to reduced ionization efficiency. The sheath
liquid microchannel offers the possibility to apply a voltage for ESI and functions as a
buffer zone, which means the buffer inlet microchannel is not affected by the nebulized
flow. The access ports have a diameter of 1.5 mm, one of which is shown in a scanning
electron microscope (SEM, FEI Scios DualBeam) image (Figure 1c). These access ports are
fabricated by wet etching and are thus drill-free. The bottom side cavities were etched to a
depth of 560 pm which set the tip thickness and to form an open edge. The top side etch
cavities were etched to a depth of 110 pm to further define the tip edge. An SEM image of
the ESI emitter tip is shown (Figure 1d) as well as a side view of the ESI emitter tip (Figure
le).
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The microfluidic chip was fabricated in a class-100 cleanroom facility (Center for Nano
and Micro Manufacturing, UC Davis, CA). Standard microfabrication procedures (i.e.,
photolithography, wet etching, and deposition) were used with Borofloat® glass, purchased
from S.1. Howard Glass Co., Inc. (Worchester, MA, USA). In summary, the microchip
consists of two halves: access ports and microchannels; both halves contain a part of the
ESI tip. The top side of a wafer is defined to be the side that looks up when holding

by the orientation of physical placement of the microchip. The bottom side of the wafer

is defined to be its opposite side. The prepared glass halves were etched in 49% HF

acid from both sides sequentially in order to create three-dimensional features. The chips
were cleaned, and the two halves were bonded in thermal fusion. The wafers were then
diced into individual chips after thermal fusion bonding. The manufacturer recommended
and standard recipes were followed for microfabrication. A summarized illustration of the
microfabrication process is presented (Figure 2). The access port wafer fabrication process
follows a similar procedure to the microchannel wafer (described in the text below) and for
simplification, is not illustrated in Figure 2.

The microfabrication process started with two clean wafers that were sputtered with 200 nm
of chromium each on both sides (CHA Industries AutoTech I, Fremont, CA). The following
steps apply to the access port wafer’s top side and the microchannel wafer’s bottom side.
Images of the wafers during the fabrication process are provided (Supplemental Figure

1). Adhesion promoter hexamethyldisilazane (HMDS, Avantor Performance Materials, Inc.,
Center Valley, PA) was spin-coated and then with SPR 220-7.0 photoresist (Dow Electronic
Materials MEGAPOSIT, Malborough, MA) to have a thickness of approximately 10 um.
The following steps apply to the access port wafer’s bottom side and the microchannel
wafer’s top side. S1813 photoresist (Shipley, Malborough, MA) was spin-coated to have a
thickness of approximately 2 um. The access port wafer’s top side and the microchannel
wafer’s bottom side were exposed to ultraviolet (UV) light at 250 mJ/cm? in hard contact
mode (Karl Suss, MA4, Garching, Germany). The access port wafer’s bottom side and

the microchannel wafer top side were exposed to UV light at 150 mJ/cm? in hard contact
mode. Both wafers were then developed in Microposit MF CD-26 aqueous developer (Dow
Electronic Materials, Malborough, MA). The wafers were then hard baked in a vacuum
oven at 155 °C for 90 min. Afterwards, both wafers were placed into a chromium etch

bath (Transene Chromium Etchant 1020, Danvers, MA) for 1 min. Parafilm® tape (Bemis,
Sheboygan Falls, WI) was manually applied to the access port wafer’s bottom side and

the microchannel wafer’s top side. With separate wafers, etching rates and resulting cavity
depths were determined with profilometry measurements (Dektak XT 2D, Bruker, Germany)
and are shown (Supplemental Figure 2). Then, both wafers were wet etched in 49%
hydrofluoric (HF) acid. The access port wafer was etched for 90 min with a etch depth

of 560 pm and the microchannel wafer was etched for 85 min with an etch depth of 530 pm.
Both wafers were placed in a Piranha bath to remove all photoresist.

The following steps were then applied to the microchannel wafer’s top side. HMDS was
spin-coated and then with SU8 3010 photoresist to have a thickness of approximately 12
um. The wafer was exposed to UV at 130 mJ/cm? in hard contact mode. The wafer was

then developed in SU8 developer (MicroChem Corp., Westborough, MA). SPR 220-7.0 was
spin-coated to have a thickness of approximately 10 um. The photoresist was exposed to
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UV at 250 mJ/cm? for 2 cycles, 30 seconds apart in hard contact mode. The wafer was then
developed in CD-26 aqueous developer. The wafer was then hard baked in a vacuum oven
at 120 °C for 90 min. The wafer was placed in a chromium etch bath for 1 min. Parafilm®
tape was manually applied on the bottom side of the wafer. The wafer was then wet etched
in 49% HF acid for 17 min for an etch depth of 110 pm. The Parafilm® tape was then
carefully removed. The SPR 220-7.0 layer was removed with an O, reactive ion etch (RIE)
plasma cleaning (Plasma Equipment Technical Services, Brentwood, CA). Parafilm® tape
was manually applied again on the bottom side of the wafer. The wafer was wet etched in
49% HF acid for 15 min to have an etch depth of 100 pm. The Parafilm® tape was then
carefully removed. The remaining photoresist was stripped off with a Piranha bath.

The following steps were then applied to the access port wafer’s bottom side. HMDS was
spin-coated and then with SPR 220-7.0 to have a thickness of approximately 10 pm. The
photoresist was exposed to UV at 250 mJ/cm? for 2 cycles, 30 seconds apart in hard contact
mode. The wafer was then developed in CD-26 aqueous developer. The wafer was then hard
baked in a vacuum oven at 155 °C for 90 min. Parafilm® tape was manually applied on

the top side of the wafer. The wafer was placed in a chromium etch bath for 1 min. The
wafer was then wet etched in 49% HF acid for 27 min for an etch depth of 175 um. The
Parafilm® tape was then carefully removed. Remaining photoresist was stripped off with a
Piranha bath.

The following steps were then applied to both wafers. The wafers were placed in a
chromium etch bath for 1 min. Both wafers were then placed in a Piranha bath. Both cleaned
wafer halves were loaded into a plasma activation system (EVG 810, EVGroup, Austria)
and the substrates were exposed to two separate capacitive coupled plasmas in sequence

for a temporary bond, with a process previously described.?8 The two wafers were aligned
onto each other with a mask aligner (EVG 620, EVGroup, Austria) to form the temporary
bond. The wafers were then permanently bonded together using thermal fusion (EVG 501,
EVGroup, Austria) for 9 hours with 19 kN pressure at 450 °C. To dice the bonded wafers
into individual microfluidic chips, the wafers were loaded into a dicing saw (Disco DAD
321, Japan) with the fluid ports downwards and Kapton® tape over the ESI tips to prevent
water entrance into the channels. The emitter tip was then exposed by manually snapping off
the excess glass, which was made feasible with the wet etch pattern.

4. Experimental

An expanded CAD model of the microfluidic chip fixture assembly is shown (Figure 3a).
The microfluidic chip is housed in a custom machined white Delrin top and bottom fixtures
that are attached to PEEK™ reservoir wells (P/N: C360-405R, LabSmith, Livermore, CA)
which contain the electrospray solutions. The electrode fixture contains platinum wires

(23 gauge, LabSmith, Livermore, CA) that are located within the microchannel reservoir
wells. The electrode fixture was 3D-printed with an Ender-3 Pro 3D Printer (Creality 3D
Technology Co. Ltd, China) with polylactic acid (PLA) material. The microchip fixture
subassembly was fixed onto a linear stage (ULTRAlign™ 561D-XYZ, Newport, USA) to
precisely control the distance between the emitter tip and an aluminum counter electrode
plate. The linear stage was mounted on top of a grey Delrin base plate. The counter electrode
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plate was also mounted onto a grey Delrin base and was set at a height to be adjacent to

the microchip’s emitter tip. The electrospray signal from the counter electrode plate was
digitized by a data acquisition system, later described. The distance between the ESI emitter
tip and the counter electrode plate was determined by calibrating the known movement of
the emitter tip on the linear stage with the distance travelled as displayed on the digital
microscope.

The custom voltage control and signal conditioning electronics are packaged on a printed
circuit board (PCB) miniaturized system. The high voltage control electronics (Figure

3b) were designed for safe use and supply of four high voltage outputs from a single

high voltage power supply. High voltage supplied to the system is fed into a series of
resistors which provide three intermediate voltage values. These intermediate voltages can
be adjusted with potentiometers mounted on the resistor tree board. Each of the outputs to
the reservoirs are controlled by custom solid-state relays, which act as single pole triple
throw (SP3T) switches. Each solid-state relay board corresponds to an output for each
reservoir on the microfluidic chip. On the solid-state relay board that corresponds to the
electrospray reservoir, the excess current from the buffer inlet microchannel (typically ~20
MA) was grounded through a 50 MQ coupled in parallel with the electrospray voltage
supply.® The controller board is connected to a custom LabVIEW® software program. The
relays were constructed from high voltage transistors and photovoltaic optocouplers to allow
high voltage operation. Solid state relays have advantages over mechanical relays such

as high reliability, long lifespan, small form factor, low power consumption, no moving
parts, and silent operation. The controller board includes several LEDs to indicate the state
of the outputs, including one to warn of a live high voltage supply. The controller also
features analog timing circuits to ensure that no high-voltage shoot-through can occur in the
relays under any switching scenario. The spacing of the components on the PCBs in the
subassembly was done per the guidelines for high voltage PCB design in IPC 2221B.

The PCBs for the high voltage control system were designed using KiCad 5.1.10 open-
source software (http://kicad-pch.org/). PCBs were manufactured by BasicPCB (Aurora,
CO). The PCB circuits (Supplemental Figure 3) and parts list (Supplemental Table 1)

are provided in the Supplemental Information. The manufacturer recommendations were
followed for assembly. The controller board and the solid-state relay boards have dimensions
of 2 x 3 in., and the resistor tree board has dimensions of 3 x 4 in. These PCBs were

made with FR4 material and thickness of 0.62 in. Solder paste stencils were designed

and purchased from Stencils Unlimited (Lake Oswego, OR) to solder on electrical surface
mount components. Electrical surface mount components were placed onto the PCBs with
solder paste under a digital microscope by using tweezers and a manual pick-and-place
system (SMT Caddy, CA). Once components were placed on the PCB, re-flowing the solder
was carried out with an automatic reflow oven (T-962 A, Shenzhen Bangqi Chuangyuan
Technology Co., Ltd., Shenzhen, China). The boards were then mounted together with nylon
hardware on a 3D-printed support structure made from green PLA.

A photograph of the benchtop experimental setup is shown (Figure 3c). A high-voltage
power supply (Model PS350, Stanford Research Systems, Sunnyvale, CA) was used to
supply a voltage to the high voltage control electronics which then provided four voltages
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to the microchannel reservoir wells. A digital microscope (Andonstar AD407, Shenzhen
Andonstar Tech Co., Ltd., China) was used to display a top-down view of the electrospray
at the glass emitter tip. The data acquisition was developed on National Instruments PXI
hardware comprised of: PXI1-1031 Chassis, Module PXI-6281, and SCB-68 1/O connector
block. The electrospray current signal is conditioned with a LMC662 (Texas Instruments,
Dallas, TX) in a transimpedance (current-to-voltage) amplifier configuration. The circuit
was designed using a common operational amplifier integrated circuit (1C) that was powered
by a single 9 V battery. Electrical schematics for the power supply of the signal conditioning
system are provided (Supplemental Figure 4) and the electrical schematic for the signal
conditioning circuit is provided (Supplemental Figure 5). Data were recorded at 1000
samples/s using a National Instruments I/O card and a custom LabVIEW® software program
(code provided via GitHub for non-commercial use, see details below).

5. Results and Discussion

In this study, electrospray was conducted using non-aqueous solutions in positive ionization
mode. Aqueous content typically has higher surface tension and thus a higher voltage

is required to access the cone jet mode. Unfortunately, higher voltages with aqueous
solutions increases the risk of electrochemical discharge. A mixture of methanol and
acetonitrile as used in this study are commonly applied solvents and ammonium acetate

is a preferred choice as a background electrolyte.6.7:15 Non-aqueous media may be suitable
for electrochemical measurements and enable detection of compounds that are otherwise
difficult to oxidize or reduce under aqueous conditions.2® For ESI, the formation of the
electrospray favors lower surface tension and heat of vaporization of organic solvents.

\oltages were applied through the platinum wires placed in the microchannel reservoir
wells. In the electrospray experiments, a supply voltage of +3.0 kV was provided to the
high voltage control electronics. For all experiments, a voltage of +2.9 kV was supplied

to the buffer inlet (BI), +2.6 kV was applied to the sample inlet (SI) and sample outlet
(SO), and +2.7 kV was applied to the sheath liquid inlet (SLI). These output voltages were
measured and verified with an oscilloscope (MDO3012, Tektronix, Beaverton, OR). Figure
4a shows a digital microscope image with a top-down view of the glass microfluidic chip
emitter tip and Figure 4b shows a digital microscope image with a top-down view of the
electrospray Taylor cone generated at the glass emitter tip. Once the voltage was applied,
no accumulation of droplets at the opening tip or liquid spreading occurred. The liquid
being sprayed was 80/20 (v/v) methanol/acetonitrile with 0.1% acetic acid from the SLI
reservoir and 80/20 (v/v) methanol/acetonitrile with ammonium acetate at a concentration
of 20 mM from the remaining three reservoirs. The electrical conductivity of this solution
was measured to be 1335 uS/cm with an Orion Star™ A212 Conductivity Benchtop Meter
(Fisher Scientific, Pittsburg, PA). While observing the ESI signal intensity, the linear stage
adjusted the position of the integrated emitter tip with respect to the counter electrode plate,
and then the spray voltage initiated.

Figure 5 shows the signal response of electrospray to the distance between the emitter tip
and the counter electrode plate. Distances from the emitter tip to the counter electrode
plate from 1600 to 1400 pm with 50 pm intervals and 1 min durations. A current pulse is
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observed in the first interval which can be attributed to the electrical current induced by a
voltage change. The PEEK™ reservoir wells have a volume of 85 pL, which is sufficient
to providing solution for electrospray for at least 5 min. The signal demonstrates that the
integrated emitter tip is efficient at generating a stable electrospray at varying emitter tip
distances. The emitter tip geometry is sufficiently sharp to facilitate the formation of a
Taylor cone immediately when the ESI voltage is applied and adjusting the emitter tip
distance. These data are similar to the results presented by Kang et al.2® In this work, an
experimental setup for automatic control of single capillary electrospray was developed.
A syringe pump was used to inject a spray solution into a stainless-steel capillary (ID

90 um, OD 224 pm), which was approximately 5 mm from an orifice plate. The liquids
being sprayed included 80/20 (v/v) isopropanol/water and ammonium acetate with electrical
conductivities 782 and 346 pS/cm. Electrospray currents were approximately 150-225 nA
with a voltage range 950-1250 V.

Replicated signal response data of electrospray ionization to the distance between the
electrospray emitter tip and the metal counter electrode plate are shown (Figure 6a). The
liquid being sprayed was 80/20 (v/v) methanol/acetonitrile with 0.1% acetic acid from the
SLI reservoir and 80/20 (v/v) methanol/acetonitrile with ammonium acetate (20 mM) from
the remaining three reservoirs. Data are averaged over 1 min durations for n=5 replicates.
The ESI signal ranged from approximately 80 to 200 nA. These data obtained for the
distance sweep resulted a correlation coefficient of r2=0.99. Figure 6b shows replicate
signal response data of electrospray ionization to the concentration of ammonium acetate
at an emitter distance of 1600 um. The liquid being sprayed was the same as was done in
Figure 6a with varying concentrations of ammonium acetate. Data are averaged over 1 min
durations for n=5 replicates. The ESI signal ranged from approximately 50 to 150 nA. These
data obtained in the concentration sweep resulted a correlation coefficient r2=0.95.

From the results shown, the system provides good electrospray stability and reproducibility.
The emitter tip geometry is sufficiently sharp to avoid potential liquid-spreading and to
decrease the required voltage for establishing a stable Taylor cone. High-resolution control
of the emitter tip distance from the counter electrode plate by using a high-resolution linear
stage allows for precise measurements of electrospray signal dependency on distance. The
solvents used in this study, methanol, and acetonitrile, have lower viscosities compared

to water. This lower viscosity allows for a lower electrospray onset voltage thus avoiding
electrical discharge. Ammonium acetate is used as a typical BGE at low concentrations
(10-40 mM) due to its high volatility and compatibility with established separation and
analysis methods (i.e., capillary electrophoresis, mass spectrometry). Reproducible and
stable data were shown for the dependence of the electrospray signal on the concentration
of ammonium acetate. Live video feedback from a digital microscope used to display

the electrospray emitter tip and formation of the Taylor cone was particularly useful to
determine the experimental parameters (onset voltage and emitter tip distance) necessary
for functional ESI. Fine control of emitter tip distance was achieved with the use of a
linear stage with 10 um resolution. This allows for highly precise adjustments to achieve
conditions appropriate for electrospray. Additionally, our novel microfabrication method,
custom-built signal conditioning hardware, and use of non-aqueous solutions provide a
system that can perform stable and repeatable electrospray ionization signal.
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6. Conclusion

In this work, we present the microfabrication and operation of a three-dimensional
electrospray ionization (ESI) emitter tip made from glass. Our fabrication process relies on
standard microfabrication techniques, yet it involves the novel application of two layers of
positive and negative photoresists in addition to Parafilm® wax tape. Open edge and tiered
depth details were successfully created from a multilayer planar mask. \We demonstrate

the fundamental performance of electrospray with this microfluidic chip. The emitter tip
was fixed on a linear axis stage with high resolution to finely control the tip’s distance
from a metal counter electrode plate. High voltage control electronics were developed to
safely supply four voltages applied to the microchip’s four ports from a single high voltage
power supply. To readily form the electrospray, non-aqueous solvents were used for their
low viscosity and a constant voltage of +2.7 kV was applied to the sheath electrospray
microchannel. The liquid being sprayed was 80/20 (v/v) methanol/acetonitrile with 0.1%
acetic acid in the sheath microchannel and with ammonium acetate (10-40 mM) in its
remaining microchannels. The electrospray signal was measured in response to varying the
distance (1.4 to 1.6 mm) between the electrospray emitter tip and a metal counter electrode
plate in addition to the varying concentration of the background electrolyte, ammonium
acetate. Stable and repeatable electrospray signal showed linear relationships with emitter
tip distance and concentration (r2>0.95). Data were also shown for the dependence of

the electrospray signal on the concentration of ammonium acetate. Live video feedback
from a digital microscope used to display the electrospray emitter tip and formation of

the Taylor cone was particularly useful to determine the experimental parameters (onset
voltage and emitter tip distance) necessary for functional ESI. This work contributes towards
the development of a system that may surpass limitations presented by mass spectrometry.
High cost and large instrumentation associated with mass spectrometry are setbacks that
may be avoided with a micro-scaled system. Stable electrospray from a microfluidic device
will be a critical component for the interface between future developed microsystems that
include liquid separation and the detection of ionized molecules. Further work envisions the
development and testing of the experimental design and setup with microfluidic chemical
separation methods (e.g., capillary electrophoresis) and its integration with novel micro-
scaled chemical sensors to allow further separation and detection of ionized molecules
(e.g., high asymmetric longitudinal field ion mobility spectrometry).26:27 Further work also
envisions the use of the electronics for precise voltage switching times between sample
injection and separation modes. These novel concepts may be applied to medical analyses
and clinical diagnostics for enhanced portability, reliability, and throughput.3°
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Acronyms:
BI buffer inlet
CAD computer aided design
Cr chromium
DI water deionized water
ID inner diameter
LED light emitting diode
PCB printed circuit board
PDMS polydimethylsiloxane
Piranha mixture of HySO4:H,0, at 4:1 ratio
oD outer diameter
PLA polylactic acid
PMMA polymethylmethacrylate
Pt platinum
scem standard cubic centimeters per minute
SEM scanning electron microscope
Sl sample inlet
SLI sheath liquid inlet
SO sample outlet
SP3T single pole triple throw
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Figure 1.
(a) Schematic of the microfluidic chip layout. SI: sample inlet, SO: sample outlet, BI:

buffer inlet, SLI: sheath liquid inlet. All microchannels have a depth of 100 um. The buffer
microchannel (Bl to ESI tip) has a length of 25 mm and a width of 20 um. The sample
loading microchannel (SI to SO) has a length of 10 mm and a width of 20 um. The SLI
microchannel has a length of 10.8 mm and a width of 200 um. (b) Photograph of the
microfluidic chip with an integrated electrospray emitter tip, held by a tweezer after dicing.
(c) Scanning electron microscope (SEM) image of drill-free reservoir port. (d) Top-down
view SEM image of the ESI emitter tip. (€) Side view photo of the ESI emitter tip.
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Figure 2.
Summary and illustration of the microfabrication process. The microfabrication process for

the access ports wafer is excluded due to redundancy. 1. Start with new glass wafer and
sputter chromium (Cr) both sides. 2. Apply SPR 220-7 on top side, S1813 on bottom

side. UV exposure to define ESI tip edge on top side. UV exposure to define alignment
marks on bottom side. Develop both sides. Etch Cr both sides. 3. Apply Parafilm® tape

on bottom side. 4. Etch glass in HF and remove both photoresists and Parafilm® tape.
Alignment marks remain on bottom side. 5. Apply SU8 3010 on bottom side. UV exposure

to define microchannels on bottom side (alignment marks not illustrated for simplification).

Develop SU8 3010 on bottom side. 6. Apply SPR 220-7 on bottom side. UV exposure to
define ESI tip and alignment marks (not shown) on bottom side. Develop SPR 220-7. 7.
Etch Cr and etch glass in HF. Remove SPR 220-7. 8. Etch Cr and etch glass in HF with
Parafilm® applied on bottom side. 9. Remove SU8 3010 and Parafilm®. Etch Cr both sides.
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10. Surface plasma activation and thermal fusion bonding of the access ports wafer and the
microchannels wafer.
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Figure 3.

(a) Expanded microchip fixture assembly consisting of the linear stage, the microchip
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and its top and bottom fixtures, the Pt electrode fixture, and counter electrode plate. (b)
Electronics for the control of four voltages from a single high voltage source. (c) Photograph
of the experimental setup. 1. National Instruments connector block. 2. Digital microscope
displaying a top-down view of the glass emitter tip. 3. National Instruments Chassis. 4. DC
power supply for a vacuum pump (not shown). 5. High voltage power supply. 6. Microchip
fixture and Pt electrode fixture. 7. High voltage control electronics. 8. Linear stage. 9. Signal

conditioning electronics.
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Figure 4.
(a) Digital microscope image with a top-down view of the glass microfluidic chip emitter

tip. (b) Digital microscope image with a top-down view of the electrospray Taylor cone
generated at the glass emitter tip. The liquid being sprayed was 80/20 (v/v) methanol/
acetonitrile with 0.1% acetic acid from the Sheath Liquid Interface (SLI) reservoir and 80/20
(v/v) methanol/acetonitrile with ammonium acetate at a concentration of 20 mM from the
remaining three reservoirs.
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Figure5.
Signal response of electrospray ionization to the distance between the electrospray emitter

tip and the metal counter electrode plate. The liquid being sprayed was 80/20 (v/v)
methanol/acetonitrile with 0.1% acetic acid from the Sheath Liquid Inlet (SLI) reservoir
and 80/20 (v/v) methanol/acetonitrile with ammonium acetate at a concentration of 20 mM
from the remaining three reservoirs. A constant voltage of +2.7 kV was applied to the SLI
reservoir to perform electrospray.
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Figure 6.
(a) Signal response of electrospray ionization to the distance between the electrospray

emitter tip and the metal counter electrode plate. The liquid being sprayed was 80/20 (v/v)
methanol/acetonitrile with 0.1% acetic acid from the Sheath Liquid Inlet (SLI) reservoir
and 80/20 (v/v) methanol/acetonitrile with ammonium acetate at a concentration of 20 mM
from the remaining three reservoirs. A constant voltage of +2.7 kV was applied to the SLI
reservoir to perform electrospray. Data are averaged over 1 min durations for n=5 replicates.
(b) Signal response of electrospray ionization to the concentration of ammonium acetate at
an emitter distance of 1600 um. The liquid being sprayed, and voltage applied to the SLI
reservoir were the same as was done in caption (a) with varying concentrations. Data are
averaged over 1 min durations for n=5 replicates.
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